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ABSTRACT

Nicotinic acetylcholine receptors (hAChRs) can modulate trans-
mitter release. Striatal [*H]dopamine ([®H]DA) release is regu-
lated by presynaptic nAChR on dopaminergic terminals and o7
nAChR on neighboring glutamatergic afferents. Here, we ex-
plored the role of a7 NAChR in the modulation of [*H]noradrena-
line (BH]NA) release from rat hippocampal slices. The nicotinic
agonist anatoxin-a (AnTx) evoked monophasic [H]NA release
(ECso = 1.2 pM) that was unaffected by a-conotoxin-MlIl or
dihydro-B-erythroidine, antagonists of «3/a6p2* and p2*
nAChR, respectively. In contrast AnTx-evoked striatal [*H]DA
release was biphasic (EC5, = 138.9 nM; 7.1 uM) and blocked
by these antagonists. At a high AnTx concentration (25 uM), o7
nAChR antagonists (methyllycaconitine, a-conotoxin-Iml) and
glutamate receptor (GIuR) antagonists [kynurenic acid, 6,7-
dinitroquinoxaline-2,3-dione (DNQX)] partially inhibited [PH]NA
release. The a7 nAChR-selective agonist choline evoked

[*HINA release (E,., = 33% of that of AnTx) that was blocked
by GluR antagonists, supporting a model in which «7 nAChRs
trigger glutamate release that subsequently stimulates [PH]NA
release. A GABAergic component was also revealed: choline-
evoked [PH]NA release was partially blocked by the GABA,
receptor antagonist bicuculline, and coapplication of bicucul-
line and DNQX fully abolished this response. These findings
support a7 nAChR on GABAergic neurons that can promote
GABA release which, in turn, leads to [°H]NA release, probably
by disinhibition. To investigate the impact of long-term nicotine
exposure on this model, rats were exposed for 14 days to
nicotine (4 mg/kg/day) with or without 3 or 7 days of withdrawal.
a7 nAChR responses were selectively and transiently up-reg-
ulated after 3 days of withdrawal. This functional up-regulation
could contribute to the withdrawal effects of nicotine.

Neuronal nicotinic acetylcholine receptors (nAChRs) have
a pivotal role in modulating the release of various neuro-
transmitters from different brain areas, including the hip-
pocampus and the striatum (Wonnacott, 1997; Vizi and Kiss,
1998). The hippocampus is a key structure implicated in
memory formation where changes in long term synaptic po-
tentiation are considered to be a cellular mechanism under-
lying aspects of learning and memory. Nicotinic agonists,
through activation of neuronal nAChR, improve cognitive
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performance in both animals and humans (Levin and Simon,
1998; Newhouse et al., 2004), and hippocampal nAChRs,
including «7 nAChRs, influence synaptic plasticity through
the facilitation of presynaptic and postsynaptic mechanisms
(Ji et al., 2001). Furthermore, patients with Alzheimer’s dis-
ease exhibit memory deficits characterized by a marked de-
cline in cholinergic transmission and a decreased number of
nAChR binding sites in the cortex and hippocampus (Gotti
and Clementi, 2004), and nicotine can ameliorate the cogni-
tive deficit in these patients (Newhouse et al., 2004). There-
fore, the modulatory properties of nAChR contribute to both
normal and pathological brain functions.

The noradrenergic input to the hippocampus largely arises
from the ascending dorsal noradrenergic bundle that projects

ABBREVIATIONS: nAChR, nicotinic acetylcholine receptor; NA, noradrenaline; DA, dopamine; a-CnTxMIl, a-conotoxin-Mll; a-CnTxIml, a-cono-
toxin Iml; DHBE, dihydro-B-erythroidine; MLA, methyllycaconitine; aBgt, a-bungarotoxin; DNQX, 6,7-dinitroquinoxaline-2,3-dione; AnTx, anatox-
in-a; GluR, glutamate receptor; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-D-aspartate; KB, Krebs buffer;
PMSF, phenylmethylsulfonyl fluoride; ANOVA, analysis of variance; TTX, tetrodotoxin; MK801, 5H-dibenzola,d]cyclohepten-5,10-imine; GBR
12909, 1-{2-[bis-(4-fluorophenyl)methoxy]ethyl}-4-(3-phenylpropyl)piperazine; CGP 54626, [S-(R*,R*)]-3-[[1-(3,4-dichlorophenyl)ethyllamino]-2-

