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Pre-synaptic nicotinic
receptors evoke
endogenous glutamate and
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hippocampal synaptosomes
by way of distinct coupling
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BACKGROUND AND PURPOSE
The present work aimed to investigate whether and through which mechanisms selective a7 and a4b2 nicotinic receptor
(nAChR) agonists stimulate endogenous glutamate (GLU) and aspartate (ASP) release in rat hippocampus.

EXPERIMENTAL APPROACH
Rat hippocampal synaptosomes were purified on Percoll gradients and superfused in vitro to study endogenous GLU and ASP
release. The synaptosomes were superfused with selective a7 and a4b2 nAChR agonists and antagonists. The excitatory
amino acid (EAA) content of the samples of superfusate was determined by HPLC after pre-column derivatization and
separation on a chromatographic column coupled with fluorimetric detection.

KEY RESULTS
Choline (Ch), a selective a7 receptor agonist, elicited a significant release of both GLU and ASP which was blocked by the a7
receptor antagonist methyllycaconitine (MLA), but was unaltered by the a4b2 receptor antagonist dihydro-b-erythroidine
(DHbE). The stimulant effect of Ch was strongly reduced in a Ca2+-free medium, was not inhibited by Cd2+ and tetrodotoxin
(TTX), but was antagonized by dantrolene, xestospongin C and thapsigargin. 5-Iodo-A-85380 dihydrochloride (5IA85380), a
selective a4b2 receptor agonist, elicited EAA release in a DHbE-sensitive, MLA-insensitive fashion. The 5IA85380-evoked release
was dependent on extracellular Ca2+, blocked by Cd2+ and TTX, but unaffected by dantrolene.

CONCLUSIONS AND IMPLICATIONS
Our study shows for the first time that rat hippocampal synaptosomes possess a7 and a4b2 nAChR subtypes, which can
enhance the release of endogenous GLU and ASP via two distinct mechanisms of action. These results extend our knowledge
of the nicotinic modulation of excitatory synaptic transmission in the hippocampus.

Abbreviations
AMPA, a-amino-3-idrossi-5-metil-4-isoxazolone propionate; ASP, aspartate; Ch, choline; CICR, Ca2+-induced calcium
release; DHbE, dihydro-b-erythroidine; DL-TBOA, DL-threo-b-benzyloxyaspartic acid; EAA, excitatory amino acid; GLU,
glutamate; 5IA85380, 5-iodo-A-85380 dihydrochloride; MLA, methyllycaconitine; nAChR, nicotinic acetylcholine
receptor; PHA543613, PHA543613 hydrochloride; PNU 120596, N-(5-chloro-2,4-dimethoxyphenyl)-N′-
(5-methyl-3-isoxazolyl)-urea; RJR2429, RJR2429 dihydrochloride; TTX, tetrodotoxin; VDSC, voltage-dependent sodium
channel; VDCC, voltage-dependent Ca2+ channel
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Introduction

Several lines of evidence have pointed to the fun-
damental role of ACh in the attentional functions
and capacities, as well as in cognitive processes at
the hippocampal level (Clementi et al., 2000; Gold,
2003; McKay et al., 2007). Additionally, nicotinic
acetylcholine receptor (nAChR) agonists are already
being used in clinical trials for Alzheimer’s disease
and for other cognitive disorders. It has been sug-
gested that nicotinic receptors play a pivotal role
in memory and cognition possibly through a facili-
tating action on excitatory synaptic transmission
(McGehee et al., 1995; Gray et al., 1996; Radcliffe
et al., 1999). This is most likely to occur because
nicotine can evoke the release of glutamate (GLU),
as demonstrated both in vivo (Toth et al., 1992; 1993;
Fedele et al., 1996; Toth, 1996) and in vitro, using
[3H]-D-aspartate ([3H]-D-ASP) (Marchi et al., 2002;
Wang et al., 2006; Dickinson et al., 2007). Moreover,
chronically administered nicotine can also regu-
late glutamatergic neurotransmission functions by
modulating the sensitivity of excitatory amino acid
(EAA) receptors (Risso et al., 2004a,b; Parodi et al.,
2006; Grilli et al., 2009).

It is well known that, in the CNS, nicotine can act
on several nAChR subtypes, which differ not only in
their sensitivity to agonists and antagonists, but also
in their kinetics of activation and inactivation, and
Ca2+ permeability. As for their functional diversity,
recent evidence supports the hypothesis that dif-
ferent nAChR subtypes trigger GLU release in the
rat prefrontal cortex and hippocampus, both in vivo
and in vitro, via different mechanisms (Dickinson
et al., 2007; 2008; Bancila et al., 2009; Konradsson-
Geuken et al., 2009). However, the nicotinic modu-
lation of EAA release may be more complex because,
in different brain areas, the evoked overflow might
be also Ca2+ independent and partially mediated
by excitatory amino acid transporters (EAATs; Reid
et al., 2000). As to the targets of the released ami-
no acid in the CNS, GLU is known to activate all
the ionotropic and metabotropic EAA receptors.
However, the natural neurotransmitter ASP is known
to mimic the action of GLU, but acts selectively on
NMDA receptors with a low, if any, affinity for AMPA
receptors (Patneau and Mayer, 1990; Curras and
Dingledine, 1992; Fleck et al., 1993). Interestingly,
ASP is co-localized with GLU in the same nerve
terminals of hippocampal neurones accumulated
into a common vesicular pool by different trans-
porter (Fleck et al., 2001a,b) and is released upon
depolarization by Ca2+-dependent, Clostridium toxin-
sensitive exocytosis (Gundersen et al., 1998; Fleck
et al., 2001a,b; Bradford and Nadler, 2004; Wang and
Nadler, 2007). However, its role in the physiology

and pathology of excitatory neurotransmission is
still unclear. As a matter of fact, in vivo microdialysis
studies have shown that nicotine is able to increase
ASP and GLU extracellular levels in the hippocam-
pus, striatum and frontal cortex (Toth et al., 1993;
Fedele et al., 1996; Toth, 1996). However, to the best
of our knowledge, no studies have investigated and
fully characterized the possible role of nAChR sub-
types on endogenous ASP and GLU release from
isolated nerve endings in the rat hippocampus.

In the present study, we have therefore evalu-
ated the effects of different agonists selective for a7
and a4b2 nAChR subtypes (Bencherif et al., 1998;
Alkondon et al., 1999; Mukhin et al., 2000; Mogg
et al., 2004; Wishka et al., 2006) to comparatively
assess whether, to what extent and through which
mechanisms they stimulate endogenous GLU and
ASP release from purified hippocampal synapto-
somes in superfusion. Our results demonstrate that,
in the rat hippocampus, nAChR of the a7 and a4b2
subtypes are present on EAA nerve endings, and
stimulate the release of both endogenous EAAs
through two different molecular pathways.

Methods

Animals and brain tissue preparation
Adult male Sprague–Dawley rats (200–250 g) were
housed at constant temperature (22 � 1°C) and
relative humidity (50%) under a regular light–dark
schedule (light 7–19 h). Food and water were freely
available. The animals were killed by decapitation
and the hippocampus rapidly removed at 0–4°C.
The experimental procedures were approved by the
Ethical Committee of the Pharmacology and Toxi-
cology Section, Department of Experimental Medi-
cine, in accordance with the European legislation
(European Communities Council Directive of 24
November 1986, 86/609/ EEC). All efforts were
made to minimize animal suffering and to use a
minimum number of animals necessary to produce
reliable results.

The drug/molecular target nomenclature
reported in the text conforms to BJP’s Guide to Recep-
tors and Channels (Alexander et al., 2009).

Release experiments
Purified synaptosomes were prepared on Percoll gra-
dients (Sigma-Aldrich, St Louis, MO, USA) essentially
according to Nakamura et al. (1993) 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,
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1000¥ g at 4°C) to remove nuclei and debris, and 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 (synap-
tosomal fraction) was collected, washed by centrifu-
gation and resuspended in physiological HEPES-
buffered medium having the following composition
(mM): 128 NaCl, 2.4 KCl, 3.2 CaCl2, 1.2 KH2PO4, 1.2
MgSO4, 25 HEPES, pH 7.5, 10 glucose, pH 7.2–7.4.
Synaptosomal protein content following purifica-
tion 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
superfusion chambers maintained at 37°C (Raiteri
and Raiteri, 2000; Superfusion System, Ugo Basile,
Comerio, Varese, Italy). Synaptosomes were super-
fused at 1 mL·min-1 with standard physiological
medium as previously described (Grilli et al., 2009).
The system was first equilibrated during 36.5 min
of superfusion; subsequently, four consecutive 90 s
fractions of superfusate were collected. Synapto-
somes were exposed to agonists for 90 s after the
first fraction had been collected (t = 38 min), while
antagonists were added 8 min before. Appropriate
controls were always run in parallel. The evoked
overflow was calculated by subtracting the corre-
sponding basal release from each fraction collected,
and was expressed as pmol·mg-1 of synaptosomal
proteins. In some experiments, synaptosomes were
depolarized with KCl (9 or 15 mM) for 90 s in the
absence of any drug. In this case, the overflow was
calculated by subtracting the corresponding basal
release from the outflow induced by KCl. We have
previously demonstrated that in our superfusion
system, the neurotransmitter released is immediately
removed and cannot be taken up by synaptosomes
(for a review, see Raiteri and Raiteri, 2000)

Endogenous amino acid determination
Endogenous amino acid content was measured by
HPLC analysis following pre-column derivatization
with o-phthalaldehyde and resolution through a
C18 reversed-phase chromatographic column (10 ¥
4.6 mm, 3 mm; Chrompack, Middleburg, The Neth-
erlands) coupled with fluorometric detection (exci-
tation 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-1.

Statistical analysis
All data are expressed as pmol·mg-1 protein and
represent mean � SEM of the number of experiments
reported in the figure legends. Multiple comparisons
were performed with one-way ANOVA followed by an
appropriate (Dunnett and Tukey–Kramer) post hoc
test. Differences were considered significant for P <
0.05, at least. The EC50 has been calculated according
to non-linear curve fitting algorithm of Sigma Plot
8.0 (Jandel Scientific, San Rafael, CA, USA)

Chemicals
Percoll, choline iodide, CdCl2 and dantrolene
(Sigma-Aldrich); xestospongin C (Inalco, Milan,
Italy); 5-iodo-A-85380 dihydrochloride (5-iodo-A-
85380), RJR2429 dihydrochloride, PHA543613
hydrochloride, DL-TBOA, dihydro-(-erythroidine
hydrobromide, methyllycaconitine citrate, thapsi-
gargin, N-(5-chloro-2,4-dimethoxyphenyl)-N′-(5-
methyl-3-isoxazolyl)-urea (PNU 120596) (Tocris
Bioscience, Bristol, UK); tetrodotoxin (TTX) (Ascent
Scientific, Princeton, NJ, USA)

Results

Figure 1 illustrates the time-course of the endog-
enous GLU and ASP release evoked by a 90 s pulse
of choline (Ch) or 5IA85380. The Ch-evoked release
of GLU and ASP showed a similar pattern, reaching a
maximum corresponding to min 41 of superfusion
and declined to basal levels at min 42.5 (Figure 1A,B).
The 5IA85380-evoked release of ASP showed a simi-
lar pattern (Figure 1), while the peak value of the
5IA85380-evoked GLU release was reached at min
39.5 (Figure 1A).

Table 1 shows the effects of different nicoti-
nic agonists, known to act selectively on the a7 (Ch
and PHA543613) and on the a4b2 (RJR2429and
5IA85380) nAChR subtypes, on GLU and ASP over-
flow from rat hippocampal purified synaptosomes in
superfusion. The GLU and ASP overflows elicited by
1 mM Ch and 100 mM PHA543613 closely resemble
those elicited by the two a4b2 agonists 5IA85380
(10 nM) and RJR2429 (3 mM). When (PNU 120596)
a positive allosteric modulator of a7 nAChRs was
present with Ch in the superfusion fluid, the evoked
EAA release was increased, although not signi-
ficantly, compared to that elicited by Ch alone
(Table 1). PNU 120596 did not modify, per se, the
basal release of EAA (not shown). A comparison of
the stimulant effects of these four agonists with
classical depolarizing stimuli (KCl 9 and 15 mM) is
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also reported in Table 1. In general, the amounts of
GLU and ASP released by all four nicotinic agonists
were within the range of those released by the lower
concentration of KCl (9 mM). The simultaneous
presence of Ch and 5IA85380 in the superfusion fluid
provoked GLU and ASP overflows that were signifi-
cantly larger than those elicited by either of the
nicotinic receptor agonists alone, suggesting an addi-
tive effect of these two agonists (Table 1).

When synaptosomes were exposed to various
concentrations of Ch (0.01–1 mM) or 5IA85380
(0.1–10 nM), both nicotinic agonists were found
to increase EAA overflow in a concentration-
dependent manner. The potency of Ch in inducing
GLU and ASP overflows was the same, the apparent
EC50 values being 5.77 � 0.59 and 11.65 � 6.48 mM,
respectively (Figure 2A). 5IA85380 was three orders
of magnitude more active than Ch, but was also
similarly potent at eliciting the overflow of GLU
and ASP (EC50 2.81 � 0.83 nM and 3.24 � 1.13 nM,
respectively; Figure 2B).

The Ch (1 mM)-evoked overflow of EAA was
blocked by the selective a7 nAChR antagonist meth-
yllycaconitine (MLA) (10 nM), but was unaffected by
the selective a4b2 nAChR antagonist DHbE (1 mM),
the specific voltage-dependent Na+ channel (VDSC)
blocker TTX (1 mM) or the EEAT inhibitor DL-TBOA
(10 mM) (Figure 3A). Figure 3B shows that the effect
of 1 mM Ch on the overflow of both amino acids
was totally dependent on external Ca2+, but was not
altered by the non-specific voltage-dependent Ca2+

channel (VDCC) inhibitor Cd2+ (50 mM). Moreover,
the Ch (1 mM)-evoked EAA overflow was markedly
reduced by the ryanodine-sensitive receptor antago-
nist dantrolene (10 mM), by xestospongin C (1 mM)
and by thapsigargin (10 mM) (Figure 3B).

Figure 4A shows that the 5IA85380 (10 nM)-
evoked GLU/ASP overflow was blocked by DHbE
(1 mM), unaffected by MLA (10 nM) or DL-TBOA
(10 mM), but significantly inhibited in the presence
of TTX (1 mM) (Figure 4A). The effect of 5IA85380
(10 nM) was almost totally dependent on external
Ca2+ and blocked by Cd2+ (50 mM). The presence of
dantrolene (10 mM) did not significantly attenuate
the stimulant effect of 5IA85380 (10 nM) (Figure 4B).
DHbE (1 mM), MLA (10 nM), TTX (1 mM), Cd2+

(50 mM), dantrolene (10 mM) xestospongin C (1 mM)
and thapsigargin (10 mM) did not produce on their
own any significant effect on basal EAA release.

Discussion

The present study is the first to demonstrate
that nicotinic stimulation of endogenous GLU
and ASP release occurs at the level of hippocampal
nerve endings through the activation of diffe-
rent nAChR subtypes, which trigger distinct Ca2+-
dependent molecular events.

Although it has been known since the 1960s
that ASP has excitatory effects on neurones (Curtis
et al., 1960), it took almost 40 years for this amino
acid to be considered a classical neurotransmitter. A
large body of evidence has indeed accumulated,
indicating that ASP shares the role of excitatory

Figure 1
(A) Time-course of GLU release in response to stimulation with Ch
(1 mM) and 5IA85380 (10 nM). Values are from two experiments
and represent mean � SEM of eight replicate superfusion chambers
per condition (basal or evoked release). *P < 0.05, ***P < 0.001 versus
time 36.5; #P < 0.05, ###P < 0.001 versus basal release; two-way
ANOVA followed by Tukey–Kramer post hoc test. (B) Time-course of
ASP release in response to stimulation with Ch (1 mM; D) and
5IA85380 (10 nM). Values are from two experiments and represent
mean � SEM of eight replicate superfusion chambers per condition
(basal or evoked release). **P < 0.01 versus time 36.5; #P < 0.05
versus basal release; two-way ANOVA followed by Tukey–Kramer post
hoc test.
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neurotransmitter of the CNS with GLU. In fact,
neurochemical, as well as immunohistochemical,
studies have shown that ASP can be actively taken up
into nerve terminals by EAATs, concentrated into
synaptic vesicles and released upon depolarization of
nerve terminals in a Ca2+-dependent, Clostridium
toxin-sensitive fashion, thus fulfilling the criteria
of canonical exocytosis (Gundersen and Storm-
Mathisen, 2000; Fleck et al., 2001a,b; Raiteri et al.,
2007; Cavallero et al., 2009 and references therein).
Interestingly, electron microscopy studies have
shown that ASP is co-localized with GLU in the same
hippocampal nerve terminals (Gundersen et al.,
1998), although it is not known whether the two
amino acids are present in the same synaptic vesicles
(Fleck et al., 2001a,b) or whether they are stored in
different vesicular pools (Bradford and Nadler, 2004).

However, it has been postulated that ASP release
is only apparently mediated by Ca2+-dependent
exocytosis, and the amino acid is released by carrier-
mediated heteroexchange with GLU. That is, endog-
enous GLU, released by canonical exocytosis, would
be taken up into nerve endings through EAATs and
exchanged for intracellular cytosolic ASP. This
does not occur in our case, because the release of
ASP (and GLU) evoked by nicotinic agonists was
unaffected by the EAAT blocker TBOA, clearly
demonstrating the true exocytotic nature of the
phenomenon.

The ability of nicotinic agonists to release both
amino acids from hippocampal nerve endings there-
fore suggests that part of the in vivo effects produced
by the drugs may be due not only to GLU, but also to
ASP. It is well known that while GLU can activate
all the EAA receptors, ASP selectively stimulates only
NMDA receptors (Patneau and Mayer, 1990; Curras

and Dingledine, 1992; Fleck et al., 1993). Neverthe-
less, because ASP is a less potent agonist than GLU at
EAA ionotropic receptors, a physiological role of ASP
in neurotransmission has for long been a matter of
debate. However, an elegant study by Fleck et al.
(1993) has demonstrated that this amino acid is able
to mediate excitatory synaptic transmission in the
hippocampal CA1 region. In fact, confirming previ-
ous studies (Szerb and O’Regan, 1987; Szerb, 1988),
they showed that a low extracellular glucose concen-
tration was able to dramatically decrease GLU release
and to favour an increase in the release of ASP in
hippocampal slices. These effects were paralleled by
the almost complete abrogation of GLU-evoked
AMPA-mediated pEPSPs (7% of controls) at Schaffer
collateral–CA1 synapses, whereas NMDA-mediated
pEPSPs were maintained at 27% of their initial ampli-
tude, thus demonstrating that ASP acts, at least
in this synaptic pathway, as an excitatory neuro-
transmitter (Fleck et al., 1993). The effects of nico-
tinic agonists add further support to the function
of this amino acid as a neurotransmitter and to its
possible role in the physiology of hippocampal exci-
tatory neurotransmission. In the presence of normal
glucose, it seems that activation of nAChRs increases
ASP more than GLU release in comparison with high
KCl depolarization. In fact, the GLU/ASP release ratio
with KCl amounted to 2.1–2.6 (see Table 1), whereas
the corresponding ratios with nicotinic receptor
agonists were in the range of 1.2–1.7. Whether this
preferential effect on ASP release has a functio-
nal impact on NMDA-mediated transmission in the
hippocampus remains to be established.

Our results with the specific a7 receptor agonist
Ch show that this endogenous compound is able to
elicit EAA release from hippocampal synaptosomes.

Table 1
Effects of selective nAChR subtypes on endogenous GLU and ASP overflow (pmol·mg-1 protein)

Drugs GLU ASP

a7 nAChR subtype agonists

Ch (1 mM) 50.49 � 4.85### 40.93 � 4.71###

Ch (1 mM) + PNU120596 (10 mM) 87.62 � 14.48 57.95 � 8.04

PHA (100 mM) 42.46 � 12.02 30.14 � 6.18

a4b2 nAChR subtype agonists

5IA85380 (10 nM) 62.28 � 6.12## 51.66 � 5.20##

RJR 2429 (3 mM) 72.99 � 16.83 42.92 � 13.42

5IA85380 (10 nM) + Ch (1 mM) 134.01 � 32.04 96.20 � 17.37

KCl (9 mM) 80.46 � 19.61 36.61 � 3.27

KCl (15 mM) 248.49 � 44.10 95.24 � 13.82

Data are means � SEM of six experiments run in triplicate. For experimental details, see Methods. ##P < 0.01, ### P < 0.001 versus 5IA85380
(10 nM) + Ch (1 mM). One-way ANOVA followed by Tukey–Kramer post hoc test.
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The Ch-evoked EAA release was blocked by MLA,
but not by DHbE, thus confirming the involvement
of an a7 nAChR. The effect was also dependent on
calcium and largely sensitive to dantrolene, xesto-
spongin C and thapsigargin, but was not altered in
the presence of TTX or Cd2+, indicating that it is not

due to classical membrane depolarization, trig-
gered by VDSCs or the opening of VDCCs. It seems
therefore that Ch can increase Ca2+ influx directly
through the a7 nAChR channel that generates Ca2+-
induced calcium release (CICR) from endoplasmic
reticulum stores, which ultimately leads to the exo-
cytosis of EAA. It is worth noting that in prefontal
cortex synaptosomes and hippocampal mossy fibre
terminals, activation of a7 nAChRs by nicotine has
been shown to enhance [3H]-D-ASP and endogenous

Figure 2
(A) Concentration-dependent effect of Ch on endogenous GLU and
endogenous ASP overflow from rat hippocampal synaptosomes.
Data are mean � SEM of three to six experiments for each concen-
tration run in triplicate (three superfusion chambers for each experi-
mental condition). *P < 0.05, **P < 0.01, ***P < 0.001 versus Ch
(100 nM); #P < 0.05, versus Ch (1 mM); one-way ANOVA followed by
Tukey–Kramer post hoc test. (B) Concentration-dependent effect of
5IA85380 on endogenous GLU and endogenous ASP overflow from
rat hippocampal synaptosomes. Data are mean � SEM of three to six
experiments for each concentration run in triplicate (three superfu-
sion chambers for each experimental condition). **P < 0.01, ***P <
0.001 versus 5IA85380 (10 pM); #P < 0.05, ###P < 0.001 versus
5IA85380 (100 pM); P < 0.01 versus 5IA85380 (1 nM); ��P < 0.01
versus 5IA85380 (3 nM); one-way ANOVA followed by Tukey–Kramer
post hoc test.

Figure 3
(A) Effect of MLA, DHbE, TTX and DL-TBOA on endogenous GLU
(open columns) and ASP (hatched columns) overflow evoked by Ch
from rat hippocampal synaptosomes. Synaptosomes were depolar-
ized with Ch for 90 s at t = 38 min of superfusion. When appropriate,
antagonists were introduced 8 min before depolarization. Data are
mean � SEM of three to six experiments run in triplicate. **P < 0.01
versus Ch evoked GLU overflow; ##P < 0.01 versus Ch evoked ASP
overflow; one-way ANOVA followed by Dunnett post hoc test. (B)
Effect of Ca2+-free, Cd2+, thapsigargin, dantrolene and xestospongin
C on endogenous GLU and ASP overflow evoked by Ch (1 mM) from
rat hippocampal synaptosomes. When appropriate, Ca2+ was
omitted 18 min before Ch. Data are mean � SEM of three to six
experiments run in triplicate. *P < 0.05, ***P < 0.001 versus Ch
evoked GLU overflow; #P < 0.05, ##P < 0.01, ###P < 0.001 versus Ch
evoked ASP overflow; one-way ANOVA followed by Dunnett post hoc
test.
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GLU release by a similar CICR-mediated mecha-
nism (Dickinson et al., 2008; Bancila et al., 2009).
Moreover, this type of nicotinic modulation seems
to be of physiological relevance in regulating exci-
tatory synaptic transmission in the hippocampus,
as the a7 nAChR-mediated, CICR-induced release
of GLU from mossy fibre terminals is capable of
evoking high-frequency bursts of mEPSCs in post-
synaptic CA3 pyramidal neurones (Sharma and
Vijayaraghavan, 2003). Because our preparation of

purified EAA synaptosomes lacks mossy fibre nerve
terminals, it remains to be established whether
this phenomenon also impacts on excitatory synap-
tic transmission in other terminal regions of the
hippocampus (i.e. CA1 and dentate gyrus).

The effect of Ch on EAA release occurred at
rather low concentrations (EC50s = 5–11 mM), a result
that is at variance with the potency of this agonist
(EC50 = 1.6 mM) at stimulating GABA release from
cultured hippocampal neurones through a7 nAChRs
(Alkondon et al., 1997; 1999). Apart from obvious
differences between the two experimental models, it
should be noted that diverse nicotinic responses can
be evoked by Ch according to the concentrations
used (Alkondon et al., 1999). In fact, Ch was found to
cause mild stimulation of a7 nAChRs and to induce
a cascade of Ca2+-dependent intracellular events at
concentrations between 50 and 300 mM, but, on the
other hand, these concentrations did not induce
excitation of hippocampal interneurones (Alkondon
et al., 2000). The observation that the a7 nAChRs
described in this study are sensitive to low concen-
tration of Ch also opens up the possibility that they
might be activated by volume transmission in a
non-synaptic manner by diffusing Ch, which derives
from ACh hydrolysis (Vizi and Lendvai, 1999;
Lendvai and Vizi, 2008)

In addition to a7 nAChRs, our findings demon-
strate that endogenous EAA release from hippo-
campal synaptosomes is also modulated by a4b2
nicotinic receptors, as it was increased by the selec-
tive agonist 5IA85380 in a concentration-dependent,
DHbE-sensitive and MLA-resistant manner. These
findings, which question the involvement of other
non-a7 nAChR subtypes, fit with previous elec-
trophysiological data showing that a4b2 nAChRs
affect excitatory neurotransmission in the prefrontal
cortex (Lambe et al., 2001), and increase [3H]-D-ASP
release in the same area and in rat hippocampus
(Rousseau et al., 2005; Dickinson et al., 2008), but
do not accord with the findings of Yamamoto et al.
(2005), which exclude the involvement of pre-
synaptic a4b2 nAChRs in facilitating hippocampal
GLU release. At the molecular level, the 5IA85380-
evoked EAA release was TTX sensitive, dependent
on external Ca2+ and completely blocked by Cd2+,
while dantrolene was devoid of any effect. These
results demonstrate that membrane depolarization,
generated by opening of VDSCs, and the subsequent
VDCC-mediated increase of synaptosolic Ca2+ are
instrumental for the a4b2-evoked facilitation of EAA
release, whereas ryanodine-sensitive intracellular
stores seem not to be involved. This is in line with the
generally accepted concept that neurotransmitter
release evoked by the activation of non-a7 nAChRs
is a Na+- and Ca2+-dependent process mediated by

Figure 4
(A) Effect of DHbE, MLA, TTX and DL-TBOA on endogenous GLU
(open columns) and ASP (hatched columns) 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 depo-
larization. Data are mean � SEM of three to six experiments run in
triplicate. **P < 0.01, ***P < 0.001 versus 5IA85380 evoked GLU
overflow; ###P < 0.001 versus 5IA85380 evoked ASP overflow; one-
way ANOVA followed by Dunnett post hoc test. (B) Effect of Ca2+-free,
Cd2+ and dantrolene on endogenous GLU and ASP overflow evoked
by 5IA85380 from rat hippocampal synaptosomes. When appropri-
ate, antagonists were introduced 8 min before 5IA85380. Data are
mean � SEM of three to six experiments run in triplicate. ***P <
0.001 versus 5IA85380 evoked GLU overflow; ###P < 0.001 versus
5IA85380 evoked ASP overflow; one-way ANOVA followed by Dunnett
post hoc test.
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VDCCs (Mulle et al., 1992; Soliakov and Wonnacott,
1996; Léna and Changeux, 1997). Finally, the finding
that EAA release evoked by a mixture of Ch and
5IA85380 was larger than that elicited by the single
nicotinic agonist, suggests that the a7 and a4b2
nAChR subtypes can act in concert and are not
mutually exclusive.

Whether the two nAChRs co-exist on the same
EAA nerve endings or are present on different subsets
of nerve terminals is difficult to say. The possibility
that these receptors are localized at the preter-
minal level (Léna et al., 1993; McMahon et al., 1994)
is unlikely due to our experimental approach of
synaptosomes in superfusion. However, the nAChR
subtypes could also be differently located on the
membrane of the nerve endings and subserve diverse
pre-synaptic functions. Accordingly, as previously
reported (Wonnacott et al., 1996; Wonnacott, 1997),
the sensitivity or insensitivity to TTX might be
related to the relative proximity of nAChR to the
synapse and the exocytotic machinery. This observa-
tion is compatible with the existence of extrasynap-
tic nAChR and other forms of interaction among
neurones. Evidence from neurochemical and mor-
phological studies has demonstrated that non-
synaptic communication is a fundamental element
in the chemical transmission between neurones, and
between neurones and non-neuronal cells (for a
review, see Vizi et al., 2010). The understanding of
the physiological role of these nAChRs, as well as the
determination of their location, provides the bases
for possible selective pharmacological strategies to
treat neuronal disorders involving the disruption of
the normal function of the hippocampal cholinergic
system.

Another important consequence of the exist-
ence, at the pre-synaptic level, of two different
nAChR subtypes modulating EAA release is that the
nicotinic responses can undergo significant changes
depending both on the nAChR subtypes involved
and on the modification in their number and/or in
their functions. Indeed, the Ca2+ permeability of a
given nAChR subtype, and the time-course of the
nAChR activation and desensitization are expected
to influence the extent and duration of pre-synaptic
facilitation induced by nicotinic agonists. Therefore,
the nicotinic modulatory effect of EAA release might
result in a different effect according to which of the
specific nAChRs is preferentially activated. More-
over, functional changes of these nAChRs may also
occur under chronic drug treatment (including the
chronic consumption of nicotine in smokers or in
the case of the nicotinic replacement therapy for
smoking cessation). Studies have consistently indi-
cated that long-term nicotine exposure differen-
tially affects the function of pre-synaptic nAChR

subtypes which modulate the release of NA, DA,
ACh and GLU (Lapchak et al., 1989; Marshall et al.,
1997; Sershen et al., 1997; Salminen et al., 2004;
Grilli et al., 2005), as well as the activity of non-
nicotinic receptors such as glutamatergic NMDA
and AMPA receptors (Risso et al., 2004b; Grilli et al.,
2009). The differential changes in the responses of
a7 and a4b2 nAChR subtypes, following chronic
nicotine treatment, may therefore produce signifi-
cant modifications in the nicotinic modulation of
EAA release and also in the physiological responses
to ACh.

Finally, drugs targeting nAChRs, in particular
at the hippocampal level, may have the potential
to alleviate numerous disorders, including cog-
nitive diseases. In fact, behavioural studies with
selective nicotinic agonists and antagonists, or with
knockout animals have shown that both a7 and
a4b2 nAChR subtypes play crucial roles in memory
functions; moreover, their role in the mechanism
of addiction and smoking cessation is of course
crucial (Levin et al., 2009 and references therein).
Our results showing that endogenous GLU and ASP
release are increased by nAChR agonists extend our
knowledge on the cholinergic modulation of hip-
pocampal excitatory transmission, and provide the
rationale for the use of selective nicotinic agonists to
treat cognitive disorders.
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