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DESCRIZIONE DEL PRODOTTO 

All’interno della componente 5, azione 5.1, sono stati pubblicati 12 articoli scientifici.  

Se ne riporta il titolo, gli autori, la rivista di pubblicazione, l’anno e l’abstract riassuntivo 

(in lingua inglese) relativo a ciascun articolo pubblicato negli anni 2010, 2011, 2012 e 

2013. 

 

DESCRIPTION DU PRODUIT 

Dans la section 5, action 5.1, 12 articles scientifiques ont été publiés. On présente ci-

après le titre, les auteurs, la revue de publication, l'année et un résumé en anglais de 

chaque article paru dans les années 2010, 2011, 2013 et 2013. 

 

ANNO 2010 

1) Poiroux-Gonord F., Bidel L.P.R., Fanciullino A.L., Gautier H., Lauri-Lopez F., Urban L., 
2010. Health benefits of vitamins and secondary metabolites of fruits and vegetables and 
prospects to increase their concentrations by agronomic approaches. Journal of 
Agricultural and Food Chemistry, 58, 12065–12082; DOI:10.1021/jf1037745 (prodotto 
26a.1) 

ABSTRACT  

Fruits and vegetables (FAVs) are an important part of the human diet and a major source 
of biologically active substances such as vitamins and secondary metabolites. The 
consumption of FAVs remains globally insufficient, so it should be encouraged, and it may 
be useful to propose to consumers FAVs with enhanced concentrations in vitamins and 
secondary metabolites. There are basically two ways to reach this target: the genetic 
approach or the environmental approach. This paper provides a comprehensive review of 
the results that have been obtained so far through purely agronomic approaches and 
brings them into perspective by comparing them with the achievements of genetic 
approaches. Although agronomic approaches offer very good perspectives, the existence 
of variability of responses suggests that the current understanding of the way regulatory 
and metabolic pathways are controlled needs to be increased. For this purpose, more in-
depth study of the interactions existing between factors (light and temperature, for 
instance, genetic factors × environmental factors), between processes (primary 
metabolism and ontogeny, for example), and between organs (as there is some evidence 
that photooxidative stress in leaves affects antioxidant metabolism in fruits) is proposed.  

ANNO 2011 

1) Poiroux-Gonord F., Fanciullino A.L., Berti L., Urban L., 2011. Effect of fruit load on 
maturity and carotenoid content of clementine (Citrus clementina Hort. ex Tan.) fruits. 
Wileyonlinelibrary.com; DOI 10.1002/jsfa.5584 (Prodotto 26a.2) 

ABSTRACT  

Citrus fruits contain many secondary metabolites displaying valuable health properties. 
There is a lot of interest in enhancing citrus quality traits, especially carotenoid contents, 
by agronomic approaches. In this study the influence of carbohydrate availability on 
maturity and quality criteria was investigated in clementine fruits during ripening. Fruiting 
branches were girdled and defoliated after fruit set to obtain three levels of fruit load: 
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high (five leaves per fruit), medium (15) and low (30). 
Considering the soluble solid content/titratable acidity (SSC/TA) ratio, it was found that 
fruits of the high and medium fruit load treatments reached maturity 1.5 months later 
than fruits of the control. At the time of maturity the SSC/TA ratio of fruits of all 
treatments was about 13.6. At harvest, fruits were 23% smaller and total sugar 
concentration of the endocarp was 12.6% lower in the high fruit load treatment than in 
the control. In contrast, the concentrations of organic acids and total carotenoids were 
55.4 and 93.0% higher respectively. Total carotenoids were not positively correlated with 
either soluble sugars or total carbohydrates. 

Taken together, the results do not support the common view that carbohydrate 
availability directly determines carotenoid synthesis by influencing precursor availability. 

2) Zappettini S. , Mura E., Grilli M., Preda S., Salamone A., Olivero G., Govoni S., 
Marchi M., 2011. Different presynaptic nicotinic receptor subtypes modulate in vivo and in 
vitro the release of glycine in the rat hippocampus. Neurochemistry International 59 
(2011) 729–738 (prodotto 26a.3). 

ABSTRACT  

In the present study, using an in vivo approach (a microdialysis technique associated to 
HPLC with fluorimetric detection) and in vitro purified hippocampal synaptosomes in 
superfusion, we investigated the glycinergic transmission in the hippocampus, focusing 
on the nicotinic control of glycine (GLY) release. 
The acute administration of nicotine in vivo was able to evoke endogenous GLY release in 
the rat hippocampus. 
The specific nicotinic agonists PHA-543613 hydrochloride (PHA543613) selective for the 
α7 nicotinic receptor subtype administered in vivo also elicited GLY release in a similar 
extent, while the α4β2 agonist 5-IA85380 dihydrochloride (5IA85380) was less effective. 
Nicotine elicited GLY overflow also from hippocampal synaptosomes in vitro. This overflow 
was Ca2+-dependent and inhibited by methyllycaconitine (MLA), but was not modified by 
dihydro-beta-erythroidine (DHbE, 1 lM). Choline(Ch)-evoked GLY overflow was Ca2+ 
dependent, unaltered in presence of DHbE and blocked by methyllycaconitine (MLA). 
Additionally, 5IA85380 elicited a GLY overflow, which in turn was Ca2+ dependent, was 
significantly inhibited by DHβE but was unaffected by MLA. The GLY overflow produced by 
these nicotinic agonists quantitatively resembles that evoked by 9 mM KCl. The effects of 
a high concentration of 5IA85380 (1 mM), in the presence of 2 µM DHβE, on the release 
of GLY was also studied comparatively to that on glutamate and aspartate release. The 
nicotinic agonist 5IA85380 tested at high concentration (1 mM) was able to produce a 
stimulatory effect of endogenous release of the three amino acids, even in the presence 
of 2 µM DHβE, indicating the existence of a DHβE resistant, α4β2 nAChR subtype with a 
functional role in the modulation of GLY, ASP, and GLU release. Our results show that in 
the rat hippocampus the release of GLY is, at least in part, of neuronal origin and is 
modulated by the activation of both α7 and α4β2 (low and high affinity) nAChR subtypes. 
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ANNO 2012 

1) Mura E., Zappettini S., Preda S., Biundo F., Lanni C., Grilli M., Cavallero A., 
Olivero,G., Salamone A.,  Govoni S., Marchi M., 2012. Dual effect of beta-amyloid on α7 
and α4β2 nicotinic receptors controlling the release of glutamate, aspartate and GABA in 
rat hippocampus. PLoS ONE 7(1): e29661. doi:10.1371/journal.pone.0029661 (Prodotto 
26a.4) 

ABSTRACT  

We previously showed that beta-amyloid (Aβ), a peptide considered as relevant to 
Alzheimer’s Disease, is able to act as a neuromodulator affecting neurotransmitter 
release in absence of evident sign of neurotoxicity in two different rat 
brain areas. In this paper we focused on the hippocampus, a brain area which is sensitive 
to Alzheimer’s Disease pathology, evaluating the effect of Aβ (at different concentrations) 
on the neurotransmitter release stimulated by the activation of presynaptic cholinergic 
nicotinic receptors (nAChRs, α4β2 and α7 subtypes). Particularly, we focused on some 
neurotransmitters that are usually involved in learning and memory: glutamate, 
aspartate and GABA. 
We used a dual approach: in vivo experiments (microdialysis technique on freely moving 
rats) in parallel to in vitro experiments (isolated nerve endings derived from rat 
hippocampus). Both in vivo and in vitro the administration of nicotine stimulated an 
overflow of aspartate, glutamate and GABA. This effect was greatly inhibited by the 
highest concentrations of Aβ considered (10 µM in vivo and 100 nM in vitro). In vivo 
administration of 100 nM Aβ (the lowest concentration considered) potentiated the GABA 
overflow evoked by nicotine. All these effects were specific for Ab and for nicotinic 
secretory stimuli. The in vitro administration of either choline or 5-Iodo-A-85380 
dihydrochloride (a7 and a4b2 nAChRs selective agonists, respectively) elicited the 
hippocampal release of aspartate, glutamate, and GABA. High Aβ concentrations (100 
nM) inhibited the overflow of all three neurotransmitters evoked by both choline and 5-
Iodo-A-85380 dihydrochloride. On the contrary, low Aβ concentrations (1 nM and 100 pM) 
selectively acted on α7 subtypes potentiating the choline-induced release of both 
aspartate and glutamate, but not the one of GABA. 
The results reinforce the concept that Ab has relevant neuromodulatory effects, which 
may span from facilitation to inhibition of stimulated release depending upon the 
concentration used. 
 

2) Marchi, M., Zappettini, S., Olivero, G., Pittaluga, A., Grilli, M., 2012. Chronic 
nicotine exposure selectively activates a carrier-mediated release of endogenous 
glutamate and aspartate from rat hippocampal synaptosomes. Neurochemistry 
International, 60, 622-630 (Prodotto 26a.5) 
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ABSTRACT   

The effect of chronic nicotine treatment on the release of endogenous glutamate (GLU), 
aspartate (ASP) and GABA evoked in vitro by KCl, 4-aminopyridine (4AP) and nicotinic 
agonists in synaptosomes of rat hippocampus was investigated. Rats were chronically 
administered with nicotine bitartrate or saline vehicle each for 14 days using osmotic 
mini-pumps. Hippocampal synaptosomes were stimulated with KCl, 4AP, nicotine or with 
choline (Ch) and 5-iodo-A-85380 dihydrochloride (5IA85380). The GLU and ASP overflow 
evoked by Ch, nicotine, KCl and 4AP were increased in treated animals while the nicotine-
evoked GABA overflow was reduced and that evoked by Ch, KCl and 4AP was unaffected. 
The 5IA85380-evoked overflow of the three aminoacids (AAs) was always reduced. The 
increase of ASP and GLU overflow evoked by KCl, 4AP or Ch was blocked by DL-threo-b-
benzyloxyaspartic acid (DL-TBOA), a carrier transporter inhibitor, and by inhibitors of the 
Na+/Ca2+ exchangers 2-[[4-[(4-nitrophenyl)methoxy]phenyl]methyl]-4-
thiazolidinecarboxylic acid ethyl ester (SN-6) and 2-[2-[4-(4-
nitrobenzyloxy)phenyl]ethyl]isothiourea mesylate (KB-R7943).  
In conclusion long-term nicotine treatment may selectively increase GLU and ASP 
overflow elicited by KCl, 4AP and Ch through the activation of a carrier-mediated release 
mechanism and completely abolished the stimulatory effects of a4b2 nAChRs which 
modulate the release of all the three AA. 

3) Mulas, M. 2012. The myrtle (Myrtus communis l.) case: from a wild shrub to a new 
fruit crop. Acta Hort. (ISHS) 948: 235-242. ISBN: 978-90-66052-56-7 (prodotto 26a.6). 

ABSTRACT   

Myrtle is an aromatic shrub spontaneously growing in the Mediterranean region. The 
edible fruits of this plant are widely used to produce a typical liqueur by hydroalcoholic 
infusion. The myrtle liqueur industry was completely based on the supply of the fruit 
harvest from wild plants with a consequent risk of selective pressure on the spontaneous 
species, low quality standardization and difficulties to assure every year an increasing 
quantity of raw material. In order to avoid the erosion of natural genetic resources a 
domestication process of the species was carried out starting in 1995. A mass selection of 
about 130 mother plants was the first step of a research completely performed on the 
Sardinia island, where the myrtle is a part of the Mediterranean maquis. Accessions were 
described for the main plant characters and morphology following a special descriptor list 
and only the pure clonal lines obtained by agamic propagation (softwood cuttings) were 
planted in a repository located in the experimental farm of the University of Sassari in 
Oristano (Central Western Sardinia). Yield quantity, plant vigor, rooting ability and 
resistance to nursery management were the main characters evaluated in the first stage 
of selection. The field observation of candidate selections produced a list of about 40 
cultivars completely described and newly tested for fruit production and quality in 
different localities. Cultivars were compared also for fruit chemical composition and 
quality of the corresponding liqueurs, as well as for tolerance to the main transplant 
pathogens and phytoplasms. In vitro propagation of the better cultivars was the strategy 
adopted to provide nurseries of a great number of plants of few cultivars in the space of 
4-5 years. The result was the plantation of about 200 ha that today may mitigate the 
effects of the harvest of wild fruits with a better quality standardization and yield 
security, with respect to seasonal meteoric events.  
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4) Grilli M., Summa M., Salamone A., Olivero G., Zappettini S., Di Prisco S., Feligioni 
M., Usai C., Pittaluga A., Marchi M., 2012. In vitro exposure to nicotine induces 
endocytosis of presynaptic AMPA receptors modulating dopamine release in rat nucleus 
accumbens nerve terminals. Neuropharmacology, 63, 916-926 (Prodotto 26a.7). 

ABSTRACT   

Here we provide functional and immunocytochemical evidence supporting the presence 
on Nucleus Accumbens (NAc) dopaminergic terminals of cyclothiazide-sensitive, alfa-
amino-3-hydroxy-5-methyl-4-isoxazolone propionate (AMPA) receptors, which activation 
causes Ca2+-dependent [3H]dopamine ([3H]DA) exocytosis. These AMPA receptors cross-
talk with co-localized nicotinic receptors (nAChRs), as suggested by the finding that in 
vitro short-term pre-exposure of synaptosomes to 30 µM nicotine caused a significant 
reduction of both the 30 µM nicotine and the 100 µM AMPA-evoked [3H]DA overflow. 
Entrapping pep2-SVKI, a peptide known to compete for the binding of GluA2 subunit to 
scaffolding proteins involved in AMPA receptor endocytosis, in NAC synaptosomes 
prevented the nicotine-induced reduction of AMPA-mediated [3H]DA exocytosis, while 
pep2-SVKE, used as negative control, was inefficacious.  
Immunocytochemical studies showed that a significant percentage of NAc terminals were 
dopaminergic and that most of these terminals also possess GluA2 receptor subunits. 
Western blot analysis of GluA2 immunoreactivity showed that presynaptic GluA2 proteins 
in NAc terminals were reduced in nicotine-pretreated synaptosomes when compared to 
the control. The nACh-AMPA receptor ereceptor interaction was not limited to 
dopaminergic terminals since nicotine pre-exposure also affected the presynaptic AMPA 
receptors controlling hippocampal noradrenaline release, but not the presynaptic AMPA 
receptors controlling GABA and acetylcholine release. These observations could be 
relevant to the comprehension of the molecular mechanisms at the basis of nicotine 
rewarding. 

5) Zappettini S., Grilli M., Olivero G., Mura E., Preda S., Govoni S., Salamone A., 
Marchi M., 2012. Beta amyloid differently nicotinic and muscarinic receptor subtypes 
which stimulate in vitro and in vivo the release of glycine in the rat hippocampus. 
Frontiers in Pharmacology, 3, article 146 (Prodotto 27a.8) 

ABSTRACT   

Using both in vitro (hippocampal synaptosomes in superfusion) and in vivo (microdialysis) 
approaches we investigated whether and to what extent β amyloid peptide 1–40 (Aβ 1–
40) interferes with the cholinergic modulation of the release of glycine (GLY) in the rat 
hippocampus. 
The nicotine-evoked overflow of endogenous GLY in hippocampal synaptosomes in 
superfusion was significantly inhibited by Aβ 1–40 (10 nM) while increasing the 
concentration to 100 nM the inhibitory effect did not further increase. Both the Choline 
(Ch; α7 agonist; 1mM) and the 5-Iodo-A-85380 dihydrochloride (5IA85380, α4β2 
agonist; 10 nM)-evoked GLY overflow were inhibited by Aβ 1–40 at 100 nM but not at 10 
nM concentrations. The KCl evoked [ H]GLY and [ H]Acetylcholine (ACh) overflow were 
strongly inhibited in presence of oxotremorine; however this inhibitory muscarinic effect 
was not affected by Aβ 1–40. The effects of Aβ 1–40 on the administration of nicotine, 
veratridine, 5IA85380, and PHA543613 hydrochloride (PHA543613; a selective agonist of 
α7 subtypes) on hippocampal endogenous GLY release in vivo were also studied. Aβ 1–40 
significantly reduced (at 10 µM but not at 1 µM) the nicotine-evoked in vivo release of 
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GLY. Aβ 1–40 (at 10 µM but not at 1 µM) significantly inhibited the PHA543613 (1mM)-
elicited GLY overflow while was ineffective on the GLY overflow evoked by 5IA85380 
(1mM). Aβ 40–1 (10 µM) did not produce any inhibitory effect on nicotine-evoked GLY 
overflow both in the in vitro and in vivo experiments. Our results indicate that (a) the 
cholinergic modulation of the release of GLY occurs by the activation of both α7 and α4β2 
nicotinic ACh receptors (nAChRs) as well as by the activation of inhibitory muscarinic ACh 
receptors (mAChRs) and (b) Aβ 1–40 can modulate cholinergic evoked GLY release 
exclusively through the interaction with α7 and the α4β2 nAChR nicotinic receptors but 
not through mAChR subtypes. 

ANNO 2013 

1) Pittaluga A., Olivero G., Di Prisco S., Merega E., Bisio A., Romussi G., Grilli 
M., Marchi, M., 2013. Effects of the neoclerodane Hardwickiic acid on the presynaptic 
opioid receptors which modulate noradrenaline and dopamine release in mouse central 
nervous system. Neurochemistry International, 62, 354-359 (Prodotto 26a.9). 

ABSTRACT   

We have comparatively investigated the effects of Hardwickiic acid and Salvinorin A on 
the K+-evoked overflow of [3H]noradrenaline ([3H]NA) and [3H]dopamine ([3H]DA) from 
mouse hippocampal and striatal nerve terminals, respectively. The K+-evoked overflow of 
[3H]DA was inhibited in presence of Salvinorin A (100 nM) but not in presence of 
Hardwickiic acid (100 nM). Hardwickiic acid (100 nM) mimicked Salvinorin A (100 nM) in 
facilitating K+-evoked hippocampal [3H]NA overflow and the two compounds were almost 
equipotent. Facilitation of [3H]NA overflow caused by 100 nM Hardwickiic acid was 
prevented by the κ-opioid receptor (KOR) antagonist norbinaltorphimine (norBNI, 100 
nM) and by the selective δ-opioid receptor (DOR) antagonist naltrindole (100 nM), but 
was not altered by 100 nM D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), a 
selective l-opioid receptor (MOR) antagonist. We conclude that Hardwickiic acid 
modulates hippocampal [3H]NA overflow evoked by a mild depolarizing stimulus by acting 
at presynaptic opioid receptor subtypes. 

2) Mulas M., Fadda A., Angioni A., 2013. Effect of maturation and cold storage on the 
organic acid composition of myrtle fruits. Journal of the Science of Food and Agriculture, 
93, 37-44. DOI 10.1002/jsfa.5724 (Prodotto 26a.10) 

ABSTRACT   

The effect of maturation and senescence on the chemical composition of two myrtle 
cultivars was studied in mature, overripe and cold-stored fruits in order to find the most 
appropriate harvesting period and best storage technology for industrial purposes. 
After cold storage at 10 °C for 15 days, berry weight loss ranged from 12.5 to 18.4%, 
with the highest losses in less mature fruits. Titratable acidity decreased during 
maturation and cold storage in both cultivars. Reducing and total sugars increased during 
maturation. Anthocyanin concentration increased during maturation but decreased in 
overripe berries. The major organic acids in myrtle fruits were quinic, malic and gluconic 
acids. In fresh and cold-stored fruits, malic acid rose to 3 g kg(-1) and decreased 
thereafter. Quinic acid peaked at 90 or 120 days after bloom and decreased thereafter to 
reach low concentrations in mature fruits. 

Cold storage for 15 days at 10 °C does not affect myrtle fruit quality for liqueur 
production. Anthocyanin concentration is the best indicator of harvest time for industrial 
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purposes. Gluconic acid concentration is high in mature, overripe and cold-stored berries. 

This parameter can be used as a marker of the onset of fruit senescence. Copyright © 

2012 Society of Chemical Industry. 

3) Summa M., Di Prisco S., Grilli M., Usai C., Marchi M., Pittaluga A., 2013. Presynaptic 

mGlu7 receptors control GABA release in mouse hippocampus. Neuropharmacology, 66, 

215-224 (Prodotto 26a.11).  

ABSTRACT   

The functional role of presynaptic release-regulating metabotropic glutamate type 7 

(mGlu7) receptors in hippocampal GABAergic terminals was investigated. Mouse 

hippocampal synaptosomes were preloaded with [3H]D--aminobutyric acid ([3H]GABA) 

and then exposed in superfusion to 12 mM KCl. The K+-evoked [3H]GABA release was 

inhibited by the mGlu7 allosteric agonist N,N’-dibenzyhydryl-ethane-1,2-diamine 

dihydrochloride (AMN082, 0.001e10 mM), as well as by the group III mGlu receptor 

agonist L-(þ)-2-amino-4-phosphonobutyric acid [(L)-AP4, 0.01e1 mM]. The mGlu8 

receptor agonist (S)-3,4-dicarboxyphenylglycine [(S)-3,4-DCPG, 10e100 nM] was 

ineffective. AMN082 and (L)-AP4-induced effects were recovered by the mGlu7 negative 

allosteric modulator (NAM) 6-(4-methoxyphenyl)-5-methyl-3-(4-pyridinyl)-isoxazolo[4,5-

c]pyridin-4(5H)-one hydrochloride (MMPIP). AMN082 also inhibited in a MMPIP-sensitive 

manner the Kþ-evoked release of endogenous GABA. AMN082 and the adenylyl cyclase 

(AC) inhibitor MDL-12,330A reduced [3H]GABA exocytosis in a 8-Br-cAMP-sensitive. 

AMN082- inhibitory effect was additive to that caused by (�)baclofen, but insensitive to 

the GABAB antagonist 3-[[(3,4-Dichlorophenyl)methyl]amino]propyl] diethoxymethyl) 

phosphinic acid (CGP52432). Conversely, (�)baclofen-induced inhibition of GABA 

exocytosiswas insensitive to MMPIP. Finally, the forskolin-evoked [3H]GABA release was 

reduced by AMN082 or (�)baclofen but abolished when the two agonists were added 

concomitantly. Mouse hippocampal synaptosomal plasmamembranes posses mGlu7 

receptor proteins; confocal microscopy analysis unveiled that mGlu7 proteins colocalize 

with syntaxin-1A (Stx-1A), with vesicular GABA transporter (VGAT)-proteins and with 

GABAB receptor subunit proteins. We propose that presynaptic inhibitory mGlu7 

heteroreceptors, negatively coupled to AC-dependent intraterminal pathway, exist in 

mouse hippocampal GABA-containing terminals, where they colocalize, but do not 

functionally cross-talk, with GABAB autoreceptors. 

4) Pistelli La., Noccioli C., D’Angiolillo F., Pistelli Lu., 2013. Composition of volatile in 

micropropagated and field grown aromatic plants from Tuscany Islands. Acta Biochimica 

Polonica, 60, 43-50 (Prodotto 26.a12). 

ABSTRACT 

Aromatic plant species present in the natural Park of Tuscany Archipelago are used as 

flavoring agents and spices, as dietary supplements and in cosmetics and aromatherapy. 

The plants are usually collected from wild stands, inducing a depletion of the natural 

habitat. Therefore, micropropagation of these aromatic plants can play a role in the 

protection of the natural ecosystem, can guarantee a massive sustainable production and 

can provide standardized plant materials for diverse economical purposes. The aim of this  

study is to compare the volatile organic compounds produced by the wild plants with 

those from in vitro plantlets using headspace solid phase micro-extraction (HS-SPME) 

followed by capillary gas-chromatography coupled to mass spectrometry (GC-MS).  
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Typical plants of this natural area selected for this work were Calamintha nepeta L.,  

Crithmum maritimum L., Lavandula angustifolia L., Myrtus communis L., Rosmarinus 

officinalis L., Salvia officinalis L. and Satureja hortensis L. Different explants were used: 

microcuttings with vegetative apical parts, axillary buds and internodes. Sterilization 

percentage, multiplication rate and shoot length, as well as root formation were 

measured. The volatile aromatic profiles produced from in vitro plantlets were compared 

with those of the wild plants, in particular for C. maritimum, R. officinalis, S. officinalis 

and S. hortensis. This study indicated that the micropropagation technique can represent 

a valid alternative to produce massive and sterile plant material characterised by the 

same aromatic flavour as in the wild grown plants. 
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Giuliano, France, ‡Laboratoire de Biochimie et PhysiologieVégétale (LBPV),Université deMontpellier II,
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Fruits and vegetables (FAVs) are an important part of the human diet and a major source of

biologically active substances such as vitamins and secondary metabolites. The consumption of

FAVs remains globally insufficient, so it should be encouraged, and it may be useful to propose to

consumers FAVs with enhanced concentrations in vitamins and secondary metabolites. There are

basically two ways to reach this target: the genetic approach or the environmental approach. This

paper provides a comprehensive review of the results that have been obtained so far through purely

agronomic approaches and brings them into perspective by comparing them with the achievements

of genetic approaches. Although agronomic approaches offer very good perspectives, the existence

of variability of responses suggests that the current understanding of the way regulatory and

metabolic pathways are controlled needs to be increased. For this purpose, more in-depth study of

the interactions existing between factors (light and temperature, for instance, genetic factors �

environmental factors), between processes (primary metabolism and ontogeny, for example), and

between organs (as there is some evidence that photooxidative stress in leaves affects antioxidant

metabolism in fruits) is proposed.

KEYWORDS: Carbohydrates; carotenoids; glucosinolates; maturity; nitrogen; organic farming; phenolic
compounds; stress; vitamin C

INTRODUCTION

Plants produce a very diverse set of organic molecules, some of
which are traditionally considered not to participate directly in
the major processes involved in growth and development. These
substances are called secondary metabolites, an arguable term if
one considers the importance of, for instance, lignin for all vascular
plants or salicylic acid, a hormone. According to the nomencla-
ture adopted by the British Nutrition Foundation, plant second-
arymetabolites can be divided into fourmajor groups: terpenoids
(about 25000 compounds), alkaloids (about 12000 compounds),
phenolic compounds (about 8000 compounds), and sulfur-
containing compounds (1). Unlike primarymetabolites, so-called
secondary metabolites are often unevenly distributed among taxo-
nomic groups within the plant kingdom. Many secondary meta-
bolites have positive effects on human health. Some of them are
even essential to life, as are vitamins (such as tocopherols
and tocotrienols, alias vitamin E). However, all vitamins are

not considered to be secondary metabolites, like ascorbate, the
major antioxidant in plants and for humans. A few other secondary
metabolites are provitamins, that is, compounds that are con-
verted into vitamins in animal bodies (such as β-cryptoxanthin, a
carotenoid found in Citrus fruits, or β-carotene, found in several
fruits and vegetables endowedwith provitaminAproperties). The
vitamins and secondary metabolites this paper discusses are
referred to by the generic term “phytochemicals” hereafter.

It is well established that fruits and vegetables (FAVs) repre-
sent the major source of phytochemicals and other useful com-
pounds such as amino acids and fatty acids (2). Indeed, the much
praised health benefits of FAVs are, at least partially, attributable
to their high concentrations in phytochemicals. Even though no
final evidence has been found that FAVs protect against cancer,
there is vast consensus with regard to the positive role they play in
preventing or controlling particular diseases or disorders (3), and
it can be globally recommended to most people to substantially
increase their consumption of FAVs.

In a report released jointly by the World Health Organization
(WHO) and the Food and Agriculture Organization (FAO)
in 2003, statistics are provided showing that, in 2001, chronic
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diseases contributed approximately 59% of the 56.5 million total
reported deaths in the world and 46% of the global burden of
disease (4). The report commissioned by WHO and FAO recom-
mends increasing the amounts of fresh fruits and vegetables in the
diet. At least 400 g, ideally 800 g, of fruits and vegetables should
be consumed daily. Although the nutritional benefits of freshFAVs
have been well established for a long time, their consumption
remains insufficient. In some developed countries, such as France,
despite the numerous campaigns of information organized by the
Ministries of Health or growers’ organizations, quantities of FAVs
bought by consumers even decreased over recent years. In devel-
oped countries, it may be tempting for the fruit and vegetable
industry to propose to consumers FAVs with increased or guaran-
teed amounts of micronutrients. This could greatly help the cause
of public health while contributing to the competitiveness of the
industry in amore andmore challenging globalmarket. Similarly,
FAVs with high concentrations in micronutrients could poten-
tially help the cause of public health indeveloping countrieswhere
intake is generally in the range of 20-50% of the minimum rec-
ommended level, largely due to poverty and food insecurity, lack
ofnutritionalknowledge, and someunfavorable foodhabits (4,5).
In these countries, women and children, as well as the elderly and
those infected with human immunodeficiency virus (HIV), suffer
disproportionately because of their relatively higher need for vita-
mins and minerals while often being discriminated against in terms
of food supply and availability. The situation is particularly critical
in sub-Saharan Africa (6).

With regard to the issue ofFAVswith increased concentrations
in phytochemicals, several questions need to be answered. Can
targets in terms of concentrations be defined, knowing that precise
dietary recommendations cannot be currentlymade in the absence
of sufficient understanding about the bioavailability of bioactive
compounds, their interactions, their dynamic after ingestion and
metabolization, and the variability of responses due to the existence
of genetic profiles? If not, does it all the same make sense to try to
produce FAVs with increased concentrations in phytochemicals?
If the answer to the latter question is a positive one, what are the
perspectives of genetic and agronomic approaches, respectively?
Can genetic and environmental factors be considered as realistic
levers? Is it realistic to imagine that innovative plantmaterials and
growing techniques can supply FAVs with consistently increased
concentrations in phytochemicals, without harming other impor-
tant cropping objectives such as yield? What are the stumbling
blocks, and what research needs to be done?

The first objective of this paper is to briefly review the dietary

effects of phytochemicals. We shall argue that, even though no

targets in terms of concentrations canbe set, it is desirable to try to

increase them within reasonable limits. We shall then consider the

achievements andprospects of genetic approaches, before reviewing

extensively the agronomic data accumulated about the effects of

environmental factors on the concentrations of phytochemicals in

FAVs. The prospects and challenges of agronomic approaches are

eventually discussed in the light of some elements about interactions

between factors, between processes, and between organs.
This review is focusedmainlyonvitaminsCandE, phenolic com-

pounds, carotenoids, and glucosinolates.

DIETARY EFFECTS OF PHYTOCHEMICALS CURRENTLY

FOUND IN FAVs

Unlike carbohydrates, lipids, and proteins, which are hydro-
lyzed into small assimilable molecules upon ingestion by humans,
most vitamins and phenolics are taken up directly and are subject
to veryweak biochemical modifications.Humans do not have the
enzymatic arsenal to substantially modify these molecules after

ingestion, which means that they can benefit in turn from the
protective properties they have in the plants that synthesize them.
On the contrary, glucosinolates and provitamin A carotenoids
must be converted in the intestinal tract, into isothiocyanate and
vitamin A respectively, before becoming active. Secondary me-
tabolites and vitamins have positive dietary effects as this brief
review tends to demonstrate. It must, however, be kept in mind
that they may occasionally prove toxic or interact in an antag-
onistic way. For instance, an antagonistic effect of some flavonoids
was observed on ascorbate uptake. The sodium-dependent vitamin
C transporter 1 (SVCT1) is inhibited by flavonoids largely found in
foods such as quercetin, fisetin, rutin, apigenin, and genistein (7,8).

Vitamins. Vitamin C, also known as ascorbate, is a vital
micronutrient for humans.A lack of vitaminChampers the activity
of a range of enzymes and may lead to scurvy in humans (9).
Unlike most animals, humans are unable to synthesize their own
vitamin C, and they must therefore find it in plants, in particular,
fruits and vegetables. In addition to its involvement in the produc-
tion of collagen, ascorbic acid serves as a cofactor in several vital
enzymatic reactions, including those involved in the synthesis of
catecholamines, carnitine, and cholesterol, and in the regulation
of transcription factors controlling the expression of important
genes of the metabolism (10). Ascorbic acid is present in three
forms: ascorbate, monodehydroascorbate (MDHA), and dehy-
droascorbate (DHA), which corresponds to the oxidized form of
ascorbate. Inmost cellular functions, ascorbate acts as an electron
donor, but it may also act directly to scavenge reactive oxygen
species (ROS) generated by cellular metabolism. Due to the role
of ascorbate in protecting cells against oxidative stress and the
involvement ofROS in neurodegenerative disorders (Alzheimer’s
and Parkinson’s diseases) or inflammatory response (arterio-
sclerosis), it is strongly suggested that vitamin C could prevent
heart, chronic inflammatory, and neurodegenerative diseases (11).

Vitamin E (tocopherols and tocotrienols) is present in all cell
membranes and plasma lipoproteins, especially in red blood cells
of the human body. As the major lipid-soluble chain-breaking
antioxidants in humans, vitamin E protects DNA, low-density
lipoproteins, and polyunsaturated fatty acids from oxidative dam-
age. It moreover plays a role in hemoglobin biosynthesis, modula-
tion of immune response, and stabilization of the structure of
membranes (12).

Vitamin K1 is a liposoluble vitamin, synthesized from phyllo-
quinone by bacteria in the intestinal tract. It plays a positive role
in the control of blood clotting, bone formation, and repair.
Deficiency of vitamin K1 may result in hemorrhagic disease in
newborn babies, as well as postoperative bleeding, muscle hema-
tomas, and intercranial hemorrhages in adults (13). Vitamin K3

menadione was shown to exhibit cytotoxic activity and inhibit
growth of tumors in humans (14).

Phenolic Compounds.The specific action of each plant phenolic
compound is not easy to assess because only a very small part of
them is really absorbed (15) and because they moreover potentially
undergo transformations. Enterocyte and epathocyte can cleave
glycoside moieties. They are responsible for glucuronidation,
methylation, and sulfation of flavonoids. First, they protect some
major cellular components from oxidation. Many dietary phe-
nolics are antioxidants capable of quenching ROS and toxic free
radicals formed from the peroxidation of lipids and, therefore,
have anti-inflammatory and antioxidant properties at the body
level. Several hydroxycinnamic acid derivatives, for instance,
caffeic acid, chlorogenic acid, ferulic acid, p-coumaric acid, and
sinapic acid, present strong antioxidant activities by inhibiting
lipid oxidation and scavenging ROS (16). Flavonoids are known
to prevent production of free radicals by chelating iron and
copper ions to directly scavenge ROS and toxic free radicals
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and to inhibit lipid peroxidation. Production of peroxides and
free radicals, which may damage DNA, lipids, and proteins, has
been linked to aging, atherosclerosis, cancer, inflammation, and
neurodegenerative diseases such as Alzheimer’s and Parkinson’s.
Flavonoids were also demonstrated to protect low-density lipo-
protein (LDL) cholesterol from being oxidized, thus preventing
the formation of atherosclerotic plaques at the level of the arterial
wall. Many dietary flavonoids and hydroxycinnamic acids bind
to human serumalbumin, themain protein involved in lipid trans-
portation within blood. This cotransport provides an efficient
antioxidant protection to lipids. Additionally, when tannins form
bondwith enzymes, they inhibit part of the lipoxygenase and per-
oxidase activity, therefore exhibiting antioxidant effects. Chloro-
genic acid and caffeic acid inhibit N-nitrosation reaction and
prevent the formation of mutagenic and carcinogenic N-nitroso
compounds (17).Without entering into details, itmay be said that
the range of activities of phenolic compounds encompasses
protection against coronary heart diseases, anti-inflammatory
effects, and inhibition of the development of cancer cells.

Some phenolics are known to modulate other enzymes of the
metabolism (see the review in ref 18). In particular, some flavo-
noids, such as quercetin, myricetin, and fisetin, inhibit the intestinal
glucose transporter isoform 2 (GLUT2), thus exerting an anti-
glycemic effect (7, 19). This inhibition is reversible and noncom-
petitive as far as quercetin is concerned. Chicoric acid has also an
antidiabetic effect, but its cellular target has not yet been discovered.
Flavonoid fractions of numerous plant extracts have been found
to have a hypoglycemic effect that remains to be elucidated.
Hydrosoluble tannins such as gallic acid esters and condensed
tannins such as catechin polymers and many flavonoids accumu-
lating in plant organs are known to exert an antifeeding effect by
binding to the enzymes and other proteins of defoliating insects
and other pests.

Flavonoids modulate signaling pathways (20). Among signal-
ing roles, isoflavones such as daidzein and genistein have received
considerable attention due to their ability to bind to mammalian
estrogen receptors (R and β) and mimic estrogen and anti-estrogen
actions. Theymodulate the endocrine systemandmay exert a pre-
ventive role against breast cancer and osteoporosis.

Middleton et al. (18) stated that dietary flavonoids, such as
quercetin, affect each immune cell line specifically (T cells, B cells,
macrophages, NK cells, basophils, mast cells, neutrophils, eosi-
nophils, and platelets). In particular, dietary flavonoids have an
antihistaminic action. During allergic reactions, when IgE binds
to its specific receptors on the plasmamembrane of mast cells and
basophils, these cells are induced to produce histamine. Both quer-
cetin andapigenin inhibit anti-IgE-inducedhistamine release (21).
Many flavonoids that are inhibitors of histamine release are also
good lipoxygenase inhibitors.

Many flavonoids protect plants against their pathogenic bac-
teria and fungi. Some phenolic acids such as benzoic acid, hydro-
benzoic acid, caffeic acid, and vanillic acid possess antifungal and
antimicrobial properties (22). These properties are useful during
postharvest storage and are conserved after assimilation. They
may also exhibit antiviral properties by limiting themultiplication
of viruses.

Carotenoids. Carotenoids endowed with provitamin A activity
are vital components of the human diet. Vitamin A is implicated
in hormone synthesis, immune responses, and the regulation of
cell growth and differentiation (13). It can be produced within
certain tissues from carotenoids such as β-cryptoxanthin present
in Citrus fruits, β-carotene present in carrots, spinach, and sweet
potatoes, and R-carotene found in carrots, pumpkin, and red and
yellow peppers (23). A carotenoid-deficient diet can lead to night
blindness andpremature death.Carotenoid-richdiets are correlated

with a significant reduction in the risk for certain cancers, coronary
heart disease, and several degenerative diseases.

Carotenoids have demonstrated anticancer and antimutagenic
properties (24). Underlying mechanisms are not well understood,
but the dietary importance of carotenoids is discussed, at least in
part, in terms of antioxidant properties (13, 25). Carotenoids are
known for their capacity to efficiently quench 1O2 singlet oxygen
by energy transfer (26). 1O2 is a particularly active ROS, capable
of damaging DNA (27) and provoking genetic mutations (28).
Eventually, 1O2 can damage lipids and membranes (29).

Beutner et al. have classified carotenoids on the basis of three
criteria: the dependence on the partial pressure of molecular
oxygen, the potential for inhibiting the formation of peroxide, and
the potential for quenching of 1O2 (25). Astaxanthin, a xantho-
phyll produced by some algae, is an excellent antioxidant capable
of quenching free radicals in either their standard or excited form.
β-Carotene and lycopene are efficient antioxidants, capable of
inhibiting strongly the formation of peroxide. They are prone to
degradation after ingestion, but their breakdown product seems
to have interesting properties that may explain the cancer preven-
tive activity of these carotenoids (30). ζ-Carotene is a poor
antioxidant.

When lipophilic antioxidants such as lutein or lycopene are asso-
ciated with hydrophilic antioxidants such as rutin, a supra-additive
protection of low-density lipoprotein occurs (31). When rutin is
associated with ascorbic acid, a synergetic protection also occurs.

Phytosterols. Phytosterols are found in high amounts in broccoli,
Brussels sprouts, cauliflower, and spinach (32). They regulate the
fluidity and permeability of the phospholipid bilayers of plantmem-
branes (33). Certain phytosterols are precursors of brassinoster-
oids, plant hormones involved in cell division, embryonic develop-
ment, fertility, and plant growth (34). Some sterols are provitamins:
upon skin exposure toUVradiation, theymaygive rise to calciferol,
also known as vitamin D2, which is involved in the absorption of
calcium and bone growth. Plant sterols possess, morevoer, choles-
terol-lowering properties and play a positive role by decreasing the
incidence of cardiovascular diseases. Being structurally similar to
cholesterol, they can compete with cholesterol, thus limiting its
absorption from fat matrices into the intestinal tract (35). Plant
sterols have been hypothesized to have anticancer, antiathero-
sclerosis, anti-inflammation, and antioxidant activities (36).

Saponins. Saponins are attributed with cardioprotective, im-
munomodulatory, antifatigue, and hepatoprotective physiologi-
cal and pharmacological properties (37). Antifungal activity is
generally ascribed to the ability of saponins to complex with sterols
in fungal membranes, thus causing pore formation and loss of
membrane integrity (38). They also affect membrane fluidity (39).
Dietary saponins have been observed to reduce blood cholesterol,
stimulate the immune system, and inhibit the growth of cancer
cells (40). Saponins inhibit active transport by increasing the general
permeability of the enterocytes (41). Saponins can also form insol-
uble complexes with minerals such as zinc and iron (42).

Glucosinolates. A reduction in the prevalence of certain forms
of cancer has been attributed to the anticarcinogenic properties of
certain glucosinolates and their breakdown products (43). Glu-
cosinolates act by activating enzymes involved in the detoxifica-
tion of carcinogens and by providing protection against oxidative
damage (44) [see also the recent reviewofTraka andMithen (45)].
Certain glucosinolates have been observed to inhibit enzymes
involved in the metabolism of steroid hormones.

INCREASING THE CONCENTRATION OF VITAMINS AND

SECONDARY METABOLITES OF FAVs

Although there is compelling evidence that vitamins and second-
ary metabolites are essential for human health, many questions
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remain unresolved. Assessing the nutritional benefits of foodwith
enhanced concentrations of specific biologically active substances
is not an easy task, which, in turn, makes it impossible to define
precise targets in terms of concentrations. Biologically active sub-
stances found in FAVs always come as part of a mixture in the
diet. In a mixture, metabolites may have potentiating, antagoniz-
ing, or synergistic effects (46). Moreover, health benefits may be
influenced by other ingredients such as dietary fibers, monounsa-
turated fatty acids, agents stimulating the immune system,minerals,
and even ethanol (47). Then there is the issue of the so-called bio-
availabilityofbiologically active substances,which is affectedby sev-
eral factors such as tannin and lignin concentrations that differ
greatly from one species to another. Tannins have antifeeding ef-
fects, due to their protein-binding properties, whereas lignin de-
creases the digestibility of plant material. The bioavailability of
β-carotene, for instance, ranges from47% inkiwi fruits to 2% in red
grapefruits (48). Besides, it is now established that not all individuals
respond identically to bioactive food components because of
the existence of genetic profiles thatmodulate the responses. Finally,
very little is known about the dynamics of food components after
they are ingested and then metabolized in the body. A major chal-
lenge for researchers in the future will consist of working out the
best combinations of beneficial components of FAVs according to
existing genetic profiles while minimizing antagonistic interactions
anddetermining the duration of exposure and timing.Meanwhile, it
is very clear that no precise recommendations in terms of concen-
trations in phytochemicals can be formulated.

The issue of target concentrations for phytochemicals in FAVs
is made even more complicated by the existence of some second-
ary metabolites that can be toxicants. Not all secondary meta-
bolites are micronutrients. Some are natural food toxicants, such
as furanocoumarins, which are found in grapefruit juice. Psoralens
can generate hazardous drug interactions (49). Moreover, psor-
alens are recognized as skin photocarcinogens (50). It has been
hypothesized that the increase in cutaneous melanoma incidence
may be attributed to the increase in consumption of grapefruit
and orange juices in developed countries (50). Similarly, some
saponins, such as sapotoxin, can be toxic to humans by causing
irritations of the skin and membranes (40). Eventually, extreme
overconsumption of glucosinolate-rich food can cause inflamma-
tion of the mucous membranes of the stomach and disrupt
synthesis of the thyroid hormone (51).

At this stage, one may conclude, rather hastily, that promoting
the consumption of bioactive compounds of fruits and vegetables
may be dangerous or, at least, beside the point. Several attitudes
may be adopted. The first one consists of waiting for dieticians to
come upwithmore precise recommendations in terms of doses or
combinations of doses of bioactive food compounds. This will take
some time, perhaps even a lot of time, considering the importance
of the scientific challenges created by the issues of the bioavail-
ability, the dynamics and the interactions of bioactive com-
pounds, and the genetic diversity of consumers’ responses. Clearly
the issue of human health requires urgentmeasures to be taken.A
more down-to-earth attitude consists of considering that enough
evidence has been accumulated respectively through epidemiolo-
gic and clinical studies, first about the global benefits of FAVs in
the human diet and second about the dietary effects of their bio-
active compounds, especially vitamins and secondary metabo-
lites. On the basis of such undisputed evidence, even in the absence
of precise recommendations, it makes sense to encourage people
to consumemoreFAVs.Unfortunately, the five-a-day campaigns
in developed countries to persuade people to eat at least five
portions of FAVs every day have proven to be a relative failure so
far, and the situation is no better in developing countries. Taking
these facts into account, it appears reasonable to try to improve

the current situation by encouraging, besides the consumption of
FAVs, the consumption of foods and food supplements with

enhanced concentrations in phytochemicals, or, as we may say in
the case of phenolic compounds at least, restored concentrations
when compared to the concentrations that prevailed in the FAVs

before centuries of breeding to obtain bigger, less lignified, less
astringent, and less indigestible edible plant parts resulted in strongly
impoverishing food.Within this view, the proposition to produce

FAVs with increased concentrations in useful bioactive com-
pounds makes sense. Prudence demands that potentially toxic
secondarymetabolites should not be included in studies aiming at

designing innovative plant materials or techniques to increase
the concentration in phytochemicals ofFAVs, or at least that they
are not given the priority. Moreover, it may be argued that

prudence also demands that targets in terms of concentrations
remain in the range of those observed as the consequence of
natural genetic variability or of the influence of not-too-extreme

variations or levels of environmental factors (note that such a
strategy probably excludes nutraceuticals). To throw light on both
the issues of the potential of genetic and agronomic approaches

(does it work?) and the limits to keep in mind when trying to
enhance the concentrations in bioactive compounds (howmuch is
too much?), it is necessary to review the achievements of genetic

and agronomic approaches and discuss their respective prospects.

ACHIEVEMENTS AND PROSPECTS OF CONVENTIONAL

BREEDING AND METABOLIC ENGINEERING

Our objective is not to review all genetic approaches but to

focus on FAVs. See the review of Newell-McGloughlin (52) for a

broader approach to the issue of nutritionally improved crops.

The reader can also refer to the AGBIOS crop database (http://

www.agbios.com/dbase.php?action=ShowForm). Moreover, we

shall not consider here the suppression of toxic compounds by

metabolic engineering (53).
There are two basic approaches to modifying a biosynthetic

pathway with the objective of increasing the amounts of desirable
compounds. Itmay be tempting either tomanipulate the pathway
flux or to introduce novel biosynthetic activities from other organ-
isms. Increasing, preventing, or redirecting the flux into or within
the pathway may rely on such methods as increasing the levels of
identified or suspected rate-limiting biosynthetic enzymes, inhi-
biting the activity of genes that code for enzymes competing for
limited substrate supply, and up- or down-regulation of regula-
tory factors (54).

The experience gained with regard to the flavonoid pathway
demonstrates that all of the above-mentioned approaches can be
applied successfully to modify the production of plant metab-
olites (55-57). More specifically, up-regulation of the flavonoid
pathway has been obtained by using transgenes for biosynthetic
enzymes as well as for transcription factors.

Ascorbate.Ascorbate (AsA) is essential not only to humans but
also to the plants that synthesize it. Indeed, AsA plays an important
role in many plant physiological processes, acting as a regulator
of growth and plant development and as an electron donor in
such essential adaptative processes as nonphotochemical quench-
ing.AsA is also anmajor antioxidant, playing a pivotal role in the
maintenance of the redox status of cells. AsA is abundantly found
in fruits and vegetables. Its concentration depends on the type of
tissue (leaves, fruits, and roots) and the age of organs. It also
varies greatly as a function of species and cultivar, besides environ-
mental conditions (light, drought, ozone, ...). Considering genetic
factors, Johnston et al. (58) reported that AsA ranges from 20 to
300 mg/kg in apple and from 300 to 500 mg/kg in orange and
reaches up to 17.5 g/kg in Acerola. In kiwi, AsA concentration
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ranges from 290 to 800 mg/kg, depending on cultivar. It was
suggested that genotypes with very high potential could be used
for breeding objectives to reach very high concentrations, up to
21 g/kg of fresh weight in Actinidia latifolia (59). In tomato, the
highest concentrations were observed in the smaller fruit vari-
eties (60) and in wild species. There is up to 5 times more AsA in
Solanum penneli compared to Solanum lycopersicum (61).

The AsA concentration in plant cell depends on biosynthesis,
recycling (62), and degradation (63). The different biosynthetic
pathways of vitamin C have been elucidated recently and the
genes involved identified (64). The genetic molecular (GM) ap-
proaches have helped us to identify the limiting steps in the AsA
pathway. Two important regulatory steps were identified: GDP-
mannose epimerase (GME) (65, 66) and GDP-L-galactose phos-
phorylase (GGP) (67), with two genes coding for the latter
enzyme, vtc2 and vtc5. A 4-fold increase in AsA was observed
when the kiwifruitGGPwas overexpressed inArabidopsis, and an
up to 7-fold increase in AsA was observed when both the GGP
and the GME genes were overexpressed (66). Similarly, the
overexpression of theGGPgene fromActinidia chinensis in tobacco
resulted in a 3-fold increase in foliar AsA (67). Stevens et al. (61)
revealed that the gene coding for GME is present in the
quantative trait loci (QTLs) responsible for high levels of AsA
in tomato. Another promising way to manipulate AsA content
might be achieved via regulatory genes of this pathway. It was
observed that an ascorbic acid mannose pathway regulor mutant
(AMR1mutant) (it was found that the AMR1 gene regulated the
Smirnoff-Wheeler pathway) with reduced expression of AMR1
had 2-3-fold higher foliar AsA concentrations due to increased
expression of limiting-step enzymes such as GME, GPP, and
vitamin C defective 2 (VTC2) (68). Other attempts to manipulate
AsA concentration via up-regulation of plants’ AsA recycling also
proved to be efficient. For example, GM approaches showed that
overexpression of wheat dehydroascorbate reductase (DHAR)
increased AsA content in tobacco or wheat chloroplast up to
3.9-fold (69).

Synthesis, transport, and accumulation of AsA in the different
cell and tissue compartments appear tightly regulated.Moreover,
the pivotal role played by AsA in the cell balance suggests that
increasing AsA concentration in plant parts of interest represents
a difficult task ahead.Due to the complexity of AsA regulation in
plants, producing FAVs with increased concentrations in AsA will
clearly require a deeper understanding of AsA metabolism (70) .

Carotenoids. Several surveys and studies have revealed the
potential of conventional breeding to increase the concentration
in carotenoids of carrot, spinach (71), and tomatoes (72). In-
creases of 120, 30, and 50%, respectively, have been reported.
Results frombreeding programs at theAsian Vegetable Research
and Development Center and the U.S. Department of Agricul-
ture suggest that it is possible to obtain lines of tomatoes with
10-25 times the concentration in β-carotene of conventional
varieties (73, 74).

There have been numerous attempts to engineer carotenoid
biosynthesis (75), but they have not been very successful so far.
The carotenoid biosynthetic pathway is well-known, and carote-
nogenic genes have been isolated fromavariety of organisms,which
facilitatesmanipulation of this pathway (76). Consequently,most
attempts consisted of overexpressing one or more specific genes,
selected for coding for enzymes thought to catalyze key control-
ling steps of the biosynthetic pathway. They generally did not
result in the accumulation of the targeted carotenoid or produced
detrimental collateral effects.

The majority of the plants of the first transgenic tomato line,
generated with the tomato phytoene desaturase (PSY) under the
control of the constitutive cauliflowermosaic virus 35S promoter,

showedadwarf genotype (77). Itwasprobablydue toa competition
between carotenoids and gibberellins for geranylgeranyl diphos-
phate (GGPP). Interferences with other processes address the
question of a tissue-specific or constitutive promoter for construc-
tions used to generate transgenic plants and underscore the lack of
information on metabolic cross-talk between carotenoid and other
pathways. The problems encountered originate from the complex-
ity of the regulation of biosynthesis of isoprenoids in plant cells, at
both the gene and enzyme levels, and the poor understanding we
have of the existing mechanisms (78,79). It has been observed, for
instance, that overexpression of PSY, which is believed to exert the
greatest control over pathway flux, in genetically modified tomato
plants obtained by inserting homologous bacterial genes reduced
the control exerted by this enzyme on the flux, eventually shifting it
from one step of the metabolic pathway to another (80). Therefore,
a modest (almost 2-fold) increase in lycopene content was achieved
with bacterial psy transgene under a fruit-specific promoter (80).
Higher increases in carotenoid levels have been seen for plant tissues
with low carotenoid levels or for plants with carotenoid-free tissues.
It was reported that overexpression of a bacterial psy gene under a
seed-specific promoter results in a significant increase in total carot-
enoid and β-carotene contents in canola seed (81). More recently,
tissue-specific coexpression of psy and phytoene désaturase (crtI)
led to Golden Rice (82) and to Golden Potato (83) with β-carotene
enhancement of up to 23 times in Golden Rice 2.

The central role of carotenoids in plant development and
adaptation suggests that their synthesis is coordinated with devel-
opment processes such as plastid differentiation and fruit devel-
opment (78). Only a few regulatory genes involved in carotenoid
biosynthesis have been isolated so far (84). It was shown that a
transcription factor, AtRAP2.2, a member of the APETALA2
(AP2)/ethylene responsive element-binding protein transcription
factor family, binds to a regulatory region of psy promoter and
modestly regulates psy and pds expression (85). Some genes
involved in the light signal pathway (de-etiolated1 (DDB1) and
UV-damage DNA-binding protein 1 (DET1) or in chromoplast
differentiation (orange (Or)) were reported to control carotenoid
metabolism (84). There are many forms of control and many
controlling points, presumably at each branch point of the iso-
prenoid pathway. The dominant form of control is thought to be
at the transcriptional level (78,86), but others probably exist. For
instance,Marty et al. (87) attributed the decorrelation theyobserved
between β-carotene accumulation and expression of ζ-carotene
desaturase (ZDS) in the white apricot variety ‘Moniqui’ to a post-
transcriptionalmodificationof theZDS,whichmay have resulted
in an inactive form (87). Post-transcriptional regulation over key
steps of the biosynthetic pathway may also involve redox status
and external signals, such as light. Eventually, observations also
suggest that feedback control mechanisms and metabolic chan-
neling between each branch of the isoprenoid pathway play a key
role and may be behind unexplained hindering of endproduct
formation or unwanted side effects. The organization of caroten-
oid enzymes into metabolons may explain such observations (80),
and it has been argued that understanding the interactions within
the enzymatic complexes catalyzing biosynthesis of carotenoids
and their conversion is as important as understanding the regula-
tion at the level of gene expression (88). In addition to transcrip-
tional and post-transcriptional regulations, a certain form of reg-
ulationmay be exerted by the sequestration of carotenoids within
the cell. Observations made on tomato and cauliflower suggest
that the accumulation of carotenoids depends on genes involved
in sequestration (79, 89). Preventing the degradation of caroten-
oids and exploiting pleiotrophic collateral effects by interfering
in the light signal transduction pathway (90) have been suggested
as promising strategies that could allow the difficulties arising
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from the complexity of the regulation of the biosynthetic pathway
of carotenoids to be bypassed (91). For instance, the expression of
theOr gene in potato tuber causes high levels of β-carotene accu-
mulation and a 6-fold increase in total carotenoids (92).

Glucosinolates. The potential of conventional breeding to in-
crease the concentration in glucosinolates in Brassica seems to be
considerable. Kushad et al. (93) observed huge variability among
the 50 cultivars of broccoli they screened. In this study, the con-
centration in glucosinolates was 20 times higher in the best per-
forming cultivar compared to the least one.

There have been several attempts to breed broccoli for en-
hanced concentrations of glucosinolates (94, 95). Cultivars have
been developed by introgression of two genomic segments from
Brassica villosa that present a 4-fold increase in 3-methylsulfinyl-
propyl and 4-methylsulfinylbutyl glucosinolates, as well as an
increased conversion of glucosinolates to isothiocyanates asso-
ciated with a reduction in nitrile production (95). It has been
hypothesized that enhanced glucosinolate synthesis is associated
with allelic formsof themethylalkylmalate synthase genes in these
genomic segments which are involved in the control of chain
elongation ofmethionine-derived glucosinolates and appear to be
associated with QTLs involved in the total amount of glucosino-
lates in both Brassica (96) and Arabidopsis (97). Although there
have been no attempts so far to engineer commercialBrassica cul-
tivars with enhanced concentrations in glucosinolates, metabolic
engineering looks promising when considering what has been
achieved on Arabidopsis and the way our understanding of gluco-
sinolatemolecular genetics, particularly of the role playedby tran-
scription factors, has progressed (98). See also Desjardins for a
review (91). According to Traka andMithen,metabolic engineering
should focus on 3-methylsulfinylpropyl and 4-methylsulfinylbutyl
glucosinolates because of their biological activity and because the
isothiocyanates that derive from them, iberin and sulforaphane,
respectively, are not volatile and thus do not contribute to the
unpleasant flavor of Brassica foods, unlike those deriving from
most other glucosinolates (45).

Phenolic Compounds. Anthocyanin content has been an im-
portant target of FAV breeding for long time. Generally speak-
ing, conventional breeding looks promising as far as polyphenols
are concerned.Kalt et al. (99), for instance, found in the some 250
blueberry genotypes they surveyed that there was a 1.2-1.6-fold
difference in the total phenolic and anthocyanin contents, respec-
tively, between the 10th and the 90th percentiles. Anttonen and
Karjailanen (100) observed a 2-fold difference in total phenolics
anda3-folddifference inquercetinandellagic acid in the17 cultivars
of raspberry they analyzed. In studies conducted on strawberry,
2-3-fold differences in the anthocyanin content were reported by
Wang and Lin (101) and Cordenunsi et al. (102), respectively.
Atkinson et al. (103) reported a 5-fold difference in concentration
in ellagic acid among the 45 strawberry cultivars they studied.
Several breeding programs exist that aim at releasing cultivars with
enhanced concentrations of phenolic compounds. Successful
improvements have been registered in cranberry, strawberry,
peach, and plum (104). We are certainly entitled to expect breeding
programs to yield interesting results in the coming years.

There have been several attempts to exploit studies of the
biosynthetic pathway of flavonoids in flowers, dating back to the
early 1990s, to engineer tomatoes with higher concentrations in
phenolic compounds. Target genes identified during these early
studies belong to two categories: those involved in the biosyn-
thetic pathway itself, such as chalcone synthase (CHS), chalcone
flavanone isomerase (CHI), flavanone-3 hydroxylase (F3OH),
and flavonol synthase (FLS), and those involved in the control of
the pathway (56). Concomitant expression of CHS, CHI, F3OH,
andFLS increases dramatically the level of quercetin glycosides in

the peel of tomato (105). Tomatoes transformed with a hetero-
logous double gene construct from a Petunia chalcone isomerase
and a Gerbera hybrida flavone gene exhibited an 18-fold increase
in flavonol quercetin-3-rutinoside and a >36-fold increase in
kaempferol-rutoside when compared to the wild type (106). Several
regulatory genes of flavonoid biosynthesis have been identified.
Most of them belong to the MYB andMYC families. Overexpres-
sion of transcription factors of the MYB and MYC families was
found to result in a 60-fold increase in flavonoid and, especially
kaempferol biosynthesis in tomato (107). Other examples of meta-
bolic engineering include the introduction of a stilbene synthase
gene from grapevine in tomato and the subsequent accumulation
of not only trans-resveratol and glycosylated forms of stilbene but
also ascorbate and glutathione (108). Down-regulation of cinna-
moyl-CoA reductase (CCR), the first committed enzyme of the
lignin biosynthesis pathway, resulted in an increase in the avail-
ability of the coumaroyl-CoA precursors of kaempferol rutino-
side and actually in the accumulation of the expected endproduct
(109). But the CCR transformants exhibited altered phenotypes,
demonstrating that rerouting of a metabolic flow may come at a
price (110). See also the review of Chopra et al. (111).

Besides numerous attempts to increase the concentration in
flavonoids in FAVs through metabolic engineering, there have
been some very interesting achievements with hydroxycinnamic
acids. Overexpression of hydroxycinnamoyl-CoA:shikimate/qui-
nate hydroxycinnamoyl transferase in tomato was found to cause
plants to accumulatemore chlorogenic acidwith no side effects in
terms of concentrations of other soluble phenolic compounds (55).

Technically, the potential of metabolic engineering and con-
ventional breeding appears to be huge, even though, at this stage,
we are not capable of quantifying what this potential will be when
the other usual breeding criteria are taken into account. Then
there is the issue of the commercial potential.Metabolic engineer-
ing and conventional breeding probably do not have the same
perspectives. European consumers have expressed repeatedly that
they do not trust genetically modified food. On the contrary, the
same consumers should not express reluctance to accept new
cultivars with enhanced concentrations in phytochemicals ob-
tained by conventional breeding or by marker-assisted breeding
for that matter (112). The problem is that breeding is a time-con-
suming process. Coming up with a new cultivar endowed with
enhanced desirable traits takes years, which means that the impact
of breeding will not express itself quickly and remain strictly
restricted to only cultivars thatwere designedwith the objective of
increasing the concentration in phytochemicals. Breeders of FAVs
should certainly be encouraged to find new cultivars meeting this
objective. Meanwhile, it seems useful to evaluate the other major
option, namely, the environmental one. From the farmer’s point
of view, the question is to assess whether it is technically and eco-
nomically feasible to increase the content in phytochemical of
FAVs by relying on cropping techniques.

ACHIEVEMENTS AND PROSPECTS OF AGRONOMIC AP-

PROACHES

The idea that it is possible to increase the content in secondary

metabolites of edible plant parts is a relatively ancient one. It has

been demonstrated since the late 1980s that deficit irrigation

improves grape quality by increasing the concentration of phenolic

compounds and, more specifically, anthocyanins (see ref 113 for a

review). More recent studies have started to focus on the effect of

climatic factors on the content in micronutrients of FAVs. To

date, there are more than 100 papers dealing with this issue. Con-

vincing evidence has been collected which proves clearly that the

environment can be manipulated to substantially increase the
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concentrations of vitamins and secondary metabolites in a large

array of FAVs. The global picture we can draw is the following

(Tables 1-5).
Low temperatures during the growth period are generally very

favorable to the accumulation of ascorbic acid, phenolic com-
pounds, carotenoids, and glucosinolates. However, all compounds
are not affected to the same extent. Ascorbic acid seems to be the
less sensitive, with a maximal potential gain of þ60% found in
broccoli when the mean daily temperature is decreased from 15/
20 to 7/12 �C, whereas lutein has the potential to be increased up
to 150% (114) and anthocyanins up to þ240%, as observed
in certain cultivars of strawberry when temperatures were de-
creased from 30 to 18 �C (115). The positive effect of low tem-
peratures on ascorbic acid and glucoraphanin seems to be
enhanced in broccoli in the presence of high light (114), which
suggests that photooxidative stress is behind the effect of low tem-
peratures (see below). Interestingly, a positive effect of low tem-
peratures was also observed after harvest for carotenoids in toma-
toes (116,117) and for anthocyanins in apples, the former submitted
to UV-B radiation (118).

The effect of high temperatures after harvest has been inves-
tigated in several species of FAVs. The global picture is the
following: with the exception of the skin of mango fruits (119),
high temperatures have an effect ranging from insignificant
to negative on the concentration in total ascorbic acid of
tomatoes (120-122). A similar effect, ranging from insignificant
to negative, was observed on the concentrations of carotenoids and
R-tocopherol in tomatoes (121, 122). On the contrary, positive
effects of high temperatures have been reported on the concen-
tration in total phenolics of tomatoes (120) and the skin ofmango
and banana fruits (119).

Generally, good exposure or high light intensity is a positive
factor for the accumulation of ascorbic acid as observed in apple
(123), broccoli (114), spinach (124), and tomatoes (125). A similar
positive effect was observed on phenolic compounds in apple (126),
lettuce (127), and tomatoes (128), for instance, and also on carot-
enoids [ca. þ70% in well-exposed mangoes (129)] and glucosino-
lates [þ200% at low temperature in broccoli (114)]. Differences
between the different forms of phenolic compounds were ob-
served by Ju et al. (130): flavonoidswere not affected by high light

Table 1. Effect of Environmental Factors, Light, Temperature, Carbon Supply, Drought, Salinity, and Nitrogen Fertilization, on Concentration, Expressed on a Fresh
Matter Basis, If Not Indicated Otherwise, in Ascorbic Acida

environmental factor crop effect ref

high mean daily temperature several crops - 159

high light intensity combined with low mean daily temperature Pisum sativum L. þ 180

low mean temperature Brassica oleracea L. var. italica Plenck þþ 114

increased fruit temperature Solanum lycopersicum L. - 181

high daily sum of light Brassica oleracea L. var. italica Plenck þ 114

high light intensity Fortunella crassifolia Swingle þ 182

high light intensity Spinacia oleracea L. cv. Carambola þþþ 124

high light exposure Malus domestica Borkh. þþ 123

high light exposure Solanum lycopersicum L. þ ? 125

high light exposure several fruit species þ ? 183

high light exposure Citrus aurantium L. (leaves) þþþ (DW basis) 184

high light exposure Malus domestica Borkh. cv. Gala (peel) þþþ 185

high UV-B radiation Spinacia oleracea Mill. þþþ 139

high UV-B radiation Spinacia oleracea Mill. þþþ 141

long vs short days Fragaria � ananassa Duch. unclear 186

elevated CO2 Fragaria � ananassa Duch. þ (AA) 132

-- (DHA)

elevated CO2 Citrus aurantium L. þ 187

elevated CO2 Citrus aurantium L. (leaves) 0 184

high leaf to fruit ratio Fortunella crassifolia Swingle þ 182

drought Solanum lycopersicum L. þ 144

drought Solanum lycopersicum L. depending on cv. 188

drought Spinacia oleracea L. þ to þþ depending on cv. 155

drought/high salinity Solanum lycopersicum L. - ? 150

high salinity Solanum lycopersicum L. þ 149

high salinity Solanum lycopersicum L. 0 158

high salinity Solanum lycopersicum L. variable 188

high salinity Solanum lycopersicum L. þ depending on cv. 145

high salinity Capsicum annuum L. - 147

high salinity Fragaria � ananassa Duch. -/-- 148

high salinity (fall-winter season) Solanum lycopersicum L. þþ (AA) 189

þþ (DHA)

high salinity (spring-summer season) Solanum lycopersicum L. þ( (AA depending on cv. 189

-(DHA)

high salinity Pisum sativum cv. Puget þþþ 190

high EC Cucurbita pepo L. þ 191

low nitrogen several crops þ 159

low nitrogen citrus, potato, tomato þ 160

low nitrogen Capsicum annuum L. 0 163

low nitrogen Solanum lycopersicum L. þ 144

low nitrogen Solanum lycopersicum L. þ strong seasonal impact 165

boron stress Solanum lycopersicum L. þþþ 192

boron stress Citrus reshni Hort ex Tan þþþ 193

aEC, electrical conductivity; þ, up to þ30%; þþ, þ30 to þ100%; þþþ, >þ100%; -, up to -30%; --, -30 to -100%; ---, <-100%; 0, no significant effect.
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exposure, whereas anthocyanins responded very positively. The
highest positive response to light intensity (ca.þ200%)was found
for total phenolics in lettuce submitted to Q = 800 μmol of
photons m-2 s-1 for 1 day (127). At the other end of the response
scale of phenolic compounds to light, one finds strawberry, a
typical shade plant that does not respond positively to increasing
light intensity (131). At any rate, the effect of high light exposure
or intensity on the concentrationof ascorbate, phenolic compounds,
carotenoids, and glucosinolates of FAVs can generally be rated
as very positive. This positive effect may be attributed either to
enhanced photooxidative stress, as the synergic effect of combined
high light intensity and low temperature would suggest (see above),
or to increased photosynthesis, considering the positive effect of
increased carbon supply on the concentration in phenolic com-
pounds of strawberry (132), in total carotenoids of mango (129),
and in glucoraphanin of broccoli (133).

After harvest, the effect of high intensity on tomatoes appears
very positive for phenolic compounds (117, 134). The highest
effect (þ123%) was found for tomatoes exposed for 5 h to high
solar radiation (134). The picture is more contrasted for caroten-
oids with reports of effects either positive (117) or negative (134).
Similarly, the effect of high light intensity ranges from negative
(134, 135) to positive (117) for ascorbic acid. At any rate, the
effect of high light intensity seems to be highly mediated by
temperature (117).

Strong positive effects of specific wavelength were observed
before and after harvest (Tables 1 and 2). Lycopene content
increased in tomatoes with blue light (136,137), but the effect of red
light was even more marked (þ133%) for carotenoids (138). UV
irradiation either before or after harvestmayhave a verydramatic
effect:þ170%ascorbicacid in spinach leavesbeforeharvest (139),
þ400% anthocyanins in apples after harvest (118), þ400%
anthocyanins in figs after harvest (140), andþ700% R-tocopher-
ol in leaves of spinach and lettuce before harvest (141). Caroten-
oids in tomatoes either before (142) or after (143) harvest seem,
however, to be less responsive. Globally, it may be said that
postharvest irradiation is very promising as far as ascorbic acid,
phenolic compounds, and R-tocopherol are concerned, especially
usingUV radiation, but the lack of references clearly begs for more
studies.

The picture becomes more complex when one considers the
effect of drought and high salinity (Table 1). For ascorbic acid
there is a global positive trend (144), probably strongly dependent
on genetic � environmental interactions, as observed for toma-
to (145), whereas there are conflicting responses, that is, ranging

from negative (146) to not significant (147) to positive (131, 147-
149), with regard to phenolic compounds. When observable, the
positive effect to be expected is <þ40%. Similarly, responses
ranging from negative (150, 151) to not significant (152) to pos-
itive (146, 147, 149, 153-155) were observed for carotenoids.

Table 2. Effect of Environmental Factors, Light, Temperature, Carbon Supply, Drought, Salinity, and Nitrogen Fertilization, on the Concentration, Expressed on
a Fresh Matter Basis, If Not Indicated Otherwise, in Phenolic Compoundsa

environmental factor crop compound effect ref

heat shock or short period of cold Lactuca sativa L. total phenolics þþþ 127

cooling irrigation Malus domestica Borkh. anthocyanins þþþ 194

low mean day temperatures Fragaria � ananassa Duch. anthocyanins and p-coumaroylglucose þþþ 115

high light intensity Lactuca sativa L. total phenolics þþþ 127

high light intensity Solanum lycopersicum L. soluble phenolics þþþ 128

high light intensity Malus domestica Borkh. anthocyanins and flavonoids þþþ 126

high light intensity Solanum lycopersicum L. quercetin þþ 195

high light intensity Fortunella crassifolia Swingle hesperidin, naringin þþþ/þþ 182

high light exposure Fragaria � ananassa Duch. total phenolics 0 131

high light exposure Malus domestica Borkh. anthocyanins þþ 130

high light exposure Punica granatum L. anthocyanins þ (peel) 196

- (juice)

high light exposure Malus domestica Borkh. flavonoids 0 130

high light exposure Malus domestica Borkh. cv. Gala (peel) anthocyanins þþþ 185

supplemental light (visible þ UV-B) Malus domestica Borkh. anthocyanins, chlorogenic acid, quercetin

and phloretin glycosides

þ 142

red light Solanum lycopersicum L. anthocyanins þ 197

red light Vaccinium macrocarpon Ait. anthocyanins þþ 198

elevated CO2 Fragaria � ananassa Duch. anthocyanins, p-coumaroylglucose, quercetin

and kaempferol

þ/þþþ 132

high leaf to fruit ratio Fortunella crassifolia Swingle hesperidin, naringin þ 182

drought Cynara scolymus L. total phenolics 0 to þþ according

to harvest date

156

high salinity Capsicum annuum L. total phenolics 0 147

high salinity Fragaria � ananassa Duch. total phenolics þ 148

high salinity Lactuca sativa L. total phenolics - 146

high salinity Solanum lycopersicum L. total phenolics þ 149

high EC Fragaria � ananassa Duch. ellagic acid, quercetin, kaempferol þ/þþ 131

high nitrogen Malus domestica Borkh. total phenolics 0 199

high nitrogen Capsicum annuum L. total phenolics 0 163

high nitrogen Prunus armeniaca L. total phenolics þ/þþ 162

high nitrogen Malus domestica Borkh. anthocyanins - 161

high nitrogen Solanum lycopersicum L quercetin, kaempferol 0 164

high nitrogen Solanum lycopersicum L. caffeic acid derivates - strong seasonal impact 165

high nitrogen Brassica oleracea L. var. italica quercetin, kaempferol -- (DW basis) 200

selenium treatment Brassica oleracea L. caffeic acid, sinapic acid, ferulic acid þþþ/þþ (DW basis) 201

boron stress Solanum lycopersicum L. total phenolics -- 192

aEC, electrical conductivity; þ, up to þ30%; þþ, þ30 to þ100%; þþþ, >þ100%; -, up to -30%; --, -30 to -100%; ---, <-100%; 0, no significant effect.
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Potential positive responses may be >150%. Results may depend
on the stage of application of drought as suggested by obser-
vations made on phenolic compounds in artichoke (156). It may
be speculated that the contradictory observations are due to the fact
that drought and high salinity, because they induce stomatal con-
ductance and photosynthesis to decrease, are responsible for de-
pleted carbon supply (arguably a negative factor regarding synthesis
of secondary metabolites; see above) while they exacerbate photo-
oxidative stress, thus providing a positive stimulus for their synth-
esis.Moreover, the effect of high salinity is not totally assimilable to
water stress. This may explain why drought has a negative effect on
the concentration of glucoraphanin in Lepidium campestre L.,
whereas high salinity on the contrarymay increase its concentration
up to 67% (157). There are not many studies about the effect of
drought or high salinity on the accumulation of R-tocopherol in
FAVs. Recent observations suggest that the positive effect of high
salinity depends on cultivar, as observed in strawberry (148), and on
the stage of application of high salinity as suggested by observations
made on tomato (158).

The effect of nitrogen depletion can generally be considered as
positive with regard to the concentration in ascorbic acid ofmany
FAVs (144,159,160) and in phenolic compounds of such fruits as
apple (161) and peach (162). An increase in total phenolics of

about 60% was observed in peaches, for instance, as the con-
sequence of a reduction of nitrogen fertilization from 150 to 80 kg
of N ha-1 (162). However, there are also less positive reports: it
was reported, for instance, that nitrogen fertilization in a 4-20mol
of NO3

- m-3 range does not affect the concentration in ascorbic
acid and phenolic compounds of pepper (163). Similarly, nitro-
gen fertilization in a 79-405 μg of N g-1 range does not affect
significantly the concentrations in quercetin and kaempferol of
tomatoes (164).Evenanegative effect of nitrogendepletiononaccu-
mulation of phenolic compounds in tomatoes has been reported
recently (165). This negative effect was associated with a slightly
positive effect on the concentration in ascorbic acid. The picture is
somewhat different for carotenoids, with reports ranging from
negative effects of nitrogendepletiononpepper (163), citrus, potato,
and tomato (160) to the absence of effect on kale (166) to positive
effects on tomato (167) and citrus (168). The highest positive effect
of nitrogen depletion was observed in kale, with an increase of
about 100% in β-carotene expressed on a dry weight basis.
Besides the usual considerations about the interactions between
environmental and genetic factors (166), it may be put forward
that the effect of the timing of application of nitrogen depletion is
crucial.When applied too early, nitrogen depletion arguably affects
negatively photosynthetic capacity and thus carbon supply, a

Table 3. Effect of Environmental Factors, Light, Temperature, Carbon Supply, Drought, Salinity, and Nitrogen Fertilization, on the Concentration, Expressed on a
Fresh Matter Basis, If Not Indicated Otherwise, in Carotenoidsa

environmental factor crop compound effect ref

low mean daily temperature Solanum lycopersicum L. total carotenoids þþþ 202

low mean daily temperature Solanum lycopersicum L. phytoene, phytofluene,

β-carotene and lycopene

þ/þþþ with the exception

of carotene (--)

203

increased fruit temperature Solanum lycopersicum L. total carotenoids - 181

high light exposure Malus domestica Borkh. total carotenoids 0 123

high light exposure Citrus aurantium L. (leaves) total carotenoids þþ (DW basis) 184

high light exposure Malus domestica Borkh. cv.

Gala (peel)

total carotenoids þ 185

high light exposure Citrus clementina Tanaka total carotenoids þ 204

light spectrum (glass or plastic vs

open field conditions

Solanum lycopersicum L. lycopene -/-- 205

light spectrum Solanum lycopersicum L. lycopene and β-carotene þ with blue light 136

high UV-B radiation Malus domestica Borkh. β-carotene þ 142

elevated CO2 Solanum lycopersicum L. lycopene and β-carotene 0 152

elevated CO2 Citrus aurantium L. (leaves) total carotenoids -- 184

high leaf to fruit ratio Mangifera indica L. total carotenoids þþ 129

high leaf to fruit ratio Citrus clementina Tanaka total carotenoids þþ 204

high leaf to fruit ratio Citrus clementina Tanaka total carotenoids --- (DW basis) 204

high leaf to fruit ratio Citrus unshiu [Mak.] Marc. total carotenoids þþ 168

high leaf to fruit ratio Fortunella crassifolia Swingle β-cryptoxanthine þþþ 182

drought Solanum lycopersicum L. total carotenoids þ according to cv. 206

drought Solanum lycopersicum L. lycopene, β-carotene, and

xanthophylls

0 188

drought Solanum lycopersicum L. lycopene and β-carotene - 151

drought Spinacia oleracea L. β-carotene, lutein, neoxanthin,

and violaxanthin

þ 155

drought/high salinity Solanum lycopersicum L. total carotenoids - 150

high salinity Lactuca sativa L. total carotenoids þþ/þþþ 146

high salinity Capsicum annuum L. lycopene þ 147

high salinity Solanum lycopersicum L. lycopene and β-carotene þþ 153

high salinity Solanum lycopersicum L. lycopene and β-carotene þ/þþ 149

high EC Solanum lycopersicum L. lycopene and β-carotene 0 152

high EC Solanum lycopersicum L. carotene þþ 154

high nitrogen Brassica oleracea L. lutein and β-carotene 0 (þþ on a DW basis) 166

high nitrogen Capsicum annuum L. lycopene and β-carotene þ/þþ 163

high nitrogen Solanum lycopersicum L. lycopene þ/þþ 167

high nitrogen citrus, potato, tomato carotenes þ reviewed in 160

high nitrogen Citrus unshiu [Mak.] Marc. color index - 168

boron stress Solanum lycopersicum L. lycopene þþþ 192

aEC, electrical conductivity; þ, up to þ30%; þþ, þ30 to þ100%; þþþ, >þ100%; -, up to -30%; --, -30 to -100%; ---, <-100%; 0, no significant effect.
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negative factor when it comes to synthesis of secondary metab-
olites. We found no references about the effect of nitrogen
fertilization on vitamin E synthesis in FAVs. Whereas nitrogen
fertilization (in contrast to sulfur) does not affect total glucosino-
late concentration of turnip, it increases the proportion of
N-containing tryptophan-derived indole glucosinolates (169).
In contrast, N depletion results in an increase of 17% in the total
glucosinolate concentration in broccoli (170).

We dealt mainly with such conventional environmental factors
as light and temperature here. After harvest, the composition of
the atmosphere ofFAVsmay alsobemodified. It is not possible to
draw a clear picture of what might be achieved by either increasing
or decreasing the concentration in O2, for instance, considering
the general lack of references (Table 6). However, as suggested by
the observations of increased concentration in R-tocopherol made
onkiwi fruits stored inNOconditions,modified atmospheres after
harvest may be exploited to increase the concentrations in phy-
tochemicals of FAVs (171).

Increases of 10-25-fold in carotenoids (73), 20-fold in gluco-
sinolates (93), and 36-fold in kaempferol-rutoside (106) have been
observed as the consequence of natural genetic variability, con-
ventional breeding, and metabolic engineering. When compared
to genetic factors, the potential of environmental factors clearly
appears to be less. However, because it may not be useful, and
even hazardous, to increase exceedingly the concentration in phy-
tochemicals of food, it may be argued that the prospects provided
by agronomic approaches, a ca. 2-fold increase, represent arguably
the perfect balance between effectiveness and safety.

Of course, someof thequestions raisedby theprospects of genetic
approaches apply to agronomic approaches as well. It is quite
obvious that increasing the concentration in phytochemicals of
FAVsmust not come at the price of an exaggeratedly lowered yield.
There are not many studies assessing the impact of the tested

growing techniques on yield and quality criteria other than the
concentration in vitamins and secondary metabolites, but there
are some. Not too surprisingly, low nitrogen (162), as well as
drought and high salinity, seems to reduce yield (150, 151, 155,
156), whereas high carbon supply has the opposite effect. Inter-
estingly, brief stress treatments seem to be especially promising
because they apparently do not negatively affect yield (127). Simi-
larly, the potential of postharvest treatments appears to be very
promising because the latter do not affect yield at all (Table 5). At
any rate, the negative side effects of agronomic techniques aiming
at increasing the concentration in phytochemicals ofFAVs donot
seem to exceed the ones observed with genetic approaches.

UPCOMING CHALLENGES FOR AGRONOMIC APPROACHES

At this stage, we can state with confidence that agronomic
approaches are credible. Themost serious cause for concern lies in
the variability of the responses observed because poor control of
the processes involvedmay impair our capacity to design realistic
and reliable cropping techniques, making it possible to produce
FAVs with increased and controlled concentrations in phytochem-
icals. The variability in responses hints at the existence of uncon-
trolled interactions between factors, between processes, and be-
tween organs.

Let us consider factors first. It is quite clear that increasing light

intensity will increase temperature as well, whereas drought or

high salinitywill have the same effect through their negative effect

on stomatal conductance. The existence of responses varying as a

function of genetic factors suggests that interactions between genetic

and environmental factors also play an important role.
The issue of interactions between processes can be illustrated

by the observations made on Citrus fruits in ref 168. Iglesias
et al. (168) observed thatmaturity andbiosynthesis of carotenoids

Table 4. Effect of Environmental Factors, UV-B and Salinity, on the Concentration, Expressed on a Fresh Matter Basis, in Tocopherolsa

environmental factor crop compound effect ref

high UV-B radiation Lactuca sativa L. and Spinacia oleracea L. R-tocopherol þþþ 141

high salinity Solanum lycopersicum L. R-tocopherol and β-tocopherol þ/þþþ 158

high salinity Fragaria � ananassa Duch. R-tocopherol 0/þþ 148

a
þ, up to þ30%; þþ, þ30 to þ100%; þþþ, >þ100%; -, up to -30%; --, -30 to -100%; ---, <-100%; 0, no significant effect.

Table 5. Effect of Environmental Factors, Light, Temperature, Carbon Supply, Drought, Salinity, and Nitrogen Fertilization, on the Concentration, Expressed on a
Fresh Matter Basis, If Not Indicated Otherwise, in Glucosinolatesa

environmental factor crop compound effect references

high mean daily temperature Brassica oleracea L. total glucosinolates þ (low light) 114

var. italica Plenck þþþ (high light)

high mean daily temperature Brassica oleracea L. var. italica Plenck alkenyl glucosinolates 0 114

high vs low mean daily temperature Brassica oleracea L. glucoraphanin þ (low light) 114

var. italica Plenck þþþ (high light)

high sum of light Brassica oleracea L. total glucosinolates þþþ (low temperature) 114

var. italica Plenck -- (high temperature)

high sum of light Brassica oleracea L. var. italica Plenck alkenyl glucosinolates 0 114

high sum of light Brassica oleracea L. glucoraphanin þþþ (low temperature) 114

var. italica Plenck -- (high temperature)

elevated CO2 Brassica oleracea L. var. italica Plenck total glucosinolates þ 133

elevated CO2 Brassica oleracea L. var. italica Plenck glucoraphanin þþ 133

drought Brassica oleracea L. var. italica Plenck total glucosinolates þþþ 207

drought Lepidium campestre L. glucoraphanin - 157

high salinity Lepidium campestre L. glucoraphanin þþ 157

low nitrogen Brassica rapa ssp. Rapifera L. total glucosinolates 0 169

low nitrogen Brassica oleracea L. var. italica Plenck total glucosinolates þ 170

high nitrogen Brassica oleracea L. var. italica glucobrassin, glucoraphin þ(- (DW basis) 200

selenium treatment Brassica oleracea L. total glucosinolates - (DW basis) 201

aEC, electrical conductivity; þ, up to þ30%; þþ, þ30 to þ100%; þþþ, >þ100%; -, up to -30%; --, -30 to -100%; ---, <-100%; 0, no significant effect.
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both depend strongly on sucrose supply. It is generally admitted
that the carbon status influences the biosynthesis of vitamins and
secondary metabolites, although the way it works is not so clear.
It has been said that precursor availability is essential for biogenesis
of secondarymetabolites (172).Within this view, ecologists trying
to predict how plants will allocate resources over a broad range
between differentiation-related processes (including production
of secondary metabolites) and growth-related processes have
proposed theories such as the growth differentiation-balance
hypothesis (173). Besides deterministic theories from ecologists,

there are more mechanistic ones based on sugar signaling (174).
The currently emerging view of physiologists is one of a modulat-
ing rather than a conditioning role of carbohydrates concerning bio-
genesis of secondary metabolites. It may be inferred from this
literature that the positive effect of sucrose feeding on carotenoid
concentration ofCitrus fruits reported in ref168 originates froma
direct effect on the synthesis pathway of carotenoids. At the same
time, it must remembered that biosynthesis of many secondary
metabolites and, to a lesser extent, ascorbate is strongly regulated
during ontogenesis of organs, especially in fruits. This is the case of

Table 6. Effect of Postharvest Factors, Light and Temperature, on the Concentrations of Ascorbic Acid, Phenolic Compounds, Carotenoids, and Glucosinolates in
Several FAVsa

compound environmental factor crop effect references

total ascorbic acid high light Solanum lycopersicum L. - 135

total ascorbic acid high light for a brief period Solanum lycopersicum L. - 134

total ascorbic acid high light Solanum lycopersicum L. þ recalcd from 117

total ascorbic acid UV-C Solanum lycopersicum L. þþ 143

total ascorbic acid high temperature during a

brief period

Solanum lycopersicum L. 0 122

total ascorbic acid high temperature during a

brief period

Solanum lycopersicum L. --- 121

total ascorbic acid high temperature Solanum lycopersicum L. 0 122

total ascorbic acid high temperature Mangifera indica L. (skin) þþ 119

total ascorbic acid high temperature Solanum lycopersicum L. --- 120

total ascorbic acid nitric oxide 1 μmol L-1 Actinidia chinensis

Planch. cv. Xuxiang

þ 171

dehydroascorbate high nitric oxide Prunus persica L. - 208

total ascorbic acid 2% O2, 5% CO2 Pyrus communis -- 209

total ascorbic acid irradiation stress Mangifera indica L. - 210

total ascorbic acid dehydratation process Capsicum annuum L. --- (DW basis) 211

anthocyanins low mean daily temperature Malus domestica Borkh. þþþ 118

total phenolics high temperature Mangifera indica L. (skin) þþ 119

total phenolics high temperature Musa spp. (skin) þþ 119

total phenolics high temperature Solanum lycopersicum L. þþ 120

caffeic acid derivates high light Solanum lycopersicum L. þ (DW basis) 117

flavonoids high light Solanum lycopersicum L. þþþ 134

rutin high light Solanum lycopersicum L. þþ 117

anthocyanins pulsed visible and UV light Ficus carica L. þþþ 140

anthocyanins UV-B Malus domestica Borkh. þþþ 118

quercetin UV-C Allium cepa L. þþ 140

total phenolics UV-C Solanum lycopersicum L. þ (DW basis) 143

total phenolics, anthocyanins 100% O2 Myrica rubra Sieb. & Zuce þþ/þ 212

total carotenoids relatively low mean daily Solanum lycopersicum L. þ (depending on 117

mainly lycopene temperature light conditions/DW

basis)

lycopene and β-carotene low mean daily temperature Solanum lycopersicum L. þþ 116

lycopene high temperature Solanum lycopersicum L. þþ 120

lycopene high temperature Solanum lycopersicum L. þþ 213

total carotenoids mainly

lycopene

high light Solanum lycopersicum L. þþ 117

lycopene UV-C Solanum lycopersicum L. 0 (DW basis) 143

total carotenoids high light for a brief period Solanum lycopersicum L. - 134

lycopene red light Solanum lycopersicum L. þþþ 138

lycopene and β-carotene high temperature during a

brief period

Solanum lycopersicum L. -/0 122

lycopene high temperature during a

brief period

Solanum lycopersicum L --- 121

lycopene and β-carotene high temperature Solanum lycopersicum L. þþþ 122

total carotenoids high nitric oxide Prunus persica L. 0 208

total carotenoids irradiation stress Mangifera indica L. --- 210

β-carotene, zeaxanthin, dehydratation process Capsicum annuumm L. ---/-- (DW basis) 211

antheraxanthin/violaxanthin,

β-cryptoxanthin

R-tocopherol high temperature during a

brief period

Solanum lycopersicum L. - 122

R-tocopherol high temperature Solanum lycopersicum L. þ 122

R-tocopherol nitric oxide 1 μmol L-1 Actinidia chinensis Planch. cv. Xuxiang þþ 171

a
þ, up to þ30%; þþ, þ30 to þ100%; þþþ, >þ100%; -. up to -30%; --, -30 to -100%; ---, <-100%; 0, no significant effect.
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carotenoids, which always accumulate during ontogenesis. High
carbon supply accelerates maturity in fruits (129), so it is eventually
unclear whether high sucrose has a positive effect on synthesis of
carotenoids inCitrus fruits directly (the carbon supply/sucrose con-
trol theory) or indirectly through its stimulating effect on maturity,
or both.

The example of tomato and orange will help us to illustrate the
issue of interactions between organs. It is now well established
that most stresses result in oxidative stress (175). All factors that
increase the imbalance between incoming energy and its utiliza-
tion by photochemistry, such as drought, high electrical conduc-
tivity and salinity, high light, and, even better, the combination of
high light and low temperature, will increase the risk of producing
ROS. ROS and hormones have been demonstrated to system-
atically interact in signaling pathways controlling adaptative re-
sponses (176). Moreover, direct implication of either ROS or
variations in redox status has been evidenced in the carotenoid
biosynthesis pathway (177). Similarly, there is some evidence that
synthesis of phenolic compounds is redox controlled (178). The
role played by oxidative stress per se or the associated variations
in redox status in the synthesis of phytochemicals raises a very
interesting question. If we consider that the redox status or the
concentration in ROS plays a key role in controlling biosynthesis
of phytochemicals in the pulp of fruits, as suggested by several
studies, then where do the ROS come from? They cannot originate
from photosynthesis because the pulp has lost its photosynthetic
machinery during maturation, when chloroplasts were converted
into chromoplasts. DoROS originate fromNADPHoxidase, the
respiratory electron transport chain of mitochondria of the pulp,
or do they originate from the photosynthetic electron transport
chain of the chloroplasts of the peel of fruits or of leaves close to
them? Observations made on tomato (179) as well as our own
observations on orange (unpublished data) clearly demonstrate
that stressed leaves induce stress responses in nearby unstressed
fruits, in otherwords, that signals are transmitted from the leaves to
the fruits.

CONCLUSION AND PERSPECTIVES

Agronomic approaches offer very good perspectives to in-

crease the concentrations in secondary metabolites of FAVs and,

to a lesser extent ascorbic acid, and this probably without risking

attaining undesirable levels. It is reasonable to expect agronomic

approaches to have a more global reach than genetic approaches,

at least in the short term. However, the response variability hints

that we lack true control overmetabolic and regulatory pathways.

To improve the current situation, in addition to fundamental stud-

ies, it seems highly recommendable to develop quantified and

integrated views of the way environmental factors affect the bio-

synthesis of phytochemicals. More specifically, we consider it

desirable (i) to quantify more precisely the effects of environmental

factors, (ii) to include response curves in mathematical models of

production capable of dealing with interactions between environ-

mental factors (light and temperature for instance), between pro-

cesses (carbon metabolism, ontogeny of organs, and response to

oxidative stress, as they are known to be intertwined), and between

organs (because there is some evidence that photooxidative stress

in leaves affects antioxidant metabolism in fruits), and (iii) to

buildmodels of genetic� ecophysiological interactions (i.e., models

in which parameters of ecophysiological models are included in

genetic models). It must be emphasized that such studies will not

only help the cause of agronomic approaches but also be useful to

genetic approaches. Moreover, what is at stake here in the long

term is the capacity todesign innovative cropping techniquesor even

combinations of varieties/terroirs/cropping techniques bringing to

FAVs a clear added value in terms of nutritional benefits. In the
meantime, it is desirable to explore more systematically the genetic
variability of the concentrations in phytochemicals of a large range
of FAVs, whereas it seems tempting to test simple and practical
ideas, such as modifying the environment of harvested organs or
imposing to plants stressing conditions limited in time and intensity
at the end of the cropping cycle, maybe just by withholding irri-
gation for a while, at a time when no harm to yield is likely.
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Effect of fruit load on maturity and carotenoid
content of clementine (Citrus clementina Hort.
ex Tan.) fruits
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and Laurent Urbanc∗

Abstract

BACKGROUND: Citrus fruits contain many secondary metabolites displaying valuable health properties. There is a lot of
interest in enhancing citrus quality traits, especially carotenoid contents, by agronomic approaches. In this study the influence
of carbohydrate availability on maturity and quality criteria was investigated in clementine fruits during ripening. Fruiting
branches were girdled and defoliated after fruit set to obtain three levels of fruit load: high (five leaves per fruit), medium (15)
and low (30).

RESULTS: Considering the soluble solid content/titratable acidity (SSC/TA) ratio, it was found that fruits of the high and medium
fruit load treatments reached maturity 1.5 months later than fruits of the control. At the time of maturity the SSC/TA ratio
of fruits of all treatments was about 13.6. At harvest, fruits were 23% smaller and total sugar concentration of the endocarp
was 12.6% lower in the high fruit load treatment than in the control. In contrast, the concentrations of organic acids and total
carotenoids were 55.4 and 93.0% higher respectively. Total carotenoids were not positively correlated with either soluble
sugars or total carbohydrates.

CONCLUSION: Taken together, the results do not support the common view that carbohydrate availability directly determines
carotenoid synthesis by influencing precursor availability.
c© 2012 Society of Chemical Industry

Keywords: carbohydrate; carbon status; carotenoid; clementine fruit; maturity

INTRODUCTION
Carotenoids endowed with provitamin A activity in particular

are important components of the human diet.1,2 Vitamin A is

implicated in hormone synthesis, immune responses and the

regulation of cell growth and differentiation.3,4 It can be produced

within certain tissues from carotenoids such as β-cryptoxanthin

present, for instance, in citrus fruits, β-carotene present in carrot,

spinach and sweet potato and α-carotene found in carrot,

pumpkin and red and yellow peppers.5 Humans do not synthesise

carotenoids but can accumulate them, thus relying on plant parts

in their diet. A carotenoid-deficient diet can lead to night blindness

and premature death. Carotenoid-rich diets are correlated with a

significant reduction in the risk of certain cancers, coronary heart

disease and several degenerative diseases.

Although the nutritional benefits of fresh fruits and vegetables

as a source of carotenoids and other bioactive compounds

have been well established for a long time, their consumption

remains insufficient in developed as well as in developing

countries. Given their dietary importance and the lack of

consumption of fruits and vegetables, it seems useful to propose

to consumers fruits and vegetables with enhanced levels of

bioactive compounds. Carotenoid enhancement of vegetal crops

represents a first step in diet improvement, and such efforts have

to be combined with research on their bioavailability. Several

surveys and studies have revealed the potential of conventional

breeding to augment the concentration of carotenoids in

carrot,6 spinach7 and tomato,6 with increases of 120, 30 and

50% respectively being reported. In addition, there have been

numerous attempts to engineer carotenoid biosynthesis in the

recent past.8 The agronomic/environmental approach also offers

very good prospects, even in the short term. Convincing evidence

has been collected proving clearly that the environment can

be manipulated to substantially increase the concentrations of

carotenoids in a large array of fruits and vegetables.9 The most

serious cause for concern lies in the variability of the responses
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observed, because poor control of the processes involved may

impair our capacity to design realistic and reliable cropping

techniques making it possible to produce fruits and vegetables

with increased and controlled levels of carotenoids.9

Among the various factors influencing the biosynthesis of

secondary metabolites in general and carotenoids in particular,

carbon status/carbohydrate concentration occupies a pre-eminent

position.9 The idea that one may influence secondary metabolism

through the plant carbon balance has a lot of appeal, especially

to agronomists who try to improve the nutritional status of plant

products and who have at their disposal several levers such as

irrigation deficit to limit carbon gains or fruit thinning to increase

the source/sink ratio. But then, in which direction should action

be taken? Precursor availability has been said to be essential for

the biogenesis of secondary metabolites,10 which can be seen as

an argument in favour of cultural practices maximising carbon

gains. In contrast, ecological theories such as the much-debated

growth differentiation balance hypothesis (GDBH) predict that, at

high levels of resource availability, plants decrease their relative

investment in the so-called differentiation processes, including

secondary metabolism.11 – 13

The objective of the present study was to address the issue of

the effect of fruit load on the quality of citrus fruits in open field

conditions, especially the concentration of carotenoids. The study

was conducted on clementine, which has been demonstrated

to be an exceptional source of β-cryptoxanthin, a xanthophyll

endowed with provitamin A activity.14 Girdling (the removal of

a ring of phloem) was used as a methodological tool to create

fruiting branches with controlled levels of fruit load. Girdling is

a common horticultural practice used to manipulate tree growth

and development in a variety of fruit species. Its most immediate

effect is to stop the basipetal movement of assimilates through

the phloem, which results in an accumulation of carbohydrates

above the girdle.15 – 17 Girdled branches with different leaf/fruit

ratios may provide an excellent system to study the effects of

changes in carbon availability on fruit growth and metabolite

accumulation.18 – 21 Because carbon supply potentially influences

the biosynthesis of carotenoids in an indirect way, namely by

influencing the maturation process,22 we did not rely on such

indicators of maturity as days after anthesis (DAA) or days after

full bloom (DAFB) but rather calculated the maturity index as the

soluble solid content/titratable acidity ratio.

MATERIALS AND METHODS
Plant material and experimental design

Measurements were performed on fruits of 18-year-old clementine

(Citrus clementina Hort. ex Tan.) trees growing under identical

conditions. The trees, grafted on Carrizo-citrange, were randomly

selected within an experimental orchard near San Giuliano in

Corsica (42◦ 18′ 55′′ N, 9◦ 29′ 29′′ E; 51 m a.s.l.). Trees were about

2.5 m high and were spaced at 4 m×6 m. Water was supplied every

day on the basis of 100% replacement of actual evapotranspiration

estimated from the Penman–Monteith equation.23 Fertilisers were

supplied and insects and diseases controlled according to the

recommendations of the local Department of Agriculture.

Twenty-seven branches composed of shoots less than 1 year

old were selected among the experimental trees for being similar

in light exposure and initial stem diameter (∼1 cm). All branches

had the same eastern orientation and were a similar height above

ground (∼1.5 m). Full bloom was observed in mid-April 2007

Table 1. Climatic data from July 2007 to January 2008 at San Giuliano
location (Corsica, France)

Month
Tmin

(◦C)
Tmax

(◦C)
Tmean

(◦C)
Rainfall
(mm)

Global
radiation
(J cm−2)

July 17.9 29.6 23.8 0 2719.4

August 18.4 29.3 23.4 2 2152.4

September 15.3 25.7 20.1 12.5 1712.4

October 12.5 21.3 16.5 354.3 1108.2

November 8.6 16.6 11.9 49 711.9

December 6.1 15.5 9.6 165 564.8

January 6.2 14.8 9.9 63.2 625.1

Tmin , monthly minimum temperature; Tmax , monthly maximum
temperature; Tmean , monthly mean temperature.

and the selected branches were girdled after fruit set in mid-

July. Girdling consisted in removing a 10–15 mm wide band of

bark in the middle of the main stem of each selected branch to

prevent any movement of assimilates between the branch and the

rest of the tree. We checked that no phloem connection formed

again after girdling. Leaves were all fully developed at the time

of girdling. Treatments were randomly allocated among the ten

selected trees of the trial (two or three fruiting branches per tree).

For the control we removed fruits and leaves, if needed, to obtain

30 leaves per fruit (low fruit load). This high ratio was chosen so

as to ensure that carbon supply was truly non-limiting. Previous

observations had shown that fruits from girdled fruiting branches

with 25 leaves or more per fruit behaved in a similar manner to

fruits from non-girdled branches. For the second treatment we left

15 leaves per fruit (medium fruit load). For the third treatment we

left five leaves per fruit (high fruit load). Vegetative flushing after

girdling was exceptional and new buds were removed. Moreover,

no fruit drop was observed during the course of the trial.

Three samples per treatment were harvested at each of the three

harvesting dates selected to cover the ripening process: (i) time I, 25

October 2007; (ii) time II, 22 November 2007; (iii) time III, 9 January

2008. Citrus fruits are remarkable in that they can stay harvestable

on the tree for a relatively long time, up to 2 months in the case of

mandarins.24 There were three fruits, i.e. samples, each made of one

fruit per treatment and date. In addition, three high-performance

liquid chromatography (HPLC) analyses were performed on each

sample. Analysis precision was checked from three consecutive

extractions/injections of one sample (corresponding to one fruit),

and coefficients of variation were 5% or less. Fruit maturity was

estimated using the usual maturity indicators, i.e. soluble solid

content (SSC), titratable acidity (TA) and the so-called maturity

index (SSC/TA). Immediately after harvest, fruits were peeled and

the endocarp (pulp) of fruit samples was ground to a fine powder

in liquid nitrogen, placed in sealed amber vials under nitrogen and

kept frozen at −80 ◦C prior to analysis. A fraction of this powder

was weighed and then lyophilised to obtain the dry matter of

the fruit. Lyophilised powder was used for sugar and organic acid

assays.

During the experiment, climatic data (temperature, rainfall and

global radiation) were collected (Table 1).

Maturity index

TA was determined by titration to pH 8.2 with 0.1 mol L−1

NaOH using an automated titration system (Mettler DL 25,
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Mettler-Toledo, Viroflay, France) and expressed as % anhydrous

citric acid. SSC was determined with a refractometer (Atago 0–32%

mas sacch ,VWR, West Chester, PA, USA.) The maturity index was

evaluated as the SSC/TA ratio.

Reagents and standards

Extraction solvents were methanol and chloroform for sugars

and RPE (analytical grade reagent) grade hexane, ethanol and

dichloromethane for carotenoids, all from VWR (West Chester, PA,

USA). Analytical solvents were HPLC-grade acetonitrile from VWR

for sugars and organic acids and HPLC-grade methanol from VWR

and methyl tert-butyl ether (MTBE) from Sigma-Aldrich (Steinheim,

Germany) for carotenoids. Reagents for analyses were pure-

grade polyvinylpyrrolidone (PVP) from Sigma-Aldrich for sugars,

pure-grade potassium buffer from VWR for organic acids and pure-

grade sodium chloride (NaCl), anhydrous sodium sulfate (Na2SO4)

and potassium hydroxide (KOH) from VWR and magnesium

carbonate (MgCO3) from Sigma-Aldrich for carotenoids. Standards

for sucrose, glucose, fructose, ascorbic acid, oxalic acid, malic acid,

citric acid and succinic acid were from Sigma-Aldrich. Standards

for β-carotene, lutein, β-cryptoxanthin, lycopene and zeaxanthin

were from Extrasynthese (Genay, France).

Sugar assay

Sugar extraction was carried out according to the method of

Albertini et al.25 A 100 mg portion of lyophilised powder was

homogenised in 10 mL of methanol/water (50 : 50 v/v) and 5 mL

of chloroform, stirred for 30 min and centrifuged at 5500 × g for

15 min. The supernatant was dried overnight and redissolved in

3 mL of water and 1 mL of 50 g L−1 PVP. After stirring, the mixture

was left at room temperature for 30 min, then centrifuged at

5500×g for 10 min, filtered through a cellulose acetate membrane

(25 mm, 22 µm; VWR) and placed in a vial for HPLC analysis.

Sugars were analysed by HPLC using a PerkinElmer Series

200 refractometer (Waltham, MA, USA) according to Albertini

et al.25 They were separated on a reverse phase C16 column

of silica with amine groups (high-performance carbohydrates,

250 mm × 4.6 mm, 4 µm; Waters, Milford, MA, USA). Data were

collected, stored and integrated using Total Chrom Version

6.2 (PerkinElmer Instruments, Shelton, WA, USA). Sugars were

identified by their refractive index and co-injection with authentic

standards. Quantification of sugars was achieved using calibration

curves with six concentrations. The concentration of each sugar

was expressed on a dry weight basis.

Organic acid assay

Organic acid extraction was carried out according to Albertini

et al.25 A 100 mg portion of lyophilised powder was homogenised

in 5 mL of water, stirred and centrifuged at 400 × g for 10 min. The

supernatant was filtered through a cellulose acetate membrane

(25 mm, 22 µm; VWR) and placed in a vial for HPLC analysis.

Organic acids were analysed by HPLC using a PerkinElmer

Series 200 UV detector according to Albertini et al.25 They were

separated on a reverse phase C18 ion exchange column (Spheri-5

RP-18, 220 mm × 4.6 mm, 5 µm; PerkinElmer). The absorbance at

210 nm was measured using a PerkinElmer Series 200 UV detector.

Chromatographic data and UV spectra were collected, stored

and integrated using Total Chrom Version 6.2 (PerkinElmer

Instruments). Organic acids were identified by their retention

time and co-injection with authentic standards. Quantification

of organic acids was achieved using calibration curves with

six concentrations. The concentration of each organic acid was

expressed on a dry weight basis.

Carotenoid assay

Carotenoid extraction, identification and quantification were

carried out according to the method of Fanciullino et al.26 A

2.5 g portion of freeze-ground juice sac material was stirred

with 120 mg of MgCO3 and 35 mL of ethanol/hexane (4 : 3 v/v,

containing 1 g L−1 ter-butylhydroxytoluene (BHT) as antioxidant).

Lycopene (300 µL of solution, equivalent to 60 µg) was added

as an internal standard. The residue was separated from the

liquid phase by filtration with a filter funnel (porosity 2), then

re-extracted with 35 mL of ethanol/hexane and finally 30 mL of

ethanol and 30 mL of hexane. The organic phases were transferred

to a separatory funnel and successively washed with 2 × 50 mL

of 100 g L−1 NaCl and 3 × 50 mL of distilled water. The hexanic

phase was dried, redissolved in 20 mL of hexane and saponified

with an equal volume of 100 g L−1 methanolic KOH overnight at

room temperature in the dark. The sample was then transferred to

a separatory funnel, to which 50 mL of distilled water was added

to separate the layers. The hexanic layer was washed with distilled

water until free of alkali. The methanolic KOH layer was extracted

with 3 × 10 mL of dichloromethane. The extracts were pooled,

washed to remove alkali, dried using anhydrous Na2SO4, filtered

and evaporated in a rotary evaporator. The residue was dissolved

in 500 µL of dichloromethane and 500 µL of MTBE/methanol

(80 : 20 v/v) and placed in amber vials before HPLC analysis.

Carotenoids were analysed by HPLC using a Hitachi L-2455

system (Tokyo, Japan). They were separated on a C30 column

(250 mm × 4.6 mm, 5 µm; YMC Europ GmbH, Dinslaken, Germany )

using the following mobile phases: water as eluent A, methanol

as eluent B and MTBE as eluent C. The flow rate was fixed at

1 mL min−1, the column temperature was set at 25 ◦C and the

injection volume was 20 µL. The absorbance at 290, 350, 400, 450

and 470 nm was monitored using a Hitachi L-2455 photodiode

array detector (DAD). Chromatographic data and UV–visible

spectra were collected, stored and integrated using EZchrome

Version 6.8 (VWR). Identification was carried out by HPLC-

DAD through the combined use of retention times, UV–visible

spectral data and co-injection with authentic standards (Table 2).

Quantification of carotenoids was achieved using a calibration

curve with β-carotene at five concentration levels (correlation

coefficient of 0.997). Limits of detection (LOD) and quantification

(LOQ) were calculated for β-carotene as LOD = 0.002 µg and

LOQ = 0.007 µg. All carotenoids were quantified as β-carotene,

with concentrations being expressed on both a dry and a fresh

weight basis. The total content of carotenoids was calculated by

summing the concentrations of individual compounds.

Statistical analysis

All results are expressed as mean ± standard error (SE). Analysis

of variance, followed by multiple comparison of means, was

performed using R statistical software (http.R-project.org). Means

were compared using the Kruskal–Wallis test at α = 0.05.

RESULTS
Fruit size and mass, and maturity indicators

The results presented in this paper correspond to the last stages

of fruit development. No significant increase in either diameter

(Fig. 1A) or fresh mass (Fig. 1B) was observed from time I to time
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Table 2. Chromatographic and spectral characteristics of carotenoids found in pulp of clementine fruits

λmax (nm) observed λmax (nm) literature

Retention
No. time (min) Tentative identification Peak I Peak II Peak III %III/II Peak I Peak II Peak III %III/II

1 21.89 cis-Violaxanthin Cis328 413 436 464 86 Cis328 412 436 464 81

2 23.67 Luteina 419 444 472 33.3 422 444 472 48

3 25.20 Zeaxanthina 421 450 475 6 426 450 476 17

4 26.39 cis-Antheraxanthin Cis330 419 441 469 55.5 Cis330 417 440 468 47

5 28.94 cis-β-Cryptoxanthin Cis335 422 442 469 Cis338 420 444 470

6 30.85 Phytoene 276 286 297 276 286 298

7 31.67 β-Cryptoxanthina 428 452 478 25 427 450 477 20

8 34.38 Phytofluene 332 348 367 84 331 348 368 68

9 38.93 β-Carotenea 452 477 13 452 477 12

10 39.92 ζ -Carotene 380 401 426 379 400 420 90

a Identified using authentic standards. Other pigments were tentatively identified using spectral characteristics reported in Refs 40 and 41. Solvents
and gradient programmes used were the same as in Ref. 26.

Figure 1. Changes in (A) diameter, (B) fresh mass and (C) DW/FW ratio
of clementine fruits of high ( – � – ), medium (· · · · � · · · ·) and low
(– –•– –) fruit load treatments during fruit ripening. Data are mean ±

SE. Different letters indicate significant differences among treatments and
dates (α = 0.05).

Table 3. Changes in maturity index of clementine fruits of high,
medium and low fruit load treatments during fruit ripening

Treatments

Time High Medium Low

I 6.67 ± 0.67ab 9.41 ± 0.45b 9.58 ± 1.18b

II 6.46 ± 0.96a 7.43 ± 0.90ab 15.21 ± 0.90c

III 13.81 ± 1.97c 13.97 ± 1.95c 13.02 ± 0.79c

Data are mean ± SE. Different letters indicate significant differences
among treatments (α = 0.05).

III in any of the three treatments. While there was no difference

in diameter between fruits of the medium and low (control) fruit

load treatments, fruits of the high fruit load treatment were about

23% smaller at all three dates of measurement. The difference in

fresh weight between fruits of the high fruit load treatment and

those of the medium fruit load treatment (−50%) was less marked

than that between fruits of the high fruit load treatment and those

of the control (−64%). Although not significant, fresh weight was

about 22% lower in fruits of the medium fruit load treatment than

in those of the control.

Considering the maturity index (Table 3), fruits of the control

had already reached maturity at time II, while fruits of the high

and medium fruit load treatments required 1.5 months more to

reach a maturity index of about 13.6. We can thus consider that

the increase in fruit load clearly delayed fruit maturity. In the

control the increase in maturity index from time I to time II was

attributable to a concomitant increase in total sugar concentration

(Fig. 2A) and decrease in total organic acid concentration (Fig. 2B).

There was, however, no further significant change in total sugar

concentration or total organic acid concentration from time II to

time III, while the maturity index decreased slightly to reach 13.

In the medium and high fruit load treatments the total sugar

concentration (Fig. 2A) and maturity index (Table 3) increased

from time II to time III. At time III, all three treatments had the

same maturity index of about 13.6. We thus decided to compare

treatments at that time.

The dry weight/fresh weight (DW/FW) ratio appeared to be

unaffected by either treatment or time (Fig. 1C). We may therefore
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Figure 2. Changes in (A) sugars, (B) organic acids and (C) carotenoids
in clementine fruits of high ( – � – ), medium (· · · · � · · · ·) and low
(– –•– –) fruit load treatments during fruit ripening. Data are mean ±

SE. Different letters indicate significant differences among treatments and
dates (α = 0.05).

infer from this observation that all comparisons of concentrations

made on a DW basis would also be valid if they were expressed on

an FW basis.

Total carotenoids

The total carotenoid concentration increased from time I to

time III in all treatments, with the exception of fruits of the

control where a plateau was reached from time II, which is

consistent with the above hypothesis, namely that fruits of

the control had already reached maturity at time II (Fig. 2C).

The total carotenoid concentration was much higher in fruits

of the high and medium fruit load treatments (+106 and

+82% respectively) than in those of the control at maturity. In

contrast, there was no significant difference in total carotenoid

concentration between the high and medium fruit load treatments

at time III. Whereas the total carotenoid concentration was

Figure 3. Total carotenoids in clementine fruits of high ( ), medium ( )
and low ( ) fruit load treatments at time III. Data are mean ± SE. Different
letters indicate significant differences among treatments (α = 0.05).

highest in the high and medium fruit load treatments when

expressed on a DW basis, it was highest in the medium fruit load

treatment compared with the control (+26.7%) and the high fruit

load treatment (+43.8%) when expressed on a per fruit basis

(Fig. 3).

Differences in concentrations of sugars, organic acids
and carotenoids at time III

The high fruit load treatment was characterised by substantially

lower concentrations of sugars and higher concentrations of

organic acids and carotenoids (Fig. 4). Values for the medium

fruit load treatment were intermediate (Fig. 4). The total sugar

concentration in the high fruit load treatment was 12.6 %

lower than in the control as a consequence of decreases

in fructose (−22.3%) and sucrose (−26.9%), whereas glucose

was higher than in the control (+58.3%) (Fig. 4A). The total

organic acid concentration was higher in the medium (+35.7%)

and high (+55.4%) fruit load treatments than in the control

(Fig. 4B). These differences were due to higher concentrations

of succinic acid (+62.2 and +86.5% respectively). The medium

and high fruit load treatments had higher concentrations of

ascorbic acid and lower concentrations of malic acid than

the control. The total carotenoid concentration was higher in

the medium (+69.5%) and high (+93%) fruit load treatments

than in the control (Fig. 4C). Nearly all carotenoids followed

this pattern, the major contributor being β-cryptoxanthin,

the most important carotenoid of clementine fruits (85.7%).

Concentrations of phytoene, phytofluene, ζ -carotene, zeaxanthin,

cis-β-cryptoxanthin, cis-antheraxanthin and β-carotene were

5.4–211% higher than in the control as a consequence of the

higher fruit load.

Differences in percentages of different carotenoids, sugars
and organic acids at time III

The composition of carotenoids, sugars and organic acids was

modified by fruit load (Table 4). In the high fruit load treatment,

upstream carotenoids of the biosynthetic pathway, such as

phytoene (44.8%), phytofluene (59.9%) and ζ -carotene (18.7%),

accumulated at the expense of β-carotene. Fructose, sucrose and

malic acid were lower (−9.9, −16.6 and −62.9% respectively) and

glucose, ascorbic acid and succinic acid higher (+81.2, +40.8 and

+33.8% respectively) in the high fruit load treatment than in the

control. In the medium fruit load treatment, carotenoids followed
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Figure 4. Concentrations of (A) sugars, (B) organic acids and (C) carotenoids in clementine fruits of high ( ), medium ( ) and low ( ) fruit load treatments
at time III. Data are mean ± SE. Different letters for each compound indicate significant differences among treatments (α = 0.05).

the same trend as in the control. However, β-cryptoxanthin and

lutein were 4.9 and 84.2% higher respectively. Sucrose, glucose,

malic acid, citric acid and succinic acid were intermediate, whereas

fructose and ascorbic acid were substantially higher than in the

control and the high fruit load treatment.

DISCUSSION
Fruit load strongly impacts quality criteria

Clearly, fruit load had a strong impact on criteria of fruit quality.

Fruit size was substantially lower in the high fruit load treatment

compared with the other two treatments (Fig. 1). Similarly, the

concentration of sugars expressed on a DW basis was lower in

the high fruit load treatment (Fig. 2A). These observations are

consistent with observations made on grapevine, peach, tomato

and mango.18 – 20,27,28 Globally, organic acids followed a reverse

trend, their concentration being lowest in the control (Fig. 2B),

which fits with what we know about the dynamics of sugars and

organic acids in fruits.29 Taken together, our results confirm that

high fruit load has a negative effect on the organoleptic quality

criteria of fruits.

When considering carotenoids, the picture is completely

different. Fruits of the control had the lowest concentration by far,

suggesting that limiting carbon supply to the fruit can result in

a strong improvement in its nutritional quality (Fig. 2C), at least

when carotenoid concentration is expressed on a DW (or FW)

basis. Indeed, the picture shifts again when expressing carotenoid

concentration on a per fruit basis. Then, fruits of the intermediate

treatment (medium fruit load) appear to be the best, with the

highest amount of carotenoids per fruit (Fig. 3).

Our results do not support the hypothesis that carbohydrates
directly determine carotenoid synthesis in fruits

Reports of a positive effect of sucrose supply on the synthesis

of carotenoids in fruits can be found in the literature.22,30 One

may wonder why our own observations are not consistent with

these (Fig. 2C). One possible explanation is that our observations

were made on fruits that had all reached the same final stage of

maturity, whereas the reported observations from the literature

where made during the maturation process. In the reported

observations made on citrus fruits, for instance, sucrose feeding

was observed to promote colour break in an ethylene-dependent
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Table 4. Changes in proportions (%) of carotenoids, sugars and
organic acids in clementine fruits of high, medium and low fruit load
treatments at time III

Treatments

Compound High Medium Low

Carotenoids

Phytoene 9.15 ± 0.63b 5.81 ± 0.31a 6.32 ± 0.30a

Phytofluene 9.24 ± 0.47b 6.67 ± 0.52a 5.78 ± 0.23a

ζ -Carotene 7.54 ± 0.36b 6.95 ± 0.32ab 6.35 ± 0.30a

cis-Violaxanthina 11.31 ± 0.65a 11.65 ± 0.64a 13.03 ± 0.49a

Lutein 0.59 ± 0.08a 1.05 ± 0.10b 0.57 ± 0.18a

Zeaxanthin 3.49 ± 0.10a 3.76 ± 0.21a 4.18 ± 0.11a

cis-Antheraxanthina 3.31 ± 0.21a 3.55 ± 0.25a 3.99 ± 0.15a

cis-β-Cryptoxanthin 1.49 ± 0.20a 1.29 ± 0.14a 1.56 ± 0.13a

β-Cryptoxanthin 49.40 ± 1.02a 52.88 ± 0.76b 50.40 ± 0.89a

β-Carotene 4.49 ± 0.25a 6.39 ± 0.46b 7.83 ± 0.14b

Sugars

Fructose 14.79 ± 0.64a 19.74 ± 0.52c 16.41 ± 0.79b

Glucose 28.81 ± 0.44c 16.79 ± 0.48b 15.90 ± 1.30a

Sucrose 56.41 ± 0.59a 63.47 ± 0.98b 67.68 ± 1.14c

Organic acidsa

Malic acid 7.33 ± 0.67a 11.39 ± 0.90b 19.78 ± 0.78c

Oxalic acid 2.41 ± 0.60a 1.71 ± 0.53a 1.66 ± 0.27a

Ascorbic acid 2.21 ± 0.15b 3.07 ± 0.22c 1.57 ± 0.06a

Citric acid 29.69 ± 1.37a 31.65 ± 1.93a 33.38 ± 1.44a

Succinic acid 58.36 ± 1.80c 52.18 ± 1.67b 43.61 ± 1.49a

Data are mean ± SE. Different letters for each compound indicate
significant differences among treatments (α = 0.05).
a Clementine fruits contain 5,6-epoxycarotenoids (violaxanthin and
antheraxanthin) and organic acids. To prevent isomerisation of
5,6-epoxycarotenoids to their corresponding 5,8-epoxy derivatives
(luteoxanthin, auroxanthin and mutatoxanthin), MgCO3 was added to
neutralise acids liberated during extraction.

way,22 which suggests that the positive effect of sucrose on

carotenoid synthesis before maturity was an indirect one, i.e.

mediated by the maturation process itself.

The hypothesis that carbohydrate availability determines

carotenoid synthesis by influencing precursor availability has been

repeatedly expressed in the literature (see e.g. Ref. 10) in spite of the

fact that we know very little about the way the metabolite fluxes

between primary and secondary metabolisms are orchestrated.31

The strongest argument is that carotenoids derive from primary

metabolites, more precisely 3-phosphoglycerate and pyruvate

in the methylerythritol phosphate pathway,32 and that they are

costly to synthesise. There is, however, mounting evidence that

availability of resources does not necessarily directly determine

biogenesis of all types of secondary metabolite. Many secondary

metabolites represent only a very slight proportion of the

carbohydrates. Our own measurements show for instance that

the order of magnitude of the concentration of total carotenoids

in the pulp of ripe clementine fruits is in the 125–350 mg kg−1

DW range (Fig. 2C), while being in the 250–515 g kg−1 DW range

for sugars (Fig. 2A). In other words, sugars are about 1000 times

more abundant on a mass basis than carotenoids in the pulp of

clementine fruits. In addition, in our trial the concentration of total

carotenoids appears to be poorly correlated with the concentration

of total sugars or sugars plus organic acids. If any, the correlation

between sugars and carotenoids is a negative one, which clearly

does not plead in favour of the idea that carbohydrates determine

carotenoid synthesis by influencing precursor availability, at least

in the range of concentrations considered within this study.

The ongoing characterisation of sugar signalling33,34 has mod-

ified our simplistic view of the effect of carbohydrate availability.

The emerging mechanistic view of physiologists is rather one

of a modulating role of carbohydrates regarding biogenesis of

secondary metabolites.30,35,36 For instance, accumulation of sol-

uble sugars in tomato leaves was observed to repress genes

encoding enzymes of the carotenoid as well as the Rohmer

pathway.37 It would certainly be useful to investigate the ef-

fect of carbohydrate accumulation on the major genes of the

biosynthetic pathway of carotenoids in fruits in the future.

Fruit load influences carotenoid composition

While total carotenoids increased as a consequence of a low

leaf/fruit ratio, the proportion of upstream and downstream

carotenoids increased and decreased respectively (Fig. 4C). In a

previous study we had already observed that environmental con-

ditions can influence carotenoid profiles of citrus fruits.38 We found

that mandarins and clementines from the Mediterranean area had

markedly increased proportions of phytoene, phytofluene and

β-carotene compared with fruits from subtropical and tropical

growing areas. In tomato, Gautier et al.39 found that increasing the

temperature from 21 to 26 ◦C modified the carotenoid composi-

tion by decreasing carotenes but not lycopene. Taken together,

these results suggest that environmental factors influence the

relative proportions of carotenoids by modifying the flux into

the carotenoid biosynthetic pathway and abscisic acid (ABA) pro-

duction. Several mechanisms have been postulated by different

authors as reviewed recently.36 Phytoene biosynthesis is a rate-

limiting step in carotenogenesis, and environmental variations

seem to act on its expression. For example, stress has been ob-

served to influence PSY (phytoene synthase) mRNA abundance

in rice and maize and is positively correlated with increased

carotenoid flux and ABA. Thus the decrease in the proportion of

downstream carotenoids could be explained by a concomitant

increase in 9-cis-epoxycarotenoid dioxygenase (NCED) expression

and enhanced cis-violaxanthin degradation associated with ABA

production. Other regulation mechanisms could be involved, such

as negative feedback regulation by ABA accumulation or a shift in

the limiting step from PSY to another enzyme of the carotenoid

biosynthetic pathway, since both mechanisms would result in a

modification of carotenoid proportions.

CONCLUSION
Our observations clearly underline that we do not really know

how the metabolite fluxes between primary and secondary

metabolisms are orchestrated. They do not support the common

view that a high carbon status is favourable to the synthesis of

carotenoids in fruits through its positive influence on precursor

availability. The effect of carbon availability, if any, seems to a

be a negative one, suggesting that sugars could repress genes

encoding enzymes of the carotenoid or the Rohmer pathway,

as has been observed in leaves so far, but not yet in fruits. Our

observations clearly advocate for further studies to be conducted,

especially about the way carbohydrates specifically regulate

carotenoid biosynthesis but also degradation and storage in fruits.

What is at stake here is our capacity to influence the nutritional

quality of fruits while maintaining other quality criteria.

J Sci Food Agric (2012) c© 2012 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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a b s t r a c t

In the present study, using an in vivo approach (a microdialysis technique associated to HPLC with fluo-

rimetric detection) and in vitro purified hippocampal synaptosomes in superfusion, we investigated the

glycinergic transmission in the hippocampus, focusing on the nicotinic control of glycine (GLY) release.

The acute administration of nicotine in vivo was able to evoke endogenous GLY release in the rat hippo-

campus. The specific nicotinic agonists PHA-543613 hydrochloride (PHA543613) selective for the a7 nic-

otinic receptor subtype administered in vivo also elicited GLY release in a similar extent, while the a4b2
agonist 5-IA85380 dihydrochloride (5IA85380) was less effective. Nicotine elicited GLY overflow also

from hippocampal synaptosomes in vitro. This overflow was Ca2+-dependent and inhibited by

methyllycaconitine (MLA), but was not modified by dihydro-beta-erythroidine (DHbE, 1 lM). Cho-

line(Ch)-evoked GLY overflow was Ca2+ dependent, unaltered in presence of DHbE and blocked by meth-

yllycaconitine (MLA). Additionally, 5IA85380 elicited a GLY overflow, which in turn was Ca2+ dependent,

was significantly inhibited by DHbE but was unaffected by MLA. The GLY overflow produced by these nic-

otinic agonists quantitatively resembles that evoked by 9 mM KCl. The effects of a high concentration of

5IA85380 (1 mM), in the presence of 2 lM DHbE, on the release of GLY was also studied comparatively to

that on glutamate and aspartate release. The nicotinic agonist 5IA85380 tested at high concentration

(1 mM) was able to produce a stimulatory effect of endogenous release of the three amino acids, even

in the presence of 2 lM DHbE, indicating the existence of a DHbE resistant, a4b2 nAChR subtype with

a functional role in the modulation of GLY, ASP, and GLU release. Our results show that in the rat hippo-

campus the release of GLY is, at least in part, of neuronal origin and is modulated by the activation of both

a7 and a4b2 (low and high affinity) nAChR subtypes.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

It is well documented that glycine (GLY) is a primary inhibitory

neurotransmitter in the brain stem and in the spinal cord (Aprison,

1990; Betz, 1992; Legendre, 2001). However, the presence of GLY is

not limited to the above-mentioned CNS areas. Several lines of evi-

dence show that [3H]GLY is taken up through a presynaptic GLY

transporter (GLYT2) into glycinergic nerve endings (Gomeza

et al., 2003), and is subsequently released in several brain areas

including the hippocampus (Russo et al., 1993; Raiteri et al.,

2001; Luccini et al., 2008,2010; Romei et al., 2009), where it can

exert a tonic inhibitory role controlling neuronal excitability (Mori

et al., 2002; Semyanov et al., 2004; Wang and Xu, 2006; Zhang

et al., 2008b; Keck and White, 2009). Glycine receptors (GLYRs)

are widely expressed in hippocampal regions, further supporting

a role for the glycinergic neurotransmission in this area. Neverthe-

less, to date, the physiological role for and conditions under which

GLYRs are activated remain unknown. Interestingly, most of the

GLY effects in the hippocampus, as well as in other brain areas,

are reported to occur through the activation of extrasynaptic

receptors, since GLY innervation in most brain areas is quantita-

tively modest, but in the cerebellum and auditory system, and

the identification of GLY synapses in adult brain is difficult (Zafra

et al., 1995a,b; Danglot et al., 2004; Zeilhofer et al., 2005).

0197-0186/$ - see front matter � 2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.neuint.2011.06.022
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As far as other possible neuronal sources of GLY at the hippo-

campal level, it has to be recalled that GLY can be co-stored with

GABA and can also be present in association with GLU in glutama-

tergic nerve terminals (Laube et al., 2002; Cubelos et al., 2005;

Raiteri et al., 2005; Muller et al., 2007; Eichler et al., 2009; Legen-

dre et al., 2009). Moreover, the possibility that GLY could be accu-

mulated and possibly released from astrocytes has also to be taken

into consideration (Yang et al., 2003; Zhang et al., 2008a,c).

Glycine may have a dual role in the CNS, acting as an inhibitory

neurotransmitter when interacting with the strychnine-sensitive

receptors, and playing a stimulatory role when co-activating excit-

atory NMDA receptors together with glutamate (Johnson and

Ascher, 1987). A detailed knowledge of the GLY release and its reg-

ulation in the hippocampus could be therefore important particu-

larly because GLY can determine the level of activation of NMDA

receptors whose GLY-binding sites are not saturated in normal

conditions (Berger et al., 1998). Moreover, due to its dual action,

glycinergic transmission may modulate the balance between

inhibitory and excitatory transmission and, thus, may constitute

an effective system in the homeostatic regulation of hippocampal

synaptic plasticity (Zhang et al., 2008a,c).

Therefore, it is important to determinate the mechanism con-

trolling GLY release from GLY-containing nerve endings. Within

this context presynaptic nicotinic acetylcholine receptors (nAChRs)

may play a relevant role. Indeed, nicotine stimulates neurotrans-

mitter release activating presynaptic nAChRs in different brain

areas (Wonnacott, 1997; MacDermott et al., 1999; Vizi and

Lendvai, 1999; Vizi et al., 2010). Studies to investigate the nicotinic

modulation of glycinergic transmission were first performed in the

spinal cord, since the cholinergic activation in this area account for

nicotine-associated analgesia. Although the stimulatory effect of

nicotine is confirmed, the information concerning the specific

involvement of nAChRs subtypes in the modulation of GLY release

is, so far, controversial. It has been reported that nicotine facilitates

GLY release and glycinergic neurotransmission in both rat spinal

cord neurons and in the cardiac vagal neurons via specific a4b2,
but not throughout a7 nAChRs (Kiyosawa et al., 2001; Wang

et al., 2003). However, another paper, by Bradaïa and Trouslard

(2002) showed that both a4b2 and a7 nAChRs receptors seem to

be involved in the nicotinic regulation of the release of GLY in

the spinal cord (Bradaïa and Trouslard, 2002). a4b2, but not a7
nAChRs were also involved in the nicotinic modulation of synaptic

activity in cultured embryonic rat spinal cord interneurons (Fucile

et al., 2000). Glycine release from cultured cortical neurons was

also increased by nicotine through a mechanism mediated by the

opening of Ca2+ channels and not directly by the Ca2+ influx

through the nAChR channel. Moreover, it has been found that nAC-

hRs, different from the major central nervous system nAChR sub-

types (i.e. a4b2 and a7), possibly a3b4, were highly expressed at

the glycinergic inhibitory presynaptic terminals in the substantia

gelatinosa of the adult spinal cord where they can play a role in

the control of the inhibitory activity (Takeda et al., 2003). No data

are available so far on the possible existence of nAChRs subtypes

modulating GLY release at the hippocampal level.

In the present study, using an in vivo approach (microdialysis

technique associated to HPLC with fluorimetric detection) and

in vitro purified hippocampal synaptosomes in superfusion, we

tried to fill the gap concerning the knowledge of glycinergic trans-

mission in hippocampus, focusing on the nicotinic control of GLY

release. Particularly, we investigated whether and to what extent

some specific nicotinic agonists (Bencherif et al., 1998; Alkondon

et al., 1999; Wishka et al., 2006) were able to evoke, in vivo and

in vitro, endogenous GLY release in the rat hippocampus. In this

brain area, the results indicate that: (a) the release of GLY is, at

least in part, of neuronal origin, (b) the release of GLY is modulated

by the activation of both a7 and a4b2 nAChR subtypes.

2. Materials and methods

2.1. Animals

Adult male Wistar rats (200–250 g, Harlan, Udine) were used

for both in vivo experiments and as brain tissue source for in vitro

experiments. Animals were housed at constant temperature

(22 ± 1 �C) and relative humidity (50%) under a regular light–dark

schedule (light 7 a.m.–7 p.m.). The experimental procedures were

approved by the Ethical Committee of the Pharmacology and Tox-

icology Section, Department of Experimental Medicine, in accor-

dance with the European legislation (European Communities

Council Directive of 24 November 1986, 86/609/EEC) and were ap-

proved by Italian legislation on animal experimentation (Decreto

Ministeriale number 124/2003-A). All efforts were made to mini-

mize animal suffering and to use the minimal number of animals

necessary to produce reliable results.

2.2. In vivo experiments

2.2.1. Microdialysis probe implantation

Rats were anesthetized with Equithesin 3 ml/kg (pentobarbital

9.7 g, chloral hydrate 42.5 g, MgSO4 21.3 g for 1L, 10% ethanol,

40% propylene glycol v/v) administered intraperitoneally and

placed in a stereotaxic apparatus (David Kopf Instruments,

Tujunga, CA, USA). The skin was shaved, disinfected, and cut with

a sterile scalpel to expose the skull. A hole was drilled to allow

the implantation of the probe into the brain parenchyma. The

probe was implanted in the hippocampus (CA1/CA2 regions; AP

�5.8 mm, ML ± 5.0 mm from bregma and DV �8.0 mm from dura)

according to the Paxinos and Watson atlas (1986), and secured to

the skull with one stainless steel screw and dental cement. All

in vivo experiments were performed using microdialysis probes,

made in our laboratory according to the original method described

by Di Chiara (1990) (Emophan Bellco Artificial OR-internal diame-

ter 200 lm, cutoff 40 KDa; Bellco, Mirandola, Italy), with a nominal

active length of 5 mm. Finally, the skin was sutured, and the rats

were allowed to recover from anesthesia for at least 24 h before

the neurotransmitter release study.

2.2.2. Microdialysis samples collection

Microdialysis experiments were performed on conscious freely

moving rats. On the day of the experiments (24 hr after the surgical

procedure), the probe was perfused with artificial CSF containing

145 mM NaCl, 3.0 mM KCl, 1.26 mM CaCl2, 1.0 mM MgCl2,

1.4 mM Na2HPO4, buffered at pH 7.2–7.4 and filtered through a

Millipore 0.2 lm pore membrane. In all experiments, the microdi-

alysis membrane was allowed to stabilize for 1 h at the flow rate of

4 ll/min, without collecting samples. At the end of the stabiliza-

tion period, three samples were collected to evaluate baseline

release of GLY, and then the specific treatment started. All treat-

ments were administered by manually switching syringes and

tubing connections to allow drugs diluted in artificial CSF to flow

through the probes. Tubing switches were performed taking care

to maintain constant flow rates and collection volumes. Both basal

and treatment samples were collected every 20 min in 100 ll
Eppendorf tubes. The flow rate of 4 ll/min was maintained using

a 1000 ll syringe (Hamilton) and a microinjection pump (CMA/

100, CMA/Microdialysis AB). In vitro recovery of the probe for

GLY was about 20%. Each rat was used for only one microdialysis

session. At the end of each experiment animals were sacrificed

by guillotine, rat brains were removed and the position of the

microdialysis probe was verified by histological procedures, slicing

the tissues by a cryostat microtome (LEICA CM 1510). Only data

730 S. Zappettini et al. / Neurochemistry International 59 (2011) 729–738



from rats in which probe tracks were exactly located in the target

area were used for statistical analysis.

2.3. In vitro experiments

2.3.1. Experiments of release

Rats were killed by decapitation and the hippocampus rapidly

removed at 0–4 �C. Purified synaptosomes were prepared on Per-

coll� gradients (Sigma–Aldrich, St Louis, MO, USA) essentially

according to Nakamura et al. (1993), with only minor modifica-

tions. Briefly, the tissue was homogenized in 6 volumes of 0.32 M

sucrose, buffered at pH 7.4 with Tris–HCl, using a glass-teflon tis-

sue grinder (clearance 0.25 mm, 12 up–down strokes in about

1 min). The homogenate was centrifuged (5 min, 1000 g at 4 �C)

to remove nuclei and debris; the supernatant was gently stratified

on a discontinuous Percoll� gradient (2%, 6%, 10%, and 20% v/v in

Tris-buffered sucrose) and centrifuged at 33,500 g for 5 min at

4 �C. The layer between 10% and 20% Percoll� (synaptosomal frac-

tion) was collected, washed by centrifugation and resuspended in

physiological HEPES-buffered medium having the following com-

position (mM): NaCl 128, KCl 2.4, CaCl2 3.2, KH2PO4 1.2, MgSO4

1.2, HEPES 25, pH 7.5, glucose 10, pH 7.2–7.4 (Lu et al. 1998) syn-

aptosomal protein content following purification was 10–15% of

that in the supernatant stratified on the Percoll� gradient.

The synaptosomal suspension was layered on microporous fil-

ters at the bottom of a set of parallel superfusion chambers main-

tained at 37 �C (Raiteri and Raiteri, 2000; Superfusion System, Ugo

Basile, Comerio, Varese, Italy). Synaptosomes were superfused at

1 ml/min with standard physiological medium as previously de-

scribed. The system was first equilibrated during 36.5 min of

superfusion; subsequently, four consecutive 90 s fractions of

superfusate were collected. Synaptosomes were exposed to ago-

nists for 90 s starting from the second fraction collected

(t = 38 min), with antagonists being added 8 min before agonists.

The evoked overflow was calculated by subtracting the corre-

sponding basal release from each fraction and was expressed as

pmol/mg of synaptosomal proteins. We have previously amply

demonstrated that in our superfusion system the possible effects

of drugs operated indirectly by other mediators in the monolayer

of synaptosomes in superfusion are absolutely minimized (Raiteri

and Raiteri, 2000).

2.4. Endogenous aminoacid determination

Endogenous GLY, GLU and ASP were measured by high perfor-

mance liquid chromatography analysis following precolumn

derivatization with o-phthalaldehyde and resolution through a

C18-reverse phase chromatographic column (10 � 4.6 mm, 3 lm;

Chrompack, Middleburg, The Netherlands) coupled with fluoro-

metric detection (excitation wavelength 350 nm; emission wave-

length 450 nm). Homoserine was used as internal standard.

Buffers and gradient program were prepared and executed as fol-

lows: solvent A, 0.1 M sodium acetate (pH 5.8)/methanol, 80:20;

solvent B, 0.1 M sodium acetate (pH 5.8)/methanol, 20:80; solvent

C, sodium acetate (pH 6.0)/methanol, 80:20; gradient program,

100% C for 4 min from the initiation of the program; 90% A and

10% B in 1 min; 42% A and 58% B in 14 min; 100% B in 1 min; iso-

cratic flow 2 min; 100% C in 3 min; flow rate 0.9 ml/min.

2.5. Statistical analysis

2.5.1. In vivo experiments

Values were expressed either as amount of GLY measured in the

dialysate (pmol/80 lL) or as area under the curve (AUC), evaluating

the cumulative release over time. AUC was used as a measure of

treatment exposure and was calculated, for each animal, using

GraphPad Prism (version 4.03 GraphPad Software, San Diego, CA,

USA), defining as baseline of the area the basal value (average con-

centration of three consecutive samples immediately preceding

the drug dose).

D’Agostino–Pearson Omnibus Test (GraphPad Prism, version

4.03, GraphPad Software, San Diego, CA, USA) and Grubb’s Test

(GraphPad QuickCalcs, online calculator for scientists at http://

www.graphpad.com/quickcalcs/, GraphPad Software, San Diego,

CA, USA) were used as preliminary tests in order to evaluate

whether data were sampled from a Gaussian distribution and to

detect outliers respectively. All outliers were excluded from the

analysis. Data were then analyzed by analysis of variance (one-

or two-way ANOVA) followed, when significant, by an appropriate

post hoc comparison test. Data were considered significant for

P < 0.05. The reported data are expressed as means ± SEM. The

number of animals used for each experiment is reported in the leg-

end to Fig. 1.

2.5.2. In vitro experiments

Multiple comparisons were performed with one- or two-way

ANOVA followed by an appropriate post hoc test (Dunnett,

Tukey–Kramer and Newman–Keuls). Data were considered signif-

icant for P < 0.05, at least. The EC50 and Hillslope have been calcu-

lated according to a four parameter logistic curve equation

[y = min + max – min/1 + (x/EC50)
Hillslope] of Sigma Plot 8.0 (Jandel

Scientific, San Rafael, CA, USA).

2.6. Chemicals

Percoll�, Choline Iodide, dimethyl sulfoxide, nicotine hydrogen

tartrate salt (Sigma–Aldrich, St Louis, MO, USA); 5-Iodo-A-85380,

RJR2429 dihydrochloride, PHA-543613 hydrochloride, dihydro-

b-erythroidine hydrobromide, methyllycaconitine citrate, (Tocris

Bioscience, Bristol, UK); all salts used for the preparation of aCSF

(NaCl, KCl, CaCl2, MgCl2, Na2HPO4) and for Equithesin (MgSO4)

were purchased at Merck KGaA, Darmstadt, Germany; chloral hy-

drate, ethanol 96% and propylene glycol were used for the prepara-

tion of Equithesin and were obtained at VWR BDH Prolabo,

Belgium.

3. Results

We first analyzed the effect of an acute administration of nico-

tine on hippocampal GLY release in vivo. The choice of the concen-

tration of the cholinergic agonist was derived from literature data

demonstrating that the administration, by microdialysis, of 50 mM

nicotine was able to significantly increase the levels of GLY in hip-

pocampal extracellular compartment (Toth et al., 1992; Toth,

1996). Under our experimental conditions a 40 min-long adminis-

tration of 50 mM nicotine was able to greatly enhanced GLY re-

lease from basal values (42%). The time course of the endogenous

GLY release evoked by nicotine in vivo is reported in the inset to

Fig. 1. Basing on such time course, we analyzed the effect of nico-

tine exposure on the cumulative amount of GLY release over time,

calculating the AUC. Then, we compared the average AUC after nic-

otine exposure to the average AUCs obtained after the separate

perfusion of two selective nAChRs agonists, 5-IA85380 dihydro-

chloride (5IA85380), selective for a4b2 nAChRs, and PHA-543613

hydrochloride (PHA543613), selective for a7 subtypes. As shown

in Fig. 1, nicotine (50 mM) and PHA543613 (1 mM) elicited almost

the same amount of GLY release over time (average AUC nico-

tine = 259.6 ± 23.35 vs. average AUC PHA543613 = 205.1 ± 29.37)

while 5IA85380 (1 mM) was much less effective (average AUC

5IA85380 = 90.96 ± 12.17; �65% compared to the AUC of GLY

release elicited by nicotine).
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In order to better explore the type and localization of the nAC-

hRs involved in the hippocampal nicotine-evoked GLY release, we

performed in vitro experiments on purified isolated nerve endings.

Fig. 2A illustrates the time course of the endogenous GLY release

evoked in vitro by nicotine. The maximal effect is reached in frac-

tion 41 (about 3 min after having stimulated the synaptosomes

with nicotine) and then the release returns to the basal level.

Nicotine in a concentration-dependent manner (0.01–0.1 mM)

increased GLY overflow with an apparent EC50 value of

6.59 ± 4.84 lM (Hill coefficient: 0.99; Fig. 2B). The nicotine-evoked

GLY overflow was almost totally Ca2+-dependent and significantly

inhibited (�70%) by methyllycaconitine (MLA) (10 nM) but not

modified by dihydro-b-erythroidine (DHbE, 1 lM).

Table 1 shows the in vitro effects of different concentrations of

KCl and four different nicotinic agonists on endogenous GLY release

from rat purified hippocampal synaptosomes in superfusion. In this

study, we used two a7 selective agonists, choline (Ch) and

PHA543613, and the a4b2 selective compounds 5IA85380 and

RJR2429 dihydrochloride. The GLY overflow elicited by Ch (1 mM)

was significantly higher than that elicited by PHA543613

(100 lM) (211.57 ± 26.04 and 100.8 ± 26.92 respectively. The GLY

overflow elicited by the selective a4b2 receptor agonists

5IA85380 (10 nM) was similar to that evoked by Ch and signifi-

cantly higher than that elicited by RJR2429 dihydrochloride

(3 lM) (216.28 ± 23.44 and 143.10 ± 19.34 respectively). The stim-

ulatory effects of these four agonists have been compared to the

GLY overflow evoked by depolarization with 9 and 15 mM KCl. In

the presence of 9 and 15 mM KCl in the perfusion solution, the

GLY overflows were 150.73 ± 31.60 and 447.34 ± 76.46, respec-

tively. Therefore, the amount of endogenous GLY released by all

the four nicotinic agonists was quantitatively very similar to that

released by the lower concentration of KCl (9 mM).

Fig. 3A shows that the 5IA85380 (10 nM)-evoked GLY overflow

was totally dependent upon external Ca2+, almost totally blocked

(�80%) by DHbE (1 lM) and unaffected by MLA (10 nM). In addi-

tion, the Ch(1 mM)-evoked overflow was totally dependent upon

external Ca2+, significantly antagonized (�77%) by MLA (10 nM)

and unaffected by DHbE (1 lM), confirming the involvement of

an a7 nAChR subtype (Fig. 3B). DHbE (1 lM) and MLA (10 nM)

did not produce any significant effect on basal GLY release on their

own.

Two distinct components of nicotinic agonist-mediated 86Rb ef-

flux were revealed in mouse brain synaptosomes (Marks et al.,

1999). One that was relatively sensitive to inhibition by DHbE

Fig. 1. Characterization of the in vivo nicotine-evoked endogenous GLY release. Effect of nicotine (NIC), 5IA85380 and PHA543613 on endogenous GLY overflow (AUC) from

rat hippocampus. Data are mean ± SEM of 4–18 experiments. ⁄⁄⁄P < 0.001 versus nicotine-evoked GLY overflow. One way ANOVA followed by Tukey–Kramer post hoc test.

Inset time course of GLY release in response to nicotine. Dotted line represents basal release while black line indicates permanent stimulation with nicotine. ⁄⁄P < 0.01 versus

basal release. Two way ANOVA followed by Bonferroni post hoc test. Values are from 18 experiments and represent mean ± SEM.
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and one that was less sensitive to inhibition. In order to investigate

on the presence of low affinity a4b2 nAChR subtypes modulating

GLY release we extended our study and verified whether

5IA85380 at higher concentration (1 mM) in the presence of differ-

ent concentrations of DHbE (2 lM–1mM) was able to evoke GLY

overflow. Moreover, we comparatively evaluated the 5IA85380

(1 mM) evoked overflow of GLU and ASP in the same experimental

conditions. The results reported in Fig. 4 show that 5IA85380 at

higher concentrations (1 mM) in the presence of 2 lM DHbE pro-

duced a stimulatory effect of endogenous overflow of all the three

amino acids. The calculated overflow of GLY elicited by high con-

centration of 5IA85380 (1 mM) in presence of DHbE (2 lM) was

very similar to that produced by 10 nM which was on the contrary

completely blocked in presence of 2 lM DHbE (Fig. 3A). The

A

B

C

Fig. 2. (A) Time course of nicotine-evoked GLY release in vitro. Synaptosomes were depolarized with nicotine (NIC) for 90 s at t = 38 min of superfusion. Values represent

mean ± SEM of at least eight replicate superfusion chambers per condition (basal or evoked release). ⁄P < 0.05, versus basal release. Two way ANOVA followed by Tukey–

Kramer post hoc test. (B) Concentration-dependent effect of nicotine on endogenous GLY overflow from rat hippocampal synaptosomes. Data are mean ± SEM of 3–6

experiments for each concentration run in triplicate. ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001 versus nicotine 100 nM; #P < 0.05, versus nicotine 1 lM. One way ANOVA followed by Tukey–

Kramer post hoc test. (C) Effect of Ca2+ free, DHbE and MLA on endogenous GLY overflow evoked by nicotine from rat hippocampal synaptosomes. Synaptosomes were

depolarized with nicotine for 90 s at t = 38 min of superfusion. When appropriate antagonists were introduced 8 min before depolarization or Ca2+ was omitted 18 min before

nicotine. Data are mean ± SEM of 3–6 experiments run in triplicate. ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001 versus nicotine evoked GLY overflow, one way ANOVA followed by Dunnett post

hoc test.
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5IA85380 (1 mM) plus DHbE (2 lM) evoked GLU (119 ± 28 pmol/

mg protein) and ASP (63 ± 13 pmol/mg protein) overflows were

significantly lower than that of GLY (242 ± 35 pmol/mg protein)

(Fig. 4). The antagonistic effect of DHbE on the overflow of GLY,

GLU and ASP evoked by 5IA85380 (1 mM) becomes evident in

presence of higher concentrations (10 lM–1mM) and the maximal

significant antagonistic effect was reached at the concentration of

1 mM. Of course we have to consider that both agonists and antag-

onists could be less specific at very high doses and therefore the

possibility that 5IA85380 at this concentration activates also other

presynaptic receptors, has to be considered.

4. Discussion

The present work demonstrates for the first time that nicotine

can increase the in vivo release of endogenous GLY from rat hippo-

campus. We have previously shown (Fedele et al., 1998) a nicotine-

evoked release of GLU and ASP, but we were unable to describe a

nicotine-evoked release of GLY. In the present paper we used a dif-

ferent microdialysis approach, leading to the sampling of the CA1/

CA2 area of the hippocampus, and we administered a higher nico-

tine concentration. In our experimental condition we clearly found

a significant nicotine-evoked GLY release, we demonstrated that

this stimulatory effect is probably due to the activation of two dis-

tinct nAChR subtypes since 5IA85380 and PHA543613, selective

agonist of a4b2 and of a7 nAChRs respectively, also increase the

in vivo GLY release. This is the first in vivo demonstration of the

involvement of two different nAChRs subtypes on GLY release.

However, the in vivo results do not permit the precise localization

of such nAChRs which may reside either on the soma or at the level

of the nerve terminal of glycinergic neurons, as well as on other

non-glycinergic neurons (Laube et al., 2002; Cubelos et al., 2005;

Raiteri et al., 2005; Muller et al., 2007; Eichler et al., 2009;

Legendre et al., 2009). Additionally, since according to several

authors, GLY is accumulated in the astrocytes the transmitter could

be released also from these cells (Yang et al., 2003; Zhang et al.,

2008a,c). In this regard, the existence of nAChRs on astrocytes

has been reported (Oikawa et al., 2005; Xiu et al., 2005) and it

has been also already demonstrated that a7 nAChRs modulate

GLU release from hippocampal gliosomes (Patti et al., 2007) that

are astrocyte sub-cellular particles isolated from the adult rat or

mice brain (Nakamura et al., 1993. Stigliani et al., 2006).

As far as the precise localization of the nAChRs modulating GLY

release our in vitro results demonstrate that, at least in part, the

nicotine evoked GLY release comes from a neuronal source. Indeed,

the selective a4b2 and a7 nAChRs agonists produced a significant

Ca2+-dependent enhancement of GLY release from purified isolated

nerve endings, a preparation which almost totally excludes the

presence of glial contamination (Stigliani et al., 2006), thus con-

firming the neuronal source of GLY release. Although, the glyciner-

gic innervation in the rat hippocampus is quantitatively modest,

the existence of selective glycinergic nerve endings has been dem-

onstrated using the same subcellular preparation we used in this

study (Russo et al., 1993; Raiteri et al., 2001; Luccini et al., 2008,

2010; Romei et al., 2009). Therefore, the possibility that different

subtypes of nAChRs are present on these glycinergic terminals

and elicit endogenous GLY release is very likely to occur.

The in vivo results suggest a prevalent role of the a7 nAChRs in

the modulation of GLY release, while the data collected from

in vitro experiments show that both receptor subtypes seem to

be able to elicit GLY release with a similar potency. The discrep-

ancy between the in vivo and in vitro experiments may have differ-

ent causes. First of all, in hippocampus, in vivo, nAChRs are present

on different neuronal populations. Hence, the levels of GLY mea-

sured in vivo are the final result of the interactions of hierarchically

organized synapses ultimately controlling GLY release. These indi-

rect mechanisms of control of neurotransmitter release are ex-

cluded in our in vitro model of synaptosomes in superfusion

(Raiteri and Raiteri, 2000). Moreover, in vivo an amount of the total

level of neurotransmitter measured in the dialysate may also de-

rive from astrocytes, where a putative nicotinic control of GLY re-

lease has not well studied. In our microdialysis experiments we do

not know the availability of the selective nicotinic agonists in the

tissue after their perfusion through the probe. On the other hand,

in vivo concentrations are higher than those used in vitro in order

to guarantee the delivery to the tissue of sufficient amount of

drugs. Finally, another difference between the two experimental

models relies on the timing of exposure to experimental drugs

(few seconds in vitro versus 40 min in vivo).

Another interesting finding of our work is the demonstration of

the existence of a presynaptic a4b2, DHbE resistant, nAChRs which

modulate the release of GLY indicating that high and low affinity

a4b2 nAChRs are both involved in the modulation of the release

of this aminoacid. The existence of DHbE resistant nAChRs may ex-

plain the results of Fig. 2, which show that the GLY overflow

evoked by a high concentration of nicotine was partially inhibited

by the a7 nAChRs antagonist MLA, but almost unaltered in pres-

ence of DHbE. The most likely explanation for the lack of effect

of DHbE could be that, using very high concentration of nicotine,

the evoked release of GLY was almost entirely due to the stimula-

tion of an a4b2 DHbE resistant nAChRs. Interestingly, as shown in

Fig. 4, also the release of GLU and ASP was elicited in a similar

manner by a high concentration of 5IA85380 in presence of DHbE,

demonstrating the existence of functional nAChR, DHbE resistant,

also on GLU nerve endings. Therefore, our results demonstrate

for the first time that DHbE resistant nAChRs play an important

stimulatory role on the release of GLU, ASP and GLY. Moreover,

at the hippocampal level the release of all these neurotransmitters

seem to be elicited by nAChRs of the same subtypes.

Our in vitro data clearly demonstrate both the neuronal source

of the GLY released and the presynaptic localization of the nAChRs.

However, the direct identification of the precise neuronal termi-

nals from which GLY is released is difficult to determine since it

is possible that, besides the release from specific glycinergic neuro-

nes, GLY can be co-localized and co-released with other neuro-

transmitters such as GLU and GABA. In this regard, it has to be

noted that double labeling confocal microscopy revealed the exis-

tence of the GLY transporter GLYT1, in a specific subpopulation of

GLU nerve terminals in the hippocampus (Cubelos et al., 2005; Rai-

teri and Raiteri, 2000) confirming previous observations of a tight

association between GLYT1 and glutamatergic neurotransmission

Table 1

Effects of selective nAChR subtype agonists on endogenous GLY overflow from rat

hippocampal synaptosomes.

Drugs Endogenous GLY overflow (pmol/mg protein)

a7 nAChR subtype agonists

Ch (1 mM) 211.57 ± 26.04a

PHA543613 (100 lM) 100.8 ± 26.92a,b

a4b2 nAChR subtype agonists

5IA85380 (10 nM) 216.28 ± 23.44a

RJR2429 (3 lM) 143.10 ± 19.34a,c

KCl (9 mM) 150.73 ± 31.60a

KCl (15 mM) 447.34 ± 76.46

Data are means ± SEM of three experiments run in triplicate. For experimental

details see Section 2.
a P < 0.01 versus KCl 15 mM, one way ANOVA followed by Tukey–Kramer post hoc

test.
b P < 0.05 versus Ch 1 mM, one way ANOVA followed by Tukey–Kramer post hoc

test.
c P < 0.05 versus 5IA85380 10 nM, one way ANOVA followed by Tukey–Kramer

post hoc test.

734 S. Zappettini et al. / Neurochemistry International 59 (2011) 729–738



at the mRNA level (Smith et al., 1992; Borowsky et al., 1993; Zafra

et al., 1995a,b). Moreover, the co-localization of GLY and GABA in

hippocampal interneurons, similar to spinal cord, brain stem, and

cerebellum, suggests that this property is likely to be a general

characteristic of inhibitory interneurons throughout the CNS.

The direct evidence for the nicotine-evoked GLY release from

glutamatergic or GABAergic terminals has never been reported.

However, it would be conceivable to hypothesize that, if GLY were

co-released with these aminoacids, it should be possibly evoked by

the activation of the same nAChRs subtypes present on GLU or

GABA nerve endings. The demonstration that nAChRs of the same

subtypes (a4b2, DHbE sensitive and resistant, and a7 nAChRs)

stimulate the endogenous GLU, ASP and GLY release strongly sup-

port the possibility that, at least in part, the nicotine-evoked GLY

release could be due to GLY co-stored in glutamate nerve endings.

On the contrary to what expected, our results suggest that the

source of the endogenous GLY release elicited by the low affinity,

DHbE resistant, nAChRs is not the GLY which is possibly co-stored

and co-released from the GABA neurons since, as previously re-

ported, these nAChRs subtypes were not involved in the stimula-

tion of endogenous GABA release (Zappettini et al., 2011).

However, nicotine-evoked GLY and GABA release can be elicited

A

B

Fig. 3. (A) Effect of DHbE, MLA, and Ca2+ free on endogenous GLY overflow evoked by 5IA85380 from rat hippocampal synaptosomes. Synaptosomes were depolarized with

5IA85380 for 90 s at t = 38 min of superfusion. When appropriate antagonists were introduced 8 min before 5IA85380. Ca2+ was omitted 18 min before 5IA85380. Data are

mean ± SEM of 3–6 experiments run in triplicate. ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001 versus 5IA85380 evoked GLY overflow. One way ANOVA followed by Dunnett post hoc test. (B) Effect

of MLA, DHbE, and Ca2+ free on endogenous GLY overflow evoked by Ch from rat hippocampal synaptosomes. Synaptosomes were depolarized with Ch for 90 s at t = 38 min of

superfusion. When appropriate antagonists were introduced 8 min before Ch. Ca2+ was omitted 18 min before Ch. Data are mean ± SEM of 3–6 experiments run in triplicate.
⁄P < 0.05, ⁄⁄P < 0.01 versus Ch evoked GLY overflow, one way ANOVA followed by Dunnett post hoc test.
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also by a4b2, DHbE sensitive, and a7 nAChRs subtypes, which are

present on GABA nerve endings (Zappettini et al., 2011) and mod-

ulate GLY release as we have shown in this paper. This view is com-

patible with a nicotinic-evoked release of GLY co-stored in

GABAergic nerve terminals. Recent findings show that both a4b2
and a7 nAChR subtype modulate also in vivo the GABA release in

rat hippocampus (Zappettini et al., 2011).

The idea that GLY can be released not only from pure glyciner-

gic nerve endings but also from other neuronal sources is further

supported by the analysis of the amount of GLY released compar-

atively to the release of GLU and GABA. In fact both the K+-evoked

and the nicotine-evoked GLY released from purified synaptosomes

is 3–4 times higher in comparison to that of GLU and GABA (Zap-

pettini et al., 2010, 2011), which would be in contrast with the very

A

B

C

Fig. 4. Effect of 5IA85380 plus DHbE on endogenous overflow of GLY, (A) ASP (B) and GLU (C) from rat hippocampal synaptosomes. Synaptosomes were depolarized with

5IA85380 (1 mM) in presence of different concentrations of DHbE (2 lM–1 mM) for 90 s at t = 38 min of superfusion. Data are mean ± SEM of 3 experiments run in triplicate.
⁄P < 0.05 versus 5IA85380 (1 mM) plus DHbE (2 lM)-evoked GLY overflow; ###P < 0.001 versus (1 mM) plus DHbE(2 lM)-evoked ASP overflow. P < 0.05 versus (1 mM) plus

DHbE(2 lM)-evoked GLU overflow. One way ANOVA followed by Dunnett post hoc test. The basal release of GLY, ASP and GLU in presence of DHbE (2 lM–1 mM) was

454 ± 10, 92 ± 12 and 213 ± 26, respectively.

736 S. Zappettini et al. / Neurochemistry International 59 (2011) 729–738



scarce glycinergic innervation present in the hippocampus. The

amount of glycine released following nicotine or KCl stimulation

would therefore support, as suggested, the possibility that the ma-

jor source of GLY released come from glutamatergic or GABAergic

nerve endings.

In conclusion, we have demonstrated that hippocampal GLY re-

lease, possibly from glycinergic nerve endings, is stimulated pre-

synaptically by three different nAChR subtypes (a4b2, DHbE

sensitive and resistant, and a7 nAChRs). Moreover, the possibility

that nAChRs present on GLU or GABA nerve terminals modulate

GLY which is co-released with these neurotransmitters, is likely

to occur.

The hypothesized nicotinic modulation of the co-release of GLY

with GLU or GABA allows several speculations on putative role of

this modulation in both various neuropsychiatric disease and in

nicotine dependence, focusing the interest on the nicotinic regula-

tion of glycinergic transmission as a target for drug investigation. It

has to be considered that GLY is not only an agonist at the GLY

receptors but also acts as essential co-agonist of GLU/ASP at the

NMDA receptors. The NMDA receptor hypofunction (Lindsley

et al., 2006; Yang and Svensson, 2008; Gaspar et al., 2009) and dys-

function of inhibitory neurotransmission (Lewis et al., 2005; Char-

ych et al., 2009) have been implicated in the pathophysiology of

severe psychiatric disorders such as schizophrenia. Interestingly,

smoking occurs at higher rates than in the general population

among individuals with schizophrenia, who may smoke more be-

cause nicotine helps them to cope with cognitive deficits that char-

acterize these states (Kumari and Postma, 2005; Potter et al.,

2006). The increase of GLY concentration at NMDA receptor level

was found to be beneficial in the therapy of schizophrenic patients.

A selective stimulatory effect by nicotine agonists of the co-release

of GLY and GLU/ASP should therefore produce an improvement of

the hypofunction of the NMDA receptors and could be useful in

this pathology.

Acknowledgements

Mario Marchi would like to express deep gratitude to the col-

league and friend Maurizio Raiteri for having, long time ago, intro-

duced him to the exciting world of ‘‘synaptosomes in superfusion’’

and all times inspired and encouraged his research. We wish to

thank Maura Agate for editorial assistance and Dr. Silvia E. Smith

(University of Utah School of Medicine) for reviewing the manu-

script. This work was supported by the Italian Ministero Università

Ricerca to Prof. Mario Marchi (prot. N 20072BTSR2_002) and to

Prof. Govoni (MIUR 2009), by Compagnia di San Paolo; AROMA

(ALCOTRA 2007–2013), European project PYRGI.

References

Alkondon, M., Pereira, E.F.R., Eisenberg, H.M., Albuquerque, E.X., 1999. Choline and
selective antagonists identify two subtypes of nicotinic acetylcholine receptors
that modulate GABA release from CA1 interneurons in rat hippocampal slices. J.
Neurosci. 19, 2693–2705.

Aprison, M.K., 1990. The discovery of the neurotransmitter role of glycine. In:
Ottersen, O.P., Storm Mathisen, J. (Eds.), Glycine Transm.. Wiley, New York, pp.
1–24.

Bencherif, M., Schmitt, J.D., Bhatti, B.S., Crooks, P., Caldwell, W.S., Lovette, M.E.,
Fowler, K., Reeves, L., Lippiello, P.M., 1998. The heterocyclic substituted pyridine
derivative (±)-2-(-3-pyridinyl)-1-Azabicyclo[2.2.2]octane (RJR-2429): a
selective ligand at nicotinic acetylcholine receptors. J. Pharmacol. Exp. Ther.
284, 886–894.

Berger, A.J., Dieudonné, S., Ascher, P., 1998. Glycine uptake governs glycine site
occupancy at NMDA receptors of excitatory synapses. J. Neurophysiol. 80,
3336–3340.

Betz, H., 1992. Structure and function of inhibitory glycine receptors. Q. Rev.
Biophys. 25, 381–394.

Borowsky, B., Mezey, E., Hoffman, B.J., 1993. Two glycine transporter variants with
distinct localization in the CNS and peripheral tissues are encoded by a common
gene. Neuron 10, 851–863.

Bradaïa, A., Trouslard, J., 2002. Nicotinic receptors regulate the release of glycine
onto lamina X neurons of the rat spinal cord. Neuropharmacology 43, 1044–
1054.

Charych, E.I., Liu, F., Moss, S.J., Brandon, N.J., 2009. GABAA receptors and their
associated proteins: implications in the etiology and treatment of schizophrenia
and related disorders. Neuropharmacology 57, 481–495.

Cubelos, N., Gimenéz, C., Zafra, F., 2005. Localization of the GLYT1 glycine
transporter at glutamatergic synapses in the rat brain. Cereb. Cortex 15, 448–
459.

Danglot, L., Rostaing, P., Triller, A., Bessis, A., 2004. Morphologically identified
glycinergic synapses in the hippocampus. Mol. Cell. Neurosci. 27, 394–403.

Di Chiara, G., 1990. In-vivo brain dialysis of neurotransmitters. Trends Pharmacol.
Sci. 11, 116–121.

Eichler, S.A., Forstera, B., Smolinsky, B., Juttner, R., Lehmann, T.N., Fahling, M.,
Schwarz, G., Legendre, P., Meier, J.C., 2009. Splice-specific roles of glycine
receptor alpha3 in the hippocampus. Eur. J. Neurosci. 30, 1077–1091.

Fedele, E., Varnier, G., Ansaldo, M.A., Raiteri, M., 1998. Nicotine administration
stimulates the in vivo N-methyl-D-aspartate receptor/nitric oxide/cyclic GMP
pathway in rat hippocampus through glutamate release. Br. J. Pharmacol. 125,
1042–1048.

Fucile, S., De Saint Jan, D., de Carvalho, L.P., Bregestovski, P., 2000. Fast potentiation
of glycine receptor channels of intracellular calcium in neurons and transfected
cells. Neuron 28, 571–583.

Gaspar, P.A., Bustamante, M.L., Silva, H., Aboitiz, F., 2009. Molecular mechanisms
underlying glutamatergic dysfunction in schizophrenia: therapeutic
implications. J. Neurochem. 111, 891–900.

Gomeza, J., Ohno, K., Hülsmann, S., Armsen, W., Eulenburg, V., Richter, D.W., Laube,
B., Betz, H., 2003. Deletion of the mouse glycine transporter 2 results in a
hyperekplexia phenotype and postnatal lethality. Neuron 40, 797–806.

Johnson, J.W., Ascher, P., 1987. Glycine potentiates the NMDA response in cultured
mouse brain neurons. Nature 325, 529–531.

Keck, T., White, J.A., 2009. Glycinergic inhibition in the hippocampus. Rev. Neurosci.
20, 13–22.

Kiyosawa, A., Katsurabayashi, S., Akaike, N., Pang, Z.P., Akaike, N., 2001. Nicotine
facilitates glycine release in the rat spinal dorsal horn. J. Physiol. 536, 101–110.

Kumari, V., Postma, P., 2005. Nicotine use in schizophrenia: the self medication
hypotheses. Neurosci. Biobehav. Rev. 29, 1021–1034.

Laube, B., Maksay, G., Schemm, R., Betz, H., 2002. Modulation of glycine receptor
function: a novel approach for therapeutic intervention at inhibitory synapses?
Trends Pharmacol. Sci. 23, 519–527.

Legendre, P., 2001. The glycinergic inhibitory synapse. Cell. Mol. Life Sci. 58, 760–
793.

Legendre, P., Forstera, B., Juttner, R., Meier, J.C., 2009. Glycine receptors caught
between genome and proteome—functional implications of RNA editing and
splicing. Front. Mol. Neurosci. 2, 23.

Lewis, D.A., Hashimoto, T., Volk, D.W., 2005. Cortical inhibitory neurons and
schizophrenia. Nat. Rev. Neurosci. 6, 312–324.

Lindsley, C.W., Shipe, W.D., Wolkenberg, S.E., Theberge, C.R., Williams Jr., D.L., Sur,
C., Kinney, G.G., 2006. Progress towards validating the NMDA receptor
hypofunction hypothesis of schizophrenia. Curr. Top. Med. Chem. 6, 771–785.

Lu, Y., Grady, S., Marks, M.J., Picciotto, M., Changeux, J.-P., Collins, A.C., 1998.
Pharmacological characterization of nicotinic receptor-stimulated GABA release
from mouse brain synaptosomes. J. Pharmacol. Exp. Ther. 287, 648–657.

Luccini, E., Romei, C., Raiteri, L., 2008. Glycinergic nerve endings in hippocampus
and spinal cord release glycine by different mechanisms in response to identical
depolarizing stimuli. J. Neurochem. 105, 2179–2189.

Luccini, E., Romei, C., Di Prisco, S., Raiteri, M., Raiteri, L., 2010. Ionic dysregulations
typical of ischemia provoke release of glycine and GABA by multiple
mechanisms. J. Neurochem. 114, 1074–1084.

MacDermott, A.B., Role, L.W., Siegelbaum, S.A., 1999. Presynaptic ionotropic
receptors and the control of transmitter release. Annu. Rev. Neurosci. 22,
443–485.

Marks, M.J., Whiteaker, P., Calcaterra, J., Stitzel, J.A., Bullock, A.E., Grady, S.R.,
Picciotto, M.R., Changeux, J.P., Collins, A.C., 1999. Two pharmacologically
distinct components of nicotinic receptor-mediated rubidium efflux in mouse
brain require the beta2 subunit. J. Pharmacol. Exp. Ther. 289, 1090–1103.

Mori, M., Gähwiler, B.H., Gerber, U., 2002. Beta-alanine and taurine as endogenous
agonists at glycine receptors in rat hippocampus in vitro. J. Physiol. 539, 191–
200.

Muller, E., Bakkar, W., Legendre, P., Bergeron, R., Martina, M., 2007. Site and
mechanism of glycine release at glutamatergic synapse in mouse hippocampus.
Society for Neuroscience, San Diego, CA, Program No. 358.12/J20.

Nakamura, Y., Iga, K., Shibata, T., Shudo, M., Kataoka, K., 1993. Glial plasmalemmal
vesicles: a subcellular fraction from rat hippocampal homogenate distinct from
synaptosomes. Glia 9, 48–56.

Oikawa, H., Nakamichi, N., Kambe, Y., Ogura, M., Yoneda, Y., 2005. An increase in
intracellular free calcium ions by nicotinic acetylcholine receptors in a single
cultured rat cortical astrocyte. J. Neurosci. Res. 79, 535–544.

Patti, L., Raiteri, L., Grilli, M., Zappettini, S., Bonanno, G., Marchi, M., 2007. Evidence
that alpha-7 nicotinic receptor modulates glutamate release from mouse
neocortical gliosomes. Neurochem. Int. 51, 1–7.

Paxinos, G., Watson, C., 1986. The Rat Brain in Stereotaxic coordinates, second ed.
Academic Press, New York.

Potter, A.S., Newhouse, P.A., Bucci, D.J., 2006. Central nicotinic cholinergic systems:
a role in the cognitive dysfunction in attention-deficit/hyperactivity disorder?
Behav. Brain. Res. 175, 201–211.

S. Zappettini et al. / Neurochemistry International 59 (2011) 729–738 737



Raiteri, L., Raiteri, M., 2000. Synaptosomes still viable after 25 years of superfusion.
Neurochem. Res. 25, 1265–1274.

Raiteri, L., Raiteri, M., Bonanno, G., 2001. Glycine is taken up through GLYT1 and
GLYT2 transporters into mouse spinal cord axon terminals and causes vesicular
release of its proposed cotransmitter GABA. J. Neurochem. 76, 1823–1832.

Raiteri, L., Zappettini, S., Stigliani, S., Paluzzi, S., Raiteri, M., Bonanno, G., 2005.
Glutamate release induced by activation of glycine and GABA transporters in
spinal cord is enhanced in a mouse model of amyotrophic lateral sclerosis.
Neurotoxicology 26, 883–892.

Romei, C., Luccini, E., Raiteri, M., Raiteri, L., 2009. GABAB presynaptic receptors
modulate glycine exocytosis from mouse spinal cord and hippocampus
glycinergic nerve endings. Pharmacol. Res. 59, 154–159.

Russo, C., Marchi, M., Andrioli, G.C., Cavazzani, P., Raiteri, M., 1993. Enhancement of
glycine release from human brain cortex synaptosomes by acetylcholine acting
at M4 muscarinic receptors. J. Pharmacol. Exp. Ther. 266, 142–146.

Semyanov, A., Walker, M.C., Kullmann, D.M., Silver, R.A., 2004. Tonically active
GABAA receptors: modulating gain and maintaining the tone. Trends Neurosci.
27, 262–269.

Smith, K.E., Borden, L.A., Hartig, P.R., Branchek, T., Weinshank, R.L., 1992. Cloning
and expression of a glycine transporter reveal colocalization with NMDA
receptors. Neuron 8, 927–935.

Stigliani, S., Zappettini, S., Raiteri, L., Passalacqua, M., Melloni, E., Venturi, C.,
Tacchetti, C., Diaspro, A., Usai, C., Bonanno, G., 2006. Glia re-sealed particles
freshly prepared from adult rat brain are competent for exocytotic release of
glutamate. J. Neurochem. 96, 656–668.

Takeda, D., Nakatsuka, T., Papke, R., Gu, J.G., 2003. Modulation of inhibitory synaptic
activity by a non-alpha4beta2, non-alpha7 subtype of nicotinic receptors in the
substantia gelatinosa of adult rat spinal cord. Pain 101, 13–23.

Toth, E., 1996. Effect of nicotine on the level of extracellular amino acids in the
hippocampus of rat. Neurochem. Res. 21, 903–907.

Toth, E., Sershen, H., Hashim, A., Vizi, E.S., 1992. Effect of nicotine on extracellular
levels of neurotransmitters assessed by microdialysis in various brain regions:
role of glutamic acid. Neurochem. Res. 17, 265–271.

Vizi, E.S., Lendvai, B., 1999. Modulatory role of presynaptic nicotinic receptors in
synaptic and non-synaptic chemical communication in the central nervous
system. Brain Res. Rev. 30, 219–235.

Vizi, E.S., Fekete, A., Karoly, R., Mike, A., 2010. Non-synaptic receptors and
transporters involved in brain functions and targets of drug treatment. Br. J.
Pharmacol. 160, 785–809.

Wang, J., Wang, X., Irnaten, M., Venkatesan, P., Evans, C., Baxi, S., Mendelowitz, D.,
2003. Endogenous acetylcholine and nicotine activation enhances GABAergic
and glycinergic inputs to cardiac vagal neurons. J. Neurophysiol. 89, 2473–2481.

Wang, W., Xu, T.L., 2006. Chloride homeostasis differentially affects GABA(A)
receptor- and glycine receptor-mediated effects on spontaneous circuit activity
in hippocampal cell culture. Neurosci. Lett. 406, 11–16.

Wishka, D.G., Walker, D.P., Yates, K.M., Reitz, S.C., Jia, S., Myers, J.K., Olson, K.L.,
Jacobsen, E.J., Wolfe, M.L., Groppi, V.E., Hanchar, A.J., Thornburgh, B.A., Cortes-

Burgos, L.A., Wong, E.H., Staton, B.A., Raub, T.J., Higdon, N.R., Wall, T.M., Hurst,
R.S., Walters, R.R., Hoffmann, W.E., Hajos, M., Franklin, S., Carey, G., Gold, L.H.,
Cook, K.K., Sands, S.B., Zhao, S.X., Soglia, J.R., Kalgutkar, A.S., Arneric, S.P., Rogers,
B.N., 2006. Discovery of N-[(3R)-1-azabicyclo[2.2.2]oct-3-yl]furo[2,3-
c]pyridine-5-carboxamide, an agonist of the alpha7 nicotinic acetylcholine
receptor, for the potential treatment of cognitive deficits in schizophrenia:
synthesis and structure–activity relationship. J. Med. Chem. 49, 4425–4436.

Wonnacott, S., 1997. Presynaptic nicotinic ACh receptors. Trends Neurosci. 20, 92–
98.

Xiu, J., Nordberg, A., Zhang, J.T., Guan, Z.Z., 2005. Expression of nicotinic receptors on
primary cultures of rat astrocytes and up-regulation of the alpha7, alpha4 and
beta2 subunits in response to nanomolar concentrations of the beta-amyloid
peptide(1–42). Neurochem. Int. 47, 281–290.

Yang, C.R., Svensson, K.A., 2008. Allosteric modulation of NMDA receptor via
elevation of brain glycine and D-serine: the therapeutic potentials for
schizophrenia. Pharmacol. Ther. 120, 317–332.

Yang, Y., Ge, W., Chen, Y., Zhang, Z., Shen, W., Wu, C., Poo, M., Duan, S., 2003.
Contribution of astrocytes to hippocampal long-term potentiation through
release of D-serine. Proc. Natl. Acad. Sci. USA 100, 15194–15199.

Zafra, F., Aragón, C., Olivares, L., Danbolt, N.C., Giménez, C., Storm-Mathisen, J.,
1995a. Glycine transporters are differentially expressed among CNS cells. J.
Neurosci. 15, 3952–3969.

Zafra, F., Gomeza, J., Olivares, L., Aragón, C., Giménez, C., 1995b. Regional
distribution and developmental variation of the glycine transporters GLYT1
and GLYT2 in the rat CNS. Eur. J. Neurosci. 7, 1342–1352.

Zappettini, S., Grilli, M., Salamone, A., Fedele, E., Marchi, M., 2010. Presynaptic
nicotinic receptors evoke endogenous glutamate and aspartate release from
hippocampal synaptosomes by way of distinct coupling mechanisms. Br. J.
Pharmacol. 161, 1161–1171.

Zappettini, S., Grilli, M., Lagomarsino, F., Fedele, E., Marchi, M., 2011. Presynaptic
nicotinic a7 and non-a7 receptors stimulate endogenous GABA release from rat
hippocampal synaptosomes through two distinct mechanisms of action. PLoS
One 6, e16911.

Zeilhofer, H.U., Studler, B., Arabadzisz, D., Schweizer, C., Ahmadi, S., Layh, B., Bösl,
M.R., Fritschy, J.M., 2005. Glycinergic neurons expressing enhanced green
fluorescent protein in bacterial artificial chromosome transgenic mice. J. Comp.
Neurol. 482, 123–141.

Zhang, L.H., Gong, N., Fei, D., Xu, L., Xu, T.L., 2008a. Glycine uptake regulates
hippocampal network activity via glycine receptor-mediated tonic inhibition.
Neuropsychopharmacology 33, 701–711.

Zhang, X.B., Sun, G.C., Liu, L.Y., Yu, F., Xu, T.L., 2008b. Alpha2 subunit
specificity of cyclothiazide inhibition on glycine receptors. Mol. Pharmacol.
73, 1195–1202.

Zhang, Z., Gong, N., Wang, W., Xu, L., Xu, T.L., 2008c. Bell-shaped D-serine actions on
hippocampal long-term depression and spatial memory retrieval. Cereb. Cortex
18, 2391–2401.

738 S. Zappettini et al. / Neurochemistry International 59 (2011) 729–738



PROGRAMMA DI COOPERAZIONE TRANSFRONTALIERA ITALIA-FRANCIA MARITTIMO 

PROGRAMME DE COOPERATION TRANFRONTALIÈRE ITALIE-FRANCE MARITIME 

 
 

 

 

La Cooperazione al cuore 

del Mediterraneo 

  

La Coopération au coeur  

de la Méditerranée 

 

                                           
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PPRROODDOOTTTTOO  2266aa..44  



Dual Effect of Beta-Amyloid on a7 and a4b2 Nicotinic
Receptors Controlling the Release of Glutamate,
Aspartate and GABA in Rat Hippocampus

Elisa Mura1., Stefania Zappettini2., Stefania Preda1, Fabrizio Biundo1, Cristina Lanni1, Massimo Grilli2,

Anna Cavallero2, Guendalina Olivero2, Alessia Salamone2, Stefano Govoni1*, Mario Marchi2,3

1Department of Drug Sciences, Centre of Excellence in Applied Biology, University of Pavia, Pavia, Italy, 2 Section of Pharmacology and Toxicology, Department of

Experimental Medicine, University of Genoa, Genoa, Italy, 3Centre of Excellence for Biomedical Research, University of Genoa, Genoa, Italy

Abstract

Background: We previously showed that beta-amyloid (Ab), a peptide considered as relevant to Alzheimer’s Disease, is able
to act as a neuromodulator affecting neurotransmitter release in absence of evident sign of neurotoxicity in two different rat
brain areas. In this paper we focused on the hippocampus, a brain area which is sensitive to Alzheimer’s Disease pathology,
evaluating the effect of Ab (at different concentrations) on the neurotransmitter release stimulated by the activation of pre-
synaptic cholinergic nicotinic receptors (nAChRs, a4b2 and a7 subtypes). Particularly, we focused on some
neurotransmitters that are usually involved in learning and memory: glutamate, aspartate and GABA.

Methodology/Findings: We used a dual approach: in vivo experiments (microdialysis technique on freely moving rats) in
parallel to in vitro experiments (isolated nerve endings derived from rat hippocampus). Both in vivo and in vitro the
administration of nicotine stimulated an overflow of aspartate, glutamate and GABA. This effect was greatly inhibited by the
highest concentrations of Ab considered (10 mM in vivo and 100 nM in vitro). In vivo administration of 100 nM Ab (the
lowest concentration considered) potentiated the GABA overflow evoked by nicotine. All these effects were specific for Ab
and for nicotinic secretory stimuli. The in vitro administration of either choline or 5-Iodo-A-85380 dihydrochloride (a7 and
a4b2 nAChRs selective agonists, respectively) elicited the hippocampal release of aspartate, glutamate, and GABA. High Ab
concentrations (100 nM) inhibited the overflow of all three neurotransmitters evoked by both choline and 5-Iodo-A-85380
dihydrochloride. On the contrary, low Ab concentrations (1 nM and 100 pM) selectively acted on a7 subtypes potentiating
the choline-induced release of both aspartate and glutamate, but not the one of GABA.

Conclusions/Significance: The results reinforce the concept that Ab has relevant neuromodulatory effects, which may span
from facilitation to inhibition of stimulated release depending upon the concentration used.
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Introduction

In 1984 Glenner and Wong sequenced a small peptide isolated

from the brains of Alzheimer’s disease (AD) patients. This peptide,

known as beta-amyloid (Ab), was subsequently recognized as the

main pathogenetic marker of AD [1]. The increased levels of the

peptide in extracellular sites lead to subsequent events that include

the aggregation and deposition of Ab, the hyperphosphorylation of

tau protein, the occurrence of neurotoxic phenomena and

consequent neuronal death and, finally, dementia [2,3].

Although the neurotoxic role of Ab is unchallenged, the

scientific community has emphasized the existence of physiological

roles for the peptide (as reviewed in [4]). The idea is that Ab may

be important in normal brain functioning, but when it exceeds

certain concentrations the peptide may become neurotoxic. Both

different aggregates and isoforms of Ab may have different

biological actions in a continuum from physiology to pathology

determining and participating to the subsequent stages of the

disease [4]. In this regard, we previously showed that Ab acts as a

neuromodulator, affecting neurotransmitter release in the absence

of evident signs of neurotoxicity [5–7]. This role may be at

borderline between physiology and pathology. In a physiological

context, the neuromodulatory role of Ab would be important for

the proper balance among neurotransmitter systems. On the

contrary, in pathological conditions the Ab-mediated synaptic

modulation might be related to Ab-driven functional alterations of

neurotransmission in addition and before the well known

neurodegenerative events. The dysregulation of neurotransmission
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may in turn produce early cognitive and non-cognitive distur-

bances based on the neurotransmitter systems and the brain area

involved.

For all these reasons, we started to systematically explore the

effect of the peptide on different brain areas and neurotransmitter

systems both in vivo and in vitro. Our previous studies showed that

Ab inhibits the cholinergic control of both dopamine and c-

aminobutyric acid (GABA) release in the nucleus accumbens and

caudate putamen [5–7]. In these brain areas, Ab affects

neurotransmitter release acting downstream muscarinic receptors,

particularly on protein kinase C [5].

The purpose of the present study is to evaluate whether

nicotinic acetylcholine receptors (nAChRs) may also be involved in

the neuromodulatory action of Ab. In this regard, several findings

suggest that Ab interacts with high affinity with nAChRs. The

peptide can bind to a7 and with 100–5000 times lower affinity to

a4b2 nAChRs [8]. Interestingly, the Ab-nAChRs interaction may

serve non-neurotoxic roles (as the control of synaptic plasticity and

neuronal homeostasis), as well as contributing to AD etiology [9].

There are conflicting data concerning the type of effect exerted

by Ab on nAChRs, with some authors showing the activation of

the receptor, whereas others report an antagonist action [10].

These differences may be related either to the experimental model

investigated or to the Ab species and concentrations administered

[11].

An intriguing brain area for the purpose of this study is the

hippocampus, a neuroanatomical structure that is implicated in

learning and memory and that is involved in AD from the early

stages of the disease [12]. Cholinergic projections to the

hippocampus mainly derive from the medial septum-diagonal

band via the fimbria fornix [13,14]. Acetylcholine released from

these projections acts on both muscarinic and nicotinic targets

modulating neurotransmission [15,16]. Interestingly, we recently

demonstrated that the activation of both a7 and a4b2 nAChRs

subtypes promotes the hippocampal release of inhibitory and

excitatory neurotransmitters such as GABA, glutamate (Glu), and

aspartate (Asp) [17,18] This cholinergic control of GABAergic and

glutamatergic systems may have important effects concerning the

intra-hippocampal circuits modulating synaptic plasticity, a

process relevant to memory trace formation [19]. Moreover, a

putative modulatory effect of Ab on excitatory and inhibitory

transmitters may be relevant in the derangements of synaptic

activity preceding and accompanying neurodegenerative processes

associated with Ab deposition in the course of the disease.

We used only Ab1–40 peptide in our experiments, for two main

reasons. First, physiologically the 40-amino-acid long peptide is

the most abundant form [20–22]. Second, Ab1–42 has been

reported to aggregate faster than Ab1–40 [23] and thus it is

considered as the most neurotoxic species [24]. With the aim of

exploring new effects of Ab other than the neurotoxic ones, we

chose to avoid this potentially confounding element.

For all these reasons, using both in vivo (microdialysis) and in vitro

(synaptosomes in superfusion) techniques, we studied whether

Ab1–40 (pM-mM) may affect the nicotine (Nic)-evoked release of

GABA, Glu and Asp in hippocampus. In particular, we evaluated

whether the neuromodulatory action of Ab may be exerted on

both a7 and a4b2 nAChRs subtypes.

The results presented here show the Ab capability to regulate

the nicotinic control of aspartate, glutamate and GABA release in

absence of evident signs of neurotoxicity, and in a way that

depends upon the concentration used and the nicotinic receptor

subtype involved.

Results

In vivo results
We first performed immunohistochemical analysis in order to

test whether the administration of Ab1–40 through the dialysis

probe allowed the delivery of the peptide to the tissue. Fig. 1 shows

the presence of the peptide for all the concentrations tested

(100 nM–10 mM) within the hippocampus. As expected, there was

a visible positive correlation between the concentration adminis-

tered and the signal of Ab immunoreactivity in the tissue.

We characterized the Ab peptide conformation by using

Western Blot procedure, starting from the stock solution

(100 mM Ab1–40 solution). With SDS-PAGE, all Ab1–40
preparations analyzed resolved to immunoreactive species consis-

tent with Ab monomer (Fig. S1).

We then analyzed the effect of an acute administration of Nic

on the release of GABA, Glu, and Asp in hippocampus in vivo.

Figure 1. Immunohistochemical analysis showing beta-amyloid
(Ab) content in hippocampal tissue after its administration at
different concentrations. Coronal section indicating the location of
the probe (hippocampus, black rectangle) counterstained with Mayer
Hematoxylin and relative fluorescence micrographs of the area within
the black rectangle showing the presence of human Ab protein. Ab
immunoreactivity (red-PE staining, white arrows) immediately after
perfusion of 10 mM, 1 mM and 100 nM Ab1–40. Nuclear DNA was
counterstained with Hoechst 33342 (blue staining). Scale bars for Mayer
hematoxylin sections: 200 mm. Scale bars for fluorescent micrographs:
125 mm.
doi:10.1371/journal.pone.0029661.g001

Ab Modulates Hippocampal Neurotransmitter Release
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Previously published data have shown that the administration by

microdialysis of 20 mM Nic is not enough to evoke a GABA

overflow in hippocampus [25]. In similar experimental conditions

Toth [26] showed that 50 mM Nic is able to significantly increase

the levels of Glu and Asp in hippocampal extracellular

compartment. Despite Toth [26] was able to obtain a substantial

release using lower concentrations, in our in vivo experiments the

preliminary concentration curve performed (not shown) indicated

50 mM Nic as the best working condition. Hence, we evaluated

50 mM Nic. It should be stressed that microdialysis application of

drugs can be considered as a point source in the brain, having a

sphere of action with decreasing drug concentration. The effective

concentrations used in the in vivo experiments cannot be specified;

hence the concentration in the probe was given. Therefore the

current drug concentration could be supraphysiological [27].

Future experiments comparing other administration methods may

help to provide insight on this aspect.

In our experimental conditions a 40 minutes-long administra-

tion of 50 mM Nic was able to greatly enhanced GABA release

from basal values. The effect of Nic peaked after 20 minutes of

perfusion (1321%, Fig. 2A inset) and persisted for additional

20 minutes after the end of the treatment (+742% compared to

basal values, Fig. 2A inset). Moreover, a 40 minutes-long

treatment with 50 mM Nic was also effective in stimulating the

release of excitatory amino acids, thus supporting the previously

published data. Concerning Glu, the peak effect of Nic was

observed at the end of the treatment (61%), then the release

returned to the basal level (Fig. 2B inset). The time course of the

endogenous Asp release evoked by Nic (50 mM) in vivo is reported

in the inset to Fig. 2C. The effect of Nic on Asp release reached the

top at the end of the perfusion with Nic (190%).

Based on the previously described time courses, we analyzed the

effect of Nic exposure on the cumulative amount of neurotrans-

mitter released over time, calculating the area under the curve

(AUC). Then, we compared the average AUC after 50 mM Nic

exposure to the average AUCs obtained after the separate

administration of Nic in co-perfusion with Ab1–40. Particularly,

we created a dose-response curve evaluating different concentra-

tions of the peptide (100 nM–10 mM). The Nic-evoked GABA

overflow was inhibited by 10 mM Ab1–40 (59%) and potentiated

by 100 nM Ab1–40 (35%) (Fig. 2A). Concerning 1 mM Ab1–40

(the middle concentration evaluated in vivo), there was a trend to

exert an inhibitory effect which, however, did not reach the

statistical significance (Fig. 2A). As far as excitatory neurotrans-

mitters, 10 mM Ab1–40 was able to inhibit the Nic-induced

overflow of both Glu (57%, Fig. 2B) and Asp (38%, Fig. 2C). Also

1 mM Ab1–40 impaired the Nic-induced overflow of both Glu

(70%) and Asp (61%), whereas 100 nM Ab1–40 was ineffective

(Fig. 2B and 2C). The reverse peptide Ab40–1 (tested at 10 mM)

did not modify the Nic-induced release of GABA (Fig. 2A), Glu

(Fig. 2B) and Asp (Fig. 2C). None of the concentrations of Ab1–40

tested in vivo (100 nM, 1 mM and 10 mM) affected the basal level of

GABA, Glu and Asp in the hippocampus (Fig. S2).

In order to evaluate whether the effects of Ab1–40 were

selective for the nicotinic control of neurotransmitter release, we

chose veratridine (Ver) as another secretory stimulus. Based on

previous microdialysis publications [28,29], we evaluated two

different concentrations for this depolarizing stimulus. As shown in

Fig. 3A–3C insets, 100 mM Ver elicited the release of the three

neurotransmitters studied although to a different extent

(GABA=1253%; Glu= 170%; Asp= 309%). The lower concen-

tration of Ver (50 mM) was able to elicit the release of GABA

(615%) but not the one of Glu and Asp. For these reasons we used

100 mM Ver in the following experiments. We then evaluated the

effect of Ab1–40 at 100 nM and 10 mM (the lowest and highest

concentration that had been considered in vivo, respectively) on the

release of neurotransmitters evoked by 100 mM Ver, comparing

the specific AUC. Both of these two concentrations of Ab1–40 did

not affect the Ver-induced overflow of GABA, Glu, and Asp

(Fig. 3A, Fig. 3B and Fig. 3C, respectively).

In vitro results
Likewise, Nic was able to evoke an overflow of GABA, Glu, and

Asp from hippocampal nerve endings in vitro experiments.

Figures 4A, 4B, and 4C respectively show the time course of the

endogenous GABA, Glu, and Asp release enhanced by 100 mM

Nic. Concerning GABA release, the peak effect (60%) of the

nicotinic agonist was observed at the end of the 90 s-long

treatment. In the case of both Asp and Glu the maximal effect

of Nic (60% and 50% respectively) was reached in fraction 41

(about 3 minutes after having stimulated the synaptosomes with

the cholinergic agonist), after which the release returns to the basal

level.

Figures 4A, 4B, and 4C also show that the presence of Ab1–40
in the medium of perfusion did not modify basal release of all three

selected neurotransmitters.

We then evaluated the effects of different concentrations of

Ab1–40 (from 100 pM up to 100 nM) on the Nic-evoked overflow

of GABA, Glu, and Asp. Fig. 5 shows that the highest

concentration of Ab1–40 tested in vitro (100 nM) greatly inhibited

the Nic-induced overflow of GABA (70%), Glu (85%), and Asp

(70%), whereas all the other concentrations (10 nM, 1 nM,

100 pM) were ineffective. Therefore, in vitro the Nic-induced

GABA overflow was not potentiated by low concentrations of the

peptide, as observed in vivo. The inhibitory effect was specific for

Ab1–40 since the reverse peptide (Ab40–1) at the same

concentration (100 nM) did not modify the Nic-stimulated release

of all three neurotransmitters (Fig. 5).

Parallel to in vivo experiments, we also evaluated the effect of

Ab1–40 on the transmitter release stimulated by Ver in vitro.

10 mM Ver stimulated an overflow of GABA that was

836.816124.66 pmol mg21 protein (Fig. 6A). In regard to

excitatory neurotransmitters, the Ver-induced overflow of Glu

and Asp was 1039.286174.84 and 179.26624.49 pmol mg21

protein, respectively (Fig. 6B). Similarly to the in vivo results, also in

vitro Ab1–40 (tested at 100 pM and 100 nM, thus at the lowest and

highest concentration that had been evaluated on synaptosomes)

did not modify the release of GABA, Glu, and Asp that was

stimulated by a depolarizing stimulus such as Ver (Fig. 6).

Moreover, we also evaluated the effects of Ab1–40 on another

depolarizing secretory stimulus such as potassium (K+). 12 mM K+

evoked an overflow of GABA, Glu and Asp that was

694.006144.00, 827.006158.00, 102.00615.00, respectively.

Figure 6 shows that 100 nM Ab1–40 did not modify the K+-

induced release of GABA, Glu and Asp.

Our in vitro method (i.e., synaptosomes in superfusion), permits

us to unequivocally identify the receptor targeted by specific drugs

and anatomically localize it onto a precise synaptosomal

population, and to pharmacologically characterize it [30].

Moreover, the possibility that the evoked release of Glu, Asp

and GABA may influence the release of other measured

neurotransmitters can be almost totally excluded in our experi-

mental set up. Indeed, as previously described, synaptosomes are

plated as very thin layers on microporous filters and up-down

superfused with physiological solutions (see [30] and references

therein). Under these experimental conditions, the transmitters

released are removed by the superfusion fluid before they can

accumulate and activate presynaptic auto- and heteroreceptors, as
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Figure 2. In vivo effect of different concentrations of beta-amyloid on the nicotine-induced overflow of hippocampal
neurotransmitters. Effect of beta-amyloid (Ab)1–40 (100 nM–10 mM) on 50 mM nicotine (Nic)-induced overflow of GABA (A), glutamate (Glu,
B) and aspartate (Asp, C). *p,0.05, **p,0.01, ***p,0.001 vs. Nic (One-way ANOVA followed by Dunnett’s Multiple Comparison Test). Data are
expressed as mean6 SEM of 4–15 individual rats for each experimental group. Insets show the time course of 50 mM Nic-induced release of GABA (A
inset), Glu (B inset) and Asp (C inset). *p,0.05, **p,0.01 vs. basal release (One-way ANOVA followed by Bonferroni post hoc test). Data are
expressed as mean 6 SEM of 13–15 individual rats.
doi:10.1371/journal.pone.0029661.g002
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well as reuptake carriers, thus excluding the possibility of indirect

effects. Using this technique, we recently demonstrated that the

hippocampal release of GABA, Glu, and Asp is stimulated by the

activation of both a7 and a4b2 nAChRs at presynaptic level

[17,18]. Therefore, using the same experimental conditions, we

evaluated whether the effects of Ab1–40 on the Nic-evoked

overflow of GABA, Glu, and Asp may be mediated by either a7 or

a4b2 nAChRs or both. In order to do that, we first confirmed the

presence and functional effect of both a7 and a4b2 nAChRs on

glutamatergic and GABAergic hippocampal nerve endings by

using specific agonists. We chose choline (Ch) and 5-Iodo-A-85380

dihydrochloride (5IA85380) as selective agonists for a7 and a4b2,

respectively, and we administered them at the same concentration

used in our previous studies [17,18]. In regard to GABA, 1 mM

Ch evoked an overflow of 41.6963.46 pmol mg21 protein that

was the same than that elicited by 10 nM 5IA85380

(40.4163.98 pmol mg21 protein (Figures 7A and 7C). As far as

the excitatory neurotransmitters, both 1 mM Ch and 10 nM

5IA85380 evoked an overflow of Glu (61.0765.22 and

76.9168.86 pmol mg21 protein respectively) and of Asp

(45.5263.16 and 56.1964.28 pmol mg21 protein respectively)

(Figures 7B and 7D).

There was a dual effect of Ab1–40 on the release of

neurotransmitters evoked by Ch, the selective agonist for a7

nAChR subtype. 100 nM Ab1–40 (the highest concentration

considered in vitro) greatly inhibited the Ch-induced overflow of

GABA (45%), Glu (75%) and Asp (70%) (Figures 7A and 7B). On

the contrary, low concentrations of Ab1–40 (100 pM and 1 nM)

greatly enhanced (100% and 55%, respectively) the Ch-induced

Glu release (Fig. 7B). At 100 pM (the lowest concentration

considered in vitro) Ab1–40 also potentiated (55%) the Asp release

evoked by 1 mM Ch (Fig. 7B). The potentiating effect of low

concentrations of Ab1–40 was not observed in the case of GABA

release (Fig. 7A).

As far as the a4b2-selective agonist, 100 nM Ab1–40 (the

highest concentration considered in vitro) greatly inhibited the

5IA85380-induced overflow of all three neurotransmitters

(GABA=60%; Glu= 70%; Asp= 85%) (Figures 7C and 7D). All

the other concentrations were ineffective.

Discussion

In the present work we found for the first time that Ab1–40

affects in vivo and in vitro the nicotinic-control of the hippocampal

release of GABA, Glu, and Asp, in absence of gross signs of

neurodegeneration.

Some strategies let us to avoid neurotoxic effects of the

peptide. First, the study was focused on Ab1–40 since it is the

most abundant form that is present in physiological state. In

fact, the concentration of secreted Ab1–42 is about 10% that of

Ab1–40 [31]. Moreover, Ab1–40 and Ab1–42 have different

profiles of aggregation [32]. Ab1–40 has been reported to

aggregate more slowly than Ab1–42; therefore, the latter is

considered as the most neurotoxic species [24]. On the other

hand, in our previous in vivo experiments in nucleus accumbens,

at variance with Ab1–40, Ab1–42 was ineffective since it was

retained inside the dialysis probe and did not reach the brain

tissue, as shown by immunohistochemical analysis [5]. We

subsequently administered a freshly prepared solution of Ab1–

40 in order to minimize its aggregation. Finally, we used a

dialysis membrane with a cutoff size of 40 KDa to allow the

passage through the dialysis fiber of soluble Ab monomers or

small molecular weight oligomers and avoid high molecular

weight oligomers (the neurotoxic species as shown by [33]). In

our experimental conditions, the peptide did not aggregate

(Fig. S1), therefore it did not give origin to neurotoxic oligo-

meric species.

Following the administration of different concentrations of

Ab1–40 (100 nM–10 mM), immunohistochemical analysis shows

that the peptide diffuses through the dialysis membrane to the

hippocampal tissue where it is found in proximity of the dialysis

probe (Fig. 1). No apoptotic-related phenomena were observed

within the area of amyloid diffusion as shown by Hoechst staining.

However, we cannot exclude the presence, even at this early time,

after Ab treatment, of more subtle signs of toxicity such as synaptic

degeneration and neurite retraction.

Figure 3. Lack of effect of beta-amyloid on the veratridine-
induced neurotransmitter release in hippocampus in vivo. Effect
of beta-amyloid (Ab)1–40 (100 nM and 10 mM) on 100 mM veratridine
(Ver)-induced overflow of GABA (A), glutamate (Glu, B) and aspartate
(Asp, C). (One-way ANOVA followed by Dunnett’s Multiple Comparison
Test). Data are expressed as mean 6 SEM of 4 individual rats for each
experimental group. Insets show the effect of two different concentra-
tions of Ver (50 mM and 100 mM) on the release of GABA (A inset), Glu
(B inset) and Asp (C inset). **p,0.01 vs. Basal (One-way ANOVA
followed by Dunnett’s Multiple Comparison Test). Data are expressed as
mean 6 SEM of 4–9 individual rats for each experimental group.
doi:10.1371/journal.pone.0029661.g003
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In vivo and in vitro inhibition of Glu and Asp release by
Ab1–40 and dual effects on GABA release

We observed both in vivo and in vitro that high concentrations of

Ab1–40 (10 mM and 100 nM, the two highest concentrations

respectively used in vivo and in vitro) greatly inhibit the Nic-induced

release of GABA, Glu, and Asp in the hippocampus (Figures 2 and

5). The observed inhibitory effect is consistent with that previously

described in the nucleus accumbens and striatum at similar

concentrations when studying dopamine and GABA release [5–7].

The inhibitory effect on Glu and Asp but not on GABA release

was observed also using lower in vivo concentrations (1 mM) of

administered Ab (Fig. 2). Surprisingly enough, in vivo 100 nM

Ab1–40 (the lowest concentration considered) was able to

potentiate the GABA overflow evoked by 50 mM Nic (Fig. 2).

To our knowledge, this is the first demonstration of the Ab1–40

capability to modulate both positively and negatively the nicotinic

cholinergic control of GABA release in vivo. The observed dual

effect of the peptide is in line with the hypothesis that Abmay have

different biological effects increasing the concentrations, possibly

in a continuum from physiology to pathology [4]. Interestingly,

100 nM Ab1–40 potentiates the Nic-induced GABA release

(function), 1 mM Ab1–40 is ineffective (loss of function) and

10 mMAb1–40 has an inhibitory effect (gain of new function). The

dual effect of Ab on Nic-induced GABA release was not

appreciated in vitro.

Figure 4. Time course of nicotine and beta-amyloid evoked GABA (A), glutamate (B) and aspartate (C) release in vitro. Synaptosomes
were depolarized with nicotine (Nic) or beta-amyloid (Ab)1–40 for 90 s at t= 38 min of superfusion (black bar). Values represent mean 6 SEM of at
least eight replicate superfusion chambers per condition (basal or evoked release). *p,0.05, **p,0.01 vs. GABA basal release; #p,0.05; ##p,0.01 vs.
glutamate (Glu) basal release; uup,0.01 vs. aspartate (Asp) basal release. Two way ANOVA followed by Bonferroni post hoc test.
doi:10.1371/journal.pone.0029661.g004
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It is difficult to compare in vivo and in vitro results for many

reasons. First, in vivo concentrations are higher than those used in

vitro in order to guarantee the delivery to the tissue of sufficient

amount of drugs. Despite the fact that immunohistochemical

micrographs (Fig. 1) show that there is a positive correlation

among the Ab concentrations administered and the amount of

immunostaining in the hippocampal tissue, we do not know the

exact amount of Ab that reaches the tissue during a microdialysis

experiment and its accumulation/disposal with time. Another

difference between the two experimental models is the timing of

exposure to experimental drugs (few seconds in vitro versus

40 minutes in vivo). Moreover, the observation of an in vivo

potentiating effect of low concentrations of Ab on the Nic-induced

GABA release may be explained by indirect mechanisms of

control of neurotransmitter release present in vivo. In fact, the levels

of both excitatory and inhibitory neurotransmitters measured in

vivo are the final result of the interactions of hierarchically

organized synapses ultimately controlling Glu, Asp, and GABA

release. In this regard, the in vivo GABA increase mediated by low

concentrations of Ab could be due to an indirect modulatory role

Figure 5. In vitro effect of beta-amyloid on the nicotine-induced overflow of hippocampal neurotransmitters. Effect of different
concentrations of beta-amyloid (Ab)1–40 on the nicotine (Nic)-induced overflow of endogenous GABA (A), glutamate and aspartate (Glu and Asp
respectively, B) from rat hippocampal synaptosomes. Synaptosomes were depolarized with Nic for 90 s at t=38 min of superfusion. When
appropriate Ab was introduced 8 min before Nic. Data are mean 6 SEM of 5–8 experiments run in triplicate. ***p,0.001 vs. Nic-evoked GABA
overflow; ###p,0.001 vs. Nic-evoked Glu overflow; uuup,0.001 vs. Nic-evoked Asp overflow. One way ANOVA followed by Dunnett post hoc test.
doi:10.1371/journal.pone.0029661.g005
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of Glu and/or Asp; indeed, we have demonstrated that low Ab

concentrations potentiate the release of Glu and Asp from

synaptosomes, which might in turn stimulate GABA release through

the activation of glutamatergic receptors on GABAergic neurons

[34]. On the contrary, indirect control mechanisms of neurotrans-

mitter release are excluded in our in vitro model of synaptosomes in

superfusion. In fact, in vitro data obtained on perfused synaptosomes

are due to the direct effects of the added drugs, which have to act

upon receptors or modulatory sites located on the same synapto-

some from which occurs the release of the transmitter [30].

Effect of Ab on Glu, Asp and GABA release elicited by
depolarizing stimuli
In vivo and in vitro both low and high concentrations of the

peptide did not modify the overflow of Glu, GABA, and Asp that

was elicited by a depolarizing stimulus such as Ver (Fig. 3 and 6).

This observation is consistent with our previous in vivo and in vitro

data demonstrating that neurotransmitter release enhanced by

another depolarizing stimulus, such as K+, was not affected by Ab
in two different brain areas [5,6], even if it should be mentioned

that Lee and Wang [35] and Kar and colleagues [36] (the latter

Figure 6. Lack of effect of beta-amyloid on both potassium- and veratridine-induced neurotransmitter release in hippocampus in
vitro. Effect of different concentrations of beta-amyloid (Ab)1–40 on both potassium (K+)- and veratridine (Ver)-evoked overflow of endogenous
GABA (A), glutamate and aspartate (Glu and Asp respectively, B) from rat hippocampal synaptosomes. Synaptosomes were depolarized either with
Ver or with K+ for 90 s at t=38 min of superfusion. When appropriate Ab was introduced 8 min before Ver or K+. Data are mean 6 SEM of 3–6
experiments run in triplicate.
doi:10.1371/journal.pone.0029661.g006
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using hippocampal slices) found an inhibitory action of low Ab

concentrations. Ver is a lipid-soluble neurotoxin that is an

activator of Na+ channels. It targets the neurotoxin receptor site

2 and preferentially binds to activated Na+ channels causing

persistent activation [37]. This persistent Na+ induces bursts of

action potentials and sustains membrane depolarization, which is

subsequently correlated with an opening of voltage-gated Ca2+

channels [38]. The final result is the enhancement of neurotrans-

mitter release [39]. In our experimental setting, the lack of effect of

Ab on Ver stimulus suggests that Ab1–40 may affect the Nic-

triggered neurotransmitter release directly binding to nAChRs or

acting to substrates that are specific for nAChRs-induced

intracellular signaling. The action is specific for Ab1–40 sequence

since the reverse peptide was ineffective (Fig. 2 and 5).

In vitro pharmacological dissection of the effect of Ab on
Glu, Asp and GABA release elicited by specific nicotinic
agonists
Another possible explanation for the differences of Ab effect on

GABA release observed in vivo (dual effect) and in vitro (inhibition

only) may depend on the differential contribution to the described

effect of a7 and a4b2 nAChRs. This aspect was approached in vitro

by using specific nicotinic agonists. We previously demonstrated

that hippocampal glutamatergic and GABAergic nerve endings

show both a7 and a4b2 nAChRs that are capable to control

neurotransmitter release [17,18]. The reported results show that

the stimulation of both a7 and a4b2 nAChRs elicits the release of

Asp, Glu, and GABA, thus indicating that both receptors are

positively linked to the release of the studied neurotransmitters,

even if it is possible that they reside on different nerve endings

populations and that they operate through distinct cellular

mechanisms [40]. At high concentrations (100 nM), Ab is always

inhibitory on the release stimulated by both Ch (a7 selective

agonist) and 5IA85380 (selective for a4b2 nAChRs) (Fig. 7). On

the contrary, low concentrations of Ab1–40 (1 nM and 100 pM)

selectively act on a7 subtypes potentiating the Ch-induced release

of both Asp and Glu (Fig. 7B), but not the one elicited by

5IA85380. Therefore, we were able to observe dual effects of Ab in

vitro when using specific nAChRs agonists. However, somewhat

surprisingly, the stimulatory activity of low Ab concentrations was

associated with Glu and Asp and not with GABA release, as

expected. Interestingly, some papers show that the physiological

range of concentrations of the peptide is from pM to low nM

[41,42]. Hence, the relevance of our data to AD is that high, likely

not physiological, concentrations of Ab greatly impair cholinergic

Figure 7. In vitro effect of beta-amyloid on hippocampal neurotransmitter release elicited by specific nicotinic agonists. Effect of
different concentrations of beta-amyloid (Ab)1–40 on choline (Ch)-evoked overflow of endogenous GABA (A), glutamate and aspartate (Glu and Asp
respectively, B) and on the 5IA85380-evoked overflow of endogenous GABA (C), Glu and Asp (D) from rat hippocampal synaptosomes.
Synaptosomes were depolarized either with Ch or with 5IA85380 for 90 s at t=38 min of superfusion. When appropriate Ab was introduced
8 min before the specific nicotinic agonist. Data are mean 6 SEM of 3–6 experiments run in triplicate. **p,0.01 vs. Ch-evoked GABA overflow;
#p,0.05, ###p,0.001 vs. Ch-evoked Glu overflow; uup,0.01, uuup,0.001 vs. Ch-evoked Asp overflow. $$p,0.01 vs. 5IA85380-evoked GABA overflow;
çççp,0.001 vs. 5IA85380-evoked Glu overflow; òòòp,0.001 vs. 5IA85380-evoked Asp overflow. One way ANOVA followed by Dunnett post hoc test.
doi:10.1371/journal.pone.0029661.g007
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responses mediated by two different type of nAChRs. On the

contrary, physiological concentrations of the peptide may po-

tentiate the positive nicotinic control of neurotransmitter release,

specifically acting on a7 subtypes. This last observation is con-

sistent with some data showing the capability of picomolar Ab to

activate a7 receptors currents [43]. This view contrasts with the

fact that we did not observe an impact of Ab on basal neu-

rotransmitter release from synaptosomes. On the other hand, the

possibility of a direct activation on a7 receptors by the peptide is

consistent with the demonstration that a low picomolar concen-

tration of Ab enhances hippocampal long term potentiation (LTP)

and memory with a mechanism dependent upon activation of a7

nAChRs [44]. Interestingly, Puzzo and collaborators also showed

that, physiologically, the presence of the peptide is required for the

modulation of LTP and memory formation in a mechanism

dependent on a7 nAChRs [45].

Our data show that low concentrations of Ab (100 pM and

1 nM) seem to selectively modulate a7-depending functions

whereas 100 nM Ab interacts with both receptors subtypes

negatively affecting their function. In this regard, Wang and

collaborators [8] showed that the peptide can bind with picomolar

affinity to a7 subtypes and with 100–5000 times lower affinity to

a4b2 nAChRs, suggesting that, in our experimental conditions, a

possible mechanism of action of Ab concerns the physical inter-

action to nAChRs. Particularly, it seems that Ab binds nAChRs

near the nicotine binding site [46]. However, it has also been

hypothesized that Ab influences the function of a7 subtype by

altering the packing of lipids within the plasma membrane, instead

of directly binding to the receptors [47]. Since some authors have

shown the capability of neurons to internalize Ab [48], it cannot

be excluded that the peptide may enter synaptosomes and act on

cytosolic substrates downstream nAChRs.

Our results are at partial variance with those published by

Mehta and colleagues [49] showing that in the hippocampus low

concentrations of Ab1–42 increase pre-synaptic Ca++ through the

action on a4b2 nAChRs, whereas in cortex the involved receptors

are mainly the a7 subtypes. The two experimental models,

however, are too different to allow a direct comparison. Mehta

and colleagues used knockout mice (C57Bl/6J) to demonstrate the

selective involvement of nAChRs and measured intrasynaptoso-

mal calcium fluxes, while we measured the release of transmitters

altered by the treatment with Ab1–40 using Wistar rat syn-

aptosomes. As already discussed, in our case we also observed

important differences between in vivo (in a ‘‘wired’’ system) and in

vitro experiments. Moreover, it is possible that in knockout mice

adaptive phenomena take place with time. In spite of so many

differences, it is noteworthy that both our data and those by Mehta

and collaborators agree on the possibility that low concentrations

of Ab peptides may stimulate synaptosomal activity through the

interaction with nAChRs. Both sets of data show that Ab peptides

may act differently on a4b2 and a7 nAChRs depending on the

adopted experimental settings. Interestingly, when using hyppo-

campal synaptosomes derived from non-transgenic rats the same

group of Mehta found that picomolar Ab directly activates

presynaptic a7 nAChRs to increase nerve terminal Ca2+ [50] in

line with our results.

In regard to the functional effect of the peptide, the dual action

of low and high Ab concentrations on a7-mediated neurotrans-

mitter release may be explained by different ways. First, a

desentization-related mechanism, as concentrations of Ab1–40 in

the range 10 pM–1 nM have been reported to activate a7
nAChRs, whereas an higher concentration (100 nM) induces

desentization of the receptor [43]. Moreover, increasing the

concentrations Ab may change its targets. In fact, at low

concentrations Ab can selectively activate a7 nAChRs. However,

at high concentrations the peptide may act simultaneously on

different targets, possibly downstream nAChRs, leading to the

oxidative modification of synaptosomal proteins [51] and perhaps

to an inhibitory action on neurotransmitter release.

The lack of potentiating effect of low Ab concentrations on in

vitro GABA release elicited by Ch further supports the idea that the

in vivo observed potentiation is due to indirect mechanisms

involving a neuronal circuit. On the other hand, it is difficult to

explain why low Ab concentrations potentiate the a7-stimulated

release of Glu and Asp, but not the one of GABA. One possibility

is that the synaptosomal release machinery of Glu, Asp, and

GABA recruited by a7 stimulation differ, as suggested in the case

of the sensitivity of glutamatergic and GABAergic release to

botulin toxins [52]. Alternatively, it is either possible that variants

of a7 receptors [53] may control the release of Glu, Asp, and

GABA, or that the differential pacing in the desensitization

mechanism of the nAChRs residing on Glu, Asp, and GABA

terminals may affect the action of Ab.

Conclusions
Altogether, the results reinforce the concepts that Ab has

relevant neuromodulatory effects, which may span from facilita-

tion to inhibition of stimulated release depending upon the

concentration. Of particular interest is the observation that, at

least in vitro, the nicotinic cholinergic control of two excitatory

neurotransmitters, Asp and Glu, was particularly sensitive to the

effect of low Ab concentrations in synaptosomes derived from the

hippocampus. Moreover, the involved receptor seems to be the a7

one, which other lines of evidence suggest to be a target of Ab.
These actions may be relevant to the early stages of AD which,

rather than being characterized by neurodegeneration, may be

associated with synaptic dysfunctions affecting more than a

transmitter system, albeit with peculiar sensitivity of mechanisms

associated with nicotinic cholinergic transmission. It may be

hypothesized that the early derangement of Ab production may

lead to trespass the threshold beyond which Ab loses the ability to

co-promote Asp and Glu release, which may be linked to an

efficient memory trace formation, and subsequently gains the

ability to directly inhibit the ability of cholinergic stimuli to

promote Glu and Asp release. This may further impair the signal

to noise ratio of Glu transmission associated with synaptic trace

formation. The neurotoxicity may finally eventually become the

leading event. Moreover, parallel to this impairment of cholinergic

control of Glu and Asp release, other effects may be present in

other brain areas involving other neurotransmitters, thus provid-

ing the basis for a multitransmitter deficit in the disease. This is

turn may be responsible for the various psychiatric symptoms that

characterize subsets of patients, in addition to the more easily

recognized memory deficits. These observations may help to

redirect the pharmacological approaches toward multiple neuro-

transmitter targets in the early stages of the disease.

Materials and Methods

Chemicals
5-Iodo-A-85380 dihydrochloride (3-[(2S)-2-Azetidinylmethoxy]-

5-iodopyridine dihydrochloride) was purchased from Tocris

Bioscience (Bristol, UK); nicotine hydrogen tartrate salt, veratri-

dine, Ab1–40 and Ab40–1, PercollH, Choline Iodide, dimethyl

sulfoxide were obtained from Sigma Aldrich (Milan, Italy); all salts

used for the preparation of artificial cerebrospinal fluid (aCSF)

(NaCl, KCl, CaCl2, MgCl2, Na2HPO4) and for Equithesin

(MgSO4) were purchased at Merck KGaA, Darmstadt, Germany;
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chloral hydrate, ethanol 96% and propylene glycol were used for

the preparation of Equithesin and were obtained at VWR BDH

Prolabo, Belgium.

Preparation of Ab1–40 solutions
In the case of both in vivo and in vitro experiments, synthetic

human Ab1–40 (Sigma Aldrich, Milan, Italy) was dissolved in

aCSF at a concentration of 100 mM (stock solution). Then, this

solution was filtered through a Millipore 0.2 mm pore membrane

and stocked in small aliquots at 280uC. Working solutions were

freshly prepared by diluting an aliquot of Ab1–40 stock solution at

the final concentrations (10 mM, 1 mM, or 100 nM Ab1–40 for in

vivo experiments, 100 nM, 10 nM, 1 nM, or 100 pM for in vitro

analysis).

Animals
Young male Wistar rats (275–300 g; Harlan, Udine Italy),

housed in standard conditions (temperature 2361uC; humidity

50%) with 12:12 light/dark cycles, water and food ad libitum, were

used either for microdialysis experiments or as brain tissue source

for the in vitro experiments. The use of animals for the preparation

of synaptosomes was approved by the Ethical Committee of the

Pharmacology and Toxicology Section, Department of Experi-

mental Medicine, in accordance with the European legislation

(European Communities Council Directive of 24 November 1986,

86/609/EEC) and were approved by Italian legislation on animal

experimentation (Decreto Ministeriale number 124/2003-A). The

in vivo protocol was approved by Ethical Committee of Pavia’s

University (registered as 2/2008) according to international

regulations for the care and treatment of laboratory animals, to

the Italian Act (DL n 116, GU, suppl 40, 18 February, 1992) and

to EEC Council Directive (86/609, OJ L 358, 1, 12 December,

1987). All efforts were made to minimize animal suffering and to

use the minimal number of animals necessary to produce reliable

results.

In vivo experiments
Microdialysis probe implantation. Rats were anesthetized

with Equithesin 3 ml/kg (pentobarbital 9.7 g, chloral hydrate

42.5 g, MgSO4 21.3 g for 1 L, 10% ethanol, 40% propylene

glycole v/v) administered intraperitoneally and placed in a

stereotaxic apparatus (David Kopf Instruments, Tujunga, CA,

USA). The skin was shaved, disinfected, and cut with a sterile

scalpel to expose the skull. A hole was drilled to allow the

implantation of the probe into the brain parenchyma. The probe

was implanted in the hippocampus (CA1/CA2 regions; AP

25.8 mm, ML 65.0 mm from bregma and DV–8.0 mm from

dura, according to [54]) and secured to the skull with one stainless

steel screw and dental cement. All experiments were performed

using microdialysis probes, made in our laboratory according to

the original method described by Di Chiara and colleagues [55]

(Emophan Bellco Artificial OR-internal diameter 200 mm, cutoff

40 KDa; Bellco, Mirandola, Italy), with a nominal active length of

5 mm.

Finally, the skin was sutured, and the rats were allowed to

recover from anesthesia.

Microdialysis samples collection. Microdialysis experi-

ments were performed on conscious freely moving rats. On the

day of the experiments (24 hours after the surgical procedure), the

probe was perfused with aCSF containing 145 mM NaCl,

3.0 mM KCl, 1.26 mM CaCl2, 1.0 mM MgCl2, 1.4 mM

Na2HPO4, buffered at pH 7.2–7.4 and filtered through a

Millipore 0.2 mm pore membrane. In all experiments, the

microdialysis membrane was allowed to stabilize for 1 hour at

the flow rate of 4 ml/min, without collecting samples. At the end of

the stabilization period, three samples were collected to evaluate

baseline release of GABA, Asp, and Glu; then, the specific

treatment started. In the case of Ab administration, a pre-

treatment of 20 min with the peptide preceded its co-perfusion

either with Nic or with Ver. Anyway, the perfusion of the peptide

did not last more than 100 min. All treatments were administered

by manually switching syringes and tubing connections to allow

drugs diluted in aCSF to flow through the probes. Tubing switches

were performed taking care to maintain constant flow rates and

collection volumes. Both basal and treatment samples were

collected every 20 min in 100 ml Eppendorf tubes at a flow rate

of 4 ml/min, using a 1000 ml syringe (Hamilton) and a micro-

injection pump (CMA/100, CMA/Microdialysis AB). Levels of

GABA, Glu and Asp in the dialysate were measured by high

performance liquid chromatography (HPLC) with fluorometric

detection (see Chromatography). In vitro recovery of the dialysis

probe was 13.8860.25 for Asp, 15.2160.42 for Glu and

7.9160.25 for GABA. Each rat was used for only one

microdialysis session. At the end of each experiment, animals

were sacrificed by guillotine, rat brains were removed, and the

position of the microdialysis probe was verified by histological

procedures, slicing the tissues by a cryostat microtome (LEICA

CM 1510). Only data from rats in which probe tracks were exactly

located in the target area were used for statistical analysis.

In vitro experiments
Experiments of release. Rats were killed by decapitation

and the hippocampus was rapidly removed at 0–4uC. Purified

synaptosomes were prepared on PercollH gradients (Sigma-

Aldrich, St Louis, MO, USA) according to the original method

described by Dunkley et al., [56], with only minor modifications.

Briefly, the tissue was homogenized in 6 volumes of 0.32 M

sucrose, buffered at pH 7.4 with Tris–HCl, using a glass-teflon

tissue grinder (clearance 0.25 mm, 12 up–down strokes in about

1 min). The homogenate was centrifuged (5 min, 1000 g at 4uC)

to remove nuclei and debris; the supernatant was gently stratified

on a discontinuous PercollH gradient (2%, 6%, 10%, and 20% v/v

in Tris-buffered sucrose) and centrifuged at 33500 g for 5 min at

4uC. The layer between 10% and 20% PercollH (synaptosomal

fraction) was collected, washed by centrifugation and resuspended

in physiological HEPES-buffered medium having the following

composition (mM): NaCl 128, KCl 2.4, CaCl2 3.2, KH2PO4 1.2,

MgSO4 1.2, HEPES 25, pH 7.5, glucose 10, pH 7.2–7.4 [57].

Synaptosomal protein content following purification was 10–15%

of that in the supernatant stratified on the PercollH gradient.

The synaptosomal suspension was layered on microporous

filters at the bottom of a set of parallel superfusion chambers

maintained at 37uC [30] (Superfusion System, Ugo Basile,

Comerio, Varese, Italy). Synaptosomes were superfused at 1 ml/

min with standard physiological medium as previously described.

The system was first equilibrated during 36.5 min of superfusion;

subsequently, four consecutive 90 s fractions of superfusate were

collected. Synaptosomes were exposed to agonists for 90 s starting

from the second fraction collected (t = 38 min), with antagonists

being added 8 min before agonists. We have previously amply

demonstrated that in our superfusion system the possible effects of

drugs operated indirectly by other mediators in the monolayer of

synaptosomes in superfusion are absolutely minimized [30].

Chromatography
In both dialysates and fractions collected from synaptosomes in

superfusion levels of endogenous GABA, Glu, and Asp were

measured by HPLC analysis following precolumn derivatization
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with o-phthalaldehyde and resolution through a C18-reverse phase

chromatographic column (1064.6 mm, 3 mm; Chrompack, Mid-

dleburg, The Netherlands) coupled with fluorometric detection

(excitation wavelength 350 nm; emission wavelength 450 nm).

Homoserine was used as internal standard. Buffers and gradient

program were prepared and executed as follows: solvent A, 0.1 M

sodium acetate (pH 5.8)/methanol, 80:20; solvent B, 0.1 M sodium

acetate (pH 5.8)/methanol, 20:80; solvent C, sodium acetate

(pH 6.0)/methanol, 80:20; gradient program, 100% C for 4 min

from the initiation of the program; 90% A and 10% B in 1 min;

42% A and 58% B in 14 min; 100% B in 1 min; isocratic flow

2 min; 100% C in 3 min; flow rate 0.9 ml/min.

Immunohistochemical analysis
Immunohistochemical analysis was performed to verify the

presence of Ab in the perfused tissue and to confirm (according to

HOECHST 33342 staining) the absence of neurotoxic-induced

apoptotic phenomenon. Brain tissue samples were frozen and

stored at 280uC. For immunodetection of infused Ab peptide,

10 mm coronal sections (obtained on a cryostat Leica CM 1510)

were incubated with a primary monoclonal antibody recognizing

Ab protein (clone 4G8; Chemicon International). Sections were

then incubated with a mouse anti-IgG antibody RPE conjugated

(Dako). After the fluorescent labeling procedures, sections were

finally counterstained for DNA with HOECHST 33342 and

mounted in a drop of Mowiol (Calbiochem, Inalco SpA, Milan,

Italy). Fluorescent micrographs were acquired with a Leica TCS

SP5 II confocal microscope. After acquisition of fluorescent

micrographs, the slides were demounted and then the same

sections were slightly counterstained with Mayer hematoxylin,

dehydrated and mounted in DPX for microanatomical analysis.

The images were acquired with a BX51 Olympus microscope.

Western blotting procedure
Samples were subjected to SDS-PAGE (15%) and then

transferred onto PVDF membrane (DuPont NEN, Boston MA).

The membrane was blocked for 1 hour with 5% non fat dry milk

in Tris-buffered saline containing 1% Tween 20 (TBST).

Membranes were immunoblotted with the antibody 6E10,

recognizing residues 1–17 of Ab (Chemicon-Prodotti Gianni,

Milano, Italy). The detection was carried out by incubation with

horseradish peroxidase conjugated goat anti-mouse IgG (Kirke-

gaard and Perry Laboratories, Gaithersburgh, MD U.S.A.) for

1 h. The blots were then washed extensively and Ab visualized

using an enhanced chemiluminescent methods (Pierce, Rockford,

IL, USA). Molecular mass was estimated by molecular weight

markers (Invitrogen).

Statistical analysis
In vivo experiments. Values were expressed either as

amount of neurotransmitter measured in the dialysate (pmol/

80 mL) or as area under the curve (AUC), evaluating the

cumulative release over time. AUC was used as a measure of

treatment exposure and was calculated for each animal using

GraphPad Prism (version 4.03 GraphPad Software, San Diego,

CA, USA). The basal value (average concentration of three

consecutive samples immediately preceding the drug dose) was

used as baseline to calibrate the calculation.

D’Agostino-Pearson Omnibus Test (GraphPad Prism, version

4.03, GraphPad Software, San Diego, CA, USA) and Grubb’s

Test (GraphPad QuickCalcs, online calculator for scientists at

http://www.graphpad.com/quickcalcs/, GraphPad Software, San

Diego, CA, USA) were used as preliminary tests in order to

evaluate whether data were sampled from a Gaussian distribution

and to detect outliers respectively. All outliers were excluded from

the analysis. Data were analyzed by analysis of variance (ANOVA)

followed, when significant, by an appropriate post hoc comparison

test. Data were considered significant for p,0.05. The reported

data are expressed as means 6 S.E.M. The number of animals

used for each experiment is reported in the legend to Figures 2 and

3.

In vitro experiments. The evoked overflow was calculated

by subtracting the corresponding basal release from each fraction.

All data are expressed as pmol?mg21 protein and represent mean

6 SEM of the number of experiments reported in the figure

legends. Multiple comparisons were performed with one-or two

way ANOVA followed by an appropriate post hoc test (Dunnett or

Bonferroni). Data were considered significant for p,0.05 at least,

using KyPlot 2.0 beta 15.

Supporting Information

Figure S1 Characterization of beta-amyloid (Ab) con-

formation by using Western Blot procedure. SDS-PAGE

showing immunoreactive species consistent with Ab monomer in

all the preparations analyzed: the stock solution (100 mM Ab1–40)

freshly prepared, the stock solution (100 mM Ab1–40) maintained

for 100 min at room temperature and the most concentrated

working solution evaluated in vivo (10 mM Ab1–40) maintained for

100 min (maximum length of Ab1–40 perfusion during micro-

dialysis experiments) at room temperature.

(TIF)

Figure S2 Lack of effect of beta-amyloid on the basal

neurotransmitter release in hippocampus in vivo. Effect

of beta-amyloid (Ab)1–40 (100 nM–10 mM) on the basal release of

GABA (A), glutamate (Glu, B) and aspartate (Asp, C). One-way

ANOVA. Data are expressed as mean 6 SEM of 4–9 individual

rats for each experimental group.

(TIF)
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a b s t r a c t

27The effect of chronic nicotine treatment on the release of endogenous glutamate (GLU), aspartate (ASP)
28and GABA evoked in vitro by KCl, 4-aminopyridine (4AP) and nicotinic agonists in synaptosomes of rat
29hippocampus was investigated. Rats were chronically administered with nicotine bitartrate or saline
30vehicle each for 14 days using osmotic mini-pumps. Hippocampal synaptosomes were stimulated with
31KCl, 4AP, nicotine or with choline (Ch) and 5-iodo-A-85380 dihydrochloride (5IA85380). The GLU and
32ASP overflow evoked by Ch, nicotine, KCl and 4AP were increased in treated animals while the nico-
33tine-evoked GABA overflow was reduced and that evoked by Ch, KCl and 4AP was unaffected. The
345IA85380-evoked overflow of the three aminoacids (AAs) was always reduced. The increase of ASP and
35GLU overflow evoked by KCl, 4AP or Ch was blocked by DL-threo-b-benzyloxyaspartic acid (DL-TBOA), a
36carrier transporter inhibitor, and by inhibitors of the Na+/Ca2+ exchangers 2-[[4-[(4-nitro-
37phenyl)methoxy]phenyl]methyl]-4-thiazolidinecarboxylic acid ethyl ester (SN-6) and 2-[2-[4-(4-nitrob-
38enzyloxy)phenyl]ethyl]isothiourea mesylate (KB-R7943). In conclusion long-term nicotine treatment
39may selectively increase GLU and ASP overflow elicited by KCl, 4AP and Ch through the activation of a
40carrier-mediated release mechanism and completely abolished the stimulatory effects of a4b2 nAChRs
41which modulate the release of all the three AA.
42� 2012 Published by Elsevier Ltd.

43

44

45

46 1. Introduction

47 Accumulating evidences indicate that changes in the function
48 and activities of several important components of glutamate
49 (GLU) neurotransmission play a fundamental role in mediating
50 the rewarding action of nicotine (Markou, 2008 and references
51 therein; Kalivas, 2009). Moreover nicotinic-glutamate interaction
52 may have important implications in cognitive functions and may
53 be critical to the long-term effects of several drugs of abuse includ-
54 ing nicotine.

55It is well established that chronic nicotine administration affects
56NMDA receptor binding and receptor subunits composition (Deli-
57bas et al., 2005; Levin et al., 2005; Lee et al., 2007; Wang et al.,
582007; Rezvani et al., 2008; Kenny et al., 2009), induces changes of
59alfa-amino-3-hydroxy-5-methyl-4-isoxazolone propionate (AMPA)
60and of group I metabotropic receptors (Kane et al., 2005) and alters
61the functional responses of NMDA and AMPA in different brain
62areas including hippocampus (Risso et al., 2004; Yamazaki et al.,
632006; Vieyra-Reyes et al., 2008). However most of these papers
64do not provide insights into the mechanisms through which nico-
65tine produced these effects although the release of GLUmight obvi-
66ously play a crucial role in generating them. At this regard it is well
67known that acute nicotine treatment increase both the in vivo

68(Fedele et al., 1996; Lallemand et al., 2006) and in vitro release of
69GLU in different brain areas (Gray et al., 1996; Gioanni et al.,
701999; López et al., 2001) however, so far, very little information
71are available on the effect of chronic administration of nicotine on
72this parameter (Lallemand et al., 2006).
73Evidence of a releasing effect due to the activation of different
74subtypes of nAChRs in the CNS has been already provided (Toth
75et al., 1992, 1993; Toth, 1996; Wonnacott, 1997; Vizi and Lendvai,
761999; Jones and Wonnacott, 2004; Rousseau et al., 2005). It has
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77 been also reported that in the rat prefrontal cortex as well as in the
78 hippocampus the nicotine modulation of GLU release occurs
79 through the activation of both a7 and a4b2 nicotinic acetylcholine
80 receptors (nAChRs) (Dickinson et al., 2007, 2008; Parikh et al.,
81 2008; Zappetttini et al., 2010). Very recently it has also been shown
82 that in the rat hippocampus nicotine modulates also the release of
83 ASP and GABA in a similar manner (Zappettini et al., 2010, 2011).
84 To extend the knowledge on the effect of chronic nicotine treat-
85 ment on the glutamatergic neurotransmission in the rat hippocam-
86 pus we investigated on the effects of this treatment on the in vitro
87 release of endogenous GLU and aspartate (ASP) evoked by KCl and
88 4-aminopyridine (4AP). Moreover we have also investigated on the
89 possible functional changes of the in vitro responses of the presyn-
90 aptic a7 and a4b2 nAChR subtypes modulating endogenous GLU
91 and ASP release from synaptosomes. This because after chronic
92 nicotine treatment the nAChR subtypes may be not equally respon-
93 sive to nicotine activation and therefore might elicit a release of a
94 different amount of GLU which, in turn might influence the gluta-
95 matergic receptors function. In addition we have comparatively ex-
96 tended our study to the release of endogenous GABA evoked by the
97 same stimuli as above described to study whether and in what ex-
98 tent some functional features were changed in nicotine treated rats
99 compared to those from animals treated with saline. The results

100 indicate that chronic exposure to nicotine may a) selectively in-
101 crease the GLU and ASP overflow elicited by different depolarizing
102 stimuli (KCl or 4AP) and by the a7 nAChRs through the activation
103 of a carrier-mediated release mechanism and b) completely abol-
104 ished the stimulatory effects of a4b2 nAChRs which modulate
105 the release of all the three AAs.

106 2. Materials and methods

107 2.1. Animals and brain tissue preparation

108 Adult male Sprague–Dawley rats (200–250 g) were housed at
109 constant temperature (22 ± 1 �C) and relative humidity (50%) un-
110 der a regular light–dark schedule (light 7 a.m–7 p.m.). Food and
111 water were freely available. Animals were chronically adminis-
112 tered (�) nicotine bitartrate or saline vehicle each at pH 7.4, for
113 14 days via chronic infusion using osmotic mini-pumps. The osmo-
114 tic minipumps used deliver (-)nicotine or vehicle with a pumping
115 rate of 5 lL/h for 14 days (model 2ML2; Alza Co., Palo Alto, CA,
116 USA); osmotic mini-pumps were pre-filled with either vehicle or
117 (-)nicotine bitartrate to deliver 0.125 mg/kg/h (free base; Mugnaini
118 et al., 2006). At the end of the treatment with osmotic mini-pumps,
119 the brain nicotine concentration was approximately 1.5 lM and
120 dropped to almost zero after 1-week withdrawal (Mugnaini
121 et al., 2006). These concentrations are compatible with those found
122 during the day in the venous plasma nicotine concentration of the
123 typical human heavy smokers (Benowitz, 1988; for a review see
124 Matta et al., 2007). The animals were killed by decapitation and
125 the hippocampus rapidly removed at 0–4 �C. The experimental
126 procedures were approved by the Ethical Committee of the Phar-
127 macology and Toxicology Section, Department of Experimental
128 Medicine, in accordance with the European legislation (European
129 Communities Council Directive of 24 November 1986, 86/609/
130 EEC) and were approved by Italian legislation on animal experi-
131 mentation (Decreto Ministeriale n. 124/2003-A). All efforts were
132 made to minimize animal suffering and to use a minimum number
133 of animals necessary to produce reliable results.

134 2.2. Release experiments

135 Purified synaptosomes were prepared from a vast population of
136 neuronal cells on Percoll gradients (Sigma–Aldrich, St. Louis, MO,

137USA) essentially according to Nakamura et al., 1993) with only
138minor modifications. Briefly, the tissue was homogenized in 6 vol-
139umes of 0.32 M sucrose, buffered at pH 7.4 with Tris–HCl, using a
140glass–Teflon tissue grinder (clearance 0.25 mm, 12 up–down
141strokes in about 1 min). The homogenate was centrifuged (5 min,
1421000g at 4 �C) to remove nuclei and debris; the supernatant was
143gently stratified on a discontinuous Percoll� gradient (2%, 6%,
14410%, and 20% v/v in Tris-buffered sucrose) and centrifuged at
14533,500g for 5 min at 4 �C.
146The layer between 10% and 20% Percoll (synaptosomal fraction)
147was collected, washed by centrifugation and resuspended in phys-
148iological HEPES buffered medium having the following composi-
149tion (mM): 128 NaCl, 2.4 KCl, 3.2 CaCl2, 1.2 KH2PO4, 1.2 MgSO4,
15025 HEPES, pH 7.5, 10 glucose, pH 7.2–7.4. Synaptosomal protein
151content following purification was 10–15% of that in the superna-
152tant stratified on the Percoll gradient. The synaptosomal suspen-
153sion was layered on microporous filters at the bottom of a set of
154parallel superfusion chambers maintained at 37 �C (Raiteri and
155Raiteri, 2000; Superfusion System, Ugo Basile, Comerio, Varese,
156Italy). Synaptosomes were superfused at 1 ml/min with standard
157physiological medium as previously described (Grilli et al., 2009).
158The system was first equilibrated during 36.5 min of superfusion;
159subsequently, four consecutive 90 s fractions of superfusate were
160collected. Synaptosomes were exposed to agonists for 90 s after
161the first fraction had been collected (t = 38 min), while antagonists
162were added 8 min before. Appropriate controls were always run in
163parallel. The evoked overflow was calculated by subtracting the
164corresponding basal release from each fraction collected, and was
165expressed as pmol/mg of synaptosomal proteins. In some experi-
166ments, synaptosomes were depolarized with KCl (15 mM) for
16790 s in the absence of any drug. In this case, the overflow was cal-
168culated by subtracting the corresponding basal release from the
169outflow induced by KCl. We have previously demonstrated that
170in our superfusion system, the neurotransmitter released is imme-
171diately removed and cannot be taken up by synaptosomes (for a re-
172view, see Raiteri and Raiteri, 2000).

1732.3. Endogenous amino acid determination

174Endogenous amino acid content wasmeasured by HPLC analysis
175following pre-column derivatization with o-phthalaldehyde and
176resolution through a C18 reversed-phase chromatographic column
177(10 � 4.6 mm; 3 lm; Chrompack, Middleburg, The Netherlands)
178coupled with fluorometric detection (excitation wavelength
179350 nm; emission wavelength 450 nm). Homoserine was used as
180internal standard. Buffers and gradient program were prepared
181and executed as follows: solvent A, 0.1 M sodium acetate (pH 5.8)/
182methanol, 80:20; solvent B, 0.1 M sodium acetate (pH 5.8)/metha-
183nol, 20:80; solvent C, sodium acetate (pH 6.0)/methanol, 80:20; gra-
184dient program, 100% C for 4 min from the initiation of the program;
18590% A and 10% B in 1 min; 42% A and 58% B in 14 min; 100% B in
1861 min; isocratic flow 2 min; 100% C in 3 min; flow rate 0.9 ml/min.

1872.4. Monitoring cytoplasmic Ca2+ concentration

188Cytoplasmic Ca2+ concentration ([Ca2+]i) was monitored in puri-
189fied synaptosomes using the fluorescent dye FURA PE 3-AM (Gry-
190nkiewicz et al., 1985). Synaptosomes were incubated for 40 min
191at 37 �C in the dark, while gently shaking, in a medium containing
19220 mM of CaCl2 and 5 mM FURA PE 3-AM (and 1% DMSO). Control
193synaptosomes containing 1% DMSO, but no FURA PE 3-AM, were
194prepared to measure auto-fluorescence. Synaptosomal suspension
195was washed to remove extra-particle FURA PE 3-AM. Pellets were
196resuspended in ice-cold medium, divided into 200 ll aliquots
197(each containing 200 lg proteins) and stored on ice until use. Mea-
198sures were obtained within 2 h. To estimate the apparent ([Ca2+]i),
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199 a 200 ll aliquot of synaptosomes was diluted into 1.8 ml of phys-
200 iological medium, containing 3.2 mM CaCl2, and incubated at 37 �C
201 for 5 min. Fluorescence was recorded for at least 1 min before addi-
202 tion of 15 mM KCl or 10 nM 5IA85380 or 1 mM Ch. Measurements
203 were made at 37 �C in a thermostated cuvette under continuous
204 stirring using a RF-5301PC dual wavelength spectrofluorometer
205 (Shimadzu, Japan) and by alternating the excitation wavelength
206 of 340 and 380 nm.
207 Fluorescent emission was monitored at 510 nm. Calibration of
208 the fluorescent signals was performed at the end of each experi-
209 ments by adding 10 mM ionomycin in the presence of 3.2 mM
210 Ca2+, to obtain Fmax, followed by 10 mM EGTA (adjusted to pH 8
211 with 3 mM Tris), to obtain Fmin (Grynkiewicz et al., 1985). Intra-
212 synaptosomal FURA PE 3-AM was determined for each synaptoso-
213 mal preparation by adding 40 mM Mn2+ to quench the
214 extracellular fluorescence; this Mn2+-quenched fluorescence com-
215 prised 7–10% of the total fluorescence at two wavelengths and
216 was stable for the duration of the experiments. After correcting
217 for the extracellular dye, [Ca2+]i was calculated by the equation
218 of Grynkiewicz et al., (1985), using a KD of 250 nM for the Ca2+/
219 FURA PE 3-AM complex.

220 2.5. Statistical analysis

221 All data are expressed as pmol/mg protein and represent
222 mean ± SEM of the number of experiments reported in the figure
223 legends.Multiple comparisonswere performedwith two-wayANO-
224 VA followed by an appropriate (Bonferroni and Newman Keuls) post
225 hoc test. Differenceswere considered significant for p < 0.05, at least.

226 2.6. Chemicals

227 Percoll, o-phthalaldehyde, homoserine, choline chloride, EGTA,
228 FURA PE 3-AM, 4AP were obtained from (Sigma–Aldrich, St. Louis,
229 MO, USA); 5-Iodo-A-85380 dihydrochloride (5IA85380), DL-TBOA,
230 DHbE, SN-6, KB-R7943mesylate were obtained from (Tocris Biosci-
231 ence, Bristol, UK).

232 3. Results

233 Fig. 1 shows that the GLU and ASP overflow elicited both by
234 15 mM KCl and by 30 lM 4AP from hippocampal nerve endings

235were potentiated in the treated animals compared to the saline
236treated rats while the GABA overflow did not show any significant
237change.
238To further analyze some characteristics of this very important
239increase of amino acid overflow in the treated animals we investi-
240gated the effects of the excitatory aminoacid transporter inhibitor
241DL-TBOA and of two inhibitors of Na+/Ca2+ exchanger, SN-6 and 2-
242[2-[4-(4-nitrobenzyloxy)phenyl] ethyl] isothiourea mesylate (KB-
243R7943) on the endogenous AA overflow. The KCl (15 mM)-evoked
244increase of GLU overflow was strongly reduced by DL-TBOA
245(10 lM), SN-6 (30 lM) and KB-R7943 (1 lM) (Fig. 2A), while the
246ASP overflow was completely blocked (Fig. 2B). Both GLU and
247ASP overflow evoked by KCl (15 mM) were significantly dependent
248on external Ca2+ both in synaptosomes treated with nicotine or sal-
249ine (Fig. 2).
250Interestingly also the overflow of endogenous GLU and ASP
251evoked by nicotine (100 lM) was strongly and significantly in-
252creased in hippocampal synaptosomes of chronically treated ani-
253mals compared to controls. Conversely the nicotine (100 lM)-
254evoked GABA overflow was significantly reduced (Fig. 3).
255In order to clarify this point we have studied the effects of two
256different agonists, Ch and 5IA85380 known to act selectively on the
257a7 and a4b2 nAChR subtypes respectively (Mukhin et al., 2000;
258Uteshev et al., 2003; Dickinson et al., 2008; Zappettini et al.,
2592010). The Ch (1 mM)-evoked GLU and ASP overflow in the treated
260animals was strongly potentiated compared to controls while the
261Ch (1 mM)-evoked GABA overflow was unaffected (Fig. 4). The
2625IA85380 (10 nM)-evoked overflow of all the three aminoacids
263was significantly reduced compared to controls in an almost simi-
264lar manner (Fig. 4).
265Quite interestingly in our experimental conditions also the in-
266crease of the Ch-evoked GLU and ASP overflow in treated animals,
267mediated by the a7 nAChRs, was due to a carrier-mediated, Ca2+-
268dependent mechanism since was totally blocked in presence of
269DL-TBOA(10 lM) (Fig. 5A and B) and also blocked by the inhibitors
270Na+/Ca2+ exchanger SN-6 (30 lM) (Fig. 5A and B) similarly to what
271occurred when synaptosomes were depolarized with KCl. Either
272the GLU and ASP overflow in the animals chronically treated with
273saline or nicotine was significantly dependent on external Ca2+

274(Fig. 4A and B). When Ch was used as nicotinic agonist, KB-
275R7943 was not tested due to the possible interaction of this com-
276pound with nAChRs as previously reported (Pintado et al., 2000).

Fig. 1. Effect of KCl (15 mM) and 4AP (30 lM) on endogenous GLU, ASP and GABA overflow from hippocampal synaptosomes prepared from vehicle (white) or nicotine

(hatched bar) treated rats. Synaptosomes were depolarized with KCl (15 mM) and 4AP (30 lM) for 90 s at t = 38 min of superfusion. Data are mean ± SEM of 3–6 experiments

for each concentration run in triplicate. ⁄⁄⁄p < 0.001 versus KCl-evoked GLU overflow in vehicle-treated rats; ###p < 0.001 versus 4AP-evoked GLU overflow in vehicle-treated

rats; §§p < 0.01 versus KCl-evoked ASP overflow in vehicle-treated rats; /p < 0.05 versus 4AP-evoked ASP overflow in vehicle-treated rats. The two-way ANOVA followed by

Bonferroni post hoc test was used in this figure to Fig. 6.
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277 As far as the concentrations of the nicotinic drugs used in our
278 experiment it has to be noted that we have previously shown that,
279 at the concentrations used, their efficacy in the stimulation of AA
280 release was relatively mild being comparable to the stimulatory ef-
281 fects of a low concentration (9 mM) of KCl (Zappettini et al., 2010).
282 The existence of a low affinity nAChRs, dihydro-b-erythroidine
283 (DHbE) insensitive, modulating rubidium efflux has been demon-
284 strated to be present in rat hippocampus (Marks et al., 1999). We
285 have recently demonstrated that low affinity a4b2 nAChRs are
286 present on GLU nerve terminals since 5IA85380 at higher concen-
287 tration (1 mM) in presence of 2 lM DHbE was able to evoke the
288 overflow of GLU and ASP from rat hippocampal synaptosomes
289 (Zappettini et al., 2010). The results reported in Fig. 6 confirm that
290 5IA85380 at higher concentrations (1 mM) in presence of 2 lM
291 DHbE produced a stimulatory effect of endogenous overflow of
292 GLU and ASP but not of GABA. This nicotinic stimulatory effect
293 was almost completely abolished in the nicotine treated rats.
294 Fig. 7 shows that KCl (15 mM), 5IA85380 (10 nM) and Ch
295 (1 mM) increased significantly the apparent [Ca2+]i in synapto-

296somes of vehicle treated animals. In the treated rats the effect of
2975IA85380 was almost completely abolished while the increase in
298the [Ca2+]i in synaptosomes in the response to KCl or Ch stimula-
299tion was quantitatively comparable to that found in the vehicle
300treated animals.

3014. Discussion

302One of the aims of the present study was to determine the effect
303of prolonged nicotine exposure on the overflow of endogenous
304GLU, ASP and GABA evoked in vitro by KCl or 4AP in isolated nerve
305endings of rat hippocampus. Previous findings have reported that
306the KCl-evoked overflow of several neurotransmitters (ACh, NA,
307DA) did not change in animals chronically treated with nicotine
308(Risso et al., 2004; Grilli et al., 2005, 2009). Here we show, on the
309contrary, that both the KCl and the 4AP-evoked overflow of GLU
310and ASP, but not that of GABA, were strongly increased in synapto-
311somes from chronically treated animals. Surprisingly this selective

A

B

Fig. 2. Effect of DL-TBOA (10 lM), SN-6 (30 lM), KB-R7943 (1 lM) and Ca2+-free, on endogenous GLU (panel A) and ASP (panel B) overflow evoked by 15 mM KCl from

hippocampal synaptosomes prepared from vehicle (white) or nicotine (hatched bar) treated rats. Synaptosomes were depolarized with KCl for 90 s at t = 38 min of

superfusion. When appropriate antagonists were introduced 8 min before depolarization and Ca2+ was omitted 18 min before KCl., (A) Data are mean ± SEM of 3–6

experiments for each concentration run in triplicate. ���p < 0.001; �p < 0.05 versus KCl -evoked GLU overflow in vehicle-treated rats; ⁄⁄⁄p < 0.001; ⁄⁄p < 0.01 versus KCl -evoked

GLU overflow in nicotine-treated rats., (B) Data are mean ± SEM of 3–6 experiments for each concentration run in triplicate. $$$p < 0.001 versus KCl -evoked ASP overflow in

vehicle-treated rats; ###p < 0.001 versus KCl -evoked ASP overflow in nicotine-treated rats.
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312 potentiating effect, which occurred also for the Ch- evoked release
313 but does not appear to be exclusively dependent on the acute acti-
314 vation of nAChRs, was not due to an increase of the normal exocy-
315 totic process but to the activation of a carrier-mediated release.
316 The possibility that the release of different neurotransmitters could
317 occur not only by exocytosis but also through the reversal of the

318function of the carriers is well established (Levi and Raiteri, 1993
319and references therein). However this carrier-mediated release
320was Ca2+-dependent, a finding quite unexpected since the car-
321rier-mediated release of neurotransmitters is usually a Na+-depen-
322dent, Ca2+-independent mechanism. Previous results have shown
323that the Ch-evoked GLU and ASP release from hippocampal synap-

Fig. 3. Effect of nicotine-evoked endogenous GLU, ASP and GABA overflow from hippocampal synaptosomes prepared from vehicle (white) or nicotine (hatched bar) treated

rats. Synaptosomes were stimulated with nicotine (100 lM) for 90 s at t = 38 min of superfusion, Data are mean ± SEM of 3–6 experiments for each concentration run in

triplicate. ⁄⁄⁄p < 0.001 versus nicotine-evoked GLU overflow in vehicle-treated rats; ###p < 0.001 versus nicotine-evoked ASP overflow in vehicle-treated rats; �p < 0.05 versus

nicotine-evoked GABA overflow in vehicle-treated rats.

Fig. 4. Effect of Ch (1 mM) and 5IA85380 (10 nM) on endogenous GLU, ASP and GABA overflow from hippocampal synaptosomes prepared from vehicle (white) or nicotine

(hatched bar) treated rats. Synaptosomes were stimulated with Ch (1 lM) and 5IA85380 (10 nM) for 90 s at t = 38 min of superfusion. Data are mean ± SEM of 3–6

experiments for each concentration run in triplicate. ⁄⁄⁄p < 0.001 versus Ch-evoked GLU overflow in vehicle-treated rats; ###p < 0.001 versus 5IA85380-evoked GLU overflow

in vehicle-treated rats; §§§p < 0.001 versus Ch-evoked ASP overflow in vehicle-treated rats; //p < 0.01 versus 5IA85380-evoked ASP overflow in vehicle-treated rats; �p < 0.05

versus 5IA85380-evoked GABA overflow in vehicle-treated rats.
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324 tosomes was Ca2+-dependent and largely sensitive to dantrolene,
325 xestospongin C and thapsigargin, but was not altered in the pres-
326 ence of TTX or Cd2+, indicating that it was not due to classical
327 membrane depolarization. It seems therefore that Ch can increase
328 Ca2+ influx directly through the a7 nAChR channel that generates
329 Ca2+-induced calcium release from endoplasmic reticulum stores,
330 which ultimately leads to GLU and ASP exocytosis. It is worth not-
331 ing that in pre-fontal cortex synaptosomes and hippocampal
332 mossy fiber terminals, activation of a7 nAChRs by nicotine has
333 been shown to enhance [3H]D-ASP and endogenous GLU release
334 with a similar mechanism (Dickinson et al., 2008; Bancila et al.,
335 2009).
336 Our results therefore show that in the synaptosomes of the trea-
337 ted animals the selective increase of the overflow of GLU and ASP
338 following either the KCl depolarization or the a7 nAChRs stimula-
339 tion by Ch is due to the activation of a carrier-mediated mecha-
340 nism. Interestingly this event is dependent from the Ca2+

341 concentration in the terminal regardless if this is a consequence
342 of Ca2+ entry after a depolarizing stimuli or entry through the

343receptor channel and also dependent from the activity of the
344Na+/Ca2+ exchangers. In other words we could speculate that the
345KCl depolarization or the a7 nAChRs activation would first trigger
346the influx of Ca2+ into GLU terminals (i), the possible increase in the
347function and/or in the number of the Na+/Ca2+ exchangers might
348accelerate Ca2+ efflux with a consequent elevation of Na+ influx
349(ii), the increased concentration of intra-terminal Na+ would than
350trigger the carrier-mediated GLU and ASP overflow (iii). In agree-
351ment with hypothesis it has been recently reported that in primary
352cultured neuronal cells from mouse cerebral cortex chronic nico-
353tine treatment induced an increase of the protein levels of the
354Na+/Ca2+ exchanger isoforms NCX1 and NCX2 (Katsura et al.,
3552002; Kimura et al., 2009).
356Another interesting result of our study is that in the nerve end-
357ings from animals chronically treated with nicotine, the in vitro
358administration of nicotine triggered different responses according
359to the AA studied. Indeed, while the nicotine-evoked GABA over-
360flow was significantly inhibited, the nicotine-evoked overflow of
361GLU and ASP was strongly potentiated. This different effect of the

A

B

Fig. 5. Effect of DL-TBOA (10 lM), SN-6 (30 lM) and Ca2+-free, on endogenous GLU (panel A) and ASP (panel B) o overflow evoked by Ch from hippocampal synaptosomes

prepared from vehicle (white) or nicotine (hatched bar) treated rats. Synaptosomes were stimulated with Ch (1 mM) for 90 s at t = 38 min of superfusion. When appropriate

antagonists were introduced 8 min before depolarization and Ca2+ was omitted 18 min before Ch., (A) Data are mean ± SEM of 3–6 experiments for each concentration run in

triplicate. ���p < 0.001, �p < 0.05 versus Ch-evoked GLU overflow in vehicle-treated rats; ⁄⁄⁄p < 0.001 versus Ch-evoked GLU overflow in nicotine-treated rats., (B) Data are

mean ± SEM of 3–6 experiments for each concentration run in triplicate. $$$p < 0.001, $$p < 0.01 versus Ch-evoked ASP overflow in vehicle-treated rats; ###p < 0.001 versus Ch-

evoked ASP overflow in nicotine-treated rats.
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362 nicotine stimulation is apparently difficult to explain since GLU,
363 ASP and GABA release in rat hippocampal synaptosomes are elic-
364 ited by functionally similar a7 and a4b2 nAChR subtypes (Zappet-
365 tini et al., 2010,2011). Our results show that in the nerve endings
366 from animals chronically treated with nicotine there was a selec-
367 tive increase of the stimulating response of Ch on a7 nAChRs,
368 which modulate GLU and ASP overflow. No changes were found
369 in the functional responses of Ch on a7 nAChRs eliciting GABA
370 overflow. Conversely the a4b2 nAChRs, which modulate the over-
371 flow of GLU, ASP and GABA, when stimulated in vitro by 5IA85380,
372 were almost completely ineffective. Interestingly, also the a4b2
373 low affinity, DHbE insensitive, nAChRs were completely ineffective
374 in accordance with recent data reporting that exposure to nicotine
375 caused a desensitization of both high- and low-sensitivity subtypes
376 stimulating 86Rb+ efflux from mice cortical and thalamic nerve
377 endings (Marks et al., 2010). Therefore the increase of the stimula-
378 tory effect of nicotine on the release of GLU and ASP in the treated
379 animals seems due to a prevalence of the stimulation of the a7
380 over the inhibition of a4b2 nAChRs while, on the contrary, the
381 inhibitory effects on GABA release could be explained as due to
382 the prevalence of the inhibitory effect of nicotine on a4b2 nAChRs.
383 In conclusion our results show for the first time that long-term
384 treatment with nicotine selectively alters the mechanism of GLU
385 and ASP release. Indeed, in the treated animals the selective in-
386 crease of GLU and ASP overflow occurs through a new and specific
387 activation of a carrier-mediated release mechanism. Secondly the

388 a7 and the a4b2 nAChRs, which modulate presynaptically AA re-
389 lease, respond in a different manner after chronic exposure to nic-
390 otine. The a4b2 nAChRs are desensitized and are ineffective when

391stimulated in vitro. The lack of the stimulatory effect of the Ca2+

392concentration in synaptosomes found in presence of the selective
393a4b2 nAChRs agonist 5IA85380 in the treated animals confirms
394this finding. Conversely the functional response of the a7 nAChRs
395do not seem to be changed compared to controls. Indeed, the Ch-
396evoked release of GLU and ASP evaluated in presence of DL-TBOA
397and SN-6 was very similar to that found in the control animals.
398Moreover the activation of the a7 nAChRs in the treated animals
399elicits an increase of GLU and ASP overflow through a carrier-med-
400iated mechanism similar to that elicited by KCl.
401Chronically administered nicotine can also increase the func-
402tional response of NMDA and AMPA receptors (Risso et al., 2004;
403Grilli et al., 2009). These findings and our present results confirm
404the possibility, although speculative, that the chronic treatment
405with nicotine could promote modification of the synaptic function
406at hippocampal level. The combination of the nAChR-mediated
407presynaptic facilitation of GLU and ASP overflow, which may occur
408after chronic nicotine treatment, with a coincident increase of the
409postsynaptic depolarization of the neurons could produce the kind
410of coincidence that is necessary for the synaptic plasticity and the
411LTP induction to occur. Whether this effect may actually happen in
412the hippocampus and play a role in the rewarding actions of nico-
413tine could be matter of future investigation. Interestingly, a facili-
414tation of LTP in the amygdala and dentate gyrus after exposure to
415nicotine was found to be dependent on the activation of NMDA
416receptors and has been prevented by blocking both a7 (Welsby
417et al., 2006; Huang et al., 2008) and also by a4b2 nAChRs (Huang
418et al., 2008). Moreover it has been also recently reported that the
419modulation of synaptic transmission by dendritic a7-nAChRs pres-

Fig. 6. Effect of 5IA85380 (1 mM) plus DHbE (2 lM) on endogenous release of GLU, ASP and GABA from rat hippocampal synaptosomes prepared from vehicle (white) or

nicotine (hatched bar) treated rats. Synaptosomes were stimulated with 5IA85380 (1 mM) in presence of DHbE (2 lM) for 90 s at t = 38 min of superfusion. Data are

mean ± SEM of 3–6 experiments run in triplicate. ⁄⁄⁄p < 0.001 versus DHbE (2 lM)-evoked GLU release in vehicle-treated rats; #p < 0.01 versus DHbE (2 lM)-evoked ASP

release in vehicle-treated rats.
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420 ent on GABAergic interneurons and the LTP boosted by these
421 receptors may play a determining role in hippocampal functions
422 (Rozsa et al., 2008).
423 According to the information available in the literature there
424 are several neurotransmitter involved in the process of nicotine
425 dependence and tolerance (Proctor et al., 2011; Wooters et al.,
426 2011) and in accordance there are several different research ap-
427 proaches to identify new drugs which have potential for develop-
428 ment as pharmacotherapies for tobacco smoking cessation. Our
429 findings demonstrating that long-term nicotine treatment may
430 selectively increase GLU and ASP overflow through the activation
431 of a carrier-mediated release might suggest that medications that
432 target GLU transporters and/or Na+/Ca2+ exchangers might be a
433 new treatment for nicotine dependence.
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a b s t r a c t

Here we provide functional and immunocytochemical evidence supporting the presence on Nucleus

Accumbens (NAc) dopaminergic terminals of cyclothiazide-sensitive, alfa-amino-3-hydroxy-5-methyl-4-

isoxazolone propionate (AMPA) receptors, which activation causes Ca2þ-dependent [3H]dopamine ([3H]

DA) exocytosis. These AMPA receptors cross-talk with co-localized nicotinic receptors (nAChRs), as

suggested by the finding that in vitro short-term pre-exposure of synaptosomes to 30 mM nicotine caused

a significant reduction of both the 30 mM nicotine and the 100 mM AMPA-evoked [3H]DA overflow.

Entrapping pep2-SVKI, a peptide known to compete for the binding of GluA2 subunit to scaffolding

proteins involved in AMPA receptor endocytosis, in NAC synaptosomes prevented the nicotine-induced

reduction of AMPA-mediated [3H]DA exocytosis, while pep2-SVKE, used as negative control, was inef-

ficacious. Immunocytochemical studies showed that a significant percentage of NAc terminals were

dopaminergic and that most of these terminals also posses GluA2 receptor subunits. Western blot

analysis of GluA2 immunoreactivity showed that presynaptic GluA2 proteins in NAc terminals were

reduced in nicotine-pretreated synaptosomes when compared to the control. The nACh-AMPA receptor

ereceptor interaction was not limited to dopaminergic terminals since nicotine pre-exposure also

affected the presynaptic AMPA receptors controlling hippocampal noradrenaline release, but not the

presynaptic AMPA receptors controlling GABA and acetylcholine release. These observations could be

relevant to the comprehension of the molecular mechanisms at the basis of nicotine rewarding.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Accumulating evidence indicates that nicotine-induced gluta-
matergic synaptic plasticity may have important implications in
mediating the rewarding actions of nicotine and might be

associated with the initiation of nicotine-seeking behavior (Liechti
and Markou, 2008; Reissner and Kalivas, 2010; D’Souza and
Markou, 2011). It is well established that chronic nicotine admin-
istration affects N-methyl-D-aspartic acid (NMDA) receptor
subunits composition (Delibas et al., 2005; Levin et al., 2005; Lee
et al., 2007; Wang et al., 2007; Rezvani et al., 2008; Kenny et al.,
2009), that induces changes to alfa-amino-3-hydroxy-5-methyl-
4-isoxazolone propionate (AMPA) and group I metabotropic
receptors (Kane et al., 2005), and that it alters the functional
responses of NMDA and AMPA in different brain areas including the
hippocampus (Risso et al., 2004a; Yamazaki et al., 2006; Vieyra-
Reyes et al., 2008; Lin et al., 2010). Inasmuch, electrophysiological
results showed that also acute application of nicotine might induce
changes in the glutamatergic functions and that such a chol-
inergiceglutamatergic functional cross-talk could involve iono-
tropic glutamate receptors at the presynaptic level. Indeed, the
in vitro application of nicotine increased the AMPA-mediated
excitatory postsynaptic current amplitude in the VTA

Abbreviations: ACh, acetylcholine; AMPA, alfa-amino-3-hydroxy-5-methyl-4-

isoxazolone propionate; DA, dopamine; DAT, dopamine transporter; ECL,

enhanced chemiluminescence; NAc, nucleus accumbens; nAChRs, nicotinic

acetylcholine receptors; NMDA, N-methyl-D-aspartic acid; NSSP, non-synaptic

synaptosomal protein; PBS, phosphate-buffered saline; BSA, bovine serum albumin;

Post, postsynaptic component of the synaptic active zone; Pre, presynaptic

component of the synaptic active zone; (NSSP), non-synaptic components; Stx-1A,

anti-syntaxin-1A; Syn, synaptosomes; teTBS, Tris-buffered salineeTween.
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dopaminergic neurons through a presynaptic/preterminal mecha-
nism (Mansvelder and McGehee, 2000). Interestingly, previous
data obtained from VTA slices indicated that nicotine, by activating
presynaptic nAChRs, enhanced glutamatergic transmission and
modulated LTP inductionwith a short onset time (less than 10 min;
Mansvelder and McGehee, 2000; Mansvelder et al., 2002). The
possibility that different receptors, which coexist on the same
nerve endings, may functionally interact and modulate neuro-
transmitter release has been amply demonstrated (Rodrigues et al.,
2006; Marchi and Grilli, 2010; Prezeau et al., 2010; Albizu et al.,
2011). In particular, the functional cross-talk involving both
presynaptic NMDA and metabotropic GLU receptors with nAChRs
coexisting on the same nerve endings have been already investi-
gated (Risso et al., 2004b; Parodi et al., 2006), while no information
are available so far on the coexistence and the functional cross-talk
involving presynaptic nicotine and AMPA receptors on NAc dopa-
minergic terminals.

To provide new evidence in the understanding of nicotine-
induced adaptation of glutamatergic synaptic activity in the NAc,
we have investigated, with functional and immunocytochemical
analysis, the possible cross-talk between presynaptic nAChRs and
AMPA receptors coexisting on isolated nerve endings. Our results
demonstrate the presence of cyclothiazide-sensitive, AMPA recep-
tors, which are co-localized with nAChRs on NAc dopaminergic
terminals. Our data also show that nicotine causes a rapid decrease
in the number of surface located coexisting neuronal AMPA
receptors. This effect is selective for AMPA receptors present on DA
and NA nerve endings, but could not be observed when investi-
gating the release regulating presynaptic AMPA receptors present
on GABAergic and cholinergic nerve endings. A better under-
standing of the functional interaction involving nicotine and ion-
otropic glutamate receptors could aid in the identification of new
potential therapeutic targets for tobacco smoking cessation.

2. Material and methods

2.1. Animals and brain tissue preparation

Adult male rats (SpragueeDawley, 200e250 g) were housed at constant

temperature (22 � 1 �C) and relative humidity (50%) under a regular light-dark

schedule (light 7.00 a.m.e7.00 p.m.). Food and water were freely available. The

animals were killed by decapitation and the brain was rapidly removed at 0e4 �C.

Fresh tissue was dissected according to Paxinos and Watson Atlas (1986; sections

between Bregma 0.7e2.2mm for NAc). The experimental procedures were approved

by the Ethical Committee of the Pharmacology and Toxicology Section, Department

of Experimental Medicine, in accordance with the European legislation (European

Communities Council Directive of 24 November 1986, 86/609/EEC) and were

approved by Italian legislation on animal experimentation (protocol number 124/

2003-A). All efforts were made to minimize animal suffering and to use the minimal

number of animals necessary to produce reliable results.

2.2. Release experiments from synaptosomes

Crude synaptosomes from the nucleus accumbens (NAc) and the hippocampus

of adult rats were homogenized in 40 volumes of 0.32 M sucrose, buffered to pH 7.4

with phosphate (final concentration 0.01 M, Raiteri et al., 1974). The homogenate

was centrifuged at 1000 g for 5 min, to remove nuclei and cellular debris, and crude

synaptosomes were isolated from the supernatant by centrifugation at 12,000 g for

20 min. The synaptosomal pellet was then resuspended in physiological medium

having the following composition (mM): NaCl 128, KCl 2.4, CaCl2 3.2, KH2PO4 1.2,

MgSO4 1.2, HEPES 25, pH 7.5, glucose 10, pH 7.2e7.4.

In release experiments, NAc synaptosomes were incubated for 20 min at 37 �C

with [3H]dopamine ([3H]DA; final concentration 0.03 mM) in the presence of 6-

nitroquipazine (final concentration 0.1 mM) to avoid false labeling of serotonergic

terminals and of desipramine (final concentration 0.1 mM) to avoid false labeling of

noradrenergic terminals, [3H]acetylcholine ([3H]ACh; final concentration 0.08 mM).

In a set of experiments, hippocampal synaptosomes were incubated with [3H]GABA

(final concentration 0.02 mM) or [3H]noradrenaline ([3H]NA; final concentration

0.03 mM) in the presence of 6-nitroquipazine (to avoid false labeling of serotonergic

terminals).

Identical portions of the synaptosomal suspension were then layered on

microporous filters at the bottom of parallel superfusion chambers thermostated at

37 �C (Raiteri et al., 1974). Synaptosomes were superfused at 0.5 ml/min with

standard physiological medium as previously described. Starting from t ¼ 36 min to

t ¼ 48 min of superfusion four consecutive 3-min fractions (b1eb4) were collected.

Synaptosomes were exposed to agonists or to depolarizing agent (4-aminopyridine)

at t¼ 39 min, till the end of superfusion, while antagonists were present from 8min

before agonists. When indicated, at t ¼ 29 min of superfusion, synaptosomes were

exposed for 10 min to nicotine (30 mM) in the absence or in the presence of nicotine

agonists. When indicated, rat hippocampus was homogenized in buffered sucrose

containing 20 mM of the peptides under study in order to entrap these agents into

subsequently isolated synaptosomes (see Pittaluga et al., 2006). Based on estimates

made by entrapping of [3H]sucrose, the intrasynaptosomal concentration of the

compounds is about 5% of the original concentration in the homogenization

medium (Raiteri et al., 2000). Samples collected and superfused synaptosomes were

then counted for radioactivity (fractional efflux) and agonist-induced effect was

expressed as “% induced overflow”. And were evaluated by subtracting the neuro-

transmitter content released in the four fractions collected under basal condition (no

drug added) from that released in presence of the stimulus.

2.3. Sub-synaptic fractionation of nerve terminals

Purified synaptosomes were prepared on Percoll gradients (SigmaeAldrich, St

Louis, MO) essentially according to Dunkley et al. (1986), with minor modifications.

Briefly, the tissue was homogenized in 6 volumes of 0.32 M sucrose, buffered at pH

7.4 with TriseHCl, using a glass-teflon tissue grinder (clearance 0.25 mm, 12

upedown strokes in about 1 min). The homogenate was centrifuged at 1000 � g for

5 min, at 4 �C, to remove nuclei and debris; the supernatant was gently stratified on

a discontinuous Percoll gradient (2%, 6%, 10%, and 20% v/v in Tris-buffered sucrose)

and centrifuged at 33,500 � g for 5 min at 4 �C. The layer between 10% and 20%

Percoll (synaptosomal fraction) was collected, washed by centrifugation and

resuspended in physiological HEPES-buffered medium having the following

composition (mM): NaCl 128, KCl 2.4, CaCl2 3.2, KH2PO41.2, MgSO41.2, HEPES 25, pH

7.5, glucose 10, pH 7.2e7.4. Protein content was quantified by applying Bradford

(1976) method.

Synaptosomes were washed by centrifugation and sub-synaptic fractions were

prepared as described in literature (Phillips et al., 2001; Rebola et al., 2003; Feligioni

et al., 2006). Briefly, nucleus accumbens synaptosomes (Syn, total synaptosomal

fraction) were resuspended in 300 ml of buffered sucrose (0.32 M sucrose; Tris,

0.01 M; CaCl2 0.1 mM), diluted 1:10 in ice-cold 0.1 mM CaCl2 and mixed with an

equal volume of 2� Triton X-100 buffer (2% Triton X-100, 40 mM Tris, pH 6.0; 4 �C).

Protease inhibitors were used in all purification steps. Following a 30-min incuba-

tion at 4 �C, the insoluble material (synaptic junctions) was pelleted (40,000 g,

30 min, 4 �C) and the supernatant (non-synaptic synaptosomal protein; NSSP) was

decanted, diluted with 6 vol of acetone at �20 �C and proteins precipitated by

centrifugation (18,000 g; 30 min; �18 �C). The synaptic junction pellet was resus-

pended in 10 vol of 1� Triton X-100 buffer (1% Triton X-100, 20 mM Tris, pH 8.0;

4 �C), incubated for 30 min at 4 �C and then centrifuged (40,000 g, 30 min, 4 �C). The

pellet contained the insoluble postsynaptic density (Post) and the supernatant

contained the presynaptic active zone (Pre). The protein in the supernatant

(presynaptic fraction) was acetone precipitated and collected as above. In a set of

experiments aimed at investigating the effect of nicotine pretreatment on the sub-

synaptic distribution of GluA2 subunits, synaptosomes were firstly incubated in

physiological medium at 37 �C in a rotary water bath for 10 min in absence or in

presence of nicotine (30 mM) and then sub-synaptic fractions prepared as previously

described.

2.4. Reversible biotinylation measuring endocytosis of GluA2 subunit

Synaptosomes were prepared and purified as described above from the brain of

5 pulled rats NAcs. Synaptosomes proteins were counted by applying Bradford

(1976) method and then resuspended in HEPES-buffered medium at 4 �C. Two

aliquots of synaptosomes [500 mg proteins each, namely the synaptosomal fraction

(Syn) and the streptavidin pull-down synaptosomal lysate (L), respectively, were

collected and stored at 4 �C. GluA2 endocytosis measurement was evaluated by

performing reversible biotinylation as described in literature (Jayanthi et al., 2004;

Johnson et al., 2005) with minimal modifications. Briefly, purified synaptosomes

were divided in 4 aliquots (500 mg proteins each) and labeled with 2 mg/ml of

sulfoeNHSeSSebiotin for 1 h at 4 �C. Synaptosomes were then washed twice with

ice-cold 100 mM glycine in PBS/CaeMg to quench biotin. One aliquot was used to

measure total biotinylated GluA2, whereas another one was used for detecting the

minimum of biotinylation. In the latter case, synaptosomes were stripped with the

non-permeable reducing agent Tris(2-carboxyethyl)phosphine hydrochloride

(TCEP). The other 2 aliquots were incubated for 10 min at 37 �C under mild shacking

after which one aliquot was treated for 10 min with nicotine (T, nicotine f.c. 30 mM)

while the other one was kept as control (C). The reaction was stopped with cold

washing buffer (150 mM NaCl, 1 mM EDTA, 0.2% BSA, 20 mM Tris, pH 8.6). Bio-

tinylated surface proteins were stripped by using 50 mM TCEP in washing buffer for

1 h at 4 �C. Synaptosomes were then washed twice in ice-cold washing buffer and

following were lysate in lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA,

0.1% SDS, 1% Triton X-100, 1 mM orthovanadate). Streptavidin magnetic beads (20 ml
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each sample over-night at 4 �C) were added to biotinylated synaptosomes (nicotine

treated, T, and nicotine untreated, C, synaptosomes) to pull-down biotinylated

proteins as well as to non-biotinylated synaptosomes to evaluate streptavidin pull-

down specificity (B). After extensive washes with washing buffer, 1� SDS-PAGE

buffer were added and samples were boiled for 5 min at 95 �C before electropho-

resis gel loading.

2.5. Immunoblotting

Proteins were loaded on 10% Sodium Dodecyl Sulphate-PAGE gel and then

transferred onto PVDF membranes. Non-specific binding sites were blocked 1 h at

room temperature with Tris-buffered salineeTween (teTBS; 0.02 M Tris, 0.150 M

NaCl, and 0.05% Tween 20) containing 5% non-fat dried milk and probed for protein

of interest with the following primary antibodies: rabbit anti-GluA2 (1:500), mouse

anti-syntaxin-1A (Stx-1A; 1:10000), mouse anti-synaptophysin (1:10000), rabbit

anti-PSD95 (1:1000). After washes, membranes were incubated for 1 h at room

temperature with the appropriate horseradish peroxidase-linked secondary anti-

body (1:2000), and immunoblots were visualized with an ECL (enhanced chem-

iluminescence) Plus Western blotting detection system to detect protein bands. In

a set of experiments aimed at investigating the GluA2 redistribution in the sub-

synaptic fractions, the presynaptic components the synaptic active zone (Pre), the

postsynaptic components the synaptic active zone Post and the non-synaptic (NSSP)

components isolated from control and from nicotine pre-treated synaptosomes

were blotted as previously described. In this case, the level of GluA2 subunit

immunoreactivity was monitored in the total synaptosomes (Syn) and in the Pre, in

the Post and in the NSSP fractions of control and nicotine pretreated NAc; b-actin

immunoreactivity [quantified by using mouse anti-b-actin (1:5000)] was used as

internal control. In the experiments carried out to investigate GluA2 endocytosis

with the reversible biotinylation approach, the biotinylated surface proteins from

control synaptosomes (lane C), from nicotine-treated synaptosomes (lane T), from

the streptavidin pull-down synaptosomal lysate (lane L), from the beads control

(lane B) and from the synaptosomal fraction (lane Syn) were blotted. GluA2 subunit

immunoreactivity was monitored in all the fractions.

2.6. Immunocytochemical analysis in rats nucleus accumbens nerve terminals

Crude synaptosomes from NAc were prepared as previously described. For

immunocytochemical analysis 50 mg of synaptosomal proteins were placed onto

cover-slips which were previously coated with poly-L-lysine, were fixed with 2%

paraformaldehyde for 15 min and were washed with phosphate-buffered saline

(PBS). After extensive washes with 0.5% bovine serum albumin (BSA) PBS, synap-

tosomes were first incubated with the following primary antibodies diluted in PBS

containing 3% albumin: the rabbit anti-GluA2 receptor (1:2000) and the anti-

dopamine transporter (DAT; 1:2000) for 1 h at room temperature and then per-

meabilized with 0.05% Triton X-100 PBS for 5 min and exposed to the mouse anti-

syntaxin-1A (Stx-1A; 1:10000). Synaptosomes were then washed with 0.5% BSA

PBS and incubated for 30 min at room temperature with AlexaFluor-647 (red)

donkey anti-rabbit IgG antibodies, Cy3 (yellow) goat anti-rat IgG antibodies, and

AlexaFluor-488 (green)-labeled donkey anti-mouse IgG antibodies (1:500 for all), as

appropriate. Fluorescence image acquisition was performed with a multi-channel

Leica TCS SP5 laser-scanning confocal microscope, equipped with 458, 476, 488,

514, 543 and 633 nm excitation lines. Images (512_ 512_ 8 bit) were taken through

a planapochromatic oil immersion objective 63�/NA1.4. Light collection configu-

ration was optimized according to the combination of chosen fluorochromes and

sequential channel acquisition was performed to avoid cross-talk phenomena. Leica

LasAF software package was used for acquisition, storage and visualization. Each

coverslip was analyzed by acquisition of at least three different fields.

2.7. Statistical analysis

Multiple comparisons were performed with one- or two-way ANOVA followed

by the Bonferroni post hoc test. Datawere considered significant for p< 0.05, at least.

The IC50 and Hillslope have been calculated according to a four parameter logistic

curve using GraphPad Prism (version 4.03 GraphPad Software, San Diego, CA, USA).

GluA2 and b-actin bands from sub-fractionated samples as well as GluA2 bands from

Reversible biotinylation experiments were quantified by using the ImageJ 1.46b

software (Wayne Rasband, NIH, MD, USA). Protein bands used were within linear

range of standard curves that were obtained by loading increasing amounts of

samples and were normalized for b-actin level in the same membrane.

The quantitative estimation of co-localized proteins in immunocytochemical

studies was performed calculating the co-localization coefficients from the red- and

green two colour-channel scatter plots (Manders et al., 1993). Co-localization coef-

ficients express the fraction of co-localizing molecular species in each component of

a dual colour image and are based on the Pearson’s correlation coefficient, a stan-

dard procedure for matching one image with another in pattern recognition

(Gonzalez andWintz, 1987). If two molecular species are co-localized, the overlay of

their spatial distributions has a correlation value higher than what would be

expected by chance alone. Costes et al. (2004) developed an automated procedure to

evaluate correlation between first and the second colour channel with a significance

level>95%. The same procedure automatically determines an intensity threshold for

each colour channel based on a linear least-square fit of the two colours intensities

in the image’s 2D correlation cytofluorogram. Costes’ et al. approach was employed

using macro routines integrated as plug-ins (WCIF Co-localization Plugins, Wright

Cell Imaging Facility, Toronto Western Research Institute, Canada) in the ImageJ

1.46b software (Wayne Rasband, NIH, MD, USA).

2.8. Materials

1-[7,8-3H]noradrenaline (5e15 Ci(185e555 GBq)/mmol), [3H]GABA

(70e100Ci(2.59e3.70TBq)/mmol), [3H]choline (60e90Ci (2220e3330 GBq)/mmol)

and [7,8-3H]dopamine (>70 Ci/mmol (2.59 TBq/mmol) were purchased from Perkin

Elmer SpA. Nicotine hydrogen tartrate salt, 4-aminopyridine (4AP), Choline, Meca-

mylamine (SigmaeAldrich, St Louis, MO, USA); 5-Iodo-A-85380, Cytisine, (S)alpha-

amino-3-hydroxy-5-methyl-4-isoxazole propionate [AMPA], cyclothiazide, pep2-

SVKI, pep2-SVKE, were from Tocris (Tocris Bioscience, Bristol, UK). Anti-GluA2

receptor monoclonal rabbit monoclonal immunoaffinity purified IgG, anti-

syntaxin-1A monoclonal mouse IgG and Cy3 goat anti-rat IgG antibodies were

obtained from Gene Tex (Irvine, CA, USA). Anti-synaptophysin monoclonal mouse

IgG was purchased from Synaptic System (Goettingen, Germany); rabbit anti-PSD95

polyclonal immunoaffinity IgG was from Affinity BioReagents (Golden, CO, USA). Rat

anti-DAT antibody was obtained from Novus Biologicals (Littleton, CO, USA);

SulfoeNHSeSSebiotin, Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and

Streptavidin Magnetic Beads were purchased from Pierce Thermo Scientific (Rock-

ford, IL, USA), b-actin monoclonal mouse IgG1, horseradish peroxidase-conjugated

anti-mouse and anti-rabbit secondary antibodies protease inhibitor cocktail were

obtained from Sigma Chemical Co. (St. Louis, MO, USA). Western blotting detection

systemwas purchased from GeHealthcare (Italy). AlexaFluor-647 or AlexaFluor-488

antibodies are purchased from Molecular Probes (Alfagene, OR, USA).

3. Results

An important characteristic of our approach studying release
from isolated synaptosomes in superfusion is that any change of
one neurotransmitter outflow can be attributed exclusively to an
action on the nerve terminal releasing that transmitter. Synapto-
somes can be selectively labeled by adding the appropriate [3H]
neurotransmitter which is taken up by the synaptosomal pop-
ulation which possesses the specific carriers for that neurotrans-
mitter. This permits the unequivocal localization of a given receptor
protein (i.e. nACh or AMPA receptors as in this case) involved in the
modulation of neurotransmitter release from a define subpopula-
tion of the nerve terminal releasing the neurotransmitters under
investigation.

Exposure of rat nerve terminals isolated from rat NAc to 100 mM
AMPA caused a marked release of preloaded [3H]DA, which was
totally prevented by the concomitant addition of 10 mM NBQX or
when omitting Ca2þ ions in the superfusion medium (Fig. 1). The
release of [3H]DA evoked by 100 mM AMPA was significantly
potentiated (þ59%) when 10 mM cyclothiazide, inactive on its own,
was added concomitantly to the agonist (Fig. 1).

Fig. 2 shows that 30 mM nicotine and 100 mM AMPA caused
a marked release of prelabeled [3H]DA that quantitatively corre-
sponds to that caused by 10 mM 4AP. In vitro pre-exposure of
synaptosomes for 10 min to 30 mM nicotine caused a marked
reduction (�83%) of the nicotine-induced [3H]DA overflow, sug-
gesting that nicotine receptors could undergo agonist-induced
receptor desensitization (Fig. 2A). Furthermore, pretreatment of
NAc synaptosomes with nicotine also caused a significant reduction
of the 100 mM AMPA-evoked overflow of dopamine (�59%), but
failed to modify the 4AP-induced dopamine overflow (Fig. 2A,). The
lack of effect on 4AP-induced dopamine overflow indicates that
changes in the exocytotic machinery do not account for nicotine-
induced modifications of nicotine or AMPA receptor-induced DA
overflow. Fig. 2A also shows that nicotine-induced reduction of
100 mM AMPA-evoked [3H]DA overflow was impeded when
mecamylamine (20 mM) was added concomitantly to nicotine. At
the concentration appliedmecamylamine failed to affect on its own
the spontaneous release of [3H]DA, nor it modified the 100 mM
AMPA-evoked [3H]DA overflow (not shown). To further explore the
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interaction between nAChRs and AMPA receptors regarding the
[3H]-DA release we performed some experiments to evaluate the
acute effects on [3H]-DA release by the simultaneous activation of
these two receptors. As reported in Fig. 2A the amount of 3H-DA
elicited by the simultaneous application of nicotine and AMPA,
correspond to the sum of the stimulation by each single agonist.
This suggests that the significant reduction of the 100 mM AMPA-
evoked overflow of dopamine does not occur when nicotine is
co-applied with AMPA but specifically takes place after prolonged
nicotine exposure of NAc synaptosomes.

The selective a4b2 agonists 5IA-85380 (10 nM) and cytisine
(100 mM) produced similar inhibitory effects while choline used as
specific agonist for a7 nAChR failed to produce an inhibitory effect
(Fig. 2B). Notably, the nicotine-induced change of AMPA-evoked
overflow of [3H]DA occurred in a concentration-dependent
fashion, the nicotine-induce effects on AMPA receptor function
being maximally evident when synaptosomes were preexposed to
30 mM nicotine (apparent IC50 value 0.913 � 3.21 mM; Hillslope
0.57 � 0.14; Fig. 2C).

Experiments were then carried out to investigate whether
nicotine-induced modification of AMPA-evoked [3H]DA release
could be ascribed to changes in AMPA receptor constitutive traf-
ficking. To this aim, the effect of pep2-SVKI, a peptide known to
compete for the binding of GluA2 subunit to scaffolding proteins
involved in AMPA receptor endocytosis (namely the glutamate
receptor-interacting protein, GRIP, the AMPA receptor binding
protein, ABP and the protein interacting with C kinase 1 PICK1;
Dong et al., 1997; Xia et al., 1999; Braithwaite et al., 2000; Daw et al.,
2000; Malinow and Malenka, 2002), was studied on the inhibitory
effect of nicotine pretreatment on AMPA receptors. To avoid pro-
longed incubation, the peptides were entrapped into nerve termi-
nals during synaptosomal preparation (Raiteri et al., 2000).

Aspecific interactions were excluded by analyzing in parallel
experiments the effects of the inactive peptide pep2-SVKE, used as
negative control (Collingridge and Isaac, 2003; Henley, 2003).
Fig. 3A shows that AMPA-induced [3H]DA overflow from nicotine
pretreated NAc dopaminergic terminals was significantly increased
(þ81%) in synaptosomeswhich entrapped pep2-SVKI but not pep2-
SVKE. On the contrary, the drastic reduction of nicotine-evoked
overflow of [3H]DA due to nicotine pretreatment was unchanged

Fig. 1. Effect of AMPA on the spontaneous release of [3H]dopamine from rat nucleus

accumbens synaptosomes: Ca2þ-dependency, cyclothiazide-sensitivity and antago-

nism by NBQX. Synaptosomes were prepared as previously described, preloaded with

the radioactive tracer and exposed in superfusion to 100 mM AMPA. Antagonist was

added 8 min before agonist; when studying the calcium dependency of the AMPA-

induced release of tritium, at t ¼ 20 min of superfusion, standard medium was

replaced with a solution where Ca2þ was omitted and 0.5 mM EGTAwas added. Results

are expressed as induced overflow. Data are means � SEM of five experiments run in

triplicate (three superfusion chambers for each experimental condition). *p < 0.05***,

p < 0.001 vs. 100 mM AMPA.

Fig. 2. Effect of nicotine pretreatment on the release of [3H]dopamine evoked by

nicotine, AMPA and 4-aminopyridine from rat nucleus accumbens synaptosomes:

antagonism by mecamylamine, subtypes selectivity and concentration effect rela-

tionship. (A). Empty bar: control synaptosomes, black bar: nicotine pretreated

synaptosomes, grey bar: synaptosomes pretreated with 20 mM mecamylamine

together with nicotine 10 min before AMPA. Control (no drug pretreatment) and

nicotine pretreated synaptosomes were exposed to 30 mM nicotine, 100 mM AMPA and

100 mM 4-aminopyridine. Results are expressed as induced overflow. Data are

means � SEM of six experiments run in triplicate. xxxp < 0.001 vs. 30 mM nicotine,
BBp < 0.01 vs. 100 mM AMPA, ***p < 0.001 vs. control, respectively. (B) Synaptosomes

were exposed to different nicotinic agonists and then stimulated with 100 mM AMPA.

Results are expressed as percent of inhibition. Data are means � SEM of five experi-

ments run in triplicate. BBBp < 0.001 vs. nicotine induced inhibition. (C) Synapto-

somes were pretreated with increasing concentration (0.01e100 mM) of nicotine and

then exposed to 100 mM AMPA. Results are expressed as percent of AMPA-induced

releasing effect from control (no drug pretreated) synaptosomes. Data are

means � SEM of x experiments run in triplicate. ***p < 0.001 vs. control. The IC50 and

the Hillslope were calculated according to a four parameter logistic curve using

GraphPad Prism (version 4.03 GraphPad Software, San Diego, CA).
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in pep2-SVKI or pep2SKE-enriched NAc synaptosomes (Fig. 4B).
Entrapped peptides did not affect on their own the spontaneous
release of [3H]DA (not shown).

In order to confirm the presence of GluA2 receptor subunit at
the sub-synaptic level in NAc synaptosomal membranes, we per-
formed some experiments using a specific purification technique
(Phillips et al., 2001; Pinheiro et al., 2003; Rebola et al., 2003;
Feligioni et al., 2006; Summa et al., 2011) that allows the simulta-
neous analysis of the presynaptic component of the synaptic active
zone (Pre), of the postsynaptic component of synaptosomal
membranes (Post), and of the non-synaptic component (NSSP) of
synaptosomal membranes. GluA2 immunoreactivity was also
analyzed in synaptosomal membranes (Syn) as internal control.
Western blot analysis unveiled a significant GluA2 immunoreac-
tivity in all the three presynaptic components the synaptic active
zone (Pre), the postsynaptic components of synaptosomal
membranes (Post) and the non-synaptic components (NSSP) of
synaptosomal membranes synaptosomal subfractions as well as in
the Syn (Fig. 4). In parallel analysis the separation of the Pre and of
the Post subfractions from other presynaptic proteins not located in

the active zone, the NSSP proteins were validated. As shown in
Fig. 4, PSD95 was found to be predominant in the postsynaptic
fraction, syntaxin-1A (Stx-1A) in the presynaptic component, while
synaptophysin in the NSSP fraction. In order to determine whether
changes in AMPA-induced releasing effect caused by the transient
preexposure of NAc synaptosomes to 30 mM nicotine could be
paralleled by changes in GluA2 subunits in synaptosomal
membranes, the level of GluA2 subunit immunoreactivity was
monitored in the total synaptosomes (Syn), as well as in the Pre,
Post, and in the NSSP fractions of control and nicotine pretreated
NAc synaptosomes (Fig. 5A). As shown in Fig. 5A, the loss of func-
tion of AMPA receptors in nicotine pretreated synaptosomes was
accompanied by a decreased insertion of GluA2 subunit proteins in
the presynaptic component of synaptic plasma membranes nico-
tine-treated synaptosomes when compared to control, while the
level of the GluA2 immunoreactivity was not significantly modified
in the NSSP and in Post fractions (Fig. 5B).

GluA2 receptor subunit endocytosis induced by exposure of NAc
synaptosomes to 30 mM nicotine can also be analyzed by studying
the fraction of surface receptors that are internalized. For this
purpose we applied the reversible biotinylation approach (Jayanthi
et al., 2004; Johnson et al., 2005) and quantified .the internalized
biotinylated GluA2 subunits. A significant increase (þ41.41%) of
internalized presynaptic GluA2 biotin tagged (Fig. 5C, lane T) was
observed following exposure of synaptosomes to nicotine treat-
ment when compared to control (Fig. 5C, lane C). Total streptavidin
pull-down synaptosomal lysate (Fig. 5C, lane L) was added as input
to detect synaptosomal GluA2. TCEP biotin stripping (0% biotin) and
100% biotinylation efficacy were also tested (not shown).

Because the fractionation procedure used above does not allow
the purification of only the dopaminergic synaptic fraction from the
entire nerve terminal population, we undertook a complementary
immuno-cytochemistry study aimed at identifying the presence of
GluA2 receptor subunits at dopaminergic nerve endings, identified
as terminals labeled with antibody against the dopamine trans-
porter (DAT). In these experiments, the presynaptic location of
GluA2 subunits proteins was confirmed by analyzing the co-
localization of this protein in the Stx-1A-immunoreactive
elements. Our data indicate that 75 � 6% Stx-1A -immunoreactive
particles were also DAT immunoreactive in the total populations of
NAc nerve terminals, while 71 � 6% of DAT positive terminals were
also labeled with anti-Stx-1A antibody (see for a representative
image Fig. 6, panels aec). Inasmuch, they also allow to conclude
that only 48 � 9% of the Stx-1A positive particles were GluA2-
immunoreactive elements and, reciprocally, that 73 � 4% of the

Fig. 3. Effects of peptides that interfere with AMPA receptor internalization on the

AMPA and the nicotine-evoked release of [3H]dopamine from control and nicotine

pretreated rat nucleus accumbens synaptosomes. White bar: [3H]DA release evoked by

100 mM AMPA (panel A) or by 30 mM nicotine (panel B) from control (no entrapped

peptide) or peptide (pep2-SVKI or pep2-SVKE, as indicated) entrapped NAc synapto-

somes. Black bar: [3H]DA release evoked by 100 mM AMPA (panel A) or by 30 mM

nicotine (panel B) from control (no entrapped peptide) or peptide (pep2-SVKI or pep2-

SVKE, as indicated) entrapped NAc synaptosomes preexposed to 30 mM nicotine.

Results are expressed as induced overflow. Data are means � SEM of six experiments

run in triplicate. *p < 0.05 vs. 100 mM AMPA in nicotine-treated animals.

Fig. 4. GluA2 subunit receptor protein expression in rat nucleus accumbens synap-

tosomes. Western blotting of GluA2 proteins in the NSSP fraction, in the Post, in the Pre

and in the whole initial synaptosomal fraction from which fractionation was per-

formed (Syn), here used as loading control. Anti-PSD95, anti-synaptophysin and anti-

Stx-1A were used as markers for ultrasynaptic fraction to determine the purity of the

preparation that is more than 90%. Protein weights are expressed in kDa. The blots are

representative of six analyses.
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GluA2 positive particles were also Stx-1A-immunoreactive
elements (see for a representative image Fig. 6, panels gei).
Finally, among the DAT-immunopositive terminals, 45 � 9% of the
particles were positive for GluA2 immunoreactivity and recipro-
cally 74 � 5% of the GluA2-immunoreactive elements were
immunolabeled with anti-DAT antibodies (see for a representative
image Fig. 6, panels def). Altogether, these observations led us to
conclude that a significant percentage of nerve terminals isolated
from the NAc of adult rats, identified as Stx-1A positive elements,
were dopaminergic. Among these terminals, a significant
percentage of terminals also possess GluA2 receptor subunits
(Fig. 6, panel j).

To further study whether the internalization of AMPA receptors
which modulate [3H]-DA release is a common feature of other
presynaptic AMPA receptors we investigated whether the pre-
incubation with nicotine may influence also the function of AMPA
receptors which modulate [3H]-ACh, [3H]-GABA and [3H]-NA
(Desce et al., 1991; Pittaluga and Raiteri, 1992; Malva et al., 1994;
Pittaluga et al., 1997). It is well known that nAChRs are present
on nerve terminals and elicit exocytotic release of various neuro-
transmitters including NA, DA, ACh and GABA in a Ca2þ dependent

manner (Wonnacott et al., 1989; Levin, 1992; Wessler et al., 1992;
Guo et al., 1998; Li et al., 1998; Zappettini et al., 2011; Wilkie
et al., 1996; Sershen et al., 1997). The finding that the nicotine-
induced release of [3H]-NA the release was tetrodotoxin sensitive
(Sershen et al., 1997) has been explained by local depolarization
and subsequent generation of action potentials further supporting
the presence of these receptors on the nerve endings. Evidence also
exist supporting the presynaptic localization of AMPA receptors
whose activation elicits the Ca2þ-dependent, vesicular-like release
of NA (Pittaluga and Raiteri, 1992; Malva et al., 1994; Br; Pittaluga
et al., 1997, 2006), of DA (Desce et al., 1991; Malva et al., 1994;
Pittaluga et al., 2006,), of GABA (Pittaluga et al., 1997) and ACh
(Pittaluga et al., 1997, 2006). Well in line with these functional
observations, the existence of presynaptic AMPA receptors is also
supported by results from immunocytochemical (Martin et al.,
1998; Fujiyama et al., 2004; Carr et al., 2010) and autoradio-
graphic (Tarazi et al., 1998) investigations.

Fig. 7 (panel A) shows that exposure of NAc synaptosomes
preloaded with [3H]GABA to nicotine (30 mM) caused a significant
overflow of the radioactive tracer. A comparable releasing effect
could be observed when GABAergic NAc terminals were exposed

Fig. 5. Effects of nicotine pretreatment on GluA2 subunit distribution in synaptosomal subfractions isolated from nucleus accumbens nerve terminals. Panel A: Western blotting of

GluA2 and of b-actin proteins in the NSSP, the Post, the Prefractions and in the Syn protein, here used as loading control from nicotine pretreated and control NAc synaptosomes.

Protein weights are expressed in kDa. The blots are representative of analysis from four different synaptosomal preparations. Panel B: Nicotine pretreatment alters the synaptic

distribution of GluA2 subunits. Quantitative analysis of the synaptic distributions of GluA2 subunits in control (empty bar) and nicotine pretreated (black bar) rat NAc synaptosomes.

GluA2 immunoreactivity was expressed as percentage of b-actin immunoreactivity. Panel C: Nicotine treatment induces an endocytosis of presynaptic GluA2 subunits. Nicotinic

stimulated synaptosomes in reversible biotinylation experiment. Western blotting of internalized biotinylated protein collected by streptavidin pull-down. GluA2 immunoreactivity

in control (lane C), treated (lane T), total synaptosomes (L) and streptavidin pull-down control (lane B). Changes in NAc synaptic GluA2 level in nicotine pretreated NAc synap-

tosomes are calculated as percentage of control synaptosomes (expressed as 100% � SEM) and are indicated as mean � SEM of separate immunoblots from four different prep-

arations. **p < 0.01 vs. control.
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to 100 mM AMPA. Pre-exposure of NAc synaptosomes to 30 mM
nicotine caused a dramatic decrease (�99%) of the stimulatory
effect of nicotine receptors but failed to cause significant changes
to the overflow of [3H]GABA elicited by 100 mM AMPA. Similar
results were observed when studying the overflow of [3H]ACh
from NAc synaptosomes. Exposure of NAc terminals preloaded
with [3H]Ch to 30 mM nicotine or to 100 mM AMPA caused
a marked overflow of [3H]ACh; synaptosomes pre-exposure to
30 mMnicotine drastically reduced (�73%) the nicotine but not the
AMPA-induced stimulatory effect (Fig. 7, panel B). Finally, both
30 mM nicotine and 100 mM AMPA released [3H]NA from hippo-
campal nerve endings. However, differently from GABAergic and
cholinergic terminals, nicotine pretreatment caused a significant

reduction of both agonist-induced stimulating effects
(�99%, �57%, respectively) (Fig. 7, panel C).

4. Discussion

Several lines of evidence in laboratory animals and preclinical
reports demonstrate that glutamatergic system is critically
involved in nicotine dependence. Moreover, it is well known that
different glutamatergic receptors participate in the mediation of
several aspects of nicotine-mediated effects (Liechti and Markou,
2008; Reissner and Kalivas, 2010; D’Souza and Markou, 2011;
Timofeeva and Levin, 2011). Therefore, as far as the
glutamateenicotine interaction is concerned, one potentially

Fig. 6. GluA2 receptor subunit and dopamine transporter protein are co-localized on rat nucleus accumbens dopaminergic terminals. Representative double-labeling images of anti-

dopamine transporter (DAT, specific marker of dopaminergic nerve terminals) and of anti-GluA2 with anti-syntaxin-1 (Stx-1A, marker of all nerve terminals, panel c and panel i,

respectively) and of anti-GluA2 with anti-DAT (panel f). Representative triple image of anti-GluA2 with anti-DAT and with anti-Stx-1A. The image is representative of n different

images taken on different days.

M. Grilli et al. / Neuropharmacology 63 (2012) 916e926922



relevant hypothesis is that nicotine and glutamate receptors be
functionally coupled and control dopamine outputs in basal
ganglia.

If this were the case, we previously demonstrated that, at the
presynaptic level, nAChRs functionally interact with other coex-
isting glutamatergic (NMDA and metabotropic) receptors through
different mechanisms (Marchi and Grilli, 2010 and references
therein). Here we report on the existence, in the rat NAc dopami-
nergic nerve terminals, of a population of cyclothiazide-sensitive,
GluA2-containing AMPA-preferring receptor subtypes (Pittaluga
et al., 1997; Ghersi et al., 2003), whose activation elicits the
release of the catecholamine.

The presence of these receptors is strongly strengthened by the
data from immuno-cytochemistry studies indicating that a signifi-
cant percentage of nerve terminals isolated from the NAc of adult
rats, identified as Stx-1A positive elements, were dopaminergic.
Among these terminals, a significant percentage of nerve endings
also posses GluA2 receptor subunits (Fig. 6, panel j).

The second important finding is that these presynaptic AMPA
heteroreceptors functionally interact with coexisting nAChRs. In
fact, pretreatment of NAc synaptosomes with nicotine caused
a significant reduction of the AMPA-evoked overflow of [3H]DA but

failed to modify the 4AP-induced [3H]DA overflow, suggesting that
changes in the exocytotic machinery do not account for nicotine-
induced modifications of nicotine or AMPA receptor-induced [3H]
DA overflow (Fig. 2A). Furthermore, this event was impeded by
mecamylamine, further supporting the hypothesis that nicotine
and presynaptic AMPA receptors co-localize on NAc dopaminergic
terminals and that activation of nicotine receptor represents the
triggering event accounting for the loss of function of AMPA
receptors. To investigate the molecular cascade of events, which
may justify the decrease of the functional response of AMPA
receptors here described, we first considered that presynaptic
cyclothiazide-sensitive AMPA-preferring presynaptic receptors
located on NAc could undergo constitutive trafficking in synapto-
somal membranes. Similarly to what observed postsynaptically, in
recent years evidence have been provided showing that scaffolding
proteins involved in the constitutive trafficking of AMPA receptors
also locate presynaptically, where they co-localize with GluR2
subunit and Syntaxin-1A proteins (Haglerød et al., 2009). Inas-
much, interfering with GluA2-GRIP/PICK1 interaction at the
presynaptic level was reported to cause quantitative changes to
AMPA-induced releasing effect, an event that was related to
modification in the number of AMPA receptors actively inserted in
synaptosomal membranes (Pittaluga et al., 2006; Summa et al.,
2011). If this is the case, the possibility that nicotine pretreatment
could decrease the functional response of AMPA receptors by
enhancing their internalization could be envisaged. To this aim, we
analyzed the effects of pep2-SVKI, a peptide known to compete for
the binding of GluA2 subunit to scaffolding proteins involved in
AMPA receptor internalization. Interestingly the decrease of the
AMPA-induced [3H]DA overflow in nicotine pretreated NAc dopa-
minergic terminals was significantly counteracted in synaptosomes
containing entrapped pep2-SVKI when compared to controls, while
pep2-SVKE, the inactive peptide, was ineffective. On the contrary,
the drastic reduction of nicotine-evoked overflow of [3H]DA due to
nicotine pretreatment was unchanged in pep2-SVKI or pep2SKE-
entrapped NAc synaptosomes. Therefore, the finding that the
nicotine-induced decrease of the function of AMPA receptors on
dopaminergic NAc terminals could be, at least partially restored by
impeding GluA2/GRIP/ABP/PICK1 interaction led us to speculate
that the nicotine effect was due to the increased rate of internali-
zation of cyclothiazide-sensitive presynaptic AMPA-preferring
receptors, which are characterized by the presence of the GluA2
subunit. Accordingly, the loss of function of AMPA receptors in
nicotine pre-treated synaptosomes was accompanied by a reduced
presence of GluA2 subunit proteins in the presynaptic component
of synaptic plasma membranes in the nicotine-treated nerve
endings, but not in the control. Additionally, the level of the GluA2
immunoreactivity was not significantly modified in the NSSP and in
Post fractions (Fig. 6 B). As far as the relatively small reduction in
the presynaptic expression of GluA2 (Fig. 6B) it has to be considered
that these experiments have been performed using the whole
population of synaptosomes and the data are not referred only to
the DA nerve endings and therefore the value could be even
underestimated.

One may therefore propose that nicotine pretreatment could
favour the internalization of GluA2-containing, cyclothiazide-
sensitive AMPA heteroreceptors located on NAc terminals. This
event, however, seems to occur in a restricted population of nerve
terminals, since AMPA-induced releasing effect was halved, but not
abolished, by nicotine. The reasons for the limited efficacy of
nicotine in reducing AMPA-induced releasing effects could be
manifold. For instance, it’s possible that NAc dopaminergic termi-
nals possess distinct AMPA receptor subpopulations, each having
different subunit assembly and sensitivity to nicotine. Considering
that GluA2-containing receptors are scarcely permeable to Ca2þ

Fig. 7. Effects of nicotine pretreatment on the nicotine and the AMPA-induced release

of different neurotransmitters from distinct synaptosomal preparations. Synaptosomes

isolated from the NAc and the hippocampus of adult rats were preloaded with [3H]

GABA, [3H]Ch (NAc) and [3H]NA (hippocampus), respectively and the release of pre-

loaded radioactive tracers caused by exposing synaptosomes to 30 mM nicotine or to

100 mM AMPA was quantified. Empty bar: agonist-evoked release from control

synaptosomes. Black bar: agonist-evoked release from 30 mM nicotine pretreated

synaptosomes. Results are expressed as induced overflow. Data are means � SEM of

five experiments run in triplicate. ***p < 0.001 vs. respective control.
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ions and have low channel conductance, their forced internaliza-
tion should slightly affect the AMPA-induced dopamine exocytosis.
Thus, also exists the possibility that new GluA2-lacking AMPA
receptors could be actively inserted in plasma membranes, then
compensating for the loss of function due to GluA2 subunit inter-
nalization. To note, such a compensatory event was already
reported to occur in NAc synapses after withdrawal from cocaine
self administration (Wolf, 2010). Finally, it’s plausible that only
a limited number of dopaminergic terminals possess co-expressed
nicotine and AMPA receptors should be taken in consideration.
Whatever the explanation, the events here described could be
relevant to the comprehension of the molecular mechanisms at the
basis of tabagism.

The trafficking of neurotransmitter receptors is a crucial mech-
anism for the modulation of synaptic transmission and the cellular
processes that govern this trafficking and the regulation of
membrane proteins are highly complex. However as far as the
mechanisms that initiate the endocytosis there are several
convincing evidences that calcium regulates all form of receptor
endocytosis even at the level of nerve terminals and calmodulin is
the calcium sensor involved (see Wu et al., 2009 and references
therein).

Interestingly, the nicotine-induced changes to release regu-
lating, presynaptic AMPA heteroreceptors was not limited to
dopaminergic terminals in the NAc, but also could be observed
when studying the AMPA-evoked release of noradrenaline from
hippocampal nerve terminals. Nicotine-induced adaptation of
AMPA receptors however does not represent a general molecular
event. Indeed, the pre-exposure of NAc synaptosomes to 30 mM
nicotine failed to cause significant changes of the AMPA-evoked
overflow of [3H]GABA and [3H]ACh from these terminals (Fig. 7).
Whether the decrease of AMPA responses could be partially
explained by an allosteric modulation or by desensitization of
nAChRs due to long-lasting exposure to nicotine is difficult to
foresee (Lendvai and Vizi, 2008). Indeed in cholinergic and
GABAergic nerve terminals the nAChRs which modulate neuro-
transmitter release are desensitized while the function of AMPA
receptor did not change. However, the possibility that the desen-
sitization of nAChRs may play a role in the decrease of AMPA
responses cannot be excluded (Lin et al., 2010). Due to the very
heterogeneous presence of nAChRs on these nerve endings (Wilkie
et al., 1996; Sershen et al., 1997; Wonnacott, 1997; Kulak et al.,
2001; Zoli et al., 2002; Collins et al., 2009; McClure-Begley et al.,
2009; Grady et al., 2010; Wu and Lukas, 2011; Quik et al., 2011), it is
very difficult to correlate specific nAChR subtypes with the inter-
nalization of AMPA receptors. Of course, the possibility that nAChR
and AMPA receptors might not coexist on GABAergic and cholin-
ergic nerve endings has to be also considered. In any case, the
involvement of a7 nAChR subtype can be excluded on the basis of
the lack of effect of the specific a7 agonist choline due to the
absence of these nAChR subtypes on DA and NA terminal, as
reported above. It has to be noted that DA and NA are stored and
released from large-dense core vesicles while GABA and ACh from
small synaptic vesicles; it is therefore likely that the functional
coupling between presynaptic nACh and AMPA receptors plays
a specific role in the regulation of neurotransmitter release from
the large-dense core vesicles and not from other types of vesicles.

It has been demonstrated that neither acute nor chronic expo-
sure to nicotine has any effect on the clearance of the surface
nAChRs from the plasma membranes or they degradation in the
lysosome (Darsow et al., 2005). This finding strongly suggests that
nicotine-dependent regulation of nAChR surface expression, in
particular that of the a4b2 nAChRs, does not occur via changes in
endocytotic trafficking or lysosomal degradation rate of the surface
nAChRs (Darsow et al., 2005) as previously suggested by other

authors (Peng et al., 1994). Our results show that pre-exposure of
synaptosomes to 30 mM nicotine also caused a marked reduction of
the nicotine-induced overflow of the four neurotransmitter
studied, suggesting that these nAChRs could undergo an agonist-
induced receptor desensitization. Moreover, at the presynaptic
level the desensitization of nAChRs modulating ACh, GABA and DA
release following acute or chronic exposure to nicotine has been
already reported (Lapchak et al., 1989; Grilli et al., 2005).

The most likely explanation for the selective endocytosis of
AMPA receptors which modulate DA and NA release is that the
selective population of cyclothiazide-sensitive AMPA receptors
endowed with GluA2 subunits, which are selectively present on
these terminals, is susceptible to the internalization triggered by
the nicotinic stimuli, while those receptors located on cholinergic
and GABAergic terminals are not. Notably, the study of the phar-
macological profile unveiled that the AMPA receptors controlling
acetylcholine and GABA release were cyclothiazide-insensitive and
did not undergo a GRIP/ABP/PICK1-dependent constitutive traf-
ficking (Pittaluga et al., 1997, 2006).

In conclusion, the present results demonstrate with functional
evidence and immunocytochemical analysis, the presence of
cyclothiazide-sensitive AMPA receptors that are co-localized with
nAChRs on NAc dopaminergic terminals. Our results also show that
nicotine, through a mechanism never described before, causes
a rapid decrease in the number of surface located coexisting
neuronal AMPA receptors. This effect is selective for AMPA recep-
tors present on DA and NA nerve endings and does not occur to
AMPA receptors present on GABAergic and cholinergic nerve
endings, and seems to be related to the internalization of the
specific GluA2 subunits.

As previously (see for a review Marchi and Grilli, 2010) and
currently shown, we should consider that nicotine may not only
stimulate neurotransmitter release but that it also exerts, at the
presynaptic level through the interaction with other coexisting
receptors, a functional modulatory role. As far as the nicotinic
modulation of glutamate receptor function, we have already
demonstrated that, at the presynaptic level, the activation of
nAChRs positively modulates both NMDA and glutamate
metabotropic receptors coexisting on the same nerve endings
(Risso et al., 2004b; Parodi et al., 2006). The modulation of ion-
otropic AMPA receptors is an important mechanism of the
control of excitatory synaptic efficacy and plasticity (Kessel and
Malinow, 2009). Here we report that the AMPA receptor func-
tion can be dynamically negatively regulated in neurons in
response to activation of nAChRs present on the same nerve
endings. This dynamic control by cholinergic nicotinic system of
both NMDA and AMPA receptors may therefore be crucial for
many forms of synaptic plasticity including LTP and LTD (Song
and Huganir, 2002).
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Abstract

Using both in vitro (hippocampal synaptosomes in superfusion) and in vivo (microdialysis) approaches we investigated whether and to what

extent β amyloid peptide 1–40 (Aβ 1–40) interferes with the cholinergic modulation of the release of g lycine (GLY) in the rat hippocampus.

The nicotine-evoked overflow of endogenous GLY in hippocampal synaptosomes in superfusion was significantly inhibited by Aβ 1–40 (10 nM)

while increasing the concentration to 100 nM the inhibitory effect did not further increase. Both the Choline (Ch; α7 agonist; 1 mM) and the

5-Iodo-A-85380 dihydrochloride (5IA85380, α4β2 agonist; 10 nM)-evoked GLY overflow were inhibited by Aβ 1–40 at 100 nM but not at 10

nM concentrations. The KCl evoked [ H]GLY and [ H]Acetylcholine (ACh) overflow were strongly inhibited in presence of oxotremorine;

however this inhibitory muscarinic effect was not affected by Aβ 1–40. The effects of Aβ 1–40 on the a dministration of nicotine, veratridine,

5IA85380, and PHA543613 hydrochloride (PHA543613; a selective agonist of α7 subtypes) on hippocampal e ndogenous GLY release in vivo

were also studied. Aβ 1–40 significantly reduced (at 10 µM but not at 1 µM) the nicotine-evoked in vivo release of GLY. Aβ 1–40 (at 10 µM but

not at 1 µM) significantly inhibited the PHA543613 (1 mM)-elicited GLY overflow while was ineffective on  the GLY overflow evoked by

5IA85380 (1 mM). Aβ 40–1 (10 µM) did not produce any inhibitory effect on nicotine-evoked GLY overflow both in the in vitro and in vivo

experiments. Our results indicate that (a) the chol inergic modulation of the release of GLY occurs by the activation of both α7 and α4β2

nicotinic ACh receptors (nAChRs) as well as by the activation of inhibitory muscarinic ACh receptors (mAChRs) and (b) Aβ 1–40 can

modulate cholinergic evoked GLY release exclusively through the interaction with α7 and the α4β2 nAChR nicotinic receptors but not through

mAChR subtypes.

Keywords: β amyloid, glycine release, nicotinic receptors, muscarinic receptors, microdialysis

Introduction

Nicotinic and muscarinic receptors are widely expressed in the brain and implicated in the pathophysiology of many neurological conditions,

including Alzheimer’s disease (AD), where typical symptoms include the loss of cognitive function and dementia. The presence of extracellular

neuritic plaques composed of β amyloid (Aβ) peptide  is a characteristic feature of AD, however, although neurotoxicity is a prominent feature

of Aβ, recent data emphasize the existence of synaptic functional roles of this peptide which can modulate the release of several

neurotransmitters (see Mura et al., 2012 and references therein). Accordingly, Aβ isoforms and oligomers of increasing molecular dimensions

may have different biological actions in a continuum from physiology to pathology, determining loss and gains of function along the course of

the disease (Mura et al., 2010a). Indeed, it has been shown that non-neurotoxic Aβ 1–40 concentrations were able to modulate

(predominantly, but not exclusively, to inhibit) the release of several neurotransmitters (dopamine, γ aminobutyric acid, aspartate, glutamate)

elicited by the stimulation of cholinergic muscarin ic and nicotinic receptor [muscarinic ACh receptors (mAChR); nicotinic ACh receptors

(nAChR)] subtypes in different brain areas; (Preda et al., 2008; Puzzo et al., 2008; Grilli et al., 2009; Jürgensen and Ferreira, 2010;Mura et

al., 2010a,b, 2012; Ondrejcak et al., 2010). The hippocampus, an area which is particularly vulnerable and early target of Alzheimer’s disease

and in which the cholinergic pathways are critical for modulation of attention and memory (Parri et al., 2011), Aβ regulates the nicotine-

evoked release of both excitatory (glutamate and aspartate) and inhibitory (γ aminobutyric acid) aminoacids (Mura et al., 2012).

Increasing evidence demonstrate that glycine (GLY) is an important aminoacid at hippocampal level which may have a dual role acting as an

inhibitory neurotransmitter, when interacting with the strychnine-sensitive receptors, and playing a stimulatory role, when co-activating

excitatory N-Methyl-D-aspartic acid receptors together with glutamate (J ohnson and Ascher, 1987; Luccini et al., 2008; Romei et al., 2009,

2011; Zappettini et al., 2011). No data are available so far on the possible effects of Aβ on the cholinergic receptors which modul ate GLY

release at the hippocampal level.

In the present study using both in vitro (hippocampal synaptosomes in superfusion) and in vivo (microdialysis) approaches we investigated

whether and to what extent Aβ interferes with the c holinergic modulation of the release of GLY in the rat hippocampus.

The results indicate that (a) the cholinergic modulation of the release of GLY occurs by the activation of both α7 and α4β2 (nAChRs) as

previously reported (Zappettini et al., 2011) as well as by the activation of inhibitory mAChRs; (b) the nicotinic modulation of GLY release by

α4β2, and α7 nAChRs is inhibited in vitro in presence of a nanomolar concentration of Aβ 1–40 which is on the contrary ineffective on the

inhibitory mAChR receptor subtypes.

Materials and Methods

Animals

Adult male Wistar rats (200–250 g, Harlan, Udine) were used for both in vivo experiments and as brain tissue source for in vitro experiments.

Animals were housed at constant temperature (22 ± 1°C) and relative humidity (50%) under a regular light–dark schedule (light 7 a.m. to 7

p.m.). The in vitro experimental procedures were approved by the Ethical Committee of the Pharmacology and Toxicology Section, Department

of Experimental Medicine, in accordance with the European legislation (European Communities Council Directive of 24 November 1986,

86/609/EEC) and were approved by Italian legislation on animal experimentation (Decreto Ministeriale number 124/2003-A). The in vivo

protocol was approved by Ethical Committee of Pavia ’s University (registered as 2/2008) according to international regulations for the care

and treatment of laboratory animals, to the Italian Act (DL n 116, GU, suppl 40, 18 February, 1992) and to EEC Council Directive (86/609, OJ

L 358, 1, 12 December, 1987). All efforts were made to minimize animal suffering and to use the minimal number of animals necessary to

produce reliable results.

In vitro experiments

Rats were killed by decapitation and the hippocampus rapidly removed at 0–4°C. Purified synaptosomes were prepared

on Percoll  gradients (Sigma-Aldrich, St Louis, MO, USA) essentially according to (Nakamura et al., 1993), with only minor modifications.

Briefly, the tissue was homogenized in six volumes of 0.32 M sucrose, buffered at pH 7.4 with Tris–HCl, using a glass-teflon tissue grinder

(clearance 0.25 mm, 12 up–down strokes in about 1 min). The homogenate was centrifuged (5 min, 1000 × g at 4°C) to remove nuclei and

debris; the supernatant was gently stratified on a discontinuous Percoll  gradient (2, 6, 10, and 20% v/v in Tris-buffered sucrose) and
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Microdialysis probe implantation

Microdialysis samples collection

Immunohistochemical analysis

In vitro experiments

In vivo experiments

centrifuged at 33,500 × g for 5 min at 4°C. The layer between 10 and 20% Percoll  (synaptosomal fraction) was collected, washed by

centrifugation, and resuspended in physiological HEPES-buffered medium having the following composition (mM): NaCl 128, KCl 2.4,

CaCl  3.2, KH PO  1.2, MgSO  1.2, HEPES 25, pH 7.5, glucose 10, pH 7.2–7.4 (Lu et al., 1998). Synaptosomal protein content following

purification was 10–15% of that in the supernatant stratified on the Percoll  gradient.

The synaptosomal suspension was layered on microporous filters at the bottom of a set of parallel supe rfusion chambers maintained at

37°C (Raiteri and Raiteri, 2000; Superfusion System, Ugo Basile, Comerio, Varese, Italy). Synaptosomes were superfused at 1 ml/min

with standard physiological medium as previously described. The system was first equilibrated during 36.5 min of superfusion;

subsequently, four consecutive 90 s fractions of superfusate were collected and the endogenous GLY cont ent was measured by high

performance liquid chromatography as below described. Synaptosomes were exposed to agonists for 90 s starting from the second

fraction collected (t = 38 min), with antagonists being added 8 min before agonists. The evoked overflow was calculated by subtracting

the corresponding basal release from each fraction and was expressed as pmol/mg of synaptosomal proteins. We previously

demonstrated that in our superfusion system the indirect drug effects exerted by other mediators in th e monolayer of synaptosomes in

superfusion are absolutely minimized (Raiteri and Raiteri, 2000).

When studying the release of [ H]GLY or [ H]Acetylcholine (ACh) hippocampal synaptosomes were incubated for 20 min at 37°C with

[ H]GLY (final concentration 0.1 µM) in the presence of the selective GLY transporter 1 transporter blocker N-[(3R)-3-([1,1′-biphenyl]-4-

yloxy)-3-(4-fluorophenyl)propyl]-N-methylglycine hydrochloride (final concentration 0.3 µM) or with [ H]Choline (Ch, final

concentration 0.08 µM). The K -induced overflow from synaptosomes was estimated by subtracting the neurotransmitter content into

the first and the third fractions collected (basal release, b1 and b3) from that in the 6-min fraction collected during and after the

depolarization pulse (evoked release, b2). The amount of radioactivity released into each superfusate fraction was expressed as a

percentage of the total synaptosomal tritium conten t at the start of the fraction collected (fractiona l efflux).

Endogenous GLY determination

Endogenous GLY was measured by high performance liquid chromatography analysis following precolumn derivatization with

o-phthalaldehyde and resolution through a C18-reverse phase chromatographic column (10 mm × 4.6 mm, 3 µm; Chrompack,

Middleburg, The Netherlands) coupled with fluorometric detection (excitation wavelength 350 nm; emission wavelength 450 nm).

Homoserine was used as internal standard. Buffers and gradient program were prepared and executed as follows: solvent A, 0.1 M

sodium acetate (pH 5.8)/methanol, 80:20; solvent B, 0.1 M sodium acetate (pH 5.8)/methanol, 20:80; solvent C, sodium acetate (pH

6.0)/methanol, 80:20; gradient program, 100% C for 4 min from the initiation of the program; 90% A and 10% B in 1 min; 42% A and

58% B in 14 min; 100% B in 1 min; isocratic flow 2 min; 100% C in 3 min; flow rate 0.9 ml/min.

In vivo experiments

Rats were anesthetized with Equithesin 3 ml/kg (pentobarbital 9.7 g, chloral hydrate 42.5 g, MgSO  21.3 g

for 1 l, 10% ethanol, 40% propylene glycol v/v) administered intraperitoneally and placed in a stereotaxic apparatus (David Kopf

Instruments, Tujunga, CA, USA). The skin was shaved, disinfected, and cut with a sterile scalpel to ex pose the skull. A hole was drilled to

allow the implantation of the probe into the brain parenchyma. The probe was implanted in the hippocampus (CA1/CA2 regions; AP

−5.8 mm, ML ± 5.0 mm from bregma, and DV −8.0 mm from dura) according to the Paxinos and Watson (1986) atlas, and secured to the

skull with one stainless steel screw and dental cem ent. All in vivo experiments were performed using microdialysis probes, made in our

laboratory according to the original method described by Di Chiara (1990; Emophan Bellco Artificial OR-internal diameter 200 µm,

cutoff 40 kDa; Bellco, Mirandola, Modena, Italy), with a nominal active length of 5 mm. Finally, the skin was sutured, and the rats were

allowed to recover from anesthesia for at least 24 h before the neurotransmitter release study.

Microdialysis experiments were performed on conscious freely moving rats. On the day of the experiments

(24 h after the surgical procedure), the probe was perfused with artificial CSF containing 145 mM NaCl, 3.0 mM KCl, 1.26 mM CaCl , 1.0

mM MgCl , 1.4 mM Na HPO , buffered at pH 7.2–7.4, and filtered through a Millipore 0.2 µm pore membrane. In all experiments, the

microdialysis membrane was allowed to stabilize for 1 h at the flow rate of 4 µl/min, without collecting  samples. At the end of the

stabilization period, three samples were collected to evaluate baseline release of GLY and then the specific treatment started. All

treatments were administered by manually switching syringes and tubing connections to allow drugs diluted in artificial CSF to flow

through the probes. Tubing switches were performed taking care to maintain constant flow rates and collection volumes. Both basal and

treatment samples were collected every 20 min in 100 µl Eppendorf tubes. The flow rate of 4 µl/min was ma intained using a 1000-µl

syringe (Hamilton) and a microinjection pump (CMA/100, CMA/Microdialysis AB). In vitro recovery of the probe for GLY was about

20%. Each rat was used for only one microdialysis session. At the end of each experiment animals were sacrificed by guillotine, rat brains

were removed and the position of the microdialysis probe was verified by histological procedures, slicing the tissues by a cryostat

microtome (LEICA CM 1510). Only data from rats in which probe tracks were exactly located in the target area were used for statistical

analysis.

Immunohistochemical analysis was performed to verify the presence of Aβ in the perfused tissue and to

confirm (according to HOECHST 33342 staining) the absence of neurotoxic-induced apoptotic phenomenon. Brain tissue samples were

frozen and stored at −80°C. For immunodetection of infused Aβ peptide, 10 µm coronal sections (obtained on a cryostat Leica CM 1510)

were incubated with a primary monoclonal antibody recognizing Aβ protein (clone 4G8; Chemicon International). Sections were then

incubated with a mouse anti-IgG antibody RPE conjugated (Dako). After the fluorescent labeling procedures, sections were finally

counterstained for DNA with HOECHST 33342 and mounted in a drop of Mowiol (Calbiochem, Inalco SpA, Milan, Italy). Fluorescent

micrographs were acquired with a Leica TCS SP5 II confocal microscope. After acquisition of fluorescent micrographs, the slides were

demounted and then the same sections were slightly counterstained with Mayer hematoxylin, dehydrated, and mounted in DPX for

microanatomical analysis. The images were acquired with a BX51 Olympus microscope.

Statistical analysis

Multiple comparisons were performed with one-way AN OVA followed by an appropriate post hoc test (Dunnett and

Bonferroni). Data were considered significant for p < 0.05, at least.

Values were expressed either as amount of GLY measured in the dialyzate (pmol/80 µl) or as area under the curve

(AUC), evaluating the cumulative release over time. AUC was used as a measure of treatment exposure an d was calculated, for each

animal, using GraphPad Prism (version 4.03 GraphPad Software, San Diego, CA, USA), defining as baseline of the area the basal value

(average concentration of three consecutive samples immediately preceding the drug dose).

D’Agostino–Pearson Omnibus Test (GraphPad Prism, version 4.03, GraphPad Software, San Diego, CA, USA) and Grubb’s Test

(GraphPad QuickCalcs, online calculator for scientists at http://www.graphpad.com/quickcalcs/, GraphPad Software, San Diego, CA,

USA) were used as preliminary tests in order to eva luate whether data were sampled from a Gaussian dis tribution and to detect outliers

respectively. All outliers were excluded from the a nalysis. Data were then analyzed by analysis of variance (one- or two-way ANOVA)

followed, when significant, by an appropriate post hoc comparison test. Data were considered significant for p < 0.05. The reported data

are expressed as means ± SEM. The number of animals used for each experiment is reported in the legend t o figures.

Preparation of beta amyloid solutions
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In the case of both in vivo and in vitro experiments, synthetic human Aβ 1–40 (Sigma-Aldrich, Milan, Italy) was dissolved in aCSF

at a concentration of 100 mM (stock solution). Then, this solution was filtered through a Millipore 0.2 µm pore membrane and

stocked in small aliquots. Working solutions were freshly prepared by diluting an aliquot of Aβ 1–40 stock solution at the final

concentrations (10 mM, 1 mM, or 100 nM Aβ 1–40 for in vivo experiments, 100 nM, 10 nM, 1 nM, or 100 pM for in vitro analysis).

Chemicals

Beta amyloid (1–40; 40–1), percoll , choline, himbacine, dimethyl sulfoxide, veratridine, nicotine hydrogen tartrate salt (Sigma-

Aldrich, St Louis, MO, USA); NFPS (ALX 5407), 5IA85380, PHA543613, AQRA741 (Tocris Bioscience, Bristol, UK); all salts used

for the preparation of aCSF (NaCl, KCl, CaCl , MgCl , Na HPO ) and for Equithesin (MgSO ) were purchased at  Merck KGaA,

Darmstadt, Germany; chloral hydrate, ethanol 96%, and propylene glycol were used for the preparation of Equithesin and were

obtained at VWR BDH Prolabo, Belgium;[ H]Choline (specific activity: 60–90 Ci/mmol) and [ H]Glycine (specific activity: 15

Ci/mmol) were purchased from Perkin Elmer SpA.

Results

It is known that Aβ peptides structure and aggregat ion properties depend on several factors. It is therefore important when using

Aβ peptides to specify both the concentration of th e soluble Aβ but also the methods used to prepare A β solution and to verify the

presence of Aβ aggregates (see Parri et al., 2011). This facilitates the interpretation of the results when reporting on Aβ effects and,

which is even more important, would facilitate the comparison of data obtained in different laboratories. Hence, in our previous

paper we characterized the Aβ peptide conformation we administered in vivo by Western Blot procedure (Mura et al., 2012)

showing that we administered, at least predominantly, Aβ monomers. We cannot completely exclude by the adopted methods that

small amounts of Aβ oligomers are present and may participate to produce the observed effects. In rega rd to the in vitro Aβ

preparations, since we did not observe aggregation at the concentrations and the timing (up to 40 min) analyzed in vivo, we also do

not expect to observe aggregation at the lower concentrations and shorter times used in vitro in light of the fact that aggregation is

a concentration and time-dependent process.

Figure 1A shows that the nicotine-evoked overflow of endogenous GLY was significantly inhibited by Aβ 1–40 already at a

concentration of 10 nM while increasing the concentration to 100 nM the inhibitory effect did not further increase. The 1-nM Aβ

1–40 concentration was ineffective. The reverse peptide Aβ 40–1 was ineffective even at high (100 nM) concentration. Aβ 1–40 (100

nM) did not affect the veratridine (10 nM)-evoked GLY overflow.

Figure 1

(A) Shows the concentration dependence effects of Aβ on  nicotine- and veratridine-evoked

endogenous GLY overflows from rat hippocampal synaptosomes. Data are mean ± SEM of

three to six experiments for each concentration ...

Since it has been shown that two different nAChR subtypes, α7 and α4β2, modulate GLY release (Zappettini et al., 2011), the

possibility that Aβ may differentially inhibit the nicotinic control of GLY release has been investigated. In order to verify this point

we have studied the effects of two different agonis ts, Ch and 5-IA85380 hydrochloride (5IA85380), known to act selectively on the

α7 and α4β2 nAChR subtypes respectively (Mukhin et al., 2000; Uteshev et al., 2003; Dickinson et al., 2007; Zappettini et al.,

2010). Ch (1 mM) and the 5IA85380 (10 nM)-evoked a similar overflow of GLY confirming the involvement of the two receptor

subtypes. Both the Ch (1 mM) and the 5IA85380 (10 nM)-evoked GLY overflow were significantly inhibited by Aβ 1–40 at 100 nM

but not at 10–1 nM concentrations compared to controls (Figure 1B). Aβ 1–40 (100 nM) did not modify the basal release of

endogenous GLY (data not shown).

It has been demonstrated that also different mAChR subtypes are involved in the modulation of both ACh and GLY release from

brain hippocampal synaptosomes (Raiteri et al., 1984; Russo et al., 1993). We investigated whether Aβ was able to affect th e

muscarinic control of the release of these two tran smitters as it was able to disrupt the nicotinic control of GLY release. Figure 2A

shows that the KCl evoked [ H]GLY overflow was strongly inhibited in presence of oxotremorine. This inhibitory effect was totally

antagonized by himbacine but was not affected by Aβ 1–40 (100 nM). In presence of oxotremorine also the KCl evoked release of

[ H]ACh from hippocampal nerve endings was significantly inhibited (Figure 2B). This result was unexpected but demonstrates

quite interestingly that the cholinergic muscarinic modulation of GLY release could be different according to the different brain

areas or the different species studied since previous findings using human cortical nerve endings have shown a potentiating effect of

oxotremorine on GLY release (Russo et al., 1993). Interestingly also the inhibitory effect of oxotremorine on [ H]ACh release was

antagonized, as expected, by the specific M2 mAChR antagonist AQRA741 but was not affected by Aβ 1–40 (100 nM; Figure 2B).

Figure 2

(A) Shows the effects of Aβ on muscarinic receptors controlling KCl evoked [ H]GLY

overflow from rat hippocampal synaptosomes. Data are mean ± SEM of three to six

experiments run in triplicate. *p < 0.05; ...

Based on the in vitro data we then analyzed the effects of Aβ 1–40 on th e administration of nicotine, veratridine, 5IA85380, and

PHA543613 hydrochloride (PHA543613, a selective agonist of α7 subtypes) on hippocampal GLY release in vivo. In order to test

whether the administration of Aβ 1–40 through the dialysis probe allowed the delivery of the peptide t o the tissue we performed an

immunohistochemical analysis. Figure 3 shows the presence of the peptide for the two conc entrations tested in vivo (1 and 10 µM)

within the hippocampus. Despite the fact that we do  not know the exact amounts of Aβ reaching the tissue, there was a visible

positive correlation between the concentration administered and the signal of Aβ immunoreactivity in the tissue. Moreover,

immunohistochemical analysis shows that no evident signs of apoptosis were observed within the area of amyloid diffusion as

shown by Hoechst staining.

Figure 3

Immunohistochemical analysis showing the presence of beta-amyloid (Aβ) in

hippocampal tissue after the perfusion of the peptide at two different

concentrations. Coronal section indicating the location of the microdialysis probe

(hippocampus, black ...

The choice of the concentration of the nicotinic cholinergic agonists to be delivered in vivo was derived from previous data

demonstrating that the administration by microdialysis of 50 mM nicotine was able to significantly increase the levels of GLY in

hippocampal extracellular compartment (Toth, 1996; Fedele et al., 1998; Zappettini et al., 2011). As previously shown in our
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experimental conditions 40 min-long administration of 50 mM nicotine was able to greatly enhance GLY release from basal

values. Figure 4A show that Aβ 1–40 significantly reduced (at 10 µM but not at 1 µM) the nicotine-evoked in vivo release of

GLY. Aβ 40–1 did not produce any inhibitory effect used at 10 µM concentration. The GLY overflow stimulated by veratridine

was unaltered in presence of Aβ 1–40 (Figure 4B). Then we compared the effects Aβ 1–40 after exposure to the selective

nAChRs agonists, 5IA85380, and PHA543613. As shown in Figure 4C, Aβ 1–40 (at 10 µM but not at 1 µM) significantly

inhibited the PHA543613 (1 mM)-elicited GLY overflow while was ineffective on the GLY overflow evoked by 5IA85380 (1

mM).

Figure 4

The figure shows the in vivo effect of Aβ 1–40 on the nicotine-, veratrine-,

PHA543613-, and 5IA85380-induced overflow of GLY, in rat hippocampus

[(A–C) respectively]. Aβ 1–40 (10 µM but not 1 µM) ...

Discussion

It is expected that cognitive deficits and memory i mpairments in AD patients could be related, at least in part, to Aβ mediated

decrease of cholinergic function (Wang et al., 2009a,b, 2010; Parri et al., 2011). However it is still unclear whether these

impairments are a consequence of a loss of cholinergic neurons and a decrease of nAChRs or of a direct molecular interaction

of Aβ with nAChRs leading to a dysregulation of receptor function or of both mechanisms. To shed some light on these

mechanisms we investigated in the present study as well as in previous researches whether Aβ, at concentrations not

producing acutely neurotoxicity, is able to disrupt the cholinergic control of neurotransmitter release. To do this we took

advantage of the fact that both α4β2, and α7 nAChRs receptors are known to be expressed in rat hippoca mpal interneurons

(McQuiston and Madison, 1999; Sudweeks and Yakel, 2000; Yakel and Shao, 2004), and it is well-known that they have a

positive role in regulating cognitive function (Picciotto et al., 1995; Levin and Simon, 1998). Being aware that several

neurotransmitters that play important roles in cognitive functions could be affected either directly o r indirectly by Aβ, we

focused our attention on GLY. Indeed increasing evidence demonstrate that GLY is an important aminoacid at hippocampal

level which has a dual role (a) acting as an inhibitory neurotransmitter when interacting with the strychnine-sensitive

receptors and (b) playing a fundamental stimulatory role when co-activating excitatory N-Methyl-D-aspartic acid receptors

together with glutamate (Johnson and Ascher, 1987; Hirai et al., 1996; Luccini et al., 2008; Kubota et al., 2010; Zappettini et

al., 2011). The changes in the GLY release may therefore directly interfere with glutamate neurotransmission, which plays an

important role in the processes of learning and memory in this brain area.

We here report that the cholinergic modulation of GLY release at the presynaptic level on hippocampal nerve endings was

modulated not only by stimulatory α4β2 and α7 nAChRs as previously reported (Zappettini et al., 2011) but also by an

inhibitory, mAChR subtype. We do not know whether both nicotinic and muscarinic receptors are present on all nerve endings

or they are peculiar of a specific neuronal population and/or their physiological importance in the intact tissue. It is quite

interesting however that the two modulatory mechanisms display a different sensitivity to Aβ. The stimulatory effects of both

α4β2 and α7 nAChRs were partially blocked by nanomolar concentration of Aβ 1–40 which was on the contrary inactive on

the mAChRs inhibiting GLY release. This observation allows to speculate that an excess of Aβ (the rang e of active

concentrations was between 10 and 100 nM in vitro and 10 µM in vivo) as it may happen because of the disease may

dysregulate the cholinergic modulation of hippocampal activity leading to a disproportionate inhibition since it leaves

unaffected the muscarinic inhibitory control and impairs the nicotinic stimulatory one. All this occurs in absence of Aβ acutely

induced neuronal damage.

The decreased release of GLY may have several functional consequences. Some of them may be relevant to the development of

AD pathology. As an example, a decrease of GLY release may reduce the tonic inhibition exerted through  the activation of GLY

receptors (Mori et al., 2002; Petrini et al., 2004; Farrant and Nusser, 2005) normally providing neuroprotection under

pathological conditions, when extracellular GLY levels are elevated (Baker et al., 1991; Saransaari et al., 1997; Zhao et al.,

2005; Saransaari and Oja, 2008). A second relevant event caused by a reduced glycine release may consist in a decrease of

N-Methyl-D-aspartic acid receptors co-activation. At this regard it is important to recall that intracerebroventricular injection

of Aβ 1–40 significantly suppress high frequency stimulation-induced LTP (Chen et al., 2006; Wu et al., 2008).

The exact nature of the Aβ interaction with nAChR subtypes is so far not well understood.

Interestingly in our study both the α7 and the α4β2 nAChR subtypes which almost equally contribute to the stimulation of

GLY release, were functionally inhibited in vitro apparently in a similar extent by Aβ concentrations in the nanomolar range

(Figure 2B). However we do not know whether Aβ might have a similar mechanism of action on the two different nAChR

subtypes. The inhibitory effect on both the α7 and the α4β2 nAChR was incomplete with a maximal inhibition of about

30–40%. A recently described allosteric binding pocket located within the trans membrane domain of the α7 and of non-α7

nAChRs might provide a potential structure-function mechanism to explain the inhibitory effects of Aβ (Young et al., 2008;

Gill et al., 2011, 2012).

Indeed Aβ at concentration in the upper nanomolar range (10 nM) produced full effect while did not produced any effect at 1

nM concentration. Ten nanomolars Aβ beyond the estimated normal concentrations in human CSF but may be caused by the

altered precursor protein processing as it occurs along with the disease (Reaume et al., 1996) or be related to defects in the

removal of the peptide from the extracellular space  as it may occur in the disease in association with  the ApoE ε4 genotype

(Cramer et al., 2012).

Of course talking about cholinergic modulation of GLY release we have also to consider the possibility that Aβ might for

instance interfere directly with the mechanisms whi ch modulate the release of ACh. However our data sh ow that Aβ was

ineffective also on the inhibitory muscarinic autoreceptors which inhibit ACh release (Figure 2). We can therefore foresee that

in an integrated system, where cellular networks and their functional relationships are completely preserved and several direct

and indirect processes are simultaneously taking place in neurons, the effect of Aβ on the cholinergic modulation of GLY

function may mostly depend on the interaction of Aβ with the nAChRs.

Our findings in vivo largely support this view even if Aβ was unable to  inhibit the release of GLY elicited by the specifi c α4β2

nAChRs agonist while it exerted an inhibition (over 40%) of both nicotine and PHA543613 stimulated GLY release. On the

other hand in vivo important differences were noticed at the baseline  in the ability of the two specific nAChRs agonists  to

elicit GLY release as compare to in vitro. Indeed in vitro both α7 and α4β2 nAChRs agonists were able to stimulate to the

same extent GLY release; while in vivo the release elicited by 5IA85380 was less than a h alf that obtained in response to
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PHA543613. In vivo to many variables may take place, and in spite of the above described discrepancy, there is a general

good agreement of the effects in vivo and in vitro of Aβ on the release of various neurotransmitters (present work and

references) including the observation that so far Aβ has never been able to modify the depolarization (veratridine or

potassium)-elicited release of neurotransmitters, but only the one modulated by presynaptic receptors.

In conclusion our findings show that Aβ can modulate cholinergic evoked GLY release exclusively through the

interaction with α7 and the α4β2 nAChR nicotinic receptors, acting probably through different mechanisms of action,

but not through mAChRs. The present study may therefore provide further insight into the mechanism by which AB

impairs synaptic plasticity and cholinergic function in AD brain.
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a b s t r a c t

We have comparatively investigated the effects of Hardwickiic acid and Salvinorin A on the K+-evoked

overflow of [3H]noradrenaline ([3H]NA) and [3H]dopamine ([3H]DA) from mouse hippocampal and stria-

tal nerve terminals, respectively. The K+-evoked overflow of [3H]DA was inhibited in presence of Salvino-

rin A (100 nM) but not in presence of Hardwickiic acid (100 nM). Hardwickiic acid (100 nM) mimicked

Salvinorin A (100 nM) in facilitating K+-evoked hippocampal [3H]NA overflow and the two compounds

were almost equipotent. Facilitation of [3H]NA overflow caused by 100 nM Hardwickiic acid was pre-

vented by the j-opioid receptor (KOR) antagonist norbinaltorphimine (norBNI, 100 nM) and by the selec-

tive d-opioid receptor (DOR) antagonist naltrindole (100 nM), but was not altered by 100 nM D-Phe-Cys-

Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), a selective l-opioid receptor (MOR) antagonist. We conclude

that Hardwickiic acid modulates hippocampal [3H]NA overflow evoked by a mild depolarizing stimulus

by acting at presynaptic opioid receptor subtypes.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Selective j-opioid receptor (KOR) ligands are molecules attrac-

tive for their potential use as therapeutics for the cure of central

nervous system (CNS) diseases including mood disorders, drug

abuse, anxiety, hypoxia and pain (Carlezon et al., 2009; Wu et al.,

2012).

Among the drugs showing agonist profile at this receptor sub-

type, Salvinorin A, a neoclerodane terpenoid from Salvia divinorum

leaves, has attracted the interest of scientist representing a natural,

non alkaloid, selective ligand for this molecular target. The unique

structural and biological characteristics of this compound make it

an interesting probe to exploring opioid pharmacology. Inasmuch,

it can represent a potential template to obtain new semi-synthetic

molecule(s) [see for instance the recent case of the semi-synthetic

compound herkinorin (Butelman et al., 2008)], possibly devoid of

allucinogenic properties, to be tested for their efficacy and potency

in human therapies.

The interaction of Salvinorin A at presynaptic KOR receptors

controlling the release of catecholamines from nerve terminals iso-

lated from the hippocampus and the striatum of adult mice has

been recently investigated (Grilli et al., 2009). These observations

indicate that Salvinorin A could bind with high affinity and efficacy

to pure KOR receptors presynaptically located on striatal dopami-

nergic nerve endings, whose activation causes a significant reduc-

tion of the Ca2+-dependent release of [3H]dopamine ([3H]DA)

caused by a mild depolarizing stimulus (12 mM KCl; Sandor

et al., 1992; Svingos et al., 1999; Grilli et al., 2009). These findings

are well in agreement with other data present in literature (Roth

et al., 2002; Butelman et al., 2009). Unexpectedly, the inhibitory ef-

fect caused by Salvinorin A on DA overflow turns to facilitation

when studying this compound on the 12 mM KCl-induced release

of [3H]noradrenaline ([3H]NA) from hippocampal nerve terminals.

Based on the pharmacological profile described using selective opi-

oid receptor (OR) ligands, we proposed that facilitation of NA over-

flow relied on the activation of presynaptic OR subtypes having
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different pharmacological profile from those located on dopami-

nergic terminals (Grilli et al., 2009).

Interestingly, semi-synthetic derivatives of Salvinorin A [i.e.

herkinorin (Butelman et al., 2008), 12-epi-Salvinorin A (Béguin

et al., 2012), C-12 triazole derivatives (Yang et al., 2009)] as well

as new neoclerodane diterpenoid congeners of Salvinorin A from

Salvia splendens (Fontana et al., 2008) were found to retain opioid

activity, although structural modifications of the Salvinorin A scaf-

fold correlated with changes in efficacy and potency of the new

derivatives at opioid receptor subtypes.

The natural neoclerodane molecule Hardwickiic acid has been

isolated from the surface exudate of aerial part of Salvia wagneriana

and identified by comparison of their spectral data with those pre-

viously reported in literature and on the basis of 1H–1H-COSY, TOC-

SY, HSQC and HMBC correlations (Bisio et al., 2004). This natural

substance is a clerodane diterpene with a modified Salvinorin A

scaffold lacking substituents at C-1, C2, the 17, 12-olide ring, with

double bond in a ring and a free 18 carboxylic group (Fig. 1). Taking

into account the structural similarity between Salvinorin A and the

Hardwickiic acid, we speculated that this compound could mimic

Salvinorin A at presynaptic opioid receptors in CNS. To investigate

this hypothesis, experiments were carried out to determine the ef-

fect of the latter natural compound on the presynaptic ORs modu-

lating the release of DA and NA in CNS and compared its activity

with that of Salvinorin A. Interestingly, we found that Hardwickiic

acid modulates hippocampal NA overflow evoked by a mild depo-

larizing stimulus by acting at a specific presynaptic ORs. The phar-

macological profile of the receptor involved in the effect of

Hardwickiic acid suggested the existence, on noradrenergic termi-

nals, of both KOR and DOR receptor subtypes (j-d receptor). Based

on our functional results, we proposethat Hardwickiic acid could

bind the DOR subunit component of the presynaptic j-d receptor

heterodimers.

2. Materials and methods

2.1. Animals and brain tissue preparation

Adult male mice (Swiss; 20–25 g) were housed at constant tem-

perature (22 ± 1 �C) and relative humidity (50%) on a 12 h light/

dark schedule (7.00 a.m.–7.00 p.m.). Food and water were freely

available. The animals were killed by decapitation and then the

hippocampus and the striatum rapidly removed. The experimental

procedures were approved by the Department Ethical Committee,

in accordance with the European legislation (European Communi-

ties Council directive of 24 November 1986, 86/609/EEC). Experi-

ments were performed following the Guidelines for Animal Care

and Use of the National Institutes of Health.

Crude synaptosomes were prepared by homogenizing brain tis-

sues in 40 volumes of 0.32 M sucrose, buffered at pH 7.4 with

phosphate (final concentration 0.01 M). The homogenate was first

centrifuged at 1000g for 5 min to remove nuclei and cellular debris,

while synaptosomes were isolated by centrifugation at 13000g for

20 min. In a set of experiments, the tissue was homogenized in

buffered sucrose containing 5 nM Pertussis Toxin (PTx), in order

to entrap this agent into subsequently isolated synaptosomes (Di

Prisco et al., 2012). This experimental approach (we refer to as

entrapping technique, Grilli et al., 2009) was previously shown to

successfully entrap compounds into subsequently isolated synap-

tosomes and allows to avoid excessively long incubations with PTx.

The synaptosomal pellets were always resuspended in a physi-

ological solution (standard medium) with the following composi-

tion (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; CaCl2, 1.2; NaH2PO4,

1.2; NaHCO3, 5; glucose, 10; HEPES 10; pH adjusted to 7.2–7.4 with

NaOH.

2.2. Superfusion of isolated nerve endings

The experimental technique used (referred to as the up–down

superfusion of a monolayer of synaptosomes) is considered an ap-

proach of choice to investigate the existence and the functional

role of presynaptic receptors (Grilli et al., 2012). The continuous

superfusion of the synaptosomal monolayer assures the removal

of any endogenous compounds released by a single particle, there-

fore impeding auto or hetero-regulation of synaptic functional

events. Furthermore, the selective labelling with radioactive mark-

ers allows to monitor the release of defined neurotransmitters

from specific synaptosomal families, including those that represent

a minimal percentage (less than 1%) of the total synaptosomal pop-

ulation, like the hippocampal noradrenergic and serotonergic ones

(Grilli et al., 2009). It’s worth reminding that when monitoring the

release of preloaded tritiated transmitters, the spontaneous release

of these molecules is expected to decrease during time because of

the continuous depletion of the intravesicular store of radioactive

molecules. Inasmuch, this experimental approach is also consid-

ered a method of choice to investigate the functional consequences

Fig. 1. Chemical formulas. I: Hardwickiic acid; II: Salvinorin A.
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due to activation of ionotropic and metabotropic receptors located

presynaptically (Grilli and Marchi, 2010; Summa et al., 2011).

Hippocampal synaptosomes were labeled with [3H]NA (final

concentration 30 nM), in the presence of 0.1 lM 6-nitroquipazine,

a selective 5-HT uptake inhibitor, to avoid false labelling of seroto-

nergic nerve endings. Striatal synaptosomes were labeled with

[3H]DA (final concentration 50 nM) in the presence of 0.1 lM 6-

nitroquipazine and 0.1 lM desimipramine (to avoid false labeling

of serotonergic and noradrenergic terminals). After the labelling

period, identical portions of the synaptosomal suspensions were

layered on microporous filters at the bottom of parallel chambers

in a Superfusion System (Ugo Basile, Comerio, Varese, Italy) main-

tained at 37 �C and synaptosomes were then superfused at 0.5 ml/

min with standard a physiological solution as above.

When studying the effects on the release of [3H]NA and [3H]DA

evoked by high K+, synaptosomes were transiently (90 s) exposed,

at t = 39 min, to 12 mM KCl-containing medium (NaCl substituting

for an equimolar concentration of KCl). Salvinorin A and Hard-

wickiic acid were added concomitantly to the depolarizing stimu-

lus. In a set of experiments aimed at investigating whether the

Hardwickiic acid could antagonize the Salvinorin A-mediated ef-

fects, this compound was added starting from 8 min before the

stimulus was applied. When indicated, opioid receptor antagonists

were added starting from 8 min before stimulus. Four three min-

utes fractions (namely b1–b4) were collected starting from

t = 36 min of superfusion. Fractions collected and superfused syn-

aptosomes were counted for measuring [3H]NA and [3H]DA con-

tent. The amount of [3H]NA and [3H]DA released into each

superfusate fraction was expressed as percentage of the total syn-

aptosomal [3H]NA and [3H]DA content, respectively present at the

start of the fraction collected (fractional efflux). The K+-induced

[3H]NA and [3H]DA overflow was expressed as ‘‘induced overflow’’,

and was estimated by subtracting the content of [3H]NA or [3H]DA

into the first and the fourth fractions collected (basal release) from

that found into the b2 and b3 fractions collected during and after

the depolarization pulse [evoked release = (b2 + b3)�(b1 + b4)].

2.3. Statistical analysis

Analysis of variance was performed by one-way analysis of var-

iance ANOVA followed by Dunnett’s test for multiple comparisons

(software Graph Pad Prism version 4.03). Data were considered sig-

nificant for p < 0.05 at least. Appropriate controls with antagonist

were always run in parallel.

2.4. Chemicals

1-[7,8 3H]-noradrenaline ([3H]NA, specific activity 39 Ci/mmol),

[7,8-3H]-dopamine ([3H]DA, specific activity 43 Ci/mmol) were

purchased from Amersham Radiochemical Center (Buckingham-

shire, UK); Salvinorin A (2S, 4aR, 6aR, 7R, 9S, 10aS, 10aS, 10bR)-9-

(acetyloxy)-2-(3-furanyl)-dodecahydro-6a,10b-dimethyl-4,10-di-

oxo-2h-napht o[2,1-c]pyran-7-carboxylic acid methyl ester, purity

>99%) was purchased from Ascent Scientific (Weston Super-Mare,

UK). D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), naltrin-

dole-HCl, norbinaltorphimine (norBNI) and Pertussis Toxin were

purchased from Sigma Chemical Co (St. Louis, MO, USA). Salvinorin

A was solubilized in dimethyl sulfoxide (DMSO, final concentration

10 mM), subsequently diluted with standard physiological med-

ium to 100 lM. Hardwickiic acid was provided by Dr. G. Romussi.

3. Results

Aimed at comparing the central effects of the natural terpenoid

Hardwickiic acid with those elicited by Salvinorin A, we investi-

gated the effects of the two compounds on the overflow of

[3H]NA and [3H]DA elicited by a transient (90 s) exposure of synap-

tosomes to 12 mM KCl. It has been already reported that this mild

depolarizing stimulus can evoke a Ca2+-dependent exocytotic re-

lease of both neurotransmitters (Raiteri et al., 1982; Maura et al.,

1985). Fig. 2A shows that Hardwickiic acid (100 nM) mimicked

Salvinorin A (100 nM) in facilitating K+-evoked [3H]NA overflow.

Hardwickiic acid and Salvinorin A were almost equipotent in their

effect (100 nM Hardwickiic acid: +34.14 ± 3.76; 100 nM Salvinorin

A: +38.45 ± 2.88, results reported as percent of increase). More-

over, at the maximum concentration applied (100 nM), the two

terpenoids added together did not produce any further increase

of the [3H]NA evoked overflow (Fig. 2A; 100 nM Hardwickiic acid

plus 100 nM Salvinorin A: +36.90 ± 4.01 reported as percent of

change), nor Hardwickiic acid prevented the Salvinorin A-induced

facilitation of [3H]NA exocytosis, compatible with the idea that the

two natural drugs could share a common mechanism of action.

Noticeably, in the experiments where Hardwickiic acid was added

starting from 8 min before the K+ stimulus, the natural clerodane

did not affect, on its own, the spontaneous release of tritium before

the depolarizing stimulus was applied (+100 nM Hardwickiic acid:

+0.83 ± 1.27, results reported as percent of increase), suggesting

that membrane depolarization is an essential prerequisite to detect

the Hardwickiic acid-mediated modulation of amine release.

Differently from what observed studying [3H]NA overflow, the

12 mM K+-evoked overflow of [3H]DA from striatal terminals was

significantly inhibited in presence of Salvinorin A as previously de-

scribed (Fig. 2B; 100 nM Salvinorin A: �29.65 ± 3.32, results re-

ported as percent of change, but see Grilli et al., 2009). On the

contrary Hardwickiic acid, applied at the same concentration used

on [3H]NA overflow (100 nM), did not modify the K+-evoked over-

flow of [3H]DA nor it prevented the Salvinorin A-induced inhibition

of [3H]DA overflow (Fig. 2B, +100 nM Hardwickiic acid:

+6.97 ± 2.85, results reported as percent of change). It has been al-

ready reported that Salvinorin A, at the concentrations used in this

paper, could not modify the spontaneous release of [3H]NA and

[3H]DA from mice hippocampal and striatal nerve endings (Grilli

et al., 2009). No significant changes in the spontaneous release of

dopamine could be observed when synaptosomes were exposed

to 100 nM Hardwickiic acid (data not shown).

The lack of effect of Hardwickiic acid on the K+-evoked [3H]DA

overflow might suggest that this terpenoid is able to discriminate

between the two different opioid receptor subtypes involved in

the presynaptic control of NA and DA release in mouse CNS (Grilli

et al., 2009). To further confirm this hypothesis we investigated the

effects of some specific OR antagonists on the Hardwickiic acid-in-

duced stimulatory effect on NA terminals. The effects of norbinal-

torphimine (norBNI), a selective KOR antagonist, of D-Phe-Cys-Tyr-

D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), a selective l opioid receptor

(MOR) antagonist, and of naltrindole, a selective DOR antagonist,

were investigated on the Hardwickiic acid-induced potentiation

of the K+-evoked NA overflow. Fig. 2C shows that facilitation of

[3H]NA overflow caused by 100 nM Hardwickiic acid was pre-

vented by 100 nM norBNI and 100 nM naltrindole but was not sig-

nificantly affected by 100 nM CTAP clearly demonstrating a

presynaptic effect of this molecule on OR which modulate

[3H]NA release. At the concentration applied these three antago-

nists did not modify by their own the 12 mM KCl-evoked [3H]NA

release. Finally, well consistent with the involvement of Pertussis

sensitive (PTx) G protein coupled opioid receptors in the Hard-

wickiic acid-mediated facilitation of [3H]NA exocytosis, we found

that entrapped PTx significantly reduced the K+-evoked [3H]NA

exocytosis elicited by 12 mM K+ from hippocampal synaptosomes

(control synaptosomes: 6.01 ± 0.48; PTx entrapped synaptosomes:

4.63 ± 0.36 p < 0.05; n = 3, data expressed as induced overflow).

Facilitation of the K+-evoked [3H]NA release induced by 100 nM
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(A)

(B)

(C)

Fig. 2. Effects of Hardwickiic acid and Salvinorin A on the 12 mM K+-evoked overflow of [3H]NA (panel A) and [3H]DA (panel B) from mice hippocampal and striatal

synaptosomes, respectively. Synaptosomes preloaded with [3H]NA or [3H]DA were exposed to the depolarizing stimulus in the absence or in the presence of Salvinorin A,

Hardwickiic acid or both. Results were expressed as induced overflow. Data are means ± SEM of four experiments run in triplicate (three superfusion chambers for each

experimental condition). ⁄p < 0.05 vs 12 mM K+; ⁄⁄p < 0.01 vs 12 mM K+. Effects of selective antagonists at MOR, DOR and KOR subtypes, norBNI (100 nM), CTAP (100 nM) and

naltrindole (100 nM) on the Hardwickiic acid-induced facilitation of the 12 mM K+-evoked overflow of [3H]NA from mice hippocampal synaptosomes (panel C).

Synaptosomes preloaded with [3H]NA were exposed to the depolarizing stimulus in the absence or in the presence of Hardwickiic acid (100 nM). Antagonists were added

eight minutes before agonists and were present throughout the superfusion period. Results were expressed as induced overflow. Data are means ± SEM of four experiments

run in triplicate. ⁄p < 0.05 vs 12 mM K+; ⁄⁄p < 0.01 vs 12 mM K+; #p < 0.05 vs 12 mM K+ plus 100 nM Hardwickiic acid.
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Hardwickiic acid could not be further observed (control synapto-

somes, +100 nM Hardwickiic acid: 8.63 ± 0.78, p < 0.05 versus

respective control; PTx entrapped synaptosomes, +100 nM Hard-

wickiic acid: 4.38 ± 0.54 n.s. versus respective control, n = 3, data

expressed as induced overflow).

4. Discussion

The ORs in the CNS are heterogeneous and their pharmacologi-

cal characteristics indicate that they can be classified as MOR, KOR,

DOR and r-opioid receptors which are no longer considered OR

but rather target sites for phencyclidine and its analogs (Vizi,

1979; Vizi et al., 1991; Trescot et al., 2008). The main result of

our study is that Hardwickiic acid, a non peptide natural neoclero-

dane molecule, has a role as presynaptic modulator of [3H]NA over-

flow acting on a specific OR present on mouse hippocampal nerve

endings. The finding that the Hardwickiic acid-induced increase of

KCl-evoked [3H]NA overflow was sensitive to norBNI and to nal-

trindole, but insensitive to CTAP (Fig. 2C) excludes the involvement

of MORs being compatible with the idea that this compound might

mimic Salvinorin A at j-d heterodimer (Sandor et al., 1992; Grilli

et al., 2009). Indeed the involvement of these receptors has been

proposed in the Salvinorin A-induced facilitation of [3H]NA over-

flow while Salvinorin A-induced inhibition of [3H]DA overflow

was mediated by pure KORs (Sandor et al., 1992; Grilli et al.,

2009). Since Hardwickiic acid did not mimic Salvinorin A in inhib-

iting [3H]DA overflow (Fig. 2B), the possibility exists that this com-

pound might act as an orthosteric agonist at the DOR component of

presynaptic j-d heterodimer.

Orthosteric binding sites of receptor heterodimers usually coop-

erate to mediate receptor activity, so that the binding of orthosteric

ligand at one binding site can alter the conformation of the second

binding site modulating ligand-mediated responses (Milligan and

Smith, 2007). If this is the case, pure KOR as well as DOR agonist

(s) could favour j-d heterodimer-mediated effects (i.e. the facilita-

tion of [3H]NA overflow), that in turn could be prevented by either

KOR or DOR orthosteric antagonists (i.e. norBNI and naltrindole,

respectively), as indeed previously observed (Grilli et al., 2009).

According to this view, we propose that Salvinorin A and Hard-

wickiic acid, acting, respectively as a KOR and DOR orthosteric ago-

nists (Wu et al., 2012), could facilitate [3H]NA overflow by acting at

norBNI and naltrindole-sensitive presynaptic j-d receptor hetero-

dimers (Grilli et al., 2009). As to the molecular events involved in

the Hardwickiic acid-induced facilitation of noradrenaline over-

flow, the lack of efficacy of the natural compound on PTx synapto-

somes suggests that this event could rely on intraterminal

enzymatic pathway that positively reverberates on amine exocyto-

sis. Increased cytosolic Ca2+ ions bioavailability due to phospholi-

pase C-induced inositol 1,4,5 tryphosphate-mediated

mobilization of calcium ions from intraterminals stores (Di Prisco

et al., 2012) as well as increased calcium ions influx due to adenylyl

cyclase-mediated opening of voltage operated calcium channels lo-

cated on presynaptic synaptosomal plasma membranes (Grilli

et al., 2004) could have a role: further studies are needed to ad-

dress this aspect.

Based on the present findings, the possibility that Hardwickiic

acid might represent the prototype of a new class of non peptider-

gic selective ligands of DOR subtypes should be considered and de-

serve future investigations. Since previous studies have shown that

the binding of Salvinorin A to DOR receptor subtype is negligible

(Wang et al., 2005), it is possible to speculate that the structural

modification to the terpenoid structure in C2 and C4 might confer

affinity to Hardwickiic acid for DOR receptor subtypes and it might

account for the scarce interaction with KOR receptor subtypes.

Accordingly, substitutes in the C2 and C4 positions were respon-

sive of the interaction of Salvinorin A with tyrosine and isoleucine

residues within the KOR binding pocket domain (Yan et al., 2005),

while the C-ring opened compounds, such as Hardwickiic acid,

showed reduced human KOR binding affinities (Lee et al., 2005).

There is increasing evidence suggesting a role for the opioid sys-

tem in the control of pathophysiology of several neurological disor-

ders. Among them, it seems that DOR modulation plays a major

role in neuroprotection in both normoxic and hypoxic environ-

ments (Zhang et al., 2002). Consistent with this view, previous

studies have shown that DOR activation attenuated the disruption

of K+ homeostasis induced by hypoxia in the cortex (Chao et al.,

2007). Moreover, enkephalines, which are part of the endogenous

opioid system, enhanced learning and memory, synaptic plasticity

and emotional behaviours also by activating DOR (Nandhu et al.,

2010). The availability of new non peptide molecule, such as Hard-

wickiic acid, active as selective DOR agonist could be therefore very

important for the better understanding of the role of these recep-

tors in the CNS and fundamental to guide the design of new ligands

in order to develop drugs useful for therapeutic interventions in

several CNS pathologies. Taking into account the importance of

natural substances in medicine, for their possible therapeutic use,

new molecules such as Hardwickiic acid, surely deserve further

studies to unveil their in vivo pharmacological and toxicological

profiles.
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a b s t r a c t

The functional role of presynaptic release-regulating metabotropic glutamate type 7 (mGlu7) receptors in

hippocampal GABAergic terminals was investigated. Mouse hippocampal synaptosomes were preloaded

with [3H]D-g-aminobutyric acid ([3H]GABA) and then exposed in superfusion to 12 mM KCl. The

Kþ-evoked [3H]GABA release was inhibited by the mGlu7 allosteric agonist N,N0-dibenzyhydryl-ethane-

1,2-diamine dihydrochloride (AMN082, 0.001e10 mM), as well as by the group III mGlu receptor agonist

L-(þ)-2-amino-4-phosphonobutyric acid [(L)-AP4, 0.01e1 mM]. The mGlu8 receptor agonist (S)-3,4-

dicarboxyphenylglycine [(S)-3,4-DCPG, 10e100 nM] was ineffective. AMN082 and (L)-AP4-induced

effects were recovered by the mGlu7 negative allosteric modulator (NAM) 6-(4-methoxyphenyl)-5-

methyl-3-(4-pyridinyl)-isoxazolo[4,5-c]pyridin-4(5H)-one hydrochloride (MMPIP). AMN082 also inhibi-

ted in a MMPIP-sensitive manner the Kþ-evoked release of endogenous GABA. AMN082 and the adenylyl

cyclase (AC) inhibitor MDL-12,330A reduced [3H]GABA exocytosis in a 8-Br-cAMP-sensitive. AMN082-

inhibitory effect was additive to that caused by (�)baclofen, but insensitive to the GABAB antagonist

3-[[(3,4-Dichlorophenyl)methyl]amino]propyl] diethoxymethyl) phosphinic acid (CGP52432). Conversely,

(�)baclofen-induced inhibition of GABA exocytosis was insensitive toMMPIP. Finally, the forskolin-evoked

[3H]GABA release was reduced by AMN082 or (�)baclofen but abolished when the two agonists were

added concomitantly. Mouse hippocampal synaptosomal plasmamembranes posses mGlu7 receptor

proteins; confocalmicroscopy analysis unveiled thatmGlu7 proteins colocalizewith syntaxin-1A (Stx-1A),

with vesicular GABA transporter (VGAT)-proteins and with GABAB receptor subunit proteins. We propose

that presynaptic inhibitory mGlu7 heteroreceptors, negatively coupled to AC-dependent intraterminal

pathway, exist in mouse hippocampal GABA-containing terminals, where they colocalize, but do not

functionally cross-talk, with GABAB autoreceptors.

This article is part of a Special Issue entitled ‘mGluR’.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Glutamate and g-aminobutyric acid (GABA) are the two major

neurotransmitters in the mammalian central nervous system

(CNS), where they mediate excitatory and inhibitory transmission,

respectively. Under normal conditions, these amino acids coexist in

a physiological functional cross-talk which ensures homeostasis in

the brain. Disruption of this balance could lead to a shift from

Abbreviations: GABA, g-aminobutyric acid; mGlu, metabotropic glutamate receptor; NMDA-aspartate, N-methyl-D; 5-HT, 5-hydroxytryptamine; CNS, central nervous

system; AMN082, N,N0-dibenzyhydryl-ethane-1,2-diamine dihydrochloride; MMPIP, 6-(4-methoxyphenyl)-5-methyl-3-(4-pyridinyl)-isoxazolo[4,5-c]pyridin-4(5H)-one

hydrochloride; (L)-AP4-(þ)-2-amino-4-phosphonobutyric acid, L; (�)baclofen, S(�)-b-(aminomethyl)-4-chlorobenzenepropanoic acid; CGS19755, cis-4-[phosphomethyl]-

piperidine-2-carboxylic acid; (S)-3,4-DCPG, (S)3,4-dicarboxyphenylglycine; CGP52432, 3-[[(3,4-dichlorophenyl)methyl]aminopropyl] diethoxymethyl phosphinic acid; WAY-

100635, N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide; SB 200646A, N-(1-Methyl-1H-indol-5-yl)-N0-3-pyridinylurea; DMIimipr-

amine, desmethyl; 8-Br-cAMP, 8-bromoadenosine 30 ,50-cyclic monophosphate; MDL-12,330A, cis-N-(2-phenylcyclopentyl)-azacyclotridec-1-en-2-amine hydrochloride; Stx-

1A, syntaxin-1A; VGAT, anti vesicular GABA transporter; GAD, glutamate decarboxylase; NAM, negative allosteric modulator; ECL, enhanced chemiluminescence; mGlu7

receptor, metabotropic glutamate type 7 receptor; mGlu8 receptor, metabotropic glutamate type 8 receptor; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionate;

PBS, phosphate-buffered saline; BSA, bovine serum albumin; Tris, Tris-(hydroxymethyl)-amino methane; SDS-PAGE, sodium dodecyl sulphateepolyacrylamide gel

electrophoresis.
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health to disease, accounting for the onset of neuropsychiatric and

neurological symptoms as well as neurodegenerative processes

(Danysz et al., 1995; Schoepp, 2001; Niswender and Conn, 2010).

Besides their quick actions at ionotropic receptors, glutamate

and GABA can activate metabotropic receptors generally endowed

with modulatory functions, i.e. the metabotropic glutamate (mGlu)

receptors and the GABAB receptors, respectively (Raiteri, 2008).

These receptors exist presynaptically and include auto and heter-

oreceptors whose activation control neurotransmitter release. In

particular, at the hippocampal level, the GABAergic control of

glutamate transmission mainly involves the activation of presyn-

aptic GABAB heteroreceptors negatively coupled to adenylyl cyclase

activity (Pittaluga et al., 1987; Bonanno and Raiteri, 1993). Similarly,

glutamate synaptically released upon depolarization exerts a feed-

back control of GABA release by acting on metabotropic hetero-

receptors (Desai et al., 1994; Gereau and Conn, 1995; Schoepp,

2001) presynaptically located on GABAergic nerve terminals.

Metabotropic glutamate receptors are divided into three groups:

group I (mGlu1 and mGlu5), group II (mGlu2 and mGlu3) and group

III (mGlu4, mGlu6, mGlu7 and mGlu8), based upon sequence

homology, intracellular signal transduction mechanisms and phar-

macological properties (Pin and Duvoisin, 1995; Conn and Pin, 1997;

Pin and Ascher, 2002; Nicoletti et al., 2010). Recently, the mGlu

receptors, especially the group I and group II mGlu receptors, have

become attractive therapeutic targets for drug development for the

treatment of CNS diseases (Spooren et al., 2003; Alexander and

Godwin, 2006; Witkin et al., 2007; Marek, 2010), while group III

mGlu receptors were the least studied due to the lack of selective

pharmacological tools. The development of N,N0-dibenzyhydryl-

ethane-1,2-diamine dihydrochloride (AMN082, Mitsukawa et al.,

2005) and of 6-(4-Methoxyphenyl)-5-methyl-3-(4-pyridinyl)-iso-

xazolo[4,5-c]pyridin-4(5H)-one hydrochloride (MMPIP, Suzuki et al.,

2007), with the first being the allosteric agonist and the second being

the negative allosteric modulator (NAM) of the mGlu7 receptor

subtype, however, has made pharmacological and neurochemical

studies of mGlu7 receptor-mediated functions in the CNS feasible.

Data in literature has provided convincing evidence of the

existence of presynaptic mGlu7 autoreceptors controlling gluta-

mate release in CNS (Millán et al., 2002a,b; Martin et al., 2008,

2010). On the contrary, the existence of presynaptic mGlu7 heter-

oreceptors controlling GABA release in the hippocampus has been

inferred on the basis of histochemical and functional observations

(Shigemoto et al., 1997; Somogyi et al., 2003; Wiero�nska et al.,

2010), but a direct demonstration is still lacking. We have tested

this hypothesis by investigating the impact of the above-mentioned

selective ligands on the release of GABA (measured as release of

preloaded [3H]GABA as well as of endogenous GABA) elicited by

a mild depolarizing stimulus from adult mouse hippocampal

synaptosomes. Our findings confirm that mouse hippocampal

GABAergic terminals possess presynaptic mGlu7 heteroreceptors,

whose activation inhibits GABA exocytosis. Our conclusions are

supported by immunocytochemical data showing that VGAT-

positive, Stx-1A containing mouse hippocampal nerve endings

are endowed with mGlu7 receptor proteins. These receptors are

negatively coupled to adenylyl cyclase activity and do not cross-talk

with presynaptic GABAB autoreceptors.

2. Materials and methods

2.1. Animals

Adult mice (Swiss; 20e25 g) were killed by decapitation, the hippocampus was

rapidly removed and purified synaptosomes were prepared. The experimental

procedures were approved by Italian legislation on animal experimentation

(protocol number n� 29823-10). Experiments were performed in accordance with

the U.K. Animals guidelines (Scientific Procedures Act, 1986 and associated

guidelines), with the European Communities Council Directive of 24 November 1986

(86/609/EEC) and with the ARRIVE guidelines (http://www.nc3rs.org.uk/page.asp?

id¼1357).

2.2. Preparation of synaptosomes

Purified isolated nerve endings (synaptosomes) were prepared according to

Dunkley et al. (1986), with some modifications. Briefly, the tissue was homogenized

in 10 volumes of 0.32M sucrose, buffered to pH 7.4with Tris-(hydroxymethyl)-amino

methane (Tris, final concentration 0.01 M) using a glass/Teflon tissue grinder (clear-

ance 0.25 mm); the homogenate was centrifuged at 1000� g for 5 min to remove

nuclei and debris and the supernatantwas gently stratified on a discontinuous Percoll

gradient (2%, 6%, 10% and 20% v/v in Tris-buffered sucrose), and centrifuged at

33,500� g for 5 min. The layer between 10% and 20% Percoll (synaptosomal fraction)

was subsequently collected and washed by centrifugation. The synaptosomal pellet

was always resuspended in a physiological solution (standard medium) having the

following composition (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; CaCl2, 1.2; NaH2PO4, 1.2;

NaHCO3, 5; HEPES, 10; glucose, 10; pH 7.2e7.4.

2.3. Experiments of release

Synaptosomes were incubated for 15 min at 37 �C in a rotary water bath in the

absence (experiments of endogenous GABA release) or in the presence of [3H]GABA,

(final concentration 34 nM). After the labelling period, identical portions of the

synaptosomal suspensions were layered on microporous filters at the bottom of

parallel chambers in a superfusion system (Raiteri and Raiteri, 2000; Ugo Basile,

Comerio, Varese, Italy) and were maintained at 37 �C. Synaptosomes were superfused

at 0.5 ml/min with standard physiological solution for a total period of 48 min (of

superfusion). When studying the effect of mGlu receptor agonists on the release of

endogenous GABA or preloaded [3H]GABA evoked by high Kþ or by the adenylyl

cyclase activator forskolin, synaptosomes were transiently (90 s) exposed, at

t ¼ 39 min, to Kþ containing medium (12 mM, NaCl substituting for an equimolar

concentration of KCl), or to forskolin. NAMand antagonistswere always added starting

at t ¼ 30 min of superfusion. Fractions were collected according to the following

scheme: two 3-min fractions (basal release), one before (t¼ 36e39min) and one after

(t ¼ 45e48 min) a 6-min fraction (t ¼ 39e45 min; evoked release). Superfusion was

always performed with media containing 50 mM amino-oxyacetic acid to avoid

metabolism of GABA. Fractions collected and superfused synaptosomes were counted

for radioactivity. In the multiple stimulation experiments, two consecutive pulses of

12mMKCl in the absence or in the presence of AMN082, were applied for 90 s starting

at t ¼ 39 min (S1) and at, t ¼ 61 min (S2). Synaptosomes were superfused with

standardmediumbefore and after each stimulus. Fractionswere collected according to

the following scheme: first stimulus (S1), as previously described, second stimulus

(S2) two 3-min fractions (basal release), one before (t ¼ 59e61 min) and one after

(t ¼ 67e69 min) a 6-min fraction (t ¼ 61e67 min; evoked release). In parallel exper-

iments carried out to evaluate whether presynaptic mGlu7 heteroreceptors can

desensitize (Pelkey et al., 2007), synaptosomes were pre-exposed to AMN082 from t

20e30 min of superfusion, then substituted until t ¼ 39 min with standard medium

and then rechallenged with the depolarizing stimulus in the absence or in the

presence of the agonist. Synaptosomal protein contents were determined according

to Bradford (1976). The amount of endogenous amino acid from synaptosomes in

each superfusate fractions was expressed as picomoles per milligram of protein

(pmol mg�1 protein). The Kþ-induced overflow of endogenous GABA from synapto-

somes was estimated by subtracting the neurotransmitter content into the first and

the third fractions collected (basal release, b1 and b3) from that in the 6-min fraction

collected during and after the depolarizationpulse (evoked release, b2). The amount of

radioactivity released into each superfusate fractionwas expressed as a percentage of

the total synaptosomal tritium content at the start of the fraction collected (fractional

efflux). When studying the effect of mGlu receptor agonists on the Kþ-evoked and on

the forskolin-induced [3H]GABA release, drug effects were estimated by subtracting

the neurotransmitter content into the fractions corresponding to the basal release

from those corresponding to the evoked release.

2.4. Endogenous amino acid determination

Collected fractions and superfused synaptosomes were analyzed for the

endogenous neurotransmitter content. Endogenous GABA was measured by high

performance liquid chromatography analysis after precolumn derivatizationwith o-

phthalaldehyde and separation on a C18 reverse-phase chromatographic column

(10 � 4.6 mm, 3 mm; at 30 �C; Chrompack, Middleburg, The Netherlands) coupled

with fluorimetric detection (excitation wavelength, 350 nm; emission wavelength,

450 nm). Buffers and the gradient program were described elsewhere (see Luccini

et al., 2007). Homoserine was used as internal standard.

2.5. Immunoblotting

Synaptosomes were washed twice with standard medium and then collected by

centrifugation (14,000 g, 15 min at 4 �C). The pellet was lysed in ice-cold Tris-

buffered saline solution (0.02M Tris/HCl, 0.01MNaCl, protease inhibitor cocktail, pH
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7.4) and quantified for protein content with Lowry Assay. Proteins were separated by

sodium dodecyl sulphateepolyacrylamide gel electrophoresis (SDS-PAGE, 10%

polyacrylamide), and then transferred onto polyvinylidene fluoride membranes.

Membranes were saturated with a Tris-buffered saline solution (0.02 M Tris/HCl,

0.15 M NaCl, pH 7.4) containing 5% (w/v) non-fat dried milk for 120 min at room

temperature and then incubated overnight at 4 �C with one of the following primary

antibodies: rabbit anti-mGlu7 (1:500), mouse anti-b-actin (1:2000). After extensive

wash, membranes were incubated for 1 h at 20 �C with the appropriate horseradish

peroxidase-linked secondary antibodies (1:2000) and immunoreactivity was

detected using an enhanced chemiluminescenceWestern blotting detection system.

2.6. Immunocytochemical analysis in mouse hippocampal nerve terminals

Purified mouse hippocampal synaptosomes were prepared as previously

described. For immunocytochemical analysis, 50 mg of synaptosomal proteins were

placed onto coverslips, previously coated with poly-L-lysine, fixed with 2% para-

formaldehyde for 15 min and washed with phosphate-buffered saline (PBS). After

extensive washes with 0.5% bovine serum albumin (BSA) PBS, synaptosomes were

permeabilized with 0.05% Triton X-100 PBS for 5 min and exposed to rabbit anti-

mGlu7 receptor (1:500), to the mouse anti-Stx-1A (1:10,000), to guinea pig anti-

VGAT (1:1000) or to guinea pig anti-GABAB (1:2000) as indicated. Synaptosomes

were then washed with 0.5% BSA PBS and were incubated for 30 min at room

temperature with Alexa Fluor 488 (green)-labelled goat anti-guinea pig IgG anti-

bodies, Alexa Fluor 488 (green)-labelled donkey anti-mouse, Alexa Fluor 647 (red)-

labelled donkey anti-mouse and Alexa Fluor 633 (red)-labelled goat anti-rabbit

antibodies (1:500 for all), as appropriate. Fluorescence image acquisition was per-

formed by a multi-channel Leica TCS SP5 laser-scanning confocal microscope,

equipped with 458, 476, 488, 514, 543 and 633 nm excitation lines. Images

(512 � 512 pixels, 12 bit) were taken through a plan-apochromatic oil immersion

objective 63�/NA1.4. Light collection configuration was optimized according to the

combination of chosen fluorochromes and sequential channel acquisition was per-

formed to avoid cross-talk phenomena. Leica LasAF software package was used for

acquisition, storage and visualization. Each coverslip was analyzed by counting at

least three different fields.

2.7. Calculations

Analysis of variance was performed by ANOVA followed by Dunnett’s test or

Newman Keuls multiple-comparisons test as appropriate. Direct comparisons were

performed by Student’s t-test. Data were considered significant for p < 0.05 at least.

Appropriate controls with antagonists or enzyme inhibitors were always run in

parallel. The quantitative estimation of colocalized proteins in immunocytochemical

studies was performed calculating the colocalization coefficients (Manders et al.,

1992) from the red- and green-channel scatterplot. Co-localization coefficients

express the fraction of colocalizing molecular species in each component of a dual-

colour image and are based on the Pearson’s correlation coefficient, a standard

procedure for matching one image with another in pattern recognition. If two

molecular species are colocalized, the overlay of their spatial distributions has

a correlation value higher than what would be expected by chance alone. Costes

et al. (2004) developed an automated procedure to evaluate correlation between

the green and red channels with a significance level > 95%. The same procedure

automatically determines an intensity threshold for each colour channel based on

a linear least-square fit of the green and red intensities in the image’s 2D correlation

cytofluorogram. Costes approach (2004) was implemented by using macro routines

integrated as plug-ins (WCIF Co-localization Plugins, Wright Cell Imaging Facility,

Toronto Western Research Institute, Canada) in the ImageJ 1.46b image-analysis

software (Wayne Rasband, NIH, USA).

2.8. Chemicals

[3H]D-g-aminobutyric acid ([3H]GABA, specific activity 35.0 Ci/mmol) was from

Perkin Elmer (Massachusetts, USA). N,N0-dibenzyhydryl-ethane-1,2-diamine

(AMN082), 6-(4-Methoxyphenyl) 5-methyl-3-(4-pyridinyl)-isoxazolo[4,5-c]pyridin-

4(5H)-one (MMPIP), L-(þ)-2-Amino-4-phosphonobutyric acid (L)-AP4, N-methyl-D-

aspartate (NMDA), cis-4-[phosphomethyl]-piperidine-2-carboxylic acid (CGS19755),

(S)-3,4-Dicarboxyphenylglycine ((S)-3,4-DCPG), 3-[[(3,4-dichlorophenyl)methyl]ami-

nopropyl] diethoxymethyl phosphinic acid (CGP52432), N-(1-Methyl-1H-indol-5-yl)-

N0-3-pyridinylurea (SB, 200646A)were fromTocris Bioscience (Bristol, UK). N-[2-[4-(2-

Methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY-

100635) S(�)-b-(aminomethyl)-4-chlorobenzenepropanoic acid ((�)baclofen), (ami-

nooxy)acetic acid hemihydrochloride, b-actin monoclonal mouse IgG1, cis-N-(2-

Phenylcyclopentyl)-azacyclotridec-1-en-2-amine hydrochloride (MDL-12,330A), 8-

Bromoadenosine 30 ,50-cyclic monophosphate (8-Br-cAMP), desmethylimipramine

(DMI), horseradish peroxidase-conjugated anti-mouse and anti-rabbit secondary

antibodies, o-phthalaldehyde, forskolin, anti-GABAB receptor antibody in guinea pig

(whole antiserum) and protease inhibitor cocktail were obtained from Sigma Chemical

Co. (St. Louis, MO, USA). Anti-mGlu7 polyclonal rabbit was from ABCAM (Cambridge

Science Park, Cambridge, UK), anti-syntaxin-1A monoclonal mouse IgG was obtained

from GeneTex (Irvine, CA, USA). Anti-VGAT was obtained from Chemicon (CA, USA).

Western blotting detection systemwas purchased from EuroClone (Milan, Italy). Anti-

guinea pig in goat Alexa Fluor 488-conjugated, anti-mouse in donkey Alexa Fluor 488-

conjugated, Alexa Fluor 647 (red)-labelled donkey anti-mouse and anti-rabbit in goat

Alexa Fluor 633-conjugated secondary antibodies were purchased from Molecular

Probes (Alfagene, OR, USA).

3. Results

Mouse hippocampal synaptosomes were preloaded with [3H]

GABA and then superfused according to an experimental approach

developed in our laboratory, the up-down superfusion of a thin

layer of synaptosomes (Raiteri et al., 1974). In this condition, tran-

sient (90 s) exposure of nerve terminals to a mild depolarizing

stimulus (12 mM KCl) is known to elicit the Ca2þ-dependent,

exocytotic-like release of preloaded [3H]GABA (Pittaluga et al.,

1987; Bonanno and Raiteri, 1993). The concomitant addition of

the selective mGlu7 allosteric agonist AMN082 (0.001e10 mM,) to

the depolarizing stimulus caused a significant reduction of [3H]

GABA exocytosis. The effect occurred in a concentration-dependent

Fig. 1. Effects of AMN082 on the high Kþ-evoked release of [3H]GABA from mouse

hippocampal GABAergic nerve terminals. Mouse hippocampal synaptosomes pre-

loaded with the radioactive tracer were exposed in superfusion to 12 mM KCl in the

absence or in the presence of AMN082 (concentration as indicated). Results are

expressed as induced overflow. Data are means � SEM of 3e15 experiments run in

triplicate (three superfusion chambers for each experimental conditions). *p < 0.05 vs

Kþ-evoked release of [3H]GABA; **p < 0.01 vs Kþ-evoked release of [3H]GABA;

***p < 0.001 vs Kþ-evoked release of [3H]GABA.

Fig. 2. Effect of the mGlu7 negative allosteric modulator MMPIP on the release of [3H]

GABA release evoked by high Kþ in the presence of AMN082 from mouse hippocampal

GABAergic nerve terminals. Mouse hippocampal synaptosomes preloaded with the

radioactive tracer were exposed in superfusion to 12 mM KCl in the absence or in the

presence of 100 nM AMN082. MMPIP (concentration as indicated) was added starting

from eight minutes before the depolarizing stimulus. Results are expressed as induced

overflow. Data aremeans� SEMof 3 experiments run in triplicate. *p< 0.05 vs Kþ-evoked

release of [3H]GABA; #p < 0.05 vs Kþ/100 nM AMN082-evoked release of [3H]GABA.
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fashion, with the maximum inhibitory effect being observed when

synaptosomes were exposed to 100 nM AMN082 (Fig. 1). The

agonist alone failed to affect the spontaneous release of [3H]GABA

(not shown).

The compound MMPIP is listed as a selective mGlu7 receptor

NAM, although recent evidence suggests a context-dependent

antagonist profile for this compound (see Niswender and Conn,

2010). The NAM MMPIP prevented in a concentration-dependent

fashion (0.1e10 nM) the inhibitory effect 100 nM AMN082 exerted

on the 12mMKþ-evoked release of [3H]GABA (Fig. 2). The antagonist

was extremely potent in doing that, with the maximum reversal

being reached when the antagonist was added at 10 nM. At the

concentration applied, MMPIP failed to affect on its own the spon-

taneous and the 12mMKþ-evoked release of [3H]GABA (not shown).

In parallel experiments, the impact of AMN082 and ofMMPIP on the

12 mM KCl-evoked release of endogenous GABA was monitored.

Similarly to what was observed in the experiments of [3H]GABA

release, nanomolar (10e100 nM) AMN082 reduced the Kþ-evoked

exocytosis of endogenous GABA. The inhibitory effect was prevented

by 10 nMMMPIP (Fig. 3). Once again,MMPIP alone failed to affect on

its own the Kþ-evoked release of tritium (not shown).

In order to confirm the pharmacological profile of the presyn-

aptic mGlu heteroreceptor controlling GABA exocytosis, we inves-

tigated the impact of (L)-AP4, a broad spectrum group III mGlu

receptor agonist, and of (S)-3,4-DCPG, a group III mGlu receptor

agonist showing a preferential activity at mGlu8 receptor subtype

(Duty, 2010 and references therein), on the 12 mM Kþ-evoked

release of [3H]GABA from mouse hippocampal synaptosomes. (L)-

AP4 (0.01e1 mM) inhibited in a concentration-dependent fashion

the Kþ-evoked tritium exocytosis, while (S)-3,4-DCPG (10e100 nM)

was inactive (Fig. 4). The mGlu7 negative allosteric modulator

MMPIP (10 nM) prevented the (L)-AP4-induced inhibition of the

12 mM Kþ-evoked release of [3H]GABA from mouse hippocampal

synaptosomes (Fig. 4).

Experiments were then dedicated to investigate whether the

AMN082-induced changes to [3H]GABA release could rely on the

binding at 5-hydroxytryptamine (5-HT) and N-methyl-D-aspar-

tate (NMDA) receptors, since these receptors were reported to

represent potential targets of the mGlu7 agonist (Pa1ucha-

Poniewiera et al., 2010; Risso Bradley et al., 2012). To this aim,

the effects of N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl]-N-

2-pyridinylcyclohexanecarboxamide (WAY-100635), a selective

antagonist at 5-HT1A receptor subtype, of N-(1-Methyl-1H-indol-

5-yl)-N0-3-pyridinylurea (SB, 200646A), a selective antagonist at 5-

HT2B/2C (Maura et al., 2000 and references therein) and of the NMDA

receptor antagonist cis-4-[Phosphomethyl]-piperidine-2-carboxylic

acid (CGS19755) were investigated The three antagonists failed to

significantly modify the release of [3H]GABA elicited by 12 mM Kþ,

nor did they modify the 100 nM AMN082-induced inhibition of

tritium overflow (Table 1). Finally, AMN082 was proposed to have

appreciable affinity for noradrenaline transporter (NET, Sukoff Rizzo

et al., 2011). The NET protein, however, was not involved in the

AMN082-mediated control of GABA exocytosis since the selective

NET blocker DMI, inactive on its own on the Kþ-evoked GABA

exocytosis (12 mM Kþ/10 nM AMN082: 4.89 � 0.36; þ10 nM DMI:

Fig. 3. Effects of mGlu7 receptor agonist AMN082 and of the negative allosteric

modulator MMPIP on the Kþ-evoked release of endogenous GABA from mouse

hippocampal synaptosomes. Mouse hippocampal synaptosomes were exposed in

superfusion to AMN082 (concentration as indicated) in the absence or in the presence

of 10 nM MMPIP Results are expressed as pmol mg�1 protein and are calculated as

endogenous GABA induced overflow. Data are means � SEM of 3 experiments run in

triplicate *p < 0.05 vs Kþ-evoked release of [3H]GABA; #p < 0.05 vs Kþ/100 nM

AMN082-evoked release of [3H]GABA.

Fig. 4. Effects of group III mGlu receptor agonists on the Kþ-evoked release of [3H]

GABA from mouse hippocampal synaptosomes: antagonism by MMPIP. Mouse

hippocampal synaptosomes preloaded with the radioactive tracer were exposed in

superfusion to 12 mM KCl in the absence or in the presence of (L)-AP4 or (S)-3,4-DCPG

(concentration as indicated). MMPIP (10 nM) was added starting from eight minutes

before the depolarizing stimulus. Results are expressed as induced overflow. Data are

means � SEM of 3 experiments run in triplicate. *p < 0.05 vs Kþ-evoked release of [3H]

GABA; **p < 0.01 vs Kþ-evoked release of [3H]GABA; ^p < 0.05 vs Kþ/(L)-AP4-evoked

release of [3H]GABA.

Table 1

AMN082-induced inhibition of [3H]GABA release does not involve the binding to

presynaptic 5-HT1A, 5-HT2B/2C and NMDA receptors.

12 mM KCl-evoked

[3H]GABA overflow

(12 mM KCl/100 nM AMN082)-

evoked [3H]GABA overflow

Control 6.31 � 0.10 4.26 � 0.24a

þ1 mM SB 200646A 5.71 � 0.22 3.98 � 0.32a

þ10 mM WAY 100635 5.48 � 0.42 3.84 � 0.51a

þ10 mM CGS19755 5.35 � 0.47 3.84 � 0.56a

Mouse hippocampal synaptosomes were exposed in superfusion to 12 mM KCl in

the absence or in the presence of 100 nM AMN082. Antagonists (concentration as

indicated) were added starting from eight min before the depolarizing stimulus.

Results are expressed as induced overflow. Data are means � SEM of 6 experiments

run in triplicate (three superfusion chambers for each experimental condition).
a p < 0.05 vs control.

Fig. 5. Western blot analysis of mGlu7 receptor protein in synaptosomal lysate from

the hippocampus of adult mice. The blot is representative of 4 different analyses and

illustrates the mGlu7 receptor protein expression in mouse hippocampal synapto-

somes. b-actin was used as internal control. Protein weights are expressed in kDa.
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5.01 � 0.33, n.s. results expressed as induced overflow, data from 3

experiments run in triplicate), failed tomodify the 100 nMAMN082-

induced inhibition of tritium overflow (12 mM Kþ/10 nM AMN082:

3.12 � 0.16; þ10 nM DMI: 3.64 � 0.24, n.s. results expressed as

induced overflow, data from 3 experiments run in triplicate).

The results so far described seemed consistent with the presence

of mGlu7 heteroreceptors on GABAergic hippocampal nerve termi-

nals. In order to confirm this hypothesis, we investigated whether

mouse hippocampal synaptosomal plasmamembranes could be

endowed with mGlu7 receptor proteins. Fig. 5 shows that mGlu7

immunoreactivity with appropriate mass was observed in synapto-

somal membranes isolated frommouse hippocampal synaptosomes.

Considering that the above procedure does not permit

discrimination between families of nerve terminals, it was impor-

tant to ascertain whether mGlu7 receptor immunoreactivity could

be detected in GABAergic nerve endings. As a first approach, we

tried to identify GABAergic terminals by using an antibody raised

against the enzyme glutamate decarboxylase (GAD). Unfortunately,

unsormountable interferences between anti GAD and anti-mGlu7

antibodies did not allow this confocal analysis (not shown).

GABAergic nerve endings were therefore identified by using an

antibody raised against the vesicular GABA transporter (VGAT) and

by monitoring the colocalization of this protein with Syntaxin-1A,

here used as a presynaptic marker. The mouse hippocampal

synaptosomal preparations efficiently stained for VGAT (Fig. 6a,

green) and Stx-1A (Fig. 6b, red); merging these images revealed

Fig. 6. mGlu7 receptor proteins locate presynaptically on GABA-containing nerve terminals isolated from the hippocampus of adult mice: representative double-labelling images of

anti-mGlu7, anti-Stx-1A (here used as selective marker of nerve terminals) and anti-VGAT (here used as marker of nerve terminals where GABA could be taken up and stored in

vesicles). The images are representative of 5 different analyses.

Table 2

Effect of repeated exposure to AMN082 on the agonist-induced inhibition of [3H]

GABA release from mouse hippocampal synaptosomes.

S1 S2

% induced

overflow

% of change

vs S1

% induced

overflow

% of changes

vs S2

12 mM Kþ 3.60 � 0.22 2.82 � 0.27

12 mM Kþ/100 nM

AMN082

1.75 � 0.15a �45.48% 1.35 � 0.09a �52.12%

Synaptosomes were preloaded with [3H]GABA and exposed in superfusion to two

consecutive depolarizing stimuli. When indicated, 100 nM AMN082 was added

concomitantly to the 12 mM KCl solution and substituted after 90 s with standard

superfusion medium. The ratio S2/S1 amounted to �21.66%, consistent with the

depletion of radioactive intraterminal store.
a p < 0.05 vs respective control.
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that a significant percentage of Stx-1A-positive particles (59 � 5%,

data from five different image couples) were also VGAT-positive

(Fig. 6c). Notably, the high percentage of VGAT expression in Stx-

1A-positive particles might be well consistent with the widespread

expression of VGAT proteins. Indeed, beside the pure GABAergic

synaptosomal subpopulation, this transporter also locates in GABA/

glycine nerve endings (Chaudhry et al., 1998) as well as in hippo-

campal mossy fibre terminals, where it colocalizes with the vesic-

ular glutamate transporters type 1 (Zander et al., 2010). The

confocal microscopy analyses show that the mouse hippocampal

synaptosomal preparations efficiently stained for mGlu7 receptor

(Fig. 6e and h, red), and a significant percentages of the Stx-1A-

Fig. 7. Effects of AMN082 and (�)baclofen on the Kþ-evoked release of [3H]GABA from mouse hippocampal synaptosomes: antagonism by CGP52432 and MMPIP. Panel A: Mouse

hippocampal synaptosomes preloaded with the radioactive tracer were exposed in superfusion to 12 mM KCl. When indicated, (�)baclofen (10 mM) and AMN082 (100 nM) were

added alone or together, contemporary to the depolarizing stimulus Panel B: Effects of CGP52432 and MMPIP on the inhibitory effects exerted by (�)baclofen and AMN082 on the

Kþ-evoked release of [3H]GABA from mouse hippocampal synaptosomes. CGP52432 (1 mM) and MMPIP (10 nM) were added starting from eight minutes before the depolarizing

stimulus. Results are expressed as induced overflow. Data are means � SEM of 3 experiments run in triplicate. *p < 0.05 vs Kþ-evoked release of [3H]GABA; **p < 0.05 vs Kþ-evoked

release of [3H]GABA; #p < 0.05 vs Kþ/1 mM (�)baclofen-evoked release of [3H]GABA. Panel C: mGlu7 receptor proteins colocalize with GABAB receptor subunits on nerve terminals

isolated from the hippocampus of adult mice: representative double-labelling images of anti-mGlu7 and anti-GABAB immunoreactivities. The images are representative of 4

different analysis.
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positive terminal particles (Fig. 6d, green, 68 � 5%) and of the

VGAT-positive particles (Fig. 6g, green, 68 � 6%) were positive for

mGlu7 receptor.

mGlu7 receptors were reported to undergo desensitization

(Pelkey et al., 2007 and references therein) shortly after a brief pre-

exposure to agonist. To investigate whether this phenomenon also

could take place in our experimental conditions, hippocampal

synaptosomes were challenged with two consequent depolarizing

stimuli (12 mM Kþ, here referred to as S1 and S2) in the absence or

in the presence of 100 nM AMN082. Table 2 shows that significant

changes of the AMN082-induced inhibitory effect could not be

observed following repeated application of the depolarizing stim-

ulus in the presence of the agonist.

Changes in functional consequence due to mGlu7 receptors

activation were also reported to occur following prolonged pre-

exposure (10 min) of nerve terminals to the agonist (Martin et al.,

2010). Synaptosomes pretreatment with the mGlu7 agonist

however did not caused significant modifications to the [3H]GABA

exocytosis elicited by 12mMKþ in the absence or in the presence of

100 nM AMN082 (control synaptosomes: 12 mM Kþ: 3.11 � 0.18;

12 mM Kþ: 1.89 � 0.22, p < 0.05, n ¼ 3; AMN082 pretreated

synaptosomes: 12 mM Kþ: 2.89 � 0.21; 12 mM Kþ: 1.76 � 0.19,

p < 0.05, n ¼ 3).

Hippocampal GABAergic terminals possess presynaptic GABAB

autoreceptors, whose activation inhibits GABA exocytosis. Consis-

tently with previous observations (Pittaluga et al., 1987), 10 mM (�)

baclofen inhibited the 12 mM Kþ-evoked release of [3H]GABA. The

inhibitory effect caused by (�)baclofen was additive to that evoked

by 10 nM AMN082 (Fig. 7A). The (�)baclofen-induced inhibition

of12 mM Kþ-evoked release of [3H]GABA was reverted by the

GABAB antagonist 3-[[(3,4-Dichlorophenyl)methyl]amino]propyl]

diethoxymethyl) phosphinic acid (CGP52432) (Bonanno and

Raiteri, 1993), but was insensitive to the mGlu7 antagonist

MMPIP (10 nM). Conversely, the AMN082-induced inhibition of

12 mM Kþ-evoked release of [3H]GABA was prevented by MMPIP

(see Fig. 2) but was insensitive to CGP52432 (1 mM). At the

concentration applied CG52432 did not modify on its own the

12 mM Kþ-evoked release of [3H]GABA. Confocal analyses unveiled

that the mouse hippocampal synaptosomal preparations efficiently

stained for the GABAB receptor proteins. Analysis of four different

image couples indicated that 43 � 5% of the GABAB-positive

particles were also mGlu7 positive (Fig. 7C).

Finally, Fig. 8A shows that exposure of mouse hippocampal

synaptosomes preloaded with [3H]GABA to 10 mM forskolin caused

a significant release of radioactive tracer. The forskolin-evoked

release of tritium was halved by the concomitant addition of

100 nM AMN082 as well as by 10 mM (�)baclofen (Fig. 8A). Again,

the inhibitory effect caused by (�)baclofen was additive to that

evoked by 10 nM AMN082 (Fig. 8A). AC-mediated intraterminal

events participated to the 12 mM Kþ-evoked GABA exocytosis, as

suggested by the finding that i) the AC inhibitor MDL-12,330A

(10 mM) significantly inhibited the 12 mM Kþ-evoked tritium

exocytosis, and ii) the MDL-12,330A-induced inhibition of GABA

exocytosis was totally recovered by the cAMP analogue, 8-Br-cAMP

(10 mM, Fig. 8B). Interestingly, 8-Br-cAMP also restored the

AMN082-induced inhibition of GABA exocytosis, further support-

ing the hypothesis that AMN082-induced effect involves reduction

of AC-mediated cAMP production (Fig. 8B).

4. Discussion

Previous studies provided evidence of the existence of presyn-

aptic mGlu7 heteroreceptors on GABAergic interneurones in rodent

hippocampus. mGlu7 immunoreactivity was found in somato-

statin/GABA immunoreactive interneurones (Shigemoto et al.,

1997) and in the presynaptic active zone of selected populations

of GABAergic terminals (Somogyi et al., 2003), although contrasting

evidence was also described (Bradley et al., 1996). Given their

presynaptic location, mGlu7 receptors were predicted to inhibit

GABA exocytosis, subsequently favouring glutamate transmission

(Schoepp, 2001). Direct evidence supporting the presynaptic

modulatory effect of mGlu7 receptors on GABA release in rodent

hippocampus, however, is so far lacking.

In the present work, hippocampal isolated nerve terminals

(synaptosomes) were used to investigate the possible mGlu7-

mediated regulation of GABA release. Functional experiments

were performed by monitoring neurotransmitter release from

superfused monolayers of purified synaptosomes, a technique that

is widely recognized as particularly appropriate to study release-

regulating presynaptic receptors (for a review please see Raiteri

and Raiteri, 2000). Briefly, after selective labelling with [3H]GABA,

identical portions of synaptosomal suspension are stratified at the

bottom of parallel superfusion chambers to constitute less than one

monolayer and then are up-down superfused. Several laboratories

reported that, under these experimental conditions, the

compounds just released are removed by the superfusion solution

so hastily that they can not feed back on releasing terminals, nor on

Fig. 8. AMN082-induced inhibition of [3H]GABA exocytosis from mouse hippocampal

synaptosomes relies on inhibition of adenylyl cyclase-dependent pathway: comparison

with (�)baclofen. Panel A: Effects of (�)baclofen or AMN082 on the forskolin-evoked

release of [3H]GABA from mouse hippocampal synaptosomes. Mouse hippocampal

nerve terminals were exposed in superfusion to 10 mM forskolin in the absence or in

the presence of 5 mM (�)baclofen or 100 nM AMN082. Results are expressed as

induced overflow. Data are means � SEM of 3 experiments run in triplicate. *p < 0.05

vs 10 mM forskolin-evoked release of [3H]GABA; **p < 0.01 vs 10 mM forskolin-evoked

release of [3H]GABA. Panel B: Effects of AMN082 and MDL-12,330A on the Kþ-evoked

release of [3H]GABA from mouse hippocampal synaptosomes: antagonism by 8-Br-

cAMP. Mouse hippocampal synaptosomes preloaded with [3H]GABA were exposed in

superfusion to 12 mM KCl in the absence or in the presence of 10 mM MDL-12,330A or

100 nM AMN082. When indicated, 5 mM 8-Br-cAMP was added concomitantly with

agonists. Results are expressed as induced overflow. Data are means � SEM of 3

experiments run in triplicate. xp < 0.05 vs 12 mM Kþ-evoked release of [3H]GABA;
#p < 0.05 12 mM Kþ/10 mM MDL-12,330A -evoked release of [3H]GABA; �p < 0.05

12 mM Kþ/100 nM AMN082-evoked release of [3H]GABA.
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neighbouring particles, thus avoiding indirect effects. Under this

experimental condition, if mGlu7 agonist added concomitantly to

the depolarizing stimulus inhibits [3H]GABA exocytosis, one could

conclude that presynaptic mGlu7 receptors are localized on

GABAergic axon terminals and control negatively GABA exocytosis.

The present results demonstrate that the mGlu7 allosteric

agonist, the compound AMN082, inhibited the Kþ-evoked release

of endogenous GABA as well as that of preloaded [3H]GABA from

hippocampal nerve terminals, with an apparent affinity well

consistent with that firstly reported by Mitsukawa et al. (2005).

This observation could be predictive of the involvement of mGlu7

receptor in the effect observed, although some recent observation

could question this conclusion. In fact, both in vivo and in vitro

studies had suggested that AMN082-mediated effects also could

rely on non-mGlu7 receptor-mediated signalling. In particular,

NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazole propionate

(AMPA) receptors (Risso Bradley et al., 2012), as well as serotonergic

receptor subtypes (Pa1ucha-Poniewiera et al., 2010) and NET

(Sukoff Rizzo et al., 2011) were proposed to represent suitable

targets of AMN082. In an attempt to ascertain whether the effects

here described could be ascribed to activation of the above-

mentioned receptors and/or transporter, experiments were

carried out to assess whether antagonists at NMDA receptor

complex as well as at 5-HT receptor subtypes and NET blocker

could prevent AMN082-induced modification to GABA exocytosis.

We focussed on these receptors since previous studies demon-

strated the existence of presynaptic inhibitory NMDA and 5-HT

receptors controlling GABA outflow in the hippocampus (Sequeira

et al., 2001; Chadha et al., 2000). We did not investigate the

impact of AMPA receptor antagonist, since AMPA receptors were

reported to favour, not to inhibit, GABA outflow (Pittaluga et al.,

1997). Our results demonstrate that neither the above-mentioned

antagonists nor the NET blocker DMI could counteract the

AMN082-induced inhibitory effect on GABA transmission that, on

the contrary, was totally abrogated by themGlu7 negative allosteric

modulator MMPIP. All together these observations support the

view that AMN082-induced reduction of GABA exocytosis involves

mGlu7 receptor. Accordingly, the widespread group III mGlu

receptor agonist (L)-AP4, but not the selective mGlu8 agonist (S)-

3,4-DCPG, mimicked AMN082 in inhibiting the release of [3H]GABA

evoked by high Kþ in a MMPIP-sensitive manner, also leading to

exclude the presence of (L)-AP4-sensitive metabotropic glutamate

receptors other than mGlu7 receptor subtype.

AMN082 was reported to promote the internalization of

recombinant mGlu7 receptors in hippocampal neurones (Pelkey

et al., 2007). Repeated application of the agonist however did not

affect GABA exocytosis nor it modified the AMN082-mediated

inhibitory effect, suggesting that presynaptic native mGlu7 heter-

oreceptors may undergo a limited, if ever, receptor internalization

or desensitization. A shift from inhibition to facilitation of presyn-

aptic mGlu7 autoreceptors was also described to follow a prolonged

(10 min) exposure of terminals to agonist (Martin et al., 2010).

Again, changes in mGlu7 receptor-mediated control of GABA

exocytosis following prolonged exposure to agonist could not be

detected. Although differences in the experimental approaches

may account for the apparent discrepancy, the possibility that

mGlu7 receptor on GABAergic terminals differs from those located

on other terminal subpopulations, i.e. the glutamatergic one, in

term of agonist-induced desensitization or coupling to intra-

terminal enzymatic pathways should be considered.

Thus, as a first conclusion, we propose that, in mouse hippo-

campus, glutamate can modulate the depolarization-evoked

release of GABA by acting at inhibitory presynaptic receptors

belonging to themGlu7 receptor subtypes. Notably, the observation

that endogenous GABA responds equally to previously taken up

[3H]GABA to the action of mGlu7 agonists could suggest that the

radioactive tracer allows, in the present case, a reliable measure of

the endogenous amino acid.

The functional results described here are consistent with data

previously published reporting mGlu7 receptor immunoreactivity

in rat hippocampal GABAergic terminals (Somogyi et al., 2003).

Accordingly, mGlu7 immunoreactivity could be detected in mouse

hippocampal synaptosomal plasmamembranes and the presence of

mGlu7 receptor proteins was highlighted at the presynaptic level,

in Stx-1A-positive terminals where GABA is actively stored in

intraterminal VGAT-positive vesicles. GABA, however, does not

represent the sole substrate of VGAT, since this protein is also

responsible for the uptake and the storage of glycine at pure gly-

cinergic synapses, as well as at GABA/glycine synapses (Chaudhry

et al., 1998). Our observation therefore could imply that mouse

hippocampal glycinergic terminals could also be endowed with

presynaptic mGlu7 receptors. The hypothesis is plausible and

surely deserves future investigation.

Hippocampal GABAergic terminals possess presynaptic GABAB

autoreceptors, whose activation inhibits GABA exocytosis (Pittaluga

et al., 1987). Reciprocal interaction between GABAB and mGlu7

receptors has been the object of previous investigation. In partic-

ular, mGlu7 and GABAB receptors were reported to be functionally

coupled in hippocampal glutamatergic nerve terminals and to

negatively control glutamate exocytosis (Martín et al., 2008). On

the other hand, the second finding of the present study shows that

presynaptic mGlu7 heteroreceptors and GABAB autoreceptors

located on GABAergic nerve endings do not cross-talk. Our

conclusion is supported by the findings that i) the inhibitory effects

exerted by AMN082 and by (�)baclofen on GABA exocytosis after

simultaneous activation of both mGlu7 and GABAB receptors were

additive, corresponding to the sum of the inhibition of each

agonists (�62.15 � 4.30%, n ¼ 3, p < 0.01), ii) mGlu7-mediated

control of GABA exocytosis was insensitive to the presence of the

GABAB receptor antagonist CGP52432, while MMPIP failed to affect

the (�)baclofen-induced control of GABA overflow, and iii) the

inhibitory effects exerted by AMN082 and (�)baclofen on the

forskolin-evoked release of [3H]GABA from hippocampal synapto-

somes were additive. Although the possibility that the GABAB

receptors and mGlu7 receptors might colocalize on the same nerve

terminals cannot be excluded, our results seem best interpreted by

assuming that mGlu7 and GABAB receptors are located on different

subpopulation of mouse hippocampal GABAergic nerve terminals

(as suggested by confocal analysis in Fig. 7C). Accordingly, Somogyi

et al. (2003) demonstrated that mGlu7 immunoreactivity was

mainly restricted to GABAergic inputs of interneurones that receive

innervation from mGlu7-enriched glutamatergic terminals.

Finally, as to the transducing mechanism involved, we propose

that mGlu7 heteroreceptors presynaptically located on GABAergic

nerve endings might negatively couple to the intraterminal AC-

cAMP enzymatic pathway. This enzymatic pathway is also located

presynaptically where it participates to high Kþ-evoked vesicular

exocytosis of transmitters (Grilli et al., 2004 and reference therein)

including GABA, as suggested by the finding that the AC selective

inhibitor MDL-12-330A drastically reduces GABA in a 8-Br-cAMP-

sensitive. If this is the case, the capability of AMN082 in reducing

the release of GABA elicited by forskolin together with the efficacy

of 8-Br-cAMP in preventing AMN082-mediated inhibition of Kþ-

evoked GABA overflow seems best interpreted by assuming that

mGlu7 negatively control the AC-cAMP-mediated component of

GABA exocytosis from hippocampal synaptosomes. Notably, the

efficacy of MMPIP in reverting the AMN082-mediated inhibition of

GABA exocytosis further supports the hypothesis that NAM activity

is context-dependent (see Niswender and Conn, 2010). Whether

mGlu7-inhibitory effect in GABAergic hippocampal terminals could
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rely on the reduction of Voltage Operated Calcium Channel (VOCC)-

mediated functions, as firstly proposed by Millán et al. (2002b)

cannot be excluded. Indeed, of the AC isoforms known so far, AC1

and AC8 are Ca2þ-dependent enzymes, so that the AC-cAMP-

mediated component of GABA exocytosis may represent a direct

consequence of AC activation by Ca2þ entering the Kþ-depolarized

synaptosomes through VSCCs.

In conclusion, the present results support the existence of

presynaptic mGlu7 heteroreceptors on a distinct subpopulation of

mouse hippocampal GABAergic nerve terminals. These receptors

are negatively coupled to adenylyl cyclase and inhibit GABA

exocytosis and could have a relevant role in the reciprocal modu-

lation GABA and glutamate exerts on their depolarization-evoked

release at the hippocampal level. Thus, these receptors represent

an important therapeutic target for the cure of neurological disor-

ders that are typified by a marked unbalance between excitatory

and inhibitory transmission including epilepsy (Sansig et al., 2001),

anxiety and depression (Swanson et al., 2005; Wiero�nska and Pilc,

2009), and schizophrenia (Wiero�nska et al., 2010).
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Aromatic plant species present in the natural Park of 
Tuscany Archipelago are used as lavoring agents and 
spices, as dietary supplements and in cosmetics and 
aromatherapy. The plants are usually collected from 
wild stands, inducing a depletion of the natural habitat. 
Therefore, micropropagation of these aromatic plants 
can play a role in the protection of the natural eco-
system, can guarantee a massive sustainable produc-
tion and can provide standardized plant materials for 
diverse economical purposes. The aim of this study is 
to compare the volatile organic compounds produced 
by the wild plants with those from in vitro plantlets us-
ing headspace solid phase micro-extraction (HS-SPME) 
followed by capillary gas-chromatography coupled to 
mass spectrometry (GC-MS). Typical plants of this natu-
ral area selected for this work were Calamintha nepeta L., 
Crithmum maritimum L., Lavandula angustifolia L., Myrtus 
communis L., Rosmarinus oicinalis L., Salvia oicinalis L. 
and Satureja hortensis L. Diferent explants were used: 
microcuttings with vegetative apical parts, axillary buds 
and internodes. Sterilization percentage, multiplication 
rate and shoot length, as well as root formation were 
measured. The volatile aromatic proiles produced from 
in vitro plantlets were compared with those of the wild 
plants, in particular for C. maritimum, R. oicinalis, S. of-
icinalis and S. hortensis. This study indicated that the 
micropropagation technique can represent a valid al-
ternative to produce massive and sterile plant material 
characterised by the same aromatic lavour as in the wild 
grown plants.

Key words: VOC, in vitro shoot cultures, aromatic plants, HS-SPME, 
GC-MS, biodiversity
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INTRODUCTION

The Tuscany Archipelago is the largest marine (and 
land) Park in Europe, with more than 50 000 hectares of 
sea and about 20 000 hectares of land. The Archipelago 
includes seven main islands as well as some minor is-
lands and rocks (Landi, 1989). The vegetation, inluenced 
by the Mediterranean climate and by the insularity, is 
characterised by several aromatic species. Typical plants 
of the Mediterranean that can be observed for example 
on the Elba Island are adapted to grow near the sea, tol-
erating salt stress, drought, and rock side soils include 
Crithmum maritimum L, Rosmarinus oficinalis L., Myrtus sp., 
Spartium sp., Cistus sp., Lavandula sp., Helichrysum spp. and 
Juniperus spp. (Rinaldi, 2001). These plants constitute an 
ecological niche for their typical aromatic characteristics 

and represent an ecological population to exploit and 
to preserve (Hamilton, 2004; Abraham, 2010). The aro-
matic plants are usually collected on their natural stands 
and used as spices in traditional food and cosmetics, in 
phytotherapy and aromatherapy. This practice harms the 
natural habitat, so the development of eficient proto-
cols for rapid clonal propagation and the conservation 
of germplasm of selected species typical of these islands 
is badly needed. In vitro culture of aromatic and medici-
nal plants is a useful technique to produce rapidly and 
in small spaces a large amount of plant material, avoid-
ing the damage and the extinction of natural ield grown 
plants (Debnath et al., 2006; Lucchesini & Mensuali-Sodi, 
2010; Ruffoni et al., 2010). Moreover, micropropagation 
represents a valid alternative for rapid clonal propagation 
and an improvement of the production and marketing of 
the selected plants. The micropropagation protocols are 
based on regeneration of plants starting from different 
organs (Lucchesini & Mensuali-Sodi, 2010). The in vitro 
culture technique can be also useful for the production 
of active compounds naturally present in aromatic plants 
and in particular enhancing the levels of some metabo-
lites (Pistelli et al., 2010).

The plants are able to emit organic volatile com-
pounds (VOC), but the intensity and proile of emission 
is dependent on the genetic variability and plasticity of 
phenotypes (Dicke & Loreto, 2010). VOC are mainly 
produced by plants for three main reasons: plants-plants 
interactions, signals for symbiotic organisms, and as in-
sect attractants or repellents. Many VOCs produced by 
plants are constituents of aromatic essential oils, often 
used in the food and perfume industries as lavors and/
or fragrances (Maffei et al., 2011). Moreover, it is known 
that essential oils can have antibacterial, anti-inlamma-
tory and other pharmaceutical uses (Maffei et al., 2011).

Headspace solid phase micro-extraction (HS-SPME) 
followed by capillary gas-chromatography mass-spec-
trometry (GC-MS) is currently a widely used technique 
for the characterization of the composition of plant vol-
atile fraction, due to its easy and fast management (Bel-
liardo et al., 2006).

The aim of the present work was to investigate, for 
the irst time, the chemical composition of the aroma 
scent emitted by in vitro plantlets (ivP) of several aromat-
ic species, in comparison with the ield-grown mother- 
plants (fgP), using HS-SPME. Seven typical species 
grown in the Tuscany Archipleago were chosen as plant 

*
e-mail: pistelli@agr.unipi.it

Abbreviations: BA, benzyladenine; GC-MS, capillary gas-chroma-
tography mass spectrometry; HS-SPME, headspace solid phase 
micro-extraction; IAA, indole-3-acetic acid; IBA, indolebutiric acid; 
MS0, basal Murashige and Skoog medium; NAA, naphtalene acetic 
acid; PAR, photosynthetically active radiation
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material from different families: Calamintha nepeta (L.) 
Savi, Lavandula angustifolia Mill., Rosmarinus oficinalis L., 
Salvia oficinalis L. and Satureja hortensis L. belonging to La-
biatae, Crithmum maritimum L. (Umbelliferae family) and 
Myrtus communis L. (Myrtaceae family). 

MATERIALS AND METHODS

Plant Materials. Calamintha nepeta L., Crithmum mar-
itimum L., Lavandula angustifolia Mill., Myrtus communis L., 
Rosmarinus oficinalis L., Salvia oficinalis L., Satureja horten-
sis L., representatives of the plant species typical of the 
Tuscan herbs, were collected in spring 2011 in the Elba 
Island of the Tuscan Archipelago, and kept in pots in a 
greenhouse for acclimatization. A voucher specimen was 
authenticated by S. Maccioni (Università di Pisa, Dipar-
timento di Biologia) and deposited at the Botanical Gar-
den of the University of Pisa.

Micropropagation. Different types of explants were 
used: apical portions of R. oficinalis and S. hortensis, in-
ternodes with lateral buds for C. nepeta, M. communis, L. 
angustifolia, and S. oficinalis, basal shoots of C. maritimum. 
The explants from the selected species were differently 
sterilised. C. nepeta internodes with lateral buds, 10 mm 
length, were submerged in 0.05% (v/v) Tween-20® 
for 20 min, followed by washing with sterile water for 
5 min. The explants were then transferred in 50% (v/v) 
commercial hypochlorite for 10 min, and then washed 
with sterile water for 5 min (sterilization method called 
S1) (Grigoriadou & Maloupa, 2008). Ten-millimetre long 
internodes of M. communis, L. oficinalis, and S. oficinalis 
and basal shoots of C. maritimum were treated with de-
tergent 0.05% (v/v) Tween-20® for 20 min, then dipped 
in a 70% (v/v) ethanol solution for 1 min before sur-
face sterilized in 25%(v/v) commercial sodium hypo-
chlorite for 10 min, and washed with sterile water for 5 
min (S2) (Ruffoni & Mascarello, 2009). The S3 method, 
adopted for the apical portions of R. oficinalis and S. hor-
tensis, comprised a preliminary incubation of the explants 
in 2% (w/v) sucrose and 0.01% (v/v) commercial so-
dium hypochlorite for 15 days in the dark (Ruffoni & 
Mascarello, 2009). After washing with water for 5 min, 
the explants were then sterilized with the S2 treatment. 
Shoot proliferation was obtained by culturing the sterile 
explants in different media. The constituents of the basal 
medium (MS0) were MS macro- and micronutrients, vi-
tamins (Murashige & Skoog, 1962), 3% (w/v) sucrose, 
0.8% (w/v) agar and 0.05% (v/v) “Plant preservative 
mixture” (PPM); the above medium with the addition of 
0.5 mg/L benzyladenine (BA) was called M1. The shoot 
proliferation medium for R. oficinalis (M2) contained an 
extra 0.017 mg/L indole-3-acetic acid (IAA). The shoot 
culture multiplication medium for C. maritimum (M3) 
contained MS0 medium with the addition of 0.5 mg/L 
BA and 0.46 mg/L NAA. The rooting phase was in-
duced in vitro by transferring the shoots to rooting media 
according to the literature. The following rooting me-
dia were utilized: R1, composed of MS0 and 0.2 mg/L 
NAA for C. nepeta, R. oficinalis and L. angustifolia (An-
drade et al., 1999); R2 (MS0 with 1 mg/L IAA + 1.5% 
sucrose) was used for M. communis (Scarpa et al., 2000), 
R3 (MS0 + 0.1 mg/L IBA) for C. maritimum (Grigori-
adou & Maloupa, 2008), and medium R4 (MS0 + 0.5 
mg/L IBA) for S. oficinalis and S. hortensis (Arikat et al., 
2004). All media were adjusted to pH 5.7 with 0.1 M 
KOH before autoclaving for 20 min at 120°C. Cultures 
were maintained in a growthchamber at 22 ± 1°C under 
16 h light and 8 h dark photoperiod provided by cool 

white luorescent tubes (Philips TLM 40W/33RS) with 
80 µmoles m–2 s–1 PAR. Cultures were monitored regu-
larly for shoot production. Vitality was recorded after 
one week; after four weeks, the number and length of 
shoots, and percentage of root formation were recorded 
and the plantlets were transferred to fresh medium.

SPME analyses. Emitted volatiles were analyzed us-
ing a Supelco SPME device coated with polydimethyl-
siloxane (PDMS, 100 µm) in order to sample the head-
space of 10 g of fresh plant mass comprising either ield 
grown plants or aerial parts without lowers of in vitro 
plantlets collected at the end of 4-week subculture. Each 
sample was introduced into a 30 ml glass conical lask 
and allowed to equilibrate for 30 min. After the equi-
libration time, the iber was exposed to the headspace 
for 15 min at room temperature; once sampling was in-
ished, the iber was withdrawn into the needle and trans-
ferred to the injector of the GC and GC-MS system, 
where the iber was desorbed.

Gas Chromatography-FID. GC analyses were per-
formed using an HP-5890 Series II instrument equipped 
with HP-WAX and HP-5 capillary columns (30 m × 0.25 
mm, 0.25 µm ilm thickness), working with the following 
temperature program: 60°C for 10 min, rising at 5°C/
min to 220°C; splitless injection mode, injector tempera-
ture, 250°C; carrier gas, nitrogen (2 ml/min); detector, 
dual FID. The identiication of the components was 
performed for the both columns by comparison of their 
retention time with those of pure authentic samples and 
by means of their linear retention indices (lRI) relative to 
a series of n-hydrocarbons. The percentage of the vola-
tile constituents was obtained by FID peak-area normali-
zation.

Gas Chromatography-Mass Spectrometry. GC-
MS analyses were performed with a Varian CP-3800 
gas chromatograph equipped with a DB-5 capillary col-
umn (30 m × 0.25 mm; coating thickness 0.25 µm) and 
a Varian Saturn 2000 ion trap mass detector. Analytical 
conditions: splitless injection mode, injector tempera-
ture, 250°C; oven temperature programmed from 60 
°C to 240°C at 3°C/min; carrier gas, helium at 1 ml/
min; injection, 0.2 µl (10% hexane solution). Identiica-
tion of the constituents was based on comparison of the 
retention times with those of authentic samples, compar-
ing their linear retention indices relative to a series of 
n-hydrocarbons, and on computer matching against com-
mercial (NIST 98 and ADAMS) and home-made library 
mass spectra built up from pure substances, components 
of known oils and MS literature data (Adams, 1995; 
Connolly & Hill, 1991; Jennings & Shibamoto, 1980; 
Massada, 1976; Stenhagen et al., 1974; Swigar & Silver-
stein, 1981).

RESULTS AND DISCUSSION

Calamintha nepeta L., Crithmum maritimum L. Lavandula 
angustifolia Mill., Myrtus communis L., Rosmarinus oficinalis 
L., Salvia oficinalis L. and Satureja hortensis L., typical spe-
cies of the Tuscan Archipelago, were selected for micro-
propagation with the aim to preserve the environment 
and to collect the germplasm of typical insular Mediter-
ranean plants. The main type of explants used for the 
sterilization process were microcutting (vegetative apical 
portions), in some cases axillary buds or internodes. Var-
ious sterilization methods were used to select the best 
method for each explants. Table 1 shows the sterilization 
eficiency expressed as the explants’vitality after 7 days 
of culture. The explants of C. maritimum and M. commu-
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nis gave the best results of sterilization, reaching 100% 
vitality, not contaminated, as indicated in the literature 
(Grigoriadou & Maloupa, 2008; Ruffoni & Mascarello, 
2009). A good percentage of success, 80%, was also ob-
served for apical portions of R. oficinalis and S. hortensis 
as well as for internodes of L. angustifolia. The method 
S3 included a pre-treatment with sucrose for 15 days, al-
ready successfully demonstrated in other Mediterranean 
explants (Ruffoni & Mascarello, 2009). A lower percent-
age of vitality was observed for explants of C. nepeta 
(50%) and for S. oficinalis, as known from the literature 
(Avato et al., 2005). The best explants were propagated 
using different media, chosen for simplicity of use, and 
subcultured every 4 weeks. The multiplication of shoots 

and their length were evaluated at the end of the cycle 
of subculture (Table 1). M1 medium, with addition of 
only BA as growth regulator, exhibited good results for 
M. communis, C. nepeta, L. angustifolia and S. oficinalis; this 
conirms that proliferation can be achieved also with a 
minimum addition of growth regulators, as often report-
ed in the literature for some species (Scarpa et al., 2000; 
Avato et al., 2005; Ruffoni & Mascarello, 2009). How-
ever, for C. maritimum the highest number of shoots was 
obtained adding both auxin (NAA) and cytokinin (BA) 
to the MS0 medium (Grigoriadou & Maloupa, 2008). S. 
hortensis produced modest results of propagation when 
apical portions were used as explants, conirming the 
literature data for S. obovata (Arrebola, 1997). R. oficina-

Table 1. Vitality percentage, multiplication rate, shoot length, and root formation of micropropagated plants. 
Mean values from ive independent replicates ± S.D. are shown. Abbreviations represent respectively: S1, S2 and S3 (sterilization method), 
M1, M2 and M3 (proliferation media), R1, R2, R3 and R4 (rooting media). For details see the material and methods section. 

Species Explants Vitality (%) Shoot n°/explant Shoot height (cm) Roots (%)

Calaminta nepeta L. internodal segments 50 (S1) 4 ± 0.5 (M1) 2.80 ± 0.43 100 (R1)

Crithmum maritimum L. basal shoots 100 (S2) 3 ± 0.3 (M3) 2.72 ± 0.33 40 (R3)

Lavandula angustifolia Mill. internodal segments 80 (S2) 3 ± 0.4 (M1) 1.84 ± 0.49 40 (R1)

Myrtus communis L. internodal segments 100 (S2) 3 ± 0.5 (M1) 3.27 ± 0.51 79 (R2)

Rosmarinus oicinalis L. apical portions 80 (S3) 1 ± 0.1 (M2) 1.50 ± 0.50 0 (R1)

Salvia oicinalis L. internodal segments 10 (S2) 2 ± 0.3 (M1) 4.29 ± 0.41 100 (R4)

Satureja hortensis L. apical portions 80 (S3) 1 ± 0.2 (M1) 2.90 ± 1.17 5 (R4)

Figure 1. Terpene composition of the headspace of plants grown in the ield (fgP) and in vitro (ivP).
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Table 2. Main constituents identiied in HS-SPME of examinated species 

Compound

C. nepeta C. maritimum
L. angusti-
folia

M. commu-
nis

R. oicinalis S. oicinalis S. hortensis

lRI
% 
ivP

% 
fgP

% ivP
% 
fgP

% 
ivP

% 
fgP

% 
ivP

% 
fgP

% 
ivP

% 
fgP

% 
ivP

% 
fgP

% 
ivP

% 
fgP

α-thujene MH 932 1.2 0.3 0.4 0.3 0.9 0.3 0.8 1.5 1.4

tricyclene MH 938 65.0

α-pinene MH 940 1.8 6.3 10.3 11.9 1.4 4.6 4.2 4.8 24.7 34.4 14.6 5.3 1.5 3.0

camphene MH 955 1.8 0.4 0.6 1.6 13.4 19.7 8.5 1.9 0.1 3.3

β-thujene MH 971 1.0

sabinene MH 978 1.2 1.4 15.0 1.5 0.5 0.4 0.2 0.2

β-pinene MH 981 42.5 8.4 2.4 2.3 9.6 10.5 19.4 10.1 1.0 1.8

myrcene MH 993 2.1 1.7 0.9 1.6 1.9 10.8 3.2 1.4 11.0 1.0 1.7

α-phellandrene MH 1006 0.7 1.4 0.1 0.3

δ-3-carene MH 1012 0.3 6.9 11.3 0.1

α-terpinene MH 1019 0.3 0.4 0.4 0.1 0.3 3.4 2.5

o-cymene MH 1026 0.5 0.1 1.1

p-cymene MH 1028 9.6 10.1 1.0 0.6 2.1 0.6 15.6 30.3

β-phellandrene MH 1031 6.2

limonene MH 1032 15.0 34.8 2.5 4.0 2.3 4.3 1.2

1,8-cineol MH 1036 11.9 22.2 32.5 10.7 19.2 7.2 5.8 1.2

(Z)-β-ocimene MH 1042 0.6 5.3 4.4

(E)-β-ocimene MH 1053 0.4 0.4

γ-terpinene MH 1062 0.4 30.9 49.3 0.4 0.1 2.9 1.5 0.2 0.4 1.1 29.0 11.7

p-mentha-3,8-diene MH 1072 2.0

cis-sabinene hydrate MH 1072 0.5 0.2

p-cymenene MH 1080 0.4 0.8

isoterpinolene MH 1086 0.5 0.8

terpinolene MH 1090 0.1 0.3 1.3 1.4 0.7 1.7 0.3 0.9 0.6

linalool MO 1102 0.5 0.4 0.5

nonanal ALD 1104 1.7

α-thujone MO 1109 20.7 9.2 0.4

β-thujone MO 1120 4.5 3.1

cis-limonene oxide MO 1137 0.2 0.4

neo-alloocimene MH 1142 0.6

camphor MO 1148 21.5 7.9 1.4 8.8 6.9 0.3

menthone MO 1154 0.5 0.4

menthofuran MO 1164 0.5 0.7

trans-pinocamphone MO 1165 0.4

borneol MO 1169 1.8 1.1 0.9 3.5 1.4 2.0

cis-pinocamphone MO 1177 0.3 0.2 0.3

myrtenal MO 1184 1.8

α-terpineol MO 1192 0.2 0.2 0.9 0.2

1-dodecene ALK 1192 1.8

decanal ALD 1206 1.4

verbenone MO 1214 0.2 0.3 0.1

methyl thymol MO 1235 0.4 0.3 7.2 0.2 11.9

pulegone MO 1237 0.5

methyl carvacrol MO 1244 21.1 22.0 1.2 0.3 4.1

piperitone oxide MO 1257 4.9
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bornyl acetate TE 1287 1.2 4.5 1.2 0.2 0.8 1.4

thymol MO 1293 5.5

lavandulyl acetate TE 1289 0.2

n-tridecane ALK 1300 2.0

carvacrol MO 1301 0.5 14.4

myrtenyl acetate TE 1327 1.3

δ-elemene SH 1340 0.4

piperitenone MO 1342 0.4

piperitenone oxide MO 1363 4.1

cyclosativene SH 1371 0.7

α-copaene SH 1376 0.1 0.7 0.6

β-bourbonene SH 1383 1.1

β-cubebene SH 1390 0.9 0.3

7-epi-sesquithujene SH 1391 0.9

β-elemene SH 1392 0.5 0.3 6.9

n-tetradecane ALK 1400 0.5

isocaryophyllene SH 1406 0.4 0.2

α-cedrene SH 1409 0.6

α-gurjunene SH 1410 2.1 3.0 0.3

caryophyllene SH 1418 2.7 10.3 0.1 19.3 6.5 6.8 8.1 5.0 1.1 1.5 3.3 20.0 5.0

β-gurjunene SH 1428 1.8 0.5 0.3 0.2

trans-α-bergamotene SH 1437 0.5 0.6 3.3 0.1

cis-muurola-3,5-diene SH 1448 13.9 0.9 0.7

aromadendrene SH 1445 0.4 0.3 2.0

α-himachalene SH 1453 0.2 0.4

α-humulene SH 1456 0.7 0.8 0.2 3.0 3.5 0.1 8.1 11.3 1.1 0.6

(E)-β-farnesene SH 1460 1.7

cis-muurola-4(14),5-
-diene

SH 1463 9.1 1.1 0.7

γ-muurolene SH 1477 1.4

germacrene D SH 1481 2.0 10.7 0.7 0.3 8.5 2.1 2.0 2.2

β-selinene SH 1485 1.3 0.4 3.8

α-zingiberene SH 1495 0.6

bicyclogermacrene SH 1495 0.1 1.1 0.1 3.2 1.0 0.5

α-selinene SH 1497 4.7

n-pentadecane ALK 1500 1.9

(E,E)-α-farnesene SH 1508 0.8

β-bisabolene SH 1509 0.1 0.5 0.3 4.0 3.5

trans-γ-cadinene SH 1513 0.2 3.8 3.8 0.4

trans-calamenene SH 1522 1.1 0.1

δ-cadinene SH 1523 0.3 1.5 1.0

β-sesquiphellandrene SH 1524 0.5

caryophyllene oxide SO 1582 0.5 3.2 0.3

1,10-di-epi-cubenol SO 1614 0.2 0.4 0.4

germacrene B SH 1556 0.4 0.1

diilapiol PP 1623 0.6 2.3 3.4

epi-α-cadinol SO 1642 0.9 0.5

pentyl decanoate AE 13.6

α-bisabolol SO 1684 0.4
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lis exhibited the lowest number of shoot proliferation 
even in a speciic medium (M2), and no root formation 
was observed (R1 medium), conirming the refractiv-
ity of this species to proliferation (Misra & Chaturvedi, 
1984). The shoot length is also shown in Table 1, and 
the varied growth ability of the explants conirmed the 
data already known from the literature. Notably, we de-
vised a good method for the in vitro propagation of C. 
nepeta, not considered for micropropagation until now 
(Misra & Chaturvedi, 1984, Arrebola, 1997; Avato et al., 
2005; Grigoriadou & Maloupa, 2008). Root formation 
was then induced in order to produce aseptically whole 
plants to be easily transferred in diverse environments. 
Best results were obtained with C. nepeta and S. oficinalis, 
whereas the percentage of produced roots was lower for 
other species. 

The volatiles emitted from the analysed species and 
identiied by GC-MS are reported in Table 2. In total, 
71 and 78 compounds were identiied in micropropa-
gated (ivP) and ield-grown (fgP) plants. The headspace 
analyses of these two growth conditions accounted for 
92.7–99.6% and 93.2–99.5% of the total compositions, 
respectively. The volatile fractions were characterized 
mainly by hydrocarbons and oxygenated monoterpenes 
together with sesquiterpene hydrocarbons (Fig. 1). The 
SPME analysis of the two samples of C. nepeta showed a 
similar composition in monoterpenes (64.1 and 67.2% in 
ivP and fgP, respectively) and sesquiterpenes (34.1 and 
26.9% in ivP and fgP, respectively), even if fgP exhibited 
higher percentages of oxygenated monoterpenes (13.2%) 
than ivP (1.7%). In fgP typical compounds of Calamintha 
spp. were detected, as limonene (34.8%), piperitone ox-
ide and piperitenone oxide (4.9 and 4.1%, respectively), 
together with low amounts of pulegone and menthone, 
(0.5 and 0.4%, respectively), in accordance with literature 
data (De Pooter et al., 1986). In contrast, ivP showed the 
presence of cis-muurola 3,5-diene (13.9%) and cis-muu-
rola-4(14),5-diene (9.1%), not detected in fgP, and a high 
percentage of Ƣ-pinene (42.5%, against 8.4% in fgP). 
The headspaces of C. maritimum samples showed a simi-
lar composition, characterised by monoterpene hydrocar-
bons (72.3% in ivP and 74.4% in fgP) and oxygenated 
monoterpenes (21.5% in ivP and 22.3% in fgP), differing 

only by the percentages of sabinene (15.0% in ivP and 
1.5% in fgP) and ƣ-terpinene (30.9% in ivP and 49.3 in 
fgP). The identiied constituents are in agreement also 
with the composition of the essential oils reported in 
the literature (Özcan et al., 2006), even if many reports 
on the essential oil composition of sea fennel grown in 
different parts of Mediterranean area showed differences 
in chemical constituents, suggesting different chemotypes 
of this species (Kulisic-Bilusic et al., 2010). The two L. 
angustifolia samples showed qualitative differences in the 
composition of the volatiles emitted: the ivP headspace 
was characterised especially by sesquiterpene hydrocar-
bons (47.2%), while fgP exhibited high percentages of 
oxygenated and hydrocarbon monoterpenes (45.2% and 
32.3%, respectively). 1,8-cineol, the compound that gives 
the particular lavour of the lavender ields, was detected 
in both samples (11.9% in ivP and 22.2% in fgP), while 
camphor was identiied only in the headspace of fgP 
(21.5%). These results represent new data regarding the 
head space composition of the vegetative aerial part of 
L. angustifolia, since earlier reports focused on the lower 
aroma and/or the reproductive aerial parts (Kim et al., 
2002, Da Porto & Decorti 2008). SPME analyses of mi-
cropropagated L. viridis plants and ield-grown mother-
plant exhibited a different composition of the emitted 
volatiles (Gonçalves et al., 2008). The headspace analysis 
obtained from ield-grown M. communis showed a similar 
composition with the literature data (Flamini et al., 2004), 
with the presence of 1,8-cineol (32.5%), ơ-pinene (4.8%), 
limonene (2.5%) and mirtenyl acetate (1.3%). In contrast, 
in the SPME analysis of ivP, tricyclene was revealed as 
the main constituent (65.0%), together with methyl thy-
mol (7.2%), showing a very different composition from 
the ield-grown plant. The SPME analysis of R. oficinalis 
samples showed the presence of similar percentages of 
monoterpene hydrocarbons (67.0% in ivP and 70.0% in 
fgP), but quantitative differences in the percentages of 
oxygenated monoterpenes (18.9% in ivP and 25.2% in 
fgP) and of sesquiterpene hydrocarbons (8.5% in ivP 
and 1.2% in fgP). ơ-pinene (24.7% and 34.4% in ivP and 
fgP, respectively). 1,8-cineol (10.7% in ivP and 19.2% in 
fgP) and camphor (7.9% in ivP and 1.4% in fgP) rep-
resent the most important constituents of the essential 

n-heptadecane ALK 1700 0.6 0.9

n-octadecane ALK 1800 0.9

Monoterpene hydro-
carbons 

MH 62.4 54.0 72.3 74.4 23.6 32.8 74.1 9.4 67.2 70.0 48.0 41.9 55.3 56.7

Oxygenated mono-
terpenes 

MO 1.7 13.2 21.5 22.3 13.9 45.5 8.4 34.3 18.9
25.4

41.8 27.3 14.4 9.9

Sesquiterpen hydro-
carbons 

SH 34.6 26.9 3.3 0.5 47.6 18 6.8 26.5 8.5 1.2 9.6 27.7 26.4 11.8

Oxygenated sesqu-
iterpenes 

SO 0.2 0.8 1.3 1.0 3.2 0.3

Terpene esters TE 1.5 1.5 1.3 4.5 1.2 0.2 1.2 0.5 17.4

Phenylpropanoids PP 0.6 2.3 3.4

Alkanes ALK 7.4 1.8 0.2

Adeydes ALD 0.2 3.1 0.5

Acids/esters AE 0.3 13.6

Total 98.4 94.9 97.5 99.5 92.8 97.4 92.7 93.2 98.9 97.9 99.6 96.6 96.6 95.8

lRI, Linear retention index. The components are listed in order of their elution on the DB-5 column. IvP, in vitro plants; fgP, ield-grown plants. MH, 
monoterpene hydrocarbons; MO, oxygenated monoterpenes; SH, sesquiterpene hydrocarbons; SO, oxygenated sesquiterpenes; TE, terpene esters; 
ALD, aldehydes; ALK, alkanes/alkenes; PP, phenyl propanoids; AE, esters. Compounds present at less than 0.1% were excluded from the table and 
from analysis.
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oil and aroma of R. oficinalis (Katerinopoulos et al., 2005; 
Zawirska-Wojtasiak & Wasowicz, 2009). The main com-
pounds identiied in the headspace of both samples of 
S. oficinalis were ơ-thujone (20.7% and 9.2% in ivP and 
fgP, respectively), Ƣ-pinene (19.4% in ivP and 10.1% 
in fgP) and ơ-pinene (14.6% and 5.3% in ivP and fgP, 
respectively), together with camphor (8.8% in ivP and 
6.9% in fgP) and ơ-humulene (8.1% in ivP and 11.3% 
in fgP), in agreement with the quali-quantitative com-
position reported for S. oficinalis essential oil (Longaray 
Delamare et al., 2007; Santos-Gomes et al., 2001). De-
spite the presence of compounds characteristic for S. of-
icinalis in both analysed samples, the micropropagated 
plants showed higher content of oxygenated monoter-
penes (41.8%) then the ield-grown plants (27.1%), while 
the sesquiterpene hydrocarbons were present especially 
in the ield-grown samples (26.8% and 9.6% in ivP and 
fgP, respectively). The headspace of the S. hortensis two 
samples was characterised mainly by γ-terpinene (29.0% 
in ivP and 11.7% in fgP), p-cymene (15.6% in ivP and 
30.3% in fgP), carvacrol (14.4%, identiied only in ivP) 
and methylthymol and thymol (11.9 and 5.5%, respec-
tively, the both detected only in the ield-grown plants), 
characteristic constituents of the essential oil from aerial 
parts. γ-terpinene and p-cymene are biogenetic precursors 
(via enzymatic hydroxylation) of the phenolic terpenes 
thymol and carvacrol, so there is a correlation between 
these compounds and their percentages are affected by 
harvesting time and location (Azaz et al., 2005; Seidkon 
et al., 2006; Güllüce et al., 2003; Abu-Lai et al., 2008).

Many VOCs produced by oficinal and medicinal plants 
are commercialized as lavors and/or fragrances, and their 
use in the food and perfume industries has a long tradi-
tion. This work showed that the headspace composition 
of micropropagated plantlets of C. maritimum, R. oficina-
lis, S. oficinalis and S. hortensis is very similar to the cor-
responding ield-grown plants, containing the same main 
constituents, although further investigations are requested 
for C. nepeta, L. angustifolia and M. communis in order to ob-
tain in vitro plant material with aromatic proile more simi-
lar to the wild plants. These results indicated that micro-
propagation can represent a valid alternative to produce 
rapidly large amounts of plant material characterised by 
the same aromatic lavor as the wild grown plants. Oth-
er advantages of this technique are the protection of the 
natural ecosystem avoiding the damage of endemic plants. 
The emission of VOC by the micropropagated plants can 
represent a good market actractant for baby plants. Cus-
tomers may use them as spices or as steril ornamental 
plants to be transported everywhere.
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Convegno: International Congress on Natural Products Research. New York, 28 
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3) Prodotto 26b.10 
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Studies on the effects of SW-8 on the release of 
some neurotransmitters from mouse brain nerve some neurotransmitters from mouse brain nerve 

terminalsterminals

M. Grillia, M. Summaa, S. Zappettinia, S. Di Priscoa,  A. Salamonea , 
b b b a,c a,cA. Bisiob, G. Romussib, S.Cafaggib, A. Pittalugaa,c , M. Marchia,c

a Department of Experimental Medicine, Pharmacology and Toxicology Section, Genova, 
b Department of Chemistry and Pharmaceutical  and Food Technology , Alpes Latines Coopération TransfrontalièreGranted by Department of Chemistry and Pharmaceutical  and Food Technology , 

c Center of Excellence for Biomedical Research, University of Genoa, Italy
France – Italie (Alpes)

INTERREG III A 2000-2006

Granted by 

SUMMARYSUMMARY

The effects of hautriwaic acid (SW-8), a clerodane diterpenoid obtained from Salvia wagneriana (Lamiaceae) (1) on the basal and the evoked release of preloaded
[3H]noradenaline ([3H]NA) and [3H]serotonin ([3H]5-HT) from mouse hippocampal nerve terminals, were investigated. The experimental technique used (referred to as the

up-down superfusion of a monolayer of synaptosomes) is considered an approach of choise to investigate the existence and the functional role of presynaptic receptorsup-down superfusion of a monolayer of synaptosomes) is considered an approach of choise to investigate the existence and the functional role of presynaptic receptors
(2). In a previous work (2) we have found that Salvinorin A (0.1–1000 nM) failed to affect the basal release of amines, but inhibited the 12 mM K+-evoked, Ca2+-dependent,
exocytotic-like release of [3H]5-HT and [3H]DA. At the same concentration, Salvinorin A facilitated the 12 mM K+-evoked, Ca2+-dependent, exocytotic-like release of [3H]NA.
The broad spectrum κ-opioid receptor antagonist norbinaltorphimine (1–100 nM) antagonized the inhibition of [3H]5-HT and [3H]DA exocytosis as well as the facilitation ofThe broad spectrum κ-opioid receptor antagonist norbinaltorphimine (1–100 nM) antagonized the inhibition of [3H]5-HT and [3H]DA exocytosis as well as the facilitation of
[3H]NA overflow induced by 100 nM Salvinorin A. Our new findings using the compound SW-8 show that this drug is able to mimic Salvinorin A on the 12 mM K+-evoked

release of hippocampal [3H]NA and [3H]5-HT. Interestingly SW-8, when co-applied with Salvinorin A, blocks its inhibitory effect on the [3H]5-HT exocytosis and partially
inhibits the Salvinorin A-induced facilitation of [3H]NA release.inhibits the Salvinorin A-induced facilitation of [3H]NA release.

Fig. 6. Effects of SW-8 on the Salvinorin A

induced modification on the 12 mM K+-
Fig. 4. Effects of naltrindole (Naltr) on the Salvinorin A induced

modification of neurotrasmitter overflows evoked by K+

Fig. 1. Concentration-effects relationship of Salvinorin A on the

12 mM K+-evoked release of neurotransmitters from superfused induced modification on the 12 mM K+-

evoked release of neurotransmitter from

superfused synaptosomes.

modification of neurotrasmitter overflows evoked by K+

depolarization from superfused synaptosomes.
12 mM K+-evoked release of neurotransmitters from superfused

synaptosomes.
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Fig. 5. Concentration-effect relationship of U69593 on the 12 mM

K+-evoked release of neurotransmitter from superfused

Fig. 2. Effects of pertussis toxin (PTx) on the Salvinorin A

induced modification of neurotransmitter overflows evoked by

Table 1. Effects of CTAP on the Salvinorin A-

induced modification of 12 mM K+-evoked

[3
H -2 SW-8 (nM)- 1010-

K+-evoked release of neurotransmitter from superfused

synaptosomes.

induced modification of neurotransmitter overflows evoked by

K+ depolarization from superfused synaptosomes.

induced modification of 12 mM K -evoked

neurotransmitter overflows from superfused

synaptosomes.
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CONCLUSIONS
Salvinorin A facilitates NA exocytosis from hippocampal terminals, while it inhibits the K+-evoked release
of 5-HT from hippocampal terminals, as well as that of DA from striatal and PFc synaptosomes. The

depolarization from superfused synaptosomes.
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On the other hand, the effectiveness of naltrindole in antagonizing Salvinorin A-induced potentiation of
NA exocytosis (10 nM naltrindole caused an almost maximum inhibition) seems consistent with the
existence of presynaptic d oligomers on mouse hippocampal terminals and with their involvement in the

Table 2. U69593-induced inhibition of the 12 mM K+-evoked

[3[3

00
+- Salv(100nM)+ + + +- -

0.1 100101
+- +- +- +-

effect observed The presynaptic effects here described improve the knowledge of the central effects of

Salvinorin A and confirm the role this natural compound plays in regulating central neurotransmission.
Based on the present results, Salvinorin A appears to act as a broad spectrum agonist able to activate

Table 2. U69593-induced inhibition of the 12 mM K+-evoked

neurotransmitter release: effects of nBNI.

norBNI-sensitive opioid receptors having different pharmacological profile sited on catecholaminergic
and indoleaminergic nerve endings. Interestingly the new compound.
Our new findings using the compound SW-8 show that this drug is able to mimic Salvinorin A on the 12

mM K+-evoked release of hippocampal [3H]NA and [3H]5-HT. Interestingly SW-8, when co-applied with
Salvinorin A, blocks its inhibitory effect on the [3H]5-HT exocytosis and partially inhibits the Salvinorin
A-induced facilitation of è [3H]NA release.
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2) Grilli et al., Neuropharmacology, 57, 523–530, 2009
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Salviae neocloredane derivates differently affect 

catecholamine release in mammals brains: catecholamine release in mammals brains: 

comparisons with Salvinorin Acomparisons with Salvinorin A
G. Oliveroa, S. Di Priscoa, M. Summaa, E. Giacomellib, M. Grillia,c

A. Bisiob, G. Romussib, M. Marchia,c, A. Pittalugaa,c , A. Bisiob, G. Romussib, M. Marchia,c, A. Pittalugaa,c , 
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SUMMARY
Salvinorin A is the main active compound found in Salvia Divinorum: it’s a neoclerodane diterpene that acts like an highly selective and potent opioid receptor

agonist and it remains one of the most potent naturally occuring hallucinogen. Because of its chemical features, this coumpound could represent the prototype of a

new class of compounds useful to therapeutic treatment in ansia, depression, pain and drug seeking. In a previous work (2) we have found that Salvinorin A (0.1–

1000 nM) failed to affect the basal release of amines, but inhibited the 12 mM K+-evoked, Ca2+-dependent, exocytotic-like release of [3H]DA from mouse striatal

nerve endings. At the same concentration, Salvinorin A facilitated the 12 mM K+-evoked, Ca2+-dependent, exocytotic-like release of [3H]NA mouse hippocampal

terminals. We used the experimental technique of superfusion of a monolayer of synaptosomes, which is considered an approach of choice to investigate theterminals. We used the experimental technique of superfusion of a monolayer of synaptosomes, which is considered an approach of choice to investigate the

existence and the functional role of presynaptic receptors (2).

Recently we extended our investigation to new clerodane diterpenes isolated from Salvia jamensis (the compound SJ217), Salvia wagneriana (the compounds SW8

and SW22) (Bisio et al., 2004). Our results unveiled a complex scenario, suggesting that the three different compounds could discriminate between K opioidand SW22) (Bisio et al., 2004). Our results unveiled a complex scenario, suggesting that the three different compounds could discriminate between K opioid

receptor subtypes.
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Fig. 4. Effects of naltrindole (Naltr) on
the Salvinorin A induced modification of

Fig. 1. Concentration-effects
relationship of Salvinorin A on the 12

Fig. 6. Effects of SW 22 on the
Salvinorin A induced modification onA induced modification on the 12 mM

K+-evoked release of neurotransmitter

from superfused synaptosomes.

the Salvinorin A induced modification of
neurotransmitter overflows evoked by
K+ depolarization from superfused
synaptosomes.

relationship of Salvinorin A on the 12
mM K+-evoked release of

neurotransmitters from superfused
synaptosomes.

Salvinorin A induced modification on
the 12 mM K+-evoked release of
neurotransmitter from superfused
synaptosomes.

HippocampusHippocampus

 o
v
e
rf

lo
w

 (
%

)

6

8

10
*

Hippocampus

v
e

rf
lo

w
 (

%
)

8

10

*
*

[3
H

]N
o

ra
d

re
n

a
li
n

e
 o

2

4

6
*

3
H

]N
o

ra
d

re
n

a
li

n
e
 o

v
e

2

4

6

Striatum

Striatum
5

Salvinorin A (nM)

[

0

-
-

100
-

-
1000

100
1000 SW 22 (nM)Salvinorin A (nM)

[3

0

-
-

100
-

-
100

100
100 SW 8 (nM)

*
*

Striatum

 o
v
e

rf
lo

w
 (

%
)

3

4

5

*

*

e
 o

v
e

rf
lo

w
 (

%
)

3

4

* *

[3
H

]D
o

p
a
m

in
e
 o

1

2

[3
H

]D
o

p
a

m
in

e

1

2

Fig. 5. Concentration-effect relationshipFig. 2. Effects of pertussis toxin (PTx) Fig. 7 Effects of SJ 217 on the

Salvinorin A (nM)-
-

100
-

-
100

100
100

0

SW 8 (nM)

Salvinorin A (nM)

0

-
-

100
-

100
100 SW 22 (nM)

-
100

Fig. 5. Concentration-effect relationship

of U69593 on the 12 mM K+-evoked
release of neurotransmitter from
superfused synaptosomes.

Fig. 2. Effects of pertussis toxin (PTx)

on the Salvinorin A induced
modification of neurotransmitter
overflows evoked by K+ depolarization
from superfused synaptosomes.

Fig. 7 Effects of SJ 217 on the

Salvinorin A induced modification on
the 12 mM K+-evoked release of
neurotransmitter from superfused
synaptosomes.from superfused synaptosomes. synaptosomes.

*
*

Hippocampus

rf
lo

w
 (

%
)

8

10

*

SALVINORIN A  (MW 432)

]N
o

ra
d

re
n

a
li

n
e
 o

v
e

rf
l

4

6

Salvinorin A (nM)-
-

100
-

-
100

100
100 SJ 217 (nM)

[3
H

]N

0

2

Striatum

 o
v
e

rf
lo

w
 (

%
)

3

4

5

[3
H

]D
o

p
a

m
in

e
 o

1

2

* *

0

-
-

100
-

-
100

100
100

Salvinorin A (nM)
SJ 217 (nM)

CONCLUSIONS
•Salvinorin A facilitates NA exocytosis from hippocampal terminals, while it inhibits the K+-evoked release of DA from striatal synaptosomes: the diterpene acts

on presynaptic PTx-sensitive GPCRs, since enriching synaptosomes with the toxin impeded its effects. The presynaptic modulation occurs in the nM range,on presynaptic PTx-sensitive GPCRs, since enriching synaptosomes with the toxin impeded its effects. The presynaptic modulation occurs in the nM range,

indicative of the involvement of high-affinity binding sites.

•The opposite effects of Salvinorin A were found to rely on its binding to distinct receptor subtypes. Our results led us to conclude that κ and δ heterodimers•The opposite effects of Salvinorin A were found to rely on its binding to distinct receptor subtypes. Our results led us to conclude that κ and δ heterodimers

presynaptically located on mouse hippocampal noradrenergic terminals may account for the Salvinorine A-induced facilitation of NA release, while the inhibition

of DA release depends on the binding of the diterpene to κ homodimers on mouse striatal dopaminergic terminals.

•The presynaptic effects here described improve the knowledge of the central effects of Salvinorin A and confirm the role this natural compound plays in

regulating central neurotransmission. Based on the present results, Salvinorin A appears to act as a broad spectrum agonist able to activate norBNI-sensitive

opioid receptors having different pharmacological profile sited on catecholaminergic and indoleaminergic nerve endings.opioid receptors having different pharmacological profile sited on catecholaminergic and indoleaminergic nerve endings.

•Our recent findings show that the new compounds SW8 and SJ217 are able to mimic Salvinorin A on the 12 mM K+-evoked release of hippocampal [3H]NA,

while SW22 inhibits this release. SW8 and SW22, when co-applied with Salvinorin A, prevent its positive effect on the [3H]NA exocytosis. As to the dopaminewhile SW22 inhibits this release. SW8 and SW22, when co-applied with Salvinorin A, prevent its positive effect on the [3H]NA exocytosis. As to the dopamine

release is concerned, the three compounds fail to modify the 12 mM K+-evoked release of dopamine. The compounds were also unable to counteract the inhbitory

effect exerted by Salvinorin A on dopamine exocytosis.

•

•All together these results suggest that the new neocloredane derivatives could pharmacologically discriminate between k homodimers and k/ δ heterodimers .

Future investigations are needed to explore this hypothesis.Future investigations are needed to explore this hypothesis.

REFERENCES:
1) Bisio et al., Planta Med., 70, 452-7, 2004.
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Plant Material. Fresh aerial parts of S. chamaedryoides Cav. were obtained from 
Centro Regionale di Sperimentazione ed Assistenza Agricola (Albenga, Italy). The 
species has been identified by Dr. Gemma Bramley and a voucher specimen is 
deposited in Kew Herbarium (K).  

The secretion product of epidermal structures is involved in plant-plant and plant-
environment interactions [1-2], and its phytotoxic chemicals are released into the 
environment by foliar leaching, volatilization or residue decomposition [3]. Salvia 
chamaedryoides Cav. [4], is a Mexican species whose aerial part exudate showed 
herbicide activity against  Papaver rhoeas L. and Avena sativa L [5].  

A new clerodane diterpenoid from the aerial part 

exudate of Salvia chamaedryoides Cav. 
  

Angela Bisioa, Emanuela Giacomellia, Gianluca Damonteb, Annalisa Salisb, Daniele Fraternalec, 
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(3) 

ROESY correlations 19-CH2 /20-CH3, 1-H axial (H = 1.27)/20-CH3 and 7-H /19- CH2 

showed that these groups are on the same side.  

ROESY correlations 10-H/6-H at H = 1.87, 10-H/2-H axial (H = 2.47), and 10-H/11-H 

equatorial (H = 2.38)  showed that these protons are on the same opposite side and that 
the 6-H proton at H = 1.87 is in the axial position. 
ROESY correlation between 1-H axial (H = 1.27) and the 19-H at H = 3.97, which had the 
expected W coupling (2 Hz) with 6-H axial (H = 1.82) showed that this proton in 19 is in the 
endo position and could be explained only A/B trans fused structure. The correlation 

between the 6-H at H = 2.36 and the 19-H at H = 5.27 showed that this proton in 19 is in 
the exo position. 
The equatorial orientation of the hydroxy group at 7-C was indicated by the deshielding 

effect on H-19 exo (H = 5.27) as compared to H-19 endo (H = 3.97), that was consistent 
with 19-CH2 and 7-OH on the same side [8]. 

(2) tilifodiolide 

(1) 

Extraction and isolation. For the isolation of leaf surface constituents, fresh aerial 
parts (4.9 kg) were immersed in CH2Cl2 for 20 s. After filtration, the extraction 
solvent was removed under reduced pressure obtaining 41 g of exudate material. 
20.5 g of exudate were washed with n-hexane, and 17.33 g of the residue were 

chromatographed on Sephadex LH-20 (1 g portions; 53 x 2.5 cm; CHCl3/CH3OH 
7:3 as an eluent; analytical TLC control), to give in order of elution six fraction 
groups: fraction group I (from 0 to 60 mL; 0.66 g) with waxy compounds, fraction 
group II (from 60 to 80 mL; 1.05 g), fraction group III (from 80 to 100 mL; 3.81 g), 
fraction group IV (from 100 to 120 mL; 13.58 g), fraction group V (from 120 to 160 
mL; 2.83 g) and fraction group VI (from 160 to 240 mL; 0.45 g).  
Fraction group IV was chromatographed on silica gel column (6.6 g portions, 65x4 
cm; analytical TLC control) eluting with n-hexane-CHCl3 (25:75, 26.5 L) afforded 
compound 1 (from 10.1 to 10.8 L), purified by means HPLC-MS and MS2 
experiments followed by semi-preparative RP HPLC, CH3OH/H2O 50:50, RT 22 
min, 8.6 mg).  
Fraction group V was chromatographed on silica gel column (50x4.5 cm; analytical 
TLC control) eluting with mixtures of n-hexane-CHCl3 (25:75, 7.3 L; 10:90, 2.3 L). 
Elution with n-hexane-CHCl3 10:90 afforded compound 2 (from 1.2 to 1.6 L) purified 
by means HPLC-MS and MS2 experiments followed by semi-preparative RP HPLC, 
CH3OH/H2O 60:40, RT 20 min, 3.7 mg). Elution with CHCl3-CH3OH 95:5 afforded 
among others the fraction group 165-168 (from 14.2 to 14.4 L). This fraction group 
was re-chromatographed on silica gel column (35x1 cm; analytical TLC control) 

eluting with mixtures of CHCl3-CH3OH (CHCl3 100%, 0.76 L; CHCl3-CH3OH 95:5, 
0.32 L). Elution with CHCl3  afforded compound 3 purified by means of HPLC-MS 
and MS2 experiments followed by semi-preparative RP HPLC, CH3OH/H2O 50:50, 
RT 30 min, 4.0 mg). 2 has been identified as tilifodiolide as its 1H- and 13C-NMR 
data were largely consistent with those published in the literature [6]. 
Compounds 1 [7] and 3 have been identified by NMR, including TOCSY, COSY, 
HSQC, HMBC experiments, ESI-TRAP-MS and HR-MS analysis. 

Table 1. NMR spectral data for compound 3 ( values, CDCl3, 13C-NMR at 150 MHz, 1H-NMR at 600 MHz). 

C 13C 1H (J in Hz) COSY correlations of the H HMBC correlations of the C 

1 19.0 1.29 dddd ax (16.0. 12.0. 12.0. 4.0) 1.64; 2.26; 2.44; 2.52; 2.26; 6.74 

     1.64 m eq 2.26; 2.52   

2 27.6 2.26 m eq 1.29; 1.64; 2.44; 6.74 1.29; 1.64; 2.52; 6.74 

     2.44 dddd ax (16.0. 12.0. 6.5. 2.8) 1.29; 6.74   

3 135.5 6.74 d 2.26; 2.44 1.64; 2.26; 2.44 

4 138.3 - - 2.26; 2.44; 5.25 

5 44.3 - - 1.29; 2.52; 4.35; 6.74 

6 34.0 1.84 m ax (7.6. 12.0)   2.33; 4.35; 3.94 2.52; 3.94; 4.35; 5.25 

    2.33 m eq 4,35   

7 72.0 4.35 m 1.84; 2.33 2,33 

8 75.3 - - 1.20; 1.81; 2.33; 2.52; 4.35 

9 39.2 - - 1.20; 1.64; 1.81; 2.35; 2.52; 4.35 

10 45.0 2.52 dd ax (12.0. 2.0) 1.29; 1.64 
1.20; 1.64; 1.81; 2.26; 2.33; 2.35; 2.44; 3.94; 

5.25 

11 41.1 1.81 m ax 2.35; 5.98 1.20; 5.98 

    2.35 m eq 5,98   

12 72.1 5.98 t (8.0) 1.81; 2.35 1.81; 2.35; 6.43 

13 125.8 - - 1.81; 2.35; 5.98; 6.43; 7.46; 7.47 

14 108.5 6.43 ns 7,46 5.98; 7.46; 7.47 

15 144.1 7.46 ns 6,43 6.43; 7.47 

16 139.7 7.47 ns - 5.98; 6.43; 7.46 

17 172.6 - - - 

18 169.3 - - 2.26; 5.25; 6.74  

19 72.5 3.94 d endo (8.0. 2.0). 5.25 d eso (8.0) 3.94-5.25; 1.84 2.33; 2.52 

20 19.9 1.20 s - 1.81; 2.35; 2.52 
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A New Derivative of 12-oxo-Phytodienoic 

Acid from Salvia adenophora Fernald. 
Bisio°A.1, Damonte°G.2, Giacomelli°E.1, Mele°G.1, Romussi°G.1, Cafaggi°S.1, 

De Tommasi°N. 3 

1  Dipartimento di Chimica e Tecnologie Farmaceutiche e Alimentari, Università di Genova, Via Brigata Salerno 

13, 16147 Genova, Italia,  
2  Dipartimento di Medicina Sperimentale e Centro di Eccellenza per la Ricerca Biomedica, Università di Genova, 

Viale Benedetto XV 7, 16132, Genova, Italia,  
3  Dipartimento di Scienze Farmaceutiche,Università di Salerno, Via Ponte Don Melillo, 84084 Salerno, Italia. 

In course of a research devoted to the identification of natural pesticides in the surface exudates [1] of aromatic plants, we considered Salvia adenophora Fernald [2], which 

previously showed herbicide activity [3]. In this work we focused on the more lipophylic part of the exudate in order to isolate cyclic metabolites of the polyunsaturated fatty acids. 

As a matter of fact, due to their great structural variety, oxylipins may have various biological roles as antimicrobial, anti-insecticidal and antifungal compounds [4, 5]; these 

compounds have also shown effects of inhibition of root elongation, alteration of seedling growth and photosynthetic activity [6]. 

Plant Material. Fresh aerial 

parts of S. adenophora Fernald 

were obtained from Istituto 

Sperimentale per la Floricoltura 

(Sanremo, Italy) and Centro 

Regionale di Sperimentazione 

ed Assistenza Agricola 

(Albenga, Italy). The species 

has been identified by Dr. 

Gemma Bramley and a 

voucher specimen is deposited 

in Kew Herbarium (K).  

Extraction and isolation. Fresh aerial parts (8.8 kg) were immersed in CH2Cl2 for 20s. After filtration, the extraction solvent was removed under reduced pressure giving 60.9 g of 

exudate material. 36.0 g of exudate were then decerated with n-hexane and the residue (25.93 g) was then chromatographed on Sephadex LH-20 (1 g portions; 53 x 2.5 cm; 

CHCl3/CH3OH 7:3 as an eluent; analytical TLC control), to give in order of elution five fraction groups: fraction group I (7.38 g), fraction group II (3.02 g), fraction group III (6.48 g), 

fraction group IV (6.58 g) and fraction group V (1.47 g). The fraction group I was chromatographed on silica gel column (55 x 3.5 cm; analytical TLC control) eluting with mixtures of 

n-hexane-CHCl3 (35:65, 2.4 L; 10:90, 5.0 L;  0:100 2.2 L) and mixtures of CHCl3-CH3OH (95:5, 10.2L; 90:10, 0.9L; 0:100, 1.6L). Elution with n-hexane-CHCl3 35:65 afforded 

compound 1 (from 2.1 to 2.25 L) purified by HPLC-MS and MS2 experiments followed by preparative RP HPLC (solvent A: H2O with 0.1 % formic acid, solvent B: CH3OH with 0.05 

% formic acid, linear gradient: time 0 min: 40% B, time 25 min 100% B), RT 22 min, 4.4 mg.  

The hexane soluble fraction (11.0g) was chromatographed on Sephadex LH-20 (1 g portions; 53 x 2.5 cm; CHCl3/CH3OH 7:3 as an eluent; analytical TLC control), to give in order 

of elution five fraction groups: fraction group I (4.35 g), fraction group II (2.55 g), fraction group III (2.05 g), fraction group IV (0.28 g) and fraction group V (0.09 g). The fraction 

group I was chromatographed on silica gel column (55 x 3.5 cm; analytical TLC control) eluting with mixtures of n-hexane-CHCl3 (35:65, 2.1 L; 0:100 4.0 L) and mixtures of CHCl3-

CH3OH (95:5, 3.7L; 90:10, 3.8L). Elution with CHCl3 afforded compound 2 (from 3.4 to 3.7 L) purified by HPLC-MS and MS2 experiments followed by semi-preparative RP HPLC, 

CH3OH/H2O 80:20, RT 9 min, 6.7 mg. The compounds 1  [7] and 2 had been identified by means of 1H and 13C-NMR spectra, including TOCSY, COSY, HSQC, HMBC, ROESY 

experiments, and ESI-TRAP-MS and HR-MS analysis. The spectroscopic data obtained for compounds 1 and 2 relative to the pentenil and cyclopentenil moieties and in particular 

those concerning the chiral centers in the ring juncture C 9 and C13, were largely consistent with those published in the literature for 12-oxo-trans-10,15-phytodienoic acid (13-epi-

12-oxo-PDA) [ 8, 9, 10] and for its methyl ester [11, 12].  

(1) 

[1].Dayan, F.E., Duke, S.O. Pesticide Outlook, 2003, 8, 175-178; [2].Epling, C. In Fedde F., University of 
California Press: Berkley, California, 1940, Vol.110; [3].Bisio, A., Fraternale, D., Giacomini, M., Giacomelli, E., 
Pivetti, S., Russo, E., Caviglioli, G., Romussi, G., Ricci, D., De Tommasi, N. Crop Protection, 2010, 29, 1434-
1446; [4].Jahn, U., Galano, J.M., Durand, T., 2008, Angewandte Chemie International Edition 47, 5894-5955; 
[5] Göbel, C., Feussner, I., 2009, Phytochemistry 70, 1485-1503; [6] Mueller, M.J., Berger, S., 2009, 
Phytochemistry 70, 1511-1521; [7].Bisio, A., Giacomelli, E., Damonte, G., Salis, A., Fraternale, D., Ricci, D., 
Romussi, G., Cafaggi, S., De Tommasi, N. Congresso S.I.F., 2011, Roma 30 giugno-2 luglio; [8] Ainai, T., 
Matsuumi, M., Kobayashi, Y., 2003, The Journal of Organic Chemistry 68, 7825-7832; [9] Baertschi, S.W., 
Ingram, C.D., Harris, T.M., Brash, A.R., 1988, Biochemistry 27, 18-24; [10].Kobayashi, Y., Matsuumi, M., 2002, 
Tetrahedron Letters 43, 4361-4364; [11] Bohlmann, F., Borthakur, N., King, R.M., Robinson, H., 1982, 
Phytochemistry 21, 125-127; [12] Chu, X.-J., Hong, D., Liu, Z.-Y., 1995, Tetrahedron 51, 173-180. 

C 13C 1H (J in Hz) COSY correlations of the H HMBC correlations of the C 

1 177.0 - - 1.78 - 3.79 - 4.19 

2 70.4 4.19 m 1.63 - 1.78 1.78 

3 34.3 1.63 m - 1.78 m 1.37 - 1.47 - 4.19 4.19 

4 24.7 1.37 m - 1.47 m 1.27 - 1.38 - 1.63 - 1.78 1.38 - 1.63 - 1.78 -  4.19 

5 29.5 1.27 m - 1.38 m 1.34 - 1.36 - 1.37 - 1.47  1.63 - 1.78 

6 29.1 1.34 m - 1.36 m 1.27 - 1.38 - 1.39 - 1.50 1.27 - 1.38 - 1.39 - 1.42 - 1.50 - 1.51 

7 27.3 1.39 m - 1.50 m 1.34 - 1.36 - 1.42 - 1.51 1.51 

8 34.3 1.42 m - 1.51 m 1.39 - 1.50 - 2.59 2.02 - 2.59 

9 47.2 2.59 m 1.42 - 1.51 - 7.60 1.51 - 2.02 - 2.28 - 2.46 - 6.13 - 7.60 

10 167.4 7.60 nd (9.0) 2.59 - 6.13 1.51 - 2.59 - 6.13 

11 132.8 6.13 nd (9.5) 7.6 7.6 

12 212.0 - - 2.02 - 2.28 - 2.46 - 6.13 

13 51.3 2.02 m - 1.51 - 2.28 - 2.46 - 6.13 - 7.60 

14 28.2 2.28 m - 2.46 m 5.27 2.02 - 2.59 - 5.27  

15 125.6 5.27 ddd (10; 7.6; 6.7) 2.28 - 2.46 - 5.45 2.02 - 2.05 - 2.06 - 2.28 - 2.46 

16 133.7 5.45 ddd (10; 7.6; 6.7) 2.05 - 2.06 - 5.27 0.97 - 2.05 - 2.06 - 2.28 - 2.46 

17 20.5 2.05 m - 2.06 m 0.97 - 5.45 0.97 - 5.27 - 5.45 

18 14.2 0.97 t (8.6; 8.6) 2.05 - 2.06 2.05 - 2.06 - 5.45 

19 52.5 3.79 s - - 

Table 1. NMR spectral data for compound 2 (δ values, CDCl3, 13C-NMR at 150 MHz, 1H-NMR at 600 MHz). 

(2) 
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Salviae neocloredane derivates differently affect 

catecholamine release in mammals brains:  

comparisons with Salvinorin A 
 

 

 

 

G. Oliveroa, S. Di Priscoa, M. Summaa, E. Giacomellib, M. Grillia,c  

A. Bisiob, G. Romussib, M. Marchia,c, A. Pittalugaa,c ,  
a Department of Experimental Medicine, Pharmacology and Toxicology Section, Genova,  

b Department of Chemistry and Pharmaceutical  and Food Technology ,  
c Center of Excellence for Biomedical Research, University of Genoa, Italy  

Salvinorin A is the main active compound found in Salvia Divinorum: it is a neoclerodane diterpene that acts as an highly selective and potent opioid receptor agonist, 

representing one of the most potent naturally occuring hallucinogen. Because of its chemical features, this compound could represent  the prototype of a new class of drugs  

useful to therapeutic treatment in  ansia, depression, pain and drug seeking.  

In a previous work we have found that Salvinorin A (0.1–1000 nM) failed to affect the basal release of amines, but inhibited the 12 mM K+-evoked, Ca2+-dependent, exocytotic-

like release of [3H]DA from mouse striatal nerve endings. At the same concentration, Salvinorin A facilitated the 12 mM K+-evoked, Ca2+-dependent, exocytotic-like release of 

[3H]NA from mouse hippocampal terminals. By using the same experimental approach, the up-down superfusion of a monolayer of synaptosomes, which is considered 

appropriate to investigate the existence and the functional role of presynaptic receptors, we have now invetsigated the impact of new neocloredane derivatives on central amine 

release. The new clerodane diterpenes have been isolated from Salvia jamensis (the compound SJ217), Salvia wagneriana (the compounds SW8 and SW22).  

SUMMARY 

CONCLUSIONS 

•Salvinorin A facilitates NA exocytosis from hippocampal terminals, while it inhibits the K+-evoked release of DA from striatal synaptosomesThe presynaptic modulation 

occurs in the nM range, indicative of the involvement of high-affinity binding sites.  

 

•The opposite effects of Salvinorin A were found to rely on distinct receptor subtypes. In particular, k and d heterodimers presynaptically located on mouse hippocampal 

noradrenergic terminals may account for the Salvinorine A-induced facilitation of NA release, while inhibition of DA release occurred because of the binding of the diterpene 

to k homodimers on mouse striatal dopaminergic terminals.  

 

Our recent findings show that the new compounds SW8 and SJ217 mimic Salvinorin A on the 12 mM K+-evoked release of hippocampal [3H]NA, while SW22 inhibits this 

release. Furthermore, our results demonstrate that SW8 and SW22, when co-applied with Salvinorin A, could prevent its positive effect  on the [3H]NA exocytosis.  

 

•As to the dopamine release is concerned, the three compounds fail to modify the 12 mM K+-evoked release of dopamine.  The compounds were also unable to counteract the 

inhbitory effect exerted by Salvinorin A on dopamine exocytosis.  

 

•All together  these results  suggest  that the new neocloredane derivatives  could pharmacologically discriminate between k homodimers and k/ d heterodimers, tipified by a 

low affinity towards k/ d homodimers.  Future investigations are needed to explore this hypothesis. 

 

Fig. 5. Concentration-effect relationship of 
U69593 on the 12 mM K+-evoked release of 
neurotransmitter from superfused 
synaptosomes. 

Fig. 2. Effects of pertussis toxin (PTx) on 
the Salvinorin A induced modification of 
neurotransmitter overflows evoked by K+ 

depolarization from superfused 
synaptosomes. 

Fig. 6. Effects of SW 8 on the Salvinorin A 
induced modification on the 12 mM K+-
evoked release of neurotransmitter from 
superfused synaptosomes. 

Fig. 4. Effects of naltrindole (Naltr) on the 
Salvinorin A induced modification of 
neurotransmitter overflows evoked by K+ 

depolarization from superfused 
synaptosomes.   

Fig. 1. Concentration-effects relationship 
of Salvinorin A on the 12 mM K+-evoked 
release of neurotransmitters from 
superfused synaptosomes.  

Fig. 7 Effects of SJ 217 on the Salvinorin A 
induced modification on the 12 mM K+-
evoked release of neurotransmitter from 
superfused synaptosomes. 

Fig. 6. Effects of SW 22 on the Salvinorin A 
induced modification on the 12 mM K+-
evoked release of neurotransmitter from 
superfused synaptosomes. 

Supported by Italian Ministero Università Ricerca, by European project ALCOTRA (Cooperazione territoriale europea Italia-Francia (Alpi) “AROMA”), by the European 

project PYRGI (progetto Italia-Francia “Marittimo” 2007-2013) and by Compagnia San Paolo 
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INTRODUCTION
Helichrysum is a typical aromatic plant of the Asteraceae family. There are about 300 species of Helichrysum, six-teen of which are spontaneous in
Europe [1]. Among the large number of phytoproducts that can be obtained from Helichrysum are used in cosmetic and pharmaceutical
preparations. Helichrysum italicum is a typically Mediterranean species. It consist of three subspecies, Helichrysum italicum subsp. microphyllum

(present in Baleares, Sardinia, Corsica); Helichrysum italicum subsp. serotinum (Iberian peninsula) and Helichrysum italicum subsp. italicum

(Mediterranean basin) [2]. In a previous paper [3] we describe the essential oil composition of the Helichrysum italicum subspecies italicum (Roth)
collected in Corsica, Sardinia, Tuscany and minor islands of Tuscan archipelago (Gorgona, Capraia, Giannutri, Giglio, Montecristo and Pianosa). As
part of our on-going work on the characterization of Helichrysum italicum subsp. italicum EOs from various origins, we analyzed eight samples
from Elba island in the framework of the European Program Interreg III between Corsica, Tuscany and Sardinia.

COMPOSITION OF ESSENTIAL OILS OF

Helichrysum italicum (ROTH) SUBSP. italicum

FROM ELBA ISLAND

Luisa Pistellia, Guido Flaminia, Pier Luigi Cionia, Bernardo Melaia,Michele Leonardia
aDipartimento di Scienze Farmaceutiche, Università di Pisa, Via Bonanno 6, 56100 Pisa, Italy

luipi@farm.unipi.it

EXPERIMENTAL
Plant material of Elba island H. italicum subsp. Italicum was sampled
from seven locations showed in the fig.1. The eight samples of H.

italicum subsp. italicum essential oils from eight different place in Elba
island collected in three different periods: January, May and October
2010. All the EOs were produced by hydrodistillation of fresh leaves and
stems, using a Clevenger-type appratus. The oil yields are: 0,18% Aia
di Cacio, 0,22% Capoliveri (Calamita), 0,39% Palombaia, 0,57% Le
Tombe, 0,27% Case Danesi, 0,32% Le Panche, 0,34% Enfola, 0,30%
Pomonte. All sample were analysed by using HP-5890 Series II
instrument equipped with a HP-5 capillary columns (30 X 0.25 mm, 0.25
mm film tickness) working with the following temperature program:
60°C for 10 min, rising at 5 °C/min to 220 °C. The injector and detector
temperatures were maintened at 250 °C; carrier gas nitrogen (2 Ml/min);

the volume injected was 0.5 mL.

RESULTS AND DISCUSSION
Analysis of the seven samples of H. italicum susp. italicum oils led to
the identification of one hundred and twenty-six compounds, which
represented 91.5-98.3% of the total amount. According to their origin the
composition of EO samples of H. italicum subsp. italicum displayed a
significant diversity. In Elba island oils except the sample collected in
Capo Enfola, the major compound observed was neryl acetate, with a
percentage range comprise between 19.2% (Le Tombe) and 45.9% (Aia
di Cacio). In the EOs collected in Capo Enfola the major constituents
was the a-pinene (30.5-32.9%) while the neryl acetate was present in
minor percentages (5.6-8.9%). Elba island oils also exhibited high
contents of oxygenated monoterpenes that ranged from 44.2 %
(Palombaia) to 83.1% (Aia di Cacio). Only two essential oil samples from
plant material collecteted Capo Enfola and Colle Palombaia showed
chemical differences.

Collection sites

BIBLIOGRAFY
[1] J. Gamisans and D. Jeanmonod, Complements au prodrome de la flore Corse, Asteraceae, vol. 1; 1998.

[2] J. Paolini, J.M. Desjobert, J. Costa, A.F. Bernardini, C. Buti-Castellini, P.L. Cioni, G. Flamini, I. Morelli; 

Flavour and Fragrance Journal, 2006; 21; 805-808.

[3] B. Conti, A. Canale, A. Bertoli, F. Gozzini, L. Pistelli; Parasitol. Res. 2010; 107; 1455-1461.
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MICROPROPAGAZIONE DI SPECIE AROMATICHE 
DELL’ARCIPELAGO TOSCANO 

Laura Pistellia*, R. Celata, F. D’Angiolilloa,, C. Nocciolib and Luisa Pistellib 

 a  Dipartimento di Biologia, Università di Pisa, via Mariscoglio 34, 56124 Pisa - Italy 
b Dipartimento di Scienze Farmaceutiche, Università di Pisa, via Bonanno 33, 56126 Pisa – Italy 

  

Il Parco Nazionale dell’Arcipelago Toscano comprende 

un’area terrestre di circa diciassettemila ettari e un’area 

marina di circa cinquantasettemila ettari ed è una delle più 

grandi aree protette d’Italia, la più estesa fra quelle marine di 

tutto il Mediterraneo. L’ambiente è caratterizzato da 

numerose piante aromatiche che contengono metaboliti 

secondari utilizzati sia a scopo alimentare e cosmetico, sia in 

aromaterapia e in fitoterapia. Queste specie sono spontanee, 

ma costituiscono produzioni “di nicchia" per il mercato 

salutistico; pertanto la loro riscoperta e valorizzazione 

costituiscono un interessante punto di partenza per nuove 

strategia d’impresa della popolazione dell’arcipelago. 

L’obiettivo di questo lavoro è la produzione massiva di 

piantine, senza depauperare l’ambiente,  la conservazione 

del gerrmoplasma, e la creazione di baby-plants che 

possono costituite un interessante souvenir per i turisti . 

Materiali e metodi 
Colture in vitro. Espianti isolati dalle piante selzionate  (Fig.2) sono stati sterilizzati 

come indicato in tabella 1, e successivamente messi in substrati di coltura, 

utilizzando com substrato comune il Murashige e Skoog (1962) con aggiustamenti 

come indicato in tabella 2. Le subcolture  sono state effettuate ogni 4 settimane. 

 

Gas cromatografia 

Le analisi GC sono state effettuate con uno strumento HP 5890 Series II Plus 

equipaggiato con due colonne capillari HP-Wax e HP-5MS (30 m x 0.25 mm; film di 

rivestimento 0.25 m), usando le seguenti condizioni analitiche: temperatura iniettore 

e detector: 250°C; programma di temperatura del forno da 60°C (10 min) a 220°C a 

5°C/min; gas di trasporto: N2 a 2 ml/min; detector FID; split: ratio 1:30; volume di 

iniezione: 0.5 l. L’identificazione dei componenti dello spazio di testa è stata 

effettuata su entrambe le colonne, confrontando i tempi di ritenzione dei singoli 

componenti con quelli di campioni puri autentici e dei loro indici di ritenzione relativi 

alla serie di n-alcani. 

Gas cromatografia-massa 

Le analisi GC-MS sono state effettuate con uno strumento HP 5890 Series II Plus, 

equipaggiato con una colonna capillare HP-5MS (30 m x 0.25 mm; film di 

rivestimento 0.25 m) ed un detector di massa HP 5972, operando nelle seguenti 

condizioni analitiche: temperatura iniettore e detector: 220°C e 280°C 

rispettivamente; programma di temperatura del forno da 60°C (10 min) 20°C/min; gas 

di trasporto: He ad un flusso costante (0.6 ml/min); sorgente: 70eV. 

L’identificazione dei componenti degli spazi di testa è avvenuta mediante analisi 

computerizzata degli spettri di massa, dei tempi di ritenzione ed indici di ritenzione, 

confrontati con i dati presenti sia nella libreria elaborata dal nostro gruppo di ricerca 

attraverso campioni di riferimento e olii essenziali noti, sia nelle librerie di spettri di 

massa NBS-75 e Wiley. Inoltre tutti i dati ottenuti sono stati confrontati anche con 

letteratura specifica (Adams, 1995; Connolly and Hill, 1991; Swigar and Silverstein, 

1981). 

Analisi SPME 

L’analisi SPME (Solid Phase Micro Extraction) è stata condotta con un dispositivo 

munito di fibra in polidimetilsilossano (SUPELCO, PDMS, 100 m) utilizzata per 

campionare (15 min) la frazione volatile formatisi al di sopra un campione di materiale 

vegetale fresco chiuso ermeticamente in una beuta e lasciato equilibrare per 30 min. 

Alla fine del tempo di campionamento, la frazione adsorbita è stata sottoposta ad 

analisi GC e GC-MS. 

Le piantine moltiplicate in vitro 
dimostrano di possedere caratteristici 
aromi simili a quelli prodotti dalle piante 
autoctone coltivate in vaso o cresciute 
spontaneamente 

Satureja hortensis L. Rosmarinus  officinalis L. Salvia officinalis L. 

Crithmum maritimum L. Cytisus scoparius L. 

Myrtus communis L. Nepeta cataria L. 

Calamintha nepeta L. 

Lavandula angustifolia. Miller 

I risultati ottenuti dimostrano la capacità delle piantine 

selezionate di produrre una discreta quantità di nuovi 

germogli tale da rendere questa tecnica molto promettente 

e tale da dare nuovo impulso allo sviluppo imprenditoriale 

dell’arcipelago.  

Tabella  3 : costituenti principali identificati nello spazio di testa delle specie esaminate 
 

metabolita KI Cal Cri Lav Myr Nep Ros Sal Sat 

a-pinene 940 
65.0 24.7 14.6 

sabinene 978 
14.5 

b-pinene 981 42.4 
17.0 

myrcene 993 
12.0 

p-cymene 1028 
15.6 

limonene 1032 15.0 

1,8-cineol 1036 11.9 

g-terpinene 1062 
31.6 29.0 

a-thujone 1109 
20.5 

methyl thymol 1235 
20.3 7.2 

caryophyllene 1418 19.3 
6.8 47.6 20.0 

aromadendrene 1445 
6.6 

cis muurola 3,5-diene 1448 13.9 

germacrene D 1481 8.5 

b-selinene 1485 
8.4 

Cal: Calamintha nepeta; Cri: Crithmum maritimum; Lav: Lavandula longifolia; Myr: Myrtus 

communis; Nep: Nepeta cataria; Ros: Rosmarinus officinalis; Sal: Salvia officinalis; Sat: Satureja 

hortensis. 

Tabella 1: protocolli efficaci di sterilizzazione e vitalità degli espianti post-sterilizzazione in 

vitro (dopo 2 settimane)  

Specie vegetale Tipo di espianto sterilizzazione Vitalità 

Calamintha nepeta L. internodi Steril A 50% 

Cytisus scoparius L. internodi Steril B 70% 

Crithmum maritimum L.  Porzioni apicali Steril A  100 

Crithmum maritimum L. Porzioni basali  Steril D 100 

Myrtus communis L.  Porzioni apicali Steril B  100% 

Lavandula angustifolia Miller internodi Steril B 80% 

Myrtus communis  L. internodi Steril B 100% 

Nepeta cataria L. semi Steril D 50% 

Rosmarinus officinalis L. internodi Steril B 0% 

Rosmarinus officinalis L. internodi Steril E  100 

Rosmarinus officinalis L. Porzioni apicali Steril E  80 

Salvia officinalis L. internodi steril D  0% 

Salvia officinalis L. semi  Steril D 8% 

Satureja hortensis L. Porzioni apicali Steril E 80% 

Satureja hortensis L. semi Steril D 70 

Mezzi di sterilizzazione 
Steril A: Tween 20 0.05% 20 minuti , NaOCl 50% 10 min, acqua  sterile 5 min ad ogni passaggio 

Steril B: Tween 20 0.05% 20 minuti , EtOH al 70%, 1min, ACE commerciale 50% 10 min, acqua  sterile 5 min 

ad ogni passaggio 

Steril D: ACE commerciale 20% 10 min, soluzione di Plant preservative mixture (PPM) 2%, MgSO4 50 mg/L, 

Mg(NO3) 50 mg/L, MgCl2 50 mg/L 18 h 24 °C, acqua  sterile 5 min ad ogni passaggio 

Steril E: saccarosio20 g/L, ACE commerciale0,01%, 15 g al buio; Tween-20 0.05% 20 minuti, EtOH 70%, 

1min, ACE commerciale 50% 10 min, acqua  sterile 5 min ad ogni passaggio 

Tabella 2: fase di moltiplicazione delle diverse specie aromatiche dell’isola d’Elba. 

Tasso di moltiplicazione è individuato come numero di germogli per espianto per 

mese di coltura. Gli espianti utilizzati sono stati incubati su diversi substrati di 

coltura. 

Specie vegetale Tipo di 

espianto 

mezzo Tasso di 

moltiplicazione 

Calaminta nepeta L. internodi Medium A 4 

Cytisus scoparius L. internodi Medium MS0 1 

Crithmum maritimum L. porzioni apicali  Medium A 1 

Crithmum maritimum L. porzioni basali  Medium A 2,5 

Crithmum maritimum L. porzioni basali  Medium B 9 

Lavandula angustifolia Miller internodi Medium B 3 

Myrtus communis L. porzioni apicali  Medium A 3 

Myrtus communis L.  internodi Medium A 2 

Nepeta cataria L. semi Medium A 5 

Rosmarinus officinalis L. internodi Medium C 1 

Rosmarinus officinalis L. porzioni apicali  Medium C 1 

Salvia officinalis L. semi Medium MS0 2 

Salvia officinalis L. semi Medium A 2 

Satureja hortensis L. porzioni apicali  Medium A 0 

Satureja hortensis L. semi Medium A 1 

Medium MS0: mezzo Murashige e Skoog (1962) completo di vitamine, saccarosio 30%, 

agar 0,8%, Plant preservative mixture (PPM) 0,05%. 

Medium A:  MS0 + BA 0,5 g/L 

Medium B: :  MS0 + BA 0,5 g/L + NAA 0,46 g/L 

Medium C: :  MS0 + BA 0,5 g/L + IAA 0,017 g/L 

BIBLIOGRAFIA 
Adams, R.P., 1995. Identification of essential oil components by gas chromatography-mass spectroscopy. Allured, Carol 

Stream, Illinois 

Connolly, J.D., Hill, R.A., 1991. Dictionary of terpenoids. Chapman & Hall, London;  
Landi S. 1989., Flora e ambiente dell’isola d’Elba, Editrice Azzurra, Cavalese (Tn),. 

Murashige T., Skoog F. 1962. A revised medium for rapid growth and bioassays with tobacco tissue cultures. Physiol. Plant. 15: 473-

493. 

Swigar, A.A., Silverstein, R.M., 1981. Monoterpenes. Aldrich Chem. Comp., Milwaukee. 

 

 

 

Figura 1: germogli micropropagati di: 

A Calamintha nepeta L;  

B Crithmum maritimum L.;  
C  Cytisus scoparius L.; ; 
 D Nepeta cataria L.; 
 E Lavandula angustifolia Miller;  
F Salvia officinalis L; 

 G Myrtus communis L.; 
 H Rosmarinus  officinalis L. 
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E F 
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Oxylipin compounds from the aerial part exudate of 

Salvia adenophora Fernald 

Introduction. In course of a research devoted to the identification of natural pesticides in the surface 

exudates [1] of aromatic plants, we considered Salvia adenophora Fernald [2], which previously showed 

herbicide activity [3]. In this work we focused on the more lipophylic part of the exudate in order to isolate 

cyclic metabolites of the polyunsaturated fatty acids. As a matter of fact, due to their great structural variety, 

oxylipins may have various biological roles as antimicrobial, anti-insecticidal and antifungal compounds [4, 

5]; these compounds have also shown effects of inhibition of root elongation, alteration of seedling growth 

and photosynthetic activity [6]. 

Plant Material. Fresh aerial parts of S. adenophora Fernald 

were obtained from Istituto Sperimentale per la Floricoltura 

(Sanremo, Italy) and Centro Regionale di Sperimentazione ed 

Assistenza Agricola (Albenga, Italy). The species has been 

identified by Dr. Gemma Bramley and a voucher specimen is 

deposited in Kew Herbarium (K).  

A. Bisio1, G. Damonte2, E. Giacomelli1, G. Mele1, D. Fraternale3, D. Ricci3, G. Romussi1, N. De Tommasi4 

 
1 Dipartimento di Farmacia, Università degli Studi di Genova, via Brigata Salerno 13, 16147 Genova; 

2 Centro di Eccellenza per la Ricerca Biomedica, Università di Genova, viale Benedetto XV 7, 16132 Genova; 
3 Dipartimento di Scienze dell’Uomo, dell’Ambiente e della Natura, Università di Urbino, via Bramante 28, 61029 Urbino; 

4 Dipartimento di Scienze Farmaceutiche, Università di Salerno, via Ponte Don Melillo, Fisciano 84084, Salerno. 

Extraction and isolation. Fresh aerial parts (8.8 

kg) of Salvia adenophora Fernald were immersed in 

CH2Cl2 for 20s. After filtration, the extraction solvent 

was removed under reduced pressure giving 60.9 g 

of exudate material, composed by leaf surface 

constituents. 36.0 g of exudate were treated with n-

hexane giving the hexane-soluble fraction and the 

hexane-insoluble fraction. 

The hexane soluble fraction (11.0 g) was 

chromatographed on Sephadex LH-20 (1 g portions; 

53 x 2.5 cm; CHCl3/CH3OH 7:3 as an eluent; 

analytical TLC control), to give in order of elution 

five fraction groups: fraction group I (4.35 g), fraction 

group II (2.55 g), fraction group III (2.05 g), fraction 

group IV (0.28 g) and fraction group V (0.09 g). 

The fraction group I was chromatographed on silica 

gel column (55 x 3.5 cm; analytical TLC control) 

eluting with mixtures of n-hexane-CHCl3 (35:65, 2.1 

L; 0:100 4.0 L) and mixtures of CHCl3-CH3OH (95:5, 

3.7L; 90:10, 3.8L). Elution with CHCl3 afforded 

compound 1 (from 3.4 to 3.7 L) purified by HPLC-

MS and MS2 experiments followed by semi-

preparative RP HPLC, CH3OH/H2O 80:20, RT 9 min, 

6.7 mg. The fraction group II was chromatographed 

on silica gel column (35 x 1 cm; analytical TLC 

control) eluting with mixtures of n-hexane-CHCl3 

(35:65, 2.1 L; 0:100 4.0 L) CHCl3-CH3OH (95:5, 

3.7L; 90:10, 3.8L). Elution with CHCl3 afforded 

compounds 2 and 3 (from 3.2 to 3.6. L) purified by 

HPLC-MS and MS2 experiments followed by semi-

preparative RP HPLC, (solvent A: H2O, solvent B: 

CH3OH, linear gradient: time 0 min: 40% B, time 

15.02 min: 85% B, time 35.73 min: 100% B), RT 

21.50 min, 17.0 mg and RT 23.35 min, 26.9 mg, 

respectively. 

The hexane insoluble fraction (25.93 g) was 

chromatographed on Sephadex LH-20 (1 g portions; 

53 x 2.5 cm; CHCl3/CH3OH 70:30 as an eluent; 

analytical TLC control), to give in order of elution 

five fraction groups: fraction group I (7.38 g) with 

waxy compounds, fraction group II (3.02 g), fraction 

group III (6.48 g), fraction group IV (6.58 g) and 

fraction group V (1.47 g).The fraction group I was 

chromatographed on silica gel column (55 x 3.5 cm; 

analytical TLC control) eluting with mixtures of n-

hexane-CHCl3 (35:65, 2.4 L; 10:90, 5.0 L; 0:100 2.2 

L) and mixtures of CHCl3-CH3OH (95:5, 10.2L; 

90:10, 0.9L; 0:100, 1.6L). Elution with n-hexane-

CHCl3 35:65 afforded compound 4 (from 2.1 to 2.25 

L) purified by HPLC-MS and MS2 experiments 

followed by preparative RP HPLC (solvent A: H2O 

with 0.1 % formic acid, solvent B: CH3OH with 0.05 

% formic acid, linear gradient: time 0 min: 40% B, 

time 25 min 100% B), RT 22 min, 4.4 mg.  

The compounds 1 [7], 2, 3 and 4 had been identified 

by means of 1H and 13C-NMR spectra, including 

TOCSY, COSY, HSQC, HMBC, ROESY 

experiments, and ESI-TRAP-MS and HR-MS 

analysis. 

[1].Dayan, F.E., Duke, S.O. Pesticide Outlook, 2003, 8, 175-178; [2].Epling, C. In Fedde F., University of California Press: Berkley, California, 1940, Vol.110; [3].Bisio, A., Fraternale, D., Giacomini, M., Giacomelli, 
E., Pivetti, S., Russo, E., Caviglioli, G., Romussi, G., Ricci, D., De Tommasi, N. Crop Protection, 2010, 29, 1434-1446; [4].Jahn, U., Galano, J.M., Durand, T., 2008, Angewandte Chemie International Edition 47, 
5894-5955; [5] Göbel, C., Feussner, I., 2009, Phytochemistry 70, 1485-1503; [6] Mueller, M.J., Berger, S., 2009, Phytochemistry 70, 1511-1521; [7] Bisio A., Damonte G., Giacomelli E., Mele G., Pozzo E., 
Cafaggi S., De Tommasi N., Romussi G. 2011. A New Derivative of 12-oxo-Phytodienoic Acid from Salvia adenophora Fernald. XX Congresso Italo-Latino Americano de Etnomedicina “Prof. Dr. Francisco Josè 
de Abreu Matos. Fortaleza - Cearà, Brasil, 19-22 Setembro 2011.; [8] Ainai, T., Matsuumi, M., Kobayashi, Y., 2003, The Journal of Organic Chemistry 68, 7825-7832; [9] Baertschi, S.W., Ingram, C.D., Harris, 
T.M., Brash, A.R., 1988, Biochemistry 27, 18-24; [10].Kobayashi, Y., Matsuumi, M., 2002, Tetrahedron Letters 43, 4361-4364; [11] Bohlmann, F., Borthakur, N., King, R.M., Robinson, H., 1982, Phytochemistry 21, 
125-127; [12] Chu, X.-J., Hong, D., Liu, Z.-Y., 1995, Tetrahedron 51, 173-180. 

C 13C 1H (J in Hz) HMBC correlations of the C 

1 175.9 - 1.60 - 1.78 - 3.79 - 4.19 

2 70.5 4.19 dd (7.55, 4.14) 1.60 - 1.78 

3 34.5 
1.60 m  

 1.78 m 
4.19 

4 24.9 
1.39 m  

1.44 m 
1.32 - 1.78 -  4.19 

5 29.3 
1.32 m  

1.34 m 
1.25 - 1.30 - 1.60 - 1.78 

6 29.7 
1.25 m  

1.30 m 
1.34 - 1.37 - 1.39 - 1.44 

7 27.5 
1.32 m  

1.37 m 
1.14 - 1.34 - 1.73 

8 30.9 
1.14 m  

1.73 m 
1.25 - 1.30 - 1.32 

9 44.4 2.98 m  1.15 - 2.45 – 2.52 - 6.18 - 7.74 

10 167.2 7.74 6.18 

11 132.6 6.18 d (6.0) 7.74 

12 211.0 - 2.45 - 2.52 - 6.18 - 7.74 

13 50.0 2.45 m 2.13 - 2.52 - 6.18 - 7.74 

14 24.0 
2.13 m  

 2.52 m 
2.45  

15 127.1 5.36 m 2.05 - 2.07 - 2.13 - 2.45 – 2.52 

16 133.5 5.44 m 0.96 - 2.05 - 2.07 - 2.45 

17 20.7 
2.05 m  

2.07 m 
0.96 - 5.36 - 5.44 

18 14.0 0.96 m 2.05 - 2.06 - 5.44 

19 52.7 3.79 s - 

C 13C 1H (J in Hz) HMBC correlations of the C 

1 170.8 - 1.81 - 1.82 - 3.74 - 4.99 

2 72.2 4.99 t (6.4) 1.38 - 1.81 -1.82 

3 31.0 
1.81 m   

1.82 m 
1.32 -1.33 -1.38 - 1.39 - 4.99 

4 25.0 
1.38 m  

1.39 m 
1.32- 1.81 - 1.82 - 4.99 

5 29.0 
1.32 m  

1.33 m 

1.25 - 1.36 -1.38 - 1.39 - 1.40 - 

1.81 - 1.82 

6 29.5 
1.25 m   

1.32 m 

1.15 - 1.25 - 1.32 - 1.33 - 1.36 -

1.38 - 1.39 - 1.40 - 1.72 

7 27.5 
1.36 m   

1.40 m 
1.15 - 1.25 - 1.32 - 1.33 - 1.72 

8 30.7 
1.15 m  

1.72 m 
1.25 - 1.32 - 1.36 - 1.40 - 2.44  

9 44.2 2.97 m 
1.15 - 1.72 - 2.44 - 2.50 - 6.18 - 

7.73 

10 166.2 7.73 m 1.15 - 1.72 - 2.44 - 6.18 

11 132.5 6.18 nd (5.9) 7.73 

12 210.7 - 2.44 - 2.16 - 2.50 - 6.18 - 7.73 

13 49.8 2.44 m 2.16 - 2.50 - 5.36 - 6.18 - 7.73 

14 23.7 
2.16 m   

2.50 m 
2.44 - 5.36 - 5.44 

15 126.7 5.36 m 2.04 - 2.12 - 2.16 - 2.44 - 2.50 

16 133.0 5.44 m 0.96 - 2.04 - 2.12 - 2.50 

17 20.8 
2.04 m   

2.12 m 
0.96 - 5.36 - 5.44 

18 14.0 0.96 m 2.04 - 2.12 - 5.44  

19 52.2 3.74 s - 

20 170.6 - 2.14 

21 20.6 2.14 s - 

(2) 

(3) 

The spectroscopic data obtained for compounds 2 and 3 

relative to the pentenil and cyclopentenil moieties and in 

particular those concerning the chiral centers in the ring 

juncture C 9 and C13, were largely consistent with those 

published in the literature for 12-oxo-cis-10,15-

phytodienoic acid (13-epi-12-oxo-PDA) [ 8, 9, 10] and for 

its methyl ester [11, 12]; similarly the data obtained for 1 

and 4 were consistent with those published for 12-oxo 
trans-10,15-phytodienoic acid and for its methyl-ester. 

Tab 1. NMR spectral data for compound 2 ( values, 

CDCl3, 
13C-NMR at 150 MHz, 1H-NMR at 600 MHz). 

Tab 2. NMR spectral data for compound 3 ( values, 

CDCl3, 
13C-NMR at 150 MHz, 1H-NMR at 600 MHz). 

Compound 2. IR (KBr) n max (cm-1): 3462 

(OH group), 1738 and 1706  (C=O st). 

M.P.: Oil 

Compound 3. IR (KBr) n max (cm-1): 1747 

and 1708  (C=O st), 1228 ( C-O st). 

M.P.: Oil 

(1) 

(4) 
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Angela Bisio1, Gianluca Damonte2, Emanuela Giacomelli1, Giacomo Mele1, Aldo Profumo3, Giovanni Romussi1, Nunziatina De Tommasi4 

Plant Material. Fresh aerial parts of S. adenophora Fernald 
were obtained from Istituto Sperimentale per la Floricoltura 
(Sanremo, Italy) and Centro Regionale di Sperimentazione 
ed Assistenza Agricola (Albenga, Italy). The species has 
been identified by Dr. Gemma Bramley and a voucher 
specimen is deposited in Kew Herbarium (K).  

A NEW DITERPENOID FROM SALVIA 

ADENOPHORA FERNALD (LAMIACEAE) 
1Department of Pharmacy, University of Genoa, Via Cembrano 4, 16146, Genoa, Italy,  

2Center of Excellence for Biomedical Research, Viale Benedetto XV 7, 16132, Genoa, Italy, 
3S.C. Integrated Molecular Pathology- IRCCS AOU San Martino – IST- 16132 Genoa, 

4Department of Pharmaceutical and Biomedical Sciences, University of Salerno, Via Ponte Don Melillo, 84084 Salerno, Italy. 

The secretion product of epidermal structures is involved in plant-plant and plant-environment interactions [1-2], and its phytotoxic chemicals are released into the environment by 
foliar leaching, volatilization or residue decomposition [3]. In course of a research devoted to the identification of natural pesticides in the surface exudates [4] of aromatic plants, we 
considered Salvia adenophora Fernald [5], a Mexican species whose aerial part exudate showed herbicide activity against  Papaver rhoeas L. and Avena sativa L. in a preliminary test 
(Total Germination-GT of 0.33±0.6 against Papaver in Petri dish experiments at 5 mg/L and 3.67±1.2 in pot experiments at 40 mg/L; germination inhibition against Avena 0.33±0.6 in 
Petri dish experiments at 5 mg/L and 3.00±1.0 in pot experiments at 40 mg/L; LC50 against Papaver 1.87±0.25 mg/L in Petri dish experiments and 3.52±0.73 mg/L in pot experiments; 
LC50 against Avena 5.3±1.5 in Petri dish experiments and 3.99±0.31 mg/L in pot experiments) [4]. 

Extraction and isolation. Fresh aerial parts (8.8 kg) of Salvia adenophora Fernald were 
immersed in CH2Cl2 for 20s. After filtration, the extraction solvent was removed under 
reduced pressure giving 60.9 g of exudate material, composed by leaf surface constituents. 
36.0 g of exudate were treated with n-hexane giving the hexane-soluble fraction and the 
hexane-insoluble fraction. 
 
The hexane insoluble fraction (25.93 g) was chromatographed on Sephadex LH-20 (1 g 
portions; 53 x 2.5 cm; CHCl3/CH3OH 70:30 as an eluent; analytical TLC control), to give in 

order of elution five fraction groups: fraction group I (7.38 g) with waxy compounds, fraction 
group II (3.02 g), fraction group III (6.48 g), fraction group IV (6.58 g) and fraction group V 
(1.47 g). 
 
The fraction group IV was chromatographed on silica gel column (55 x 3.5 cm; analytical 
TLC control) eluiting with mixtures of n-hexane-CHCl3 (25:75, 1.7 L; 20:80, 9.2 L; 10:90, 
2.25 L; 0:100 8.0 L) and mixtures of CHCl3-CH3OH (95:5, 10.2L; 90:10, 0.9L; 0:100, 1.6L). 
Elution with CHCl3 afforded compounds 1 and 2 (from 4.7 to 8.0 L) purified by HPLC-MS 
and MS2 experiments followed by semi-preparative RP HPLC, CH3OH/H2O 80:20, RT 8 
min, 5.4 mg and RT 11 min, 5.8 mg respectively. Elution with CHCl3-CH3OH 90:10 afforded 
3 (from 0 to 0.4 L) purified by HPLC-MS and MS2 experiments followed by semi-
preparative RP HPLC, CH3OH/H2O 60:40, RT 22 min, 24.8 mg.  
Elution with CHCl3-CH3OH 95:5 afforded thirteen fraction groups.The eighth fraction group 
(from 2.8 to 7.4 L) was re-chromatographed on silica gel column (35 x 1 cm; analytical TLC 
control) eluting with mixtures of n-hexane-CHCl3 (35:65, 3.0 L; 10:90, 0.6 L; 0:100, 0.3 L) 
and mixtures of CHCl3-CH3OH (60:40, 0.4 L). Elution with n-hexane-CHCl3 35:65 afforded 
compounds 4, and 5 (from 1.4 to 2.0 L) purified by HPLC-MS and MS2 experiments 
followed by semi-preparative RP HPLC, CH3OH/H2O 70:30, RT 13.5 min, 13.2 mg and 
CH3OH/H2O 50:50, RT 43.5 min, 5.1 mg and RT 68 min, 4.4 mg respectively.  
 
The fraction group V was purified by semi-preparative RP HPLC (CH3OH/H2O 70:30) 

directly, obtaining compound 6 (RT 19 min, 34.1 mg). 
 
The compounds 1, 4 and 6 were identified as 2-acetoxyhardwickiic acid , 15-methoxy- 16-
oxo-15,16H-hardwickiic acid and 2-hydroxyhardwickiic acid, respectively, on the basis of 
their 1H- and 13C-NMR data, that were largely consistent with those published in the 
literature [6-7-8]. However, in these papers, the relative stereochemistry of these 

compound as -acetoxy and -hydroxy, respectively, is described by statements that in our 
opinion are not sufficient for defining these stereo-structures. On the other hand, we didn’t 
obtain sufficient ROESY data to confirm the relative stereochemistry of the C-2 for both the 
compounds. 
The compounds 2, 3 [9] and 5 had been identified by means of their UV, IR, 1H and 13C-
NMR spectra, including TOCSY, COSY, HSQC, HMBC, ROESY experiments, and ESI-
TRAP-MS and HR-MS analysis. 

(5) 

References: [1] R.G. Kelsey, G.W. Reynolds, E. Rodriguez, 1984, In: Biology and chemistry of plant trichomes, Rodriguez E., Healey P.L., Metha J., eds. New York: Plenum Press, 187-241; [2] E. Werker, 2000, In : Advances in Botanical Research, Vol. 31. 

San Diego: Academic Press, 77-111; [3] C.H. Chou, 2006, In: Allelopathy – A Physiological Process with Ecological Implications, Reigosa M.J., et al. Eds., Springer: Dordrecht, The Nederlands, 1-10; [4] Bisio A., Fraternale D., Giacomini M., Giacomelli E., 

Pivetti S., Russo E., Caviglioli G., Romussi G., Ricci D., De Tommasi N. 2010. Phytotoxicity of Salvia spp. exudates. Crop Protection 29: 1434-1446; [5] C. Epling, 1940, In: Repertorium Specierum Novarum Regni Vegetabilis, Vol.110. Fedde F., University 

of California Press: Berkley, California; [6] P. Singh, V. Krishna, R.B. Pareek, 1998, Journal of the Chemical Society, 75(10-12): 552-558; [7] Vivek Krishna, Pahup Singh*1999. A clerodane derivative from Grangea maderaspatana, Phytochemistry 52 (1999) 

1341-1343; [8] M.J. Simirgiotis, L.S. Favier, P.C. Rossomando, O.S. Giordano, C.E. Tonn, J.I. Padron, J.T. Vazquez, 2000, Phytochemistry, 55(7): 721-726; [9] Bisio A., Damonte G., Fraternale D., Giacomelli E., Salis A., Russo E., Cafaggi S., Ricci D., 

Romussi G., De Tommasi N. 2010. New clerodane diterpenoids from Salvia adenophora Fernald (Lamiaceae). Abstracts of the 58th International Congress and Annual Meeting of The Society for Medicinal Plant and Natural Product Research. 29th August - 

2nd September 20, 2010, Berlin, Germany, 76: 1274. 

Tab 1. NMR spectral data for compound 5 ( values, CDCl3, 
13C-NMR at 150 MHz, 1H-NMR at 600 MHz). 

Compound 5. 

IR (KBr) n max 

(cm-1): 3406 

(OH group), 

1708  (CO 

carbossilic 

acid). 

M.P.: 112-

114°C 

ROESY correlations 19-CH3 /20-CH3 

and 1-H axial (H = 1.47) /20-CH3 
showed that these groups are on the 
same side.  

ROESY correlations 10-H/6-H at H = 
2.40 and 10-H/8-H axial (H = 1.52) 
showed that these protons are on the 
same opposite side and that the 10-H 

proton at H = 1.34 is in the axial 
position. 

Species  
Exudate concentration (mg/L) LC50  

(mg/L) 0  0.5  1  2  5  

Papaver rhoeas L.  
100 

±2  

50 

±2  

30 

±3  

13 

±1 

0.4 

±0.7  

0.47 

±0.06  

Avena sativa L.  
100 

±6 

84 

±1  

50 

±1  

16 

±3  

0.4 

± 0.7 

1.1 

±0.4  

Tab 2. Effect of Salvia adenophora exudate on the Final Germination of 

Papaver rhoeas L. and Avena sativa L.  The seeds were surface sterilized 

in 2% sodium hypochlorite under vacuum for 20 min, rinsed 3 times in sterile 

distilled water, and dipped in distilled sterile water for 24 h for imbibition prior 

to the germination trial. The seeds were then equidistantly placed in 9 cm and 

15 cm diameter Petri dishes for Papaver and Avena respectively (100 seeds 

per Petri dish, 3 replicates per treatment) lined with three layers and 

moistened on Whatman no. 1 sterilized filter paper. The filter paper was 

treated with 0 (control); 10; 20; 40; 60 μg/mL of exudate dissolved in DMSO 

plus sterile distilled water. After the addition of tested solution Petri dishes 

were sealed with parafilm and placed in a growth chamber at 25± 2°C with a 

16h/8h light/dark photoperiod under light intensity of 65 μmol m-2 s-1. After ten 

days germinated seeds (radicle emergence ≥1 mm) were counted. Data of 

Final germination are means (±S.D.) of three replicates related to an 

untreated control. LC50 were calculated by linear interpolation between the 

two adjacent values of Final Germination comprehending the 50% response 

of germination (normalized data). LC50 is expressed as 95% confidence 

interval.  

Index Compound 

Papaver rhoeas L. Avena sativa L. 

Compound concentration (mg/L) Compound concentration (mg/L) 

10 20 40 60 20 40 60 80 

Total  

germination  

(GT) 

2 80.7 b 81.3 b 67.4 b 42.7 b 81.7 b 79.7 b 61.3 b 50.7 b 

3 81.3 b 79.7 b 82.0 c 80.7 c 81.3 b 80.7 b 82.3 c 81.7 c 

P 15.0 a 0.0 a 0.0 a 0.0 a 68.7 a 12.6 a 0.0 a 0.0 a 

C 83.0 b 83.0 b 83.0 c 83.0 c 82.7 b 82.7 b 82.7 c 82.7 c 

Speed of  

Germination 

(S) 

2 12.8 b 12.9 b 9.3 b 6.2 b 24.3 b 23.1 b 15.5 b 10.8 b 

3 12.9 b 12.6 b 13.0 c 12.7 c 23.3 b 22.6 b 22.9 c 22.4 c 

P 1.7 a 0.0 a 0.0 a 0.0 a 12.8 a 2.4 a 0.0 a 0.0 a 

C 12.9 b 12.9 b 12.9 c 12.9 c 24.3 b 24.3 b 24.3 c 24.3 d 

Speed of  

Accumulated 

Germination  

(AS) 

2 44.8 b 45.2 b 28.3 b 19.7 b 92.5 b 86.7 b 58.8 b 39.9 b 

3 45.3 b 44.4 b 45.9 c 44.5 c 89.0 b 85.5 b 86.6 c 84.4 c 

P 3.6 a 0.0 a 0.0 a 0.0 a 46.7 a 9.5 a 0.0 a 0.0 a 

C 44.7 b 44.7 b 44.7 c 44.7 c 92.6 b 92.6 b 92.6 c 92.6 d 

Coefficient 

of the rate of  

Germination 

(CRG) 

2 12.5 b 12.5 b 11.9 b 12.1 b 14.7 b 14.7 b 14.2 b 13.6 b 

3 12.5 b 12.5 b 12.5 b 12.5 b 14.6 b 14.5 b 14.5 b 14.5 b 

P 10.8 a 0.0 a 0.0 a 0.0 a 13.2 a 13.2 a 0.0 a 0.0 a 

C 12.5 b 12.5 b 12.5 b 12.5 b 14.6 b 14.6 b 14.6 b 14.6 d 

Tab 3. Papaver rhoeas L and Avena sativa L. germination indices after ten days exposure to Salvia 

adenophora isolated compounds (2-3), in Petri dish experiments compared to Pendimethalin (P) and 

Control (C), at various concentrations. Significant differences among the means were evaluated by one-

way ANOVA, using the Tukey's honest significant difference test. Percent germination data were arcsin-

square root transformed for analysis to meet the requirements of the test. Retransformed data are 

presented in the results. Values with the same letters in a column are not significantly different at the 0.05 

probability level. The letters are given following increasing values. 

C 13C 1H (J in Hz) 

COSY 

correlations of 

the H 

HMBC correlations of the C 

1 17.6 
1.47 m 

1.67 m 

1.34 - 2.22 - 2.32 

1.34 - 2.22 - 2.32  
1.34 - 2.32 

2 27.4 
2.22 m  

2.32 m 

1.47 - 1.67 - 6.81 

1.47 - 1.67 - 6.81 
1.34 – 1.47 -1.67 – 6.81  

3 140.1 6.81 ns 2.22 - 2.32 1.47 - 1.67 - 2.22 – 2.32 

4 141.3 - - 1.15 – 1.25 – 1.34 – 2.32 

5 38.9 - - 1.25 – 1.34 – 1.43 – 1.44 - 1.67 

6 35.9 
1.15 td (13.5, 7.0, 7.0) 

2.40 m  

1.43 - 1.44  

1.43 - 1.44  
1.25 –1.33 - 1.43 – 1.52  

7 27.6 
1.43 m  

1.44 m 

1.52 

1.15 -1.52 - 2.40 
0.82 – 1.52 – 2.40 

8 36.4 1.52 m 0.82 - 1.43 - 1.44 0.76 – 0.82 - 1.34 – 1.43 – 1.54 – 2.40  

9 39.0 - - 
0.76 – 0.82 – 1.34 – 1.43 – 1.44 – 1.47 - 1.52 

–1.54 – 1.67 

10 46.8 1.34 m 1.47 - 1.67 0.76 – 1.25 – 1.45 – 1.47 – 1.67 – 2.32 

11 37.3 
1.45 m 

1.54 m 

1.89 - 2.02 

1.89 - 2.02 
0.76 – 1.34 – 1.52 – 1.89 – 2.02 

12 29.2 
1.89 td (13.6, 13.6, 4.18)  

2.02 m 

1.45 - 1.54 

1.45 - 1.54 
1.45 – 1.54 – 4.18 – 5.61 

13 144.8 - - 1.45 – 1.54 – 1.89 – 2.02 – 4.21 – 4.18 

14 126.3 5.61 t (7.0) 4.21  1.89 – 2.02 – 4.18 – 4.21 

15 58.8 4.21 d (7.0) 5.61 5.61 

16 61.3 4.18 s - 1.89 – 2.02 – 5.61 

17 16.1 0.82 d (6.5) 1.52 - 

18 170.2 - - 6.81 

19 20.7 1.25 s - 1.15 – 1.34 – 2.40 

20 18.5 0.76 s - 1.34 – 1.45 – 1.54 

Comp

ound 

Papaver rhoeas L. Avena sativa L. 

LC50 (mg/L) LC90 (mg/L) LC50 (mg/L) LC90 (mg/L) 

2 ND  ND  ND  ND 

3 ND  ND ND ND  

P 6.1 ±  0.9 23 ±  8 30 ±  3 50 ±  7 

Tab 4. LC50 and LC90 for Papaver and Avena germination inhibition after ten days exposure to Salvia 

adenophora isolated compounds (2-3), compared to Pendimethalin (P), at various concentrations in 

Petri dish experiments, calculated by linear interpolation between two adjacent values of Final 

Germination [y] (from the data of Table 3 normalized to 100% with respect to control). LC50 and LC90 are 

expressed as 95% confidence intervals. (ND= not determinable, since out of the range of concentrations 

used). 

19 

20 

19 

20 

(5) 

(5) 

1.34 ax 

1.52 
ax 

(2) (1) 

(6) 

(3) 

(4) 



PROGRAMMA DI COOPERAZIONE TRANSFRONTALIERA ITALIA-FRANCIA MARITTIMO 

PROGRAMME DE COOPERATION TRANFRONTALIÈRE ITALIE-FRANCE MARITIME 

 
 

 

 

La Cooperazione al cuore 

del Mediterraneo 

  

La Coopération au coeur  

de la Méditerranée 

 

                                           
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PPRROODDOOTTTTOO  2266bb..1100  





PROGRAMMA DI COOPERAZIONE TRANSFRONTALIERA ITALIA-FRANCIA MARITTIMO 

PROGRAMME DE COOPERATION TRANFRONTALIÈRE ITALIE-FRANCE MARITIME 

 
 

 

 

La Cooperazione al cuore 

del Mediterraneo 

  

La Coopération au coeur  

de la Méditerranée 

 

                                           
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PPRROODDOOTTTTOO  2266bb..1111  



Fraction 2 

Chemical Constituents of roots of Salvia x jamensis J. 

Compton grown in aeroponic culture  
Bisio A.1, Damonte G.2, Fraternale D.3, Giacomelli E.1, Mele G. 1, Romussi G.1, Ricci D.3, De Tommasi N.4 

1 Dipartimento di Farmacia, Università di Genova; 2 Centro di Eccellenza per la Ricerca Biomedica, Università di Genova; 3 DipartiŵeŶto di SĐieŶze dell’Uoŵo, dell’AŵďieŶte e della Natura, UŶiversità di Urbino; 4 Dipartimento di Scienze Farmaceutiche, Università di Salerno 

Plant Material:  Plotted 

plants of Salvia x jamensis  J. 

Compton were obtained 

from Istituto Sperimentale 

per la Floricoltura (Sanremo, 

Italy) and Centro Regionale di 

Sperimentazione ed 

Assistenza Agricola (Albenga. 

Italy). The species has been 

identified by Dr. Gemma 

Bramley and a voucher 

specimen is deposited in Kew 

Herbarium (K).  

In the course of our search for allelochemicals from Salvia 

species we have previously described the phytotoxic 

activity of compounds extracted from Salvia x jamensis 

against Papaver rhoeas L. and Avena sativa L. [1, 2]. In the 

present work we have investigated the production of these 

bioactive compounds by the root system, because of its 

ability to exude a vast array of compounds, including 

diterpenes [3], into the rhizosphere with the potential to 

affect the inter-relationships between plants [4]. An 

aeroponic system has been chosen as this soilless culture 

allows to access roots with minimal disturbance, decreased 

plant water stress, enhanced plant growth rates, and 

optimal aeration of the root zone [5, 6].  

 

 

 

 

 

 

 

 

 

 

 

3-b-hydroxysopimaric acid (1); Hautriwaic acid (2); Betulinic acid (3); 7,8-dihydrosalviacoccin (4);  

Isopimaric acid (5); 15,16-epoxy-cleroda-3,13(16),14-trien-10b-hydroxy-12,17;19,18-diolide (6); 

14-a-hydroxy-isopimaric acid (7); 15,16-epoxy-cleroda-2,13(16),14-trien-7a,10b-dihydroxy-

12,17;19,18-diolid (8); cirsiliol (9); 15,16-epoxy-cleroda-2,13(16),14-trien-7a,10-dihydroxy-

12,17;19,18-diolide (10). 
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Aeroponic culture: Rooting of cuttings with three nodes of Salvia x jamensis J. Compton, was induced in distilled 

water containing 5.0 µM IBA. Cuttings with three or more roots were transferred in the aeroponic culture experiment 

system in order to obtain the growth of the root apparatus. The aeroponic culture was performed at 25±2°C under 

16 h photoperiod with fluorescent tubes at a light intensity of 60 µmol m-2  s-1. The nutrient solution was supplied as 

nebulized solution for 15 min every 60 min only on the roots zone at a flow rate of 1dm3/min and a pressure of 0.2 

MPa. The nutrient solution (pH 5.8) was replaced biweekly and solution temperature was kept at 17-20°C. After 4 

months of aeroponic culture, the roots were removed from plants, dried and extracted. 

Dose–response studies: The seeds were surface sterilized in 2% sodium hypochlorite under vacuum for 20’, rinsed 

3 times in sterile distilled water, and dipped for 24 h in sterile distilled water for imbibition prior to the 

germination trial. The seeds were then equidistantly placed in 9 cm and 15 cm diameter Petri dishes for Papaver 

and Avena respectively (50 seeds per Petri dish, 3 replicates per treatment) lined with three layers of no. 1 

Whatman sterilized filter paper. Standard solutions (2;  5; 10 and 20 μg/mL) of each compound were obtained by 

dissolving each weighed compound in DMSO and diluting with the appropriated quantity of sterile distilled water. 

Treatment with distilled water, with the same DMSO concentration, in a similar manner served as a control. The 

filter paper was treated with the solutions, and the Petri dishes were sealed with parafilm and placed in a growth 

chamber at 25±2°C under a 16h/8h light/dark photoperiod and light intensity of 65 μŵol m-2 s-1. Emergence of the 

radicle (≥1 mm) was used as an index of germination and it was recorded daily in each replicate. Germination 

counts were performed for a period of 10 days. Seed germinability was assessed by the total seed germination at 

the end of the test; germination progress was followed by the calculation of other indices, i.e. speed of 

germination, speed of accumulated germination and coefficient of the rate of germination [1].  

References: [1] Bisio A.; Fraternale D.; Damonte G.; Millo E.; Lanteri A.P.; Russo E.; Romussi G.; Parodi B.; Ricci D.; De Tommasi N. Natural Product Communications, 2009, 4, 1621-1630. [2] Bisio A.; Fraternale D.; Giacomini M.; Giacomelli  E.; Pivetti S.; Russo E.; 

Caviglioli G.; Romussi G.; Ricci D.; De Tommasi N. C rop Protection, 2010, 29, 1434-1446. [3] Toyomasu T.; Kagahara T.; Okada K.; Koga J.; Hasegawa M.; Mitsuhashi W.; Sassa T.; Yamane H. Bioscience, Biotechnology and Biochemistry, 2008, 72, 562–567. [4] Flores H.E.; 

Vivanco J.M.; Loyola-Varga V.M. Trends in plant science,  1999, 4, 220-226. [5] Zobel R.W; Del Tredici P.; Torrey J.G. Plant Physiology, 1976, 57, 344-346. [6] Martin-LaureŶt F.; Lee S.K.;•Tham F.G.; J. He J.; Diem H.G.; Durand P. Biology and Fertility of Soils, 1997, 25, 7–
12. [7] Ohara S.; Ohira T. Journal of Wood Science, 2003, 49, 59-64. [8]. Gonzalez-Coloma A.; Lopez-Balboa C.; Santana O.; Reina M.; Fraga B.M. Phytochem Rev, 2011, 10, 245–26. 
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Extraction: The biomass obtained from aeroponic culture (8.65 g) was extracted with CH3OH. After filtration the extraction solvent was removed under reduced pressure. The crude extract (0.79 g) was 

fractionated by RP-C18 flash chromatography (elution with a gradient of n-exane/CHCl3 1:0 to 0:1, then CHCl3, then CHCl3/CH3OH from 1:0 to 0:1) (flow: 10 mL/min), obtaining six fractions. The fraction 2 

was subsequently purified by RP SPE (Strata Si-1 Silica, 55um, 70A, 200mg/3mL SPE tubes, Phenomenex). Columns were preconditioned with methanol (2 × 3 mL) and eluted sequentially wi th CH3OH/H2O 

from 1:1 to 0:1, CH2Cl2/CH3OH (1:1), and CH2Cl2, yielding 5 fractions. Fractions 2,3 and 4 were monitored by reverse phase high performance liquid chromatography coupled to high resolution mass 

spectrometry (HPLC--MS). The HPLC-MS experiments were performed using an Agilent (Santa Clara, CA) 6210 time of flight instrument equipped whit an electrospray ion source (ESI-TOF); the HPLC was an 

Agilent 1200 system and eluents were A: water with 0.1% formic acid and B: methanol with 0.05% formic acid. Starting from an A:B composition of 60:40, the gradient reached 80% of B concentration in 8 

min and 100% of B concentration in 35 min, at a flow rate of 0.25 ml/min. The column used was a Symmetry C18 (150 x 2.1 mm ID, 3.5 µm particle size). The HR-ESI-TOF analysis was performed in 

reflectron negative mode with a capillary voltage of 3000V (drying gas 5.0 l/min). The following voltages were  applied: fragmentor, 250 V; skimmer, 60 V; OCT RF, 250 V. The exact mass calculations were 

performed using an utility integrated in the instrument software and the calculated elemental formulas were unambiguous for all the compounds. 
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PROGETTO PYRGI: STRATEGIA D’IMPRESA IN SETTORI DI NICCHIA 

PER L’ECONOMIA AGRO-INDUSTRIALE DEL MEDITERRANEO     

!  Barros N., Heleno S.A., Carvalho A.M., Ferreira I.C.F.R., 2010. Lamiaceae oftren used in Portuguese folk mnedicine as a source of powerful 

antioxidants: vitamins and phenolics. LWT – Food Science and Technology 43: 544-550. 

!  Rasineni G.K., Siddavattam D., Reddy A.R., 2008 Free radical quenching activity and polyphenols in three species of Coleus. Journal of Medicinal 
Plant Research 2: 285-291.  

!  Tavarini S., Zublena S., Angelini L. 2011. Relationship between coloring power and antioxidant properties of different weld (Reseda luteola L.) 

extracts. Proceedings  ISEND 2011 Europe. 25-30 April 2011, La Rochelle, France 

VALORIZZAZIONE DI SPECIE SPONTANEE PER LA PRODUZIONE DI COLORANTI 

VEGETALI  PER PRODUZIONI INNOVATIVE DI NICCHIA E 

LO SVILUPPO LOCALE SOSTENIBILE 

Silvia Tavarini1, Barbara Pieve1, Luisa Pistelli2, Luciana Gabriella Angelini1 

1 Dipartimento di Scienze Agrarie, Alimentari e Agro-Ambientali, Università di Pisa 

angelini@unipi.it 
2 Dipartimento di Farmacia, Università di Pisa luipi@farm.unipi.it 

Negli ultimi anni si sta assistendo ad una crescente rivalutazione dei prodotti naturali, sia nel loro utilizzo diretto, sia quale elemento di produzione di prodotti di trasformazione. Nel campo alimentare, farmaceutico, 

cosmetico, edilizio, architettonico, vi è la tendenza allo sfruttamento di risorse naturali, che comportino un minor impatto ambientale, una maggiore salvaguardia della salute degli esseri viventi e della terra, in 

generale. Anche nel campo tessile, l’utilizzo di materie naturali, ed in particolare di coloranti di origine vegetale comporta una serie di importanti vantaggi sia per il consumatore che per il settore produttivo, con  

nuove opportunità di mercato per le imprese, un minor impatto ambientale dei nuovi processi di tintura, con conseguente risparmio sulle misure anti-inquinamento, il recupero di zone eventualmente degradate o 

abbandonate. Alcune zone geografiche sono particolarmente ricche di specie vegetali spontanee, che possono e potrebbero essere utilizzate per il reperimento delle sostanze naturali da impiegare nei vari settori. In 

quest’ottica, di particolare interesse è senza dubbio l’area del Mediterraneo che, con il suo clima temperato, la sua configurazione morfologica, la sua posizione strategica, la sua storia, presenta una varietà di piante 

che possono essere protagoniste di questi nuovi orizzonti. Il progetto Pyrgi, nato dalla collaborazione tra Italia e Francia, e che interessa in particolare i territori della Liguria, Sardegna, della fascia costiera della 

Toscana, e della Corsica, ha tra le proprie finalità proprio quella di incrementare la valorizzazione dei prodotti ottenuti da specie vegetali attraverso l'attivazione di filiere per lo sfruttamento agro-industriale e 

commerciale delle loro caratteristiche di pregio e la commercializzazione finale, così da realizzare lo sfruttamento di specie vegetali comunemente coltivate nell’areale mediterraneo quali fonte di sostanze naturali 

potenzialmente utilizzabili a scopo farmaceutico o per la riduzione dell’impatto ambientale in sostituzione di tradizionali composti (agrofarmaci, farmaci) di natura chimica”, nonché la “promozione dello sviluppo 

economico e dell’occupazione attraverso lo sfruttamento e la rivalutazione di prodotti ad oggi poco valorizzati”.  

Nel presente lavoro, sono state utilizzate piante da flavonoidi: Solidago canadensis L., Solidago virgaurea 

L., Punica granatum e piante da tannini Punica granatum L., Cotinus coggygria Scop., Arbutus unedo L., 

Ficus carica L. (Tabella 1). Dopo essiccamento in stufa, le parti utili delle piante da cui ricavare i principi 

coloranti sono state separate, finemente macinate e conservate in contenitori di plastica sigillati fino al 

momento delle analisi.  

La preparazione degli estratti ha previsto un’estrazione per decozione della droga in acqua distillata con 

rapporto 1:100. Sono stati messi a confronto 2 procedimenti: macerazione in acqua della droga per 24h a T 

ambiente prima dell’estrazione (ammollo) e estrazione senza macerazione (non ammollo). Dopo filtrazione, 

l’estratto ottenuto è stato utilizzato per la tintura e per le successive analisi (contenuto in fenoli totali, 

flavonoidi totali, tannini  totali e capacità antiossidante). 

Tintura: le tinture sono state condotte utilizzando un rapporto di 1:50 tra filato e bagno di tintura La lana è 

stata precedentemente mordenzata con allume e cremor tartaro in accordo a Tavarini et al. (2011) 

Fenoli totali: metodo colorimetrico del Folin-Ciocalteu 

Flavonoidi totali: metodo spettrofotometrico proposto da Barros et al. (2010) 

Tannini totali: in accordo con il metodo proposto da Rasineni et al. (2008) 

Attività anti-radicalica: saggio del DPPH (2,2-difenil-1-picrilidrazile), in accordo con quanto proposto da 

Tadhani et al. (2007) 

Tabella 1: Piante tintorie spontanee del territorio dell’Isola d’Elba, selezionate per le loro proprietà tintorie. 

Tabella 2: Contenuto in fenoli totali 

I risultati ottenuti hanno evidenziato come alcune delle specie spontanee del territorio dell’Isola d’Elba, 

possiedano interessanti caratteristiche tintorie, e a una buona attività antiossidante. Tra tutte, Arbutus 

unedo. si è dimostrata particolarmente interessante per l’alto contenuto di metaboliti secondari di 

interesse e per l’elevata attività anti-radicalica. Le interessanti proprietà tintorie e fitochimiche messe in 

evidenzia per la prima volta in alcune di queste specie, potrebbero consentire l’applicazione degli estratti 

vegetali, nel settore tessile, cosmetico ed, in alcuni casi, fitoterapico.  

INTRODUZIONE 

MATERIALI E METODI 

RISULTATI E DISCUSSIONE 

CONCLUSIONI 

SCOPO DELLA RICERCA 

Lo scopo di tale ricerca è stato quello di valorizzare alcune specie spontanee del territorio dell’Isola 

d’Elba per la produzione di coloranti e di ausiliari di tintura (mordenti) al fine di ottenere produzioni 

innovative di nicchia, attraverso il recupero del patrimonio culturale, la conservazione e il 

mantenimento della biodiversità  per la promozione di uno sviluppo locale sostenibile.  

Il presente studio suggerisce come l’azione antiossidante che caratterizza le differenti specie 

vegetali sia dovuta ad un’azione sinergica e/o competitiva tra i differenti composti bioattivi in 

esse presenti. Tuttavia, si rendono necessari ulteriori studi al fine di identificare la natura dei 

composti predominanti, soprattutto in relazione ai meccanismi d’azione (riduzione e radical-

scavenging) e alle possibili sinergie. Per quanto riguarda i test di tintura su lana, le prove 

realizzate hanno dimostrato come le specie spontanee selezionate abbiano permesso di 

ottenere buoni risultati in termini di proprietà tintorie fornendo tinture molto intense e 

brillanti.  

Riferimenti Bibliografici 

Famiglia e 

nome 

scien-fico 

Nome 

comune 

Parte u-lizzata  Colore  Principio a7vo 

Anacardiaceae 

Co,nus 

coggygria Scop. 

Scotano, 

sommacco 

selva.co 

Foglie e giovani 

rami 

Giallo brillante   Flavonoidi: fus.na, 

querce.na e canferolo. 

Tannini condensa..  

Asteraceae 

Solidago 

canadensis L. 

Verga d’oro 

del Canada 

Infiorescenze  Giallo brillante‐   Flavonoidi: querce.na, 

canferolo,ru.na, 

astragalina. 

Asteraceae 

Solidago 

virgaurea L. 

Verga d’oro  Infiorescenze  Giallo‐  Flavonoidi: 

querce.na,canferolo,ru.

na 

Antociani:cianidolo  

Ericaceae 

Arbutus unedo 

L. 

Corbezzolo  Foglie  Giallo scuro‐

grigio marrone 

Flavonoidi: 

arbutoflavonoli. 

Tannini condensa..  

Moraceae 

Ficus carica L. 

Fico  Foglie  Giallo pallido‐

verde chiaro 

Tannini. 

Punicaceae 

Punica 

granatum L. 

Melograno  Pericarpo del 

fruIo 

Giallo pastello‐ 

marrone 

Flavogallolo. 

Ellagitannini: punicalina, 

punicalagina. 

I risultati relativi al contenuto dei principali composti responsabili del colore (fenoli, flavonoidi e tannini) e all’attività 

anti-radicalica delle differenti specie sono riportati nelle Tabella 2, 3, 4 e 5. Valori medi (± deviazione standard) seguiti da 

lettere uguali in ciascuna colonna non sono significativamente differenti per P = 0,05 in base al test della Differenza 

Minima Significativa (DMS). Differenze statisticamente significative sono state osservate, tra le diverse specie, per 

ciascun parametro analizzato, mostrando un ampio range di variabilità per i diversi costituenti. Arbutus unedo ha mostrato 

un elevato contenuto in fenoli totali e tannini, congiuntamente ad un’elevata attività anti-radicalica. Tra le specie da 

flavonoidi particolarmente interessante si è dimostrata Solidago canadensis.  

Tabella 3: Contenuto in flavonoidi totali 

Tabella 5: Attività anti-radicalica 

Tabella 4: Contenuto in tannini totali 
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