hydroxypropyl](cyclohexylmethyl) phosphinic acid.
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from the locus coeruleus (Ungerstedt, 1971). In vivo, intra-
hippocampal administration of nicotine evoked noradrena-
line (NA) release in a mecamylamine-sensitive manner
(Mitchell, 1993). The presence of presynaptic nAChRs on
noradrenergic terminals in the hippocampus is consistent
with nicotine-evoked [*Hlnoradrenaline ([PH]NA) release
from hippocampal synaptosomes (Clarke and Reuben, 1996;
Luo et al., 1998). Pharmacological studies to characterize the
nAChRs mediating [PH]NA release from hippocampal synap-
tosomes and slices provided evidence for nAChR heterogene-
ity, but the paucity of specific antagonists has limited the
resolution of the subtypes of nAChRs involved (Clarke and
Reuben, 1996; Sershen et al., 1997; Vizi and Kiss, 1998;
Anderson et al., 2000). Luo et al. (1998) demonstrated that
a-conotoxinAulB blocked ~30% of the NA release elicited by
nicotine from hippocampal synaptosomes, consistent with
a3B4* nAChR on noradrenergic terminals being responsible
for this proportion of the response.

It is likely that [*’H]NA release from slice preparations will
reflect additional, indirect contributions of nAChRs present
on neighboring neurons. Leslie et al. (2002) suggested an
indirect GABAergic component in the modulation of NA re-
lease in a hippocampal slice preparation, because [PHINA
release evoked by nicotine (100 uM) was partially blocked by
the GABA, antagonist bicuculline. Functional glutamate
heteroreceptors on hippocampal synaptosomes have been
reported (Risso et al., 2004), and there is a large body
of evidence from electrophysiological recordings from hip-
pocampus that «7 nAChRs regulate both glutamatergic and
GABAergic neurotransmission (Gray et al., 1996; McQuiston
and Madison, 1999; Alkondon and Albuquerque, 2000a;
Buhler and Dunwiddie, 2001). Hence, o7 nAChR is a plausi-
ble candidate for an indirect modulation of NA release.

In the present work, we examined the role of «7 nAChR in
the modulation of [PHINA release from hippocampal slices,
which preserves some of the existing neuroanatomical con-
nections, enabling the investigation of neurotransmitter
cross-talk. Pharmacological dissection of the response pro-
vides evidence for the indirect modulation of [PH]NA release
by a7 nAChRs via activation of both GABA and glutamate
release. This is shown to differ from the nicotinic control of
striatal [*H]dopamine ([*H]DA) release. We have also dem-
onstrated that the indirect «7 nAChR modulation of [PH]NA
release was selectively up-regulated during nicotine with-
drawal.

Materials and Methods

Drugs and Reagents

(+)Anatoxin-a fumarate (AnTx), (R)-baclofen, muscimol, CGP
54626 hydrochloride, kynurenic acid, GABA, (R,S)-AMPA, kainic
acid, (—)-bicuculline methochloride-1(S),9(R) (bicuculline), 6,7-dini-
troquinoxaline-2,3-dione (DNQX), GBR 12909 dihydrochloride,
nisoxetine hydrochloride, and a-conotoxin MII (a-CnTxMII) were
obtained from Tocris Cookson (Avonmouth, UK). Dihydro-B-eryth-
roidine hydrobromide (DHBE), (+)-MK801 maleate, pargyline, N-
methyl-D-aspartate (NMDA), choline tartrate, ascorbic acid, L-glu-
tamic acid, methyllycaconitine citrate (MLA), (—)-nicotine hydrogen
tartrate, and a-conotoxin ImI (a-CnTxIml) were purchased from
Sigma Chemical (Poole, Dorset, UK). [7,8-°H]Noradrenaline (35 Ci/
mmol), [7,8-*H]dopamine (40 Ci/mmol), '2°I-a-bungarotoxin (256 Ci/
mmol), and [®*H]epibatidine (54 Ci/mmol) were obtained from GE
Healthcare (Little Chalfont, Buckinghamshire, UK).
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Animals

Male Sprague-Dawley rats (250—-320 g) were obtained from the
University of Bath Animal House breeding colony. Food and water
were provided ad libitum. The experimental procedures were in
accordance with the guidelines of the Animals (Scientific Procedures)
Act of 1986.

[®H]Noradrenaline and [*H]Dopamine Release

Assessment of hippocampal [PH|NA or striatal [PH|DA release
from slices was performed using a 96-well assay (Anderson et al.,
2000; Jacobs et al., 2002). For each experiment, two rats were killed
by cervical dislocation. Brains were rapidly removed, and hip-
pocampi and striata were dissected and transferred to ice-cold Krebs
buffer (KB; 118 mM NaCl, 2.4 mM KCl, 2.4 mM CaCl,, 1.2 mM
KH,PO,, 1.2 mM MgSO,-7H,0, 25 mM NaHCO,, 10 mM D-glucose,
and 1 mM ascorbic acid, gassed with 95% O4/5% CO, for at least 1 h
at 37°C; pH was adjusted to 7.4); for experiments in Mg?*-free KB,
MgCl, was omitted from the buffer. Tissue was chopped three times
(two rotations at 60°) using a Mcllwain tissue chopper to give prisms
of 150 um. After two washes with warm KB, hippocampal and
striatal slices were incubated for 30 min with 70 nM [*H]NA and 50
nM [®H]DA, respectively, in 5 ml of KB supplemented with 10 uM
pargyline (to prevent [*H]catecholamine degradation) at 37°C. To
remove excess of tritium, five washes were performed over 25 min in
KB containing 10 uM pargyline and 0.5 uM nomifensine (to prevent
[®H]catecholamine reuptake). Slices were then loaded onto a 96-well
filter plate (Millipore Corporation, Hertfordshire, UK) and incubated
for 5 min with buffer in the presence or absence of antagonist or
tetrodotoxin (this preincubation was extended to 10 min for
a-CnTxImlI). After this, buffer was removed by filtration (basal val-
ues) and collected in a 96-well Optiplate (PerkinElmer N.V./S.A.,
Zaventem, Belgium). Buffer (70 ul) containing agonists and/or an-
tagonists was then added to each well (in each experiment, a buffer
stimulation was included to determine the fractional release of
[PHINA or [PH]DA evoked by buffer alone). After a further 5 min at
37°C, buffer was collected by filtration in an Optiplate to determine
the fraction of [?H]catecholamine released. Microscint (170 ul per
well) was added to Optiplates, and each well was counted for 1 min
using a Microbeta liquid scintillation counter (Wallac 1450 Micro-
beta Trilux; PerkinElmer Wallac, Turku, Finland), with counting
efficiency of 30%. To determine the amount of tritium remaining in
the slices, each filter of the 96-well filter plate was removed, trans-
ferred to scintillation vials containing 4 ml of Optiphase, and counted
for 1 min using a 1600 Tri-carb liquid scintillation counter (counting
efficiency, 45%; PerkinElmer Life and Analytical Sciences, Boston,
MA). The amount of [*H]catecholamine released was expressed as a
percentage of the total radioactivity taken up in the slices before
stimulation (i.e., amount of tritium released + tritium remaining in
the tissue), giving a fractional release of [*H]catecholamine. Each
experiment was performed in six replicates and repeated at least
three times.

Release experiments after long-term nicotine administration (see
below) were carried out with minor modifications of the protocol
described previously. Release was assessed from tissue originating
from each animal individually. The incubation with 70 nM [PH]NA
was completed in a volume of 2.5 ml, and the final resuspension of
the tissue, before loading into one half of a 96-well filter plate, was
into 5 ml. On each plate, slices obtained from a saline- and a nicotine-
treated animal were assessed in parallel. Long-term nicotine treat-
ment had no effect on basal release or responses to buffer stimula-
tion.

[*HINA Uptake

Hippocampal slices obtained from 1 rat (~200 mg of tissue) were
resuspended in 5 ml of KB (supplemented with 10 uM pargyline) and
divided into 200-ul aliquots. Each tube received an equal volume of
either buffer alone (control) or buffer containing nisoxetine (1 uM) or
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GBR 12909 (10 or 50 nM). [?’HINA was added to give a final concen-
tration of 70 nM, and slices were maintained at 37°C for 30 min. The
samples were then filtered through GF/C glass filters soaked in
ice-cold KB using a Millipore filtration manifold. After three washes
with 5 ml of ice-cold KB, 4 ml of Optiphase was added to filters and
the samples counted for radioactivity using a 1600 Tri-carb liquid
scintillation counter (PerkinElmer Life and Analytical Sciences).
Experiments, performed in triplicate, were repeated four times with
tissue from three animals.

Long-Term Nicotine Administration

Rats were anesthetized with isofluorane, and Alzet Osmotic
minipumps (model 2002; DURECT Corporation, Cupertino, CA)
were implanted subcutaneously; osmotic minipumps were filled with
saline (control) or nicotine bitartrate, dissolved in saline, and pH-
adjusted to 7.4 to deliver nicotine (4 mg/kg/day, free base) at a rate
of 0.5 ul/h for 14 days. Nicotine administration was without effect on
weight gain. To study the withdrawal period, osmotic minipumps
were surgically removed after 14 days, and animals were killed by
cervical dislocation and decapitation 3 or 7 days later. Each time
point was determined for at least eight rats, with saline- and nico-
tine-treated animals paired.

Nicotine and Cotinine Levels

After decapitation, trunk blood was collected in heparinized Ep-
pendorf tubes (Eppendorf-5 Prime, Inc., Boulder, CO). Blood was
centrifuged at 2500 rpm for 15 min at 4°C, the supernatant was
collected and recentrifuged at 1500 rpm for 30 min at 4°C, and the
final supernatant was frozen in liquid nitrogen and stored until
submitted for nicotine and cotinine analysis. After 14 days of nicotine
administration, nicotine and cotinine levels were 49.8 *= 3.0 and
335.3 * 18.2 ng/ml, respectively (n = 16).

Radioligand Binding

Membrane Preparation. Individual rat brains (minus cerebel-
lum, hippocampus, and striatum) were homogenized in ice-cold 0.32
M sucrose containing 1 mM EDTA, 0.1 mM PMSF, and 0.01% NaNj,
pH 7.4 (10% w/v). The homogenate was centrifuged at 15,000g for 25
min. The pellet was resuspended in 50 mM phosphate buffer (40 mM
K,HPO,, 10 mM KH,PO,, 1 mM EDTA, 1 mM PMSF, and 0.01%
NaNg, pH 7.4) and centrifuged at 15,000 g for 25 min. The wash step
was repeated, and the final pellet was resuspended in 2.5 ml/g
original weight in ice-cold 50 mM phosphate buffer and frozen until
use. Protein concentration was estimated by using a colorimetric
protein dye reagent.

[®H]Epibatidine Binding Assay. [°’H]Epibatidine binding was
performed on 150 pg of brain membranes in a final volume of 1 ml
(118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl,, 2 mM MgSO,, 20 mM
HEPES, 20 mM Tris, 0.1 mM PMSF, and 0.01% sodium azide, pH
7.4). The final concentration of [*H]epibatidine was 500 pM. Nonspe-
cific binding (~5-10% of total binding) was determined in the pres-
ence of 1 mM nicotine. Samples were incubated for 1.5 h at room
temperature, followed by 30 min at 4°C. Then, samples were filtered
through GFA filters (Gelman Instrument Co., Ann Arbor, MI), pre-
soaked overnight in 0.3% polyethylene immine using a Brandel cell
harvester. Filters were washed three times with ice-cold phosphate-
buffered saline, and counted for radioactivity using a 1600 Tricarb
scintillation counter (counting efficiency, 45%; PerkinElmer Life and
Analytical Sciences). Each assay was conducted in triplicate.

125].a-Bungarotoxin Binding Assay. 1?°I-a-Bungarotoxin (12°1-
aBgt) binding was performed on 250 ug of membranes in a final
volume of 200 ul of phosphate buffer supplemented with 0.1% bovine
serum albumin, pH 7.4, and ?°I-aBgt to give a final concentration of
10 nM. Nonspecific binding (~15-20% of total binding) was deter-
mined in the presence of 1 mM nicotine. Samples were incubated for
3 h at 37°C, and then 1 ml of buffer was added to each tube before 1-h
incubation at 37°C. Samples were transferred at 4°C for 30 min

before filtration through Gelman GFA filters, presoaked overnight in
0.3% polyethylene immine and 4% milk powder, using a Brandel cell
harvester. Filters were then washed and counted as described above
for [*H]epibatidine binding assay. Counting efficiency for 2°I-aBgt
was 60%.

Data Analysis

Data are presented as mean = S.E.M. from 3 to 10 experiments.
Statistical significance was determined using Student’s unpaired ¢
test, paired ¢ test, and one-way ANOVA with post hoc Tukey’s or
Bonferroni’s test, as stated in the figure legends (Sigma Stat; SPSS
Inc., Chicago, IL). Values of at least p < 0.05 were taken to be
statistically significant.

Dose-response curves for agonists (except choline) were fitted to a
single- or double-site model as described previously by Kaiser and
Wonnacott (2000). The choline dose-response curve was fitted to a
bell-shaped model as described by Y = [Y,,,../(1 + (EC;,/C)*)] X [1/(1
+ (IC5/C)™)], where Y is the amount of [*H]NA elicited by a concen-
tration C of choline; Y, is the maximum amount of [PH]NA release;
EC;, and IC;, are values at the inflection points and n, and n, are
the Hill coefficients (slope parameters).

Results

Specificity of [PHINA Uptake by Hippocampal Slices.
The hippocampus receives modest dopaminergic projections
from the midbrain (Jay, 2003), and nAChR activation has
been shown to modulate DA release from hippocampal slices
(Cao et al., 2005). To determine whether the uptake of
[PHINA was specific to noradrenergic terminals, we carried
out uptake experiments in the presence of specific inhibitors
of the DA and NA transporters GBR 12909 and nisoxetine,
respectively. In the absence of inhibitor, hippocampal slices
incubated with 70 nM [*HINA accumulated 19423 = 1576
cpm (n = 4). However, after a 30-min preincubation with
nisoxetine (1 uM), a concentration that blocked the uptake of
[PHINA into rat frontal cortical synaptosomes (Cheetham et
al., 1996), the amount of [’H]NA taken up was substantially
decreased by 82.1 = 1.7% (n = 4, p < 0.01, one-way ANOVA
with post hoc Tukey’s test). The potent and selective dopa-
mine transporter inhibitor GBR 12909 at 10 and 50 nM
(concentrations corresponding to 1.5 and 7.5 times the ICj,
value for inhibition of striatal dopamine reuptake; Ghorai et
al., 2003) produced only weak inhibition of [PH]NA uptake by
16.3 = 5.0 and 21.6 * 4.4%, respectively. Only the latter
value was significantly different from control (n = 4, p <
0.05, one-way ANOVA with post hoc Tukey’s test). Therefore,
under the conditions used for release experiments, 80% of the
accumulated [PH]NA was transported into noradrenergic
terminals.

Pharmacological Characterization of nAChR-Medi-
ated [*’HINA Release from Hippocampal Slices. In
agreement with previous reports (Sershen et al., 1997), the
potent nicotinic agonist AnTx concentration-dependently
evoked [*H]NA release that best fitted a single-site model,
with an EC;, value of 1.2 uM (Fig. 1A). This is in contrast to
AnTx-evoked striatal [PH]DA release which was biphasic
(EC;, values of 138.9 nM and 7.1 uM; Fig. 1B), in agreement
with results from Kaiser and Wonnacott (2000). To distin-
guish the nAChR subtype(s) responsible for AnTx-evoked
[*HINA release from hippocampal slices, we tested the effects
of antagonists on responses to 1 uM (~EC;,) and 25 pM
(maximal response) AnTx. The broad-spectrum antagonist
mecamylamine (20 uM) fully abolished the release of [PH]NA
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elicited by both concentrations of AnTx (Fig. 1A). [PHINA
release evoked by AnTx (1 and 25 uM) was not decreased
in the presence of DHBE (10 uM), a B2*-selective antago-
nist (Fig. 1, C and D). Consistent with data from hippocam-
pal synaptosomes (Luo et al., 1998), the a3/a6B2*-selective
antagonist «-CnTxMII (200 nM; Nicke et al., 2004) also
failed to inhibit responses elicited by 1 uM AnTx (Fig. 1C).
On the other hand, striatal [PH]DA release elicited by 1 uM
AnTx was partially antagonized by «a-CnTxMII (60.0 =
4.6% of control) and virtually abolished by DHBE (6.0 =
5.6% of control) (Fig. 1B). This is consistent with the
high-affinity component of AnTx-evoked striatal [*H]DA
release comprising a6B82* and a4B82* nAChR (Champtiaux
et al., 2003).

The lack of involvement of a3/a682* nAChR in hippocam-
pal [PHINA release enabled us to use MLA as an a7-selective
antagonist in this preparation (MLA also potently inhibits
a6B2* nAChR; Mogg et al.,, 2002). Preincubation of hip-
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pocampal slices with 20 nM MLA had no effect on responses
to 1 uM AnTx (Fig. 1C). However, MLA and the structurally
unrelated «7-selective antagonist a-CnTxImlI (1 uM; Nicke et
al., 2004) inhibited responses elicited by a higher concentra-
tion of AnTx (25 uM) by 35.3 = 9.2 and 17.1 * 5.2%, respec-
tively (Fig. 1D). Thus, a7 nAChRs are activated only by
concentrations in the upper range of the AnTx concentration-
response curve, as is the case for AnTx-evoked striatal
[*H]IDA release (Kaiser and Wonnacott, 2000). Whereas the
wide difference in sensitivity to AnTx of the p2* and a7
nAChR components modulating [PH]DA release results in a
biphasic concentration-response curve (Kaiser and Wonna-
cott, 2000; Fig. 1B), the lower sensitivity of the non-£2,
non-a7 nAChR component of [PH]NA release must overlap
that of the a7 nAChR component sufficiently to result in a
single concentration-response curve best fitted to a single site
(Fig. 1A). This is compatible with the 8-fold lower affinity of
AnTx for heterologously expressed a384 nAChR compared
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Fig. 1. nAChR modulation of [PH]NA and [*H]DA release. Rat hippocampal slices (main figure) or striatal slices (inset) were loaded with [PH]NA and
[*H]DA, respectively, and released transmitter in response to drug treatment was determined by filtration, as described under Materials and Methods.
A, hippocampal slices were incubated for 5 min with increasing concentrations of AnTx (n = 4, @) or choline (n = 4, B). The concentration-response
curve for AnTx-evoked [PHINA release was fitted to a one-site Hill equation (EC5, = 1.2 uM). The choline concentration-response curve was fitted to
a bell-shaped profile as described under Materials and Methods. Mecamylamine (mec, 20 uM) was applied 5 min before and remained throughout the
stimulation with AnTx (1 and 25 pM, n = 3, O) or choline (1 and 5 mM, n = 3, [J). B, striatal slices were incubated for 5 min with increasing
concentrations of AnTx (n = 4, @) or choline (n = 4, H). o-CnTxMII (200 nM, A, n = 6) and DHBE (10 uM, A, n = 4) were applied 5 min before and
remained throughout the stimulation with 1 uM AnTx. AnTx-evoked striatal [PHIDA was fitted to a two-site Hill equation (ECj, values were 138.9
and 7.1 uM), and the choline concentration-response curve was fitted to a bell-shaped profile as described under Materials and Methods. C, [PHINA
release from hippocampal slices stimulated with 1 uM AnTx alone (H) or in the presence () of a-CnTxMII (200 nM, n = 6), DHBE (10 uM, n = 9),
or MLA (20 nM, n = 4). D, [PHINA release from hippocampal slices stimulated with either 25 uM AnTx alone (H) or choline alone (M) or in the presence
(8) of DHBE (10 uM, n = 4), aCnTxImI (1 uM, n = 3), or MLA (20 nM, n = 4). Transmitter release in A and B is presented as fractional release,
whereas in C and D, release is expressed as a percentage of the response to 1 or 25 uM AnTx alone, which gave a fractional release of 10.8 = 1.4 and
28.8 = 0.9%, respectively. *, p < 0.05; ** p < 0.01, significantly different from corresponding control, Student’s ¢ test.
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with forebrain membranes that represent predominantly
a4B2 (Xiao et al., 1998).

To confirm the involvement of a7 nAChR, we used the selec-
tive agonist choline (Alkondon et al., 1997). Choline evoked both
striatal [P'H]DA release (Fig. 1B) and hippocampal [PHINA re-
lease (Fig. 1A) with a bell-shaped concentration-response curve.
The maximum response in hippocampal slices was reached by 5
mM choline and corresponds to 33.3 = 1.4% of that achieved by
AnTx. In both tissues, choline-evoked responses were nAChR-

mediated because they were fully abolished by mecamylamine
(20 uM) (Fig. 1, A and B). Choline-evoked [HINA release was
also fully blocked by a-CnTxImlI (Fig. 1D). These results sup-
port the modulation of [’H]NA by multiple subtypes of nAChR,
including a7 nAChR.

Ionotropic Glutamate Receptors Stimulate the Re-
lease of [PHINA from Hippocampal Slices. Glutamate
evoked [PH]NA release with a low potency (EC5, = 177.0 uM;
Fig. 2A). The selective agonists kainate and AMPA evoked
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Fig. 2. Ionotropic glutamate receptor modulation of [’H]NA release from rat hippocampal slices. Rat hippocampal slices were loaded with [PH]NA, and
released transmitter in response to drug treatment was determined by filtration, as described under Materials and Methods. A, slices were challenged
for 5 min with various concentrations of glutamate () in normal Krebs buffer or NMDA (M) in Mg?*-free conditions. DNQX (200 uM, n = 3) and
MKS801 (5 uM, n = 3) were applied 5 min before stimulation with glutamate (100 and 500 uM, ¢) and NMDA (500 uM, [), respectively. Glutamate
and NMDA concentration-response curves were fitted to a single-site Hill equation with respective apparent EC,, values of 177.0 and 33.0 uM. B,
hippocampal slices were incubated for 5 min with increasing concentrations of kainate (®) or AMPA (A). DNQX (200 uM, n = 4) was applied 5 min
before stimulation with kainate (100 and 500 uM, O) or AMPA (100 and 500 uM, A). Concentration-response curves for kainate and AMPA-evoked
[PHINA release were fitted to a single-site Hill equation with respective apparent EC,, values of 31.6 and 28.4 uM, respectively. C, AnTx
concentration-response curve was carried out in the presence (O) or absence (®) of kynurenic acid (800 uM, n = 4). Release in response to 25 uM AnTx
was also determined in the presence of DNQX (200 uM, n = 4, [[]). D, hippocampal slices were stimulated with choline alone (H) or in the presence
(E0) of DNQX (200 uM, n = 4) or kynurenic acid (800 uM, n = 4). Slices were also challenged with choline in Mg>*-free conditions (#) in the presence
or absence of MK801 (5 uM, n = 3). In A to C, results are presented as fractional release, whereas in D, they are expressed as a percentage of choline
responses in the presence of Mg?*. *, p < 0.05; **, p < 0.01, statistically different from respective control, Student’s ¢ test (A and B), one-way ANOVA
with post hoc Tukey’s test (C and D).
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[*HINA release with respective EC;, values of 31.6 and 28.4
uM, similar to values reported by Pittaluga and Raiteri
(1992) (Fig. 2B). Responses elicited by glutamate (100 and
500 uM), AMPA (100 and 500 uM), and kainate (100 and 500
uM) were largely abolished by the selective AMPA/kainate
antagonist DNQX (200 uM; Fig. 2, A and B). To circumvent
the block by Mg?" of NMDA receptors, to investigate their
ability to elicit the release of [PHINA, we used Mg®*-free
Krebs buffer (see Materials and Methods). Under these con-
ditions, NMDA induced [*HINA release with an apparent
ECy, value of 33.0 uM (Fig. 2A), consistent with previous
studies (Pittaluga and Raiteri, 1992; Risso et al., 2004). The
specific NMDA antagonist MK801 (5 uM) fully blocked the
response to 500 uM NMDA (Fig. 2A). Antagonists had no
effect on basal release in the absence of agonists.

To explore possible cross-talk between glutamate receptors
(GluR) and nAChR, we determined the AnTx concentration-
response curve for [PH]NA release in the presence or absence
of the nonselective GluR antagonist kynurenic acid (800 wM).
Significant inhibition of 23.8 = 10.8% was seen only at the
highest agonist concentration examined (25 uM, Fig. 2C). A
similar block was obtained in the presence of DNQX (200 uM,
25.0 + 5.9% of control; Fig. 2C). As seen in Fig. 1D, [PH]NA
release evoked by 25 uM AnTx is also partially blocked by a7
nAChR antagonists. Therefore, we investigated the effect of
the same GluR antagonists on responses evoked by the se-
lective a7 nAChR agonist choline. Both DNQX and kynurenic
acid partially inhibited [PH]NA release evoked by 1 mM
choline (41.2 = 5.1 and 51.1 * 9.4%, respectively; p < 0.05,
one-way ANOVA with Bonferroni’s test; Fig. 2D). In Mg?"-
free Krebs buffer, 1 mM choline elicited greater [’H]NA re-
lease, although this increase was not significantly different
from control choline responses in the presence of MgCl,, (Fig.
2D). Choline-evoked [*HINA release in Mg?*-free conditions

A
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was blocked by 88.4 = 19.9% in the presence of 5 uM MK801
(p < 0.05, Student’s ¢ test; Fig. 2D).

Effect of GABA Agonists and Antagonists on [PHINA
Release from Rat Hippocampal Slices. GABA can evoke
[PHINA release from hippocampal synaptosomes (Fassio et
al., 1999). In the hippocampal slice preparation, GABA (100
wM) induced a fractional release of [PH]NA of 6.4 = 0.8%,
similar to the value reported by Fassio et al. (1999; Fig. 3A).
CGP 54626 (1 uM), a potent GABAj receptor antagonist, had
no significant effect on GABA stimulation, whereas bicucul-
line (100 uM), a GABA, receptor-selective antagonist, abol-
ished the GABA-mediated [PH]NA release (Fig. 3A). Prein-
cubation for 5 min with bicuculline did not alter basal
release. To confirm the predominant role of GABA, receptors
in GABA-evoked [PH]NA release, we stimulated [H]NA re-
lease with selective agonists for each subtype. Muscimol (100
uM), a GABA, receptor agonist, mimicked the response to
GABA, and this release was also completely blocked by bicu-
culline (Fig. 3A). On the other hand, the GABAg-selective
agonist baclofen (100 uM) was ineffective (Fig. 3A).

Subsequent experiments examined the possibility of cross-
talk between the a7 nAChR and GABA, receptor-mediated
responses. Coapplication of choline and GABA evoked
[PHINA release in a nonadditive manner (8.1 = 1.1%, com-
pared with choline and GABA alone, 7.7 = 1.4 and 7.0 =
0.7%, respectively; n = 3, p > 0.05, one-way ANOVA with
Bonferroni’s test). Stimulation of [PH]NA release by choline
(1 mM) was decreased by 80.3 * 4.6% in the presence of
bicuculline (Fig. 3B); this inhibition was additive with the
blockade by DNQX, because coapplication of both antago-
nists fully abolished the release induced by choline (4.7 *=
3.5%, significantly different from bicuculline or DNQX alone;
p < 0.05, one-way ANOVA with Bonferroni’s test; Fig. 3B).
This suggests that a7 nAChRs promote both glutamate- and
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Fig. 8. Modulation of [*H]noradrenaline release from rat hippocampal slices by GABA receptors. Rat hippocampal slices were loaded with [PH]NA, and
released transmitter in response to drug treatment was determined by filtration, as described under Materials and Methods. A, slices were
preincubated for 5 min with buffer alone or GABA antagonists CGP 54626 (CGP, 1 uM) and/or bicuculline (Bic, 100 uM). After this, slices were
stimulated with GABA agonists GABA (100 M), baclofen (Bac, 100 uM), or muscimol (Musc, 100 uM). Results are expressed as fractional release with
n = 3 to 15. B, hippocampal slices were stimulated with choline (1 mM) after a 5-min preincubation with either buffer (control), DNQX (200 uM),
bicuculline (100 uM), or coapplication of both antagonists. Results are expressed as a percentage of choline responses, which gave a fractional release
of 7.7 = 0.6% (n = 6). C, slices were exposed either to DNQX (200 M) or bicuculline (100 uM) before stimulation with GABA (100 uM) or glutamate
(500 uM), respectively. Results are expressed as a percentage of GABA control responses in the absence of antagonist. *, p < 0.05; ¥, p < 0.05; ¥* p <
0.01, statistically different from respective control, Student’s ¢ test (A and C) or one-way ANOVA with post hoc Bonferroni’s test (B).
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GABA-evoked [2H]NA release. In contrast, in striatal slices,
choline-evoked fractional release of [’H|DA release was sim-
ilar in the presence or absence of bicuculline (6.8 = 0.9 and
7.2 * 0.9%, respectively; data not shown, n = 6), consistent
with the failure of GABA to evoke [PHIDA release (0.3 +
2.4%, n = 3).

To further explore transmitter cross-talk in the hippocam-
pus, we tested the effects of bicuculline and DNQX on gluta-
mate (500 uM)- and GABA (100 uM)-evoked [PH]NA release,
respectively. DNQX inhibited GABA-evoked responses by
65.3 = 7.3%, whereas bicuculline failed to inhibit glutamate-
evoked responses (95.0 = 5.7% compared with control,
100.0 = 9.2%; p > 0.05, Student’s ¢ test; Fig. 3C). These
results suggest that GABA acts upstream of glutamate stim-
ulation of [*H]NA release.

Tetrodotoxin Sensitivity of [P(H]NA Release from Rat
Hippocampal Slices. To assess the requirement for volt-
age-gated Na™ channels for the release of [PH]NA from hip-
pocampal slices, experiments were conducted in the presence
or absence of tetrodotoxin (TTX, 1 uM). The voltage-gated
Na* channel activator veratridine (50 uM) evoked [PHINA
release that was entirely blocked by TTX (Table 1). Consis-
tent with previous reports (Sershen et al., 1997; Leslie et al.,
2002), we found a substantial block by TTX of nAChR-medi-
ated [*H]NA release evoked by AnTx (1 uM) or choline (1
mM) (Table 1). Because the response to choline was blocked
by bicuculline and DNQX (Fig. 3B), we compared the effect of
TTX on GABA- and glutamate-evoked [*H]NA release. Re-
sponses to both transmitters were virtually abolished in the
presence of TTX (Table 1), consistent with Na™ channel ac-
tivation in the mediation of these responses.

Effect of Long-Term Nicotine Treatment on nAChR-
Mediated [’HINA Release. Rats were treated with nicotine
for 14 days by osmotic minipump (4 mg/kg/day). Assays were
conducted on day 14 or after 3 or 7 days of withdrawal. Brain
[*H]epibatidine binding sites were up-regulated by 37.0 +
15.7% at 14 days nicotine treatment and remained signifi-
cantly elevated by 42.0 = 10.3 and 46.9 = 11.3% at 3 and 7
days of withdrawal, respectively. In contrast, the number of
a7 nAChRs labeled with '2°I-aBgt was unchanged (Table 2).

Hippocampal [PHINA release elicited by 1 uM AnTx was

TABLE 1
Effects of tetrodotoxin (1 wM) on evoked [*H]NA release

similar in saline- and nicotine-treated animals after 14 days
of treatment and during the withdrawal period (Fig. 4A). o7
nAChR-mediated [PH]NA release evoked by 1 mM choline
was unchanged after 14 days of treatment with nicotine but
was significantly up-regulated by 61.6 = 19.4% after 3 days
of withdrawal (Fig. 4B). This functional up-regulation re-
turned to control levels after 7 days of withdrawal.

Inhibition of choline-evoked [*H]NA release by DNQX or
bicuculline was similar at the three time points (Table 3),
indicating a lack of effect of the nicotine treatment at non-
NMDA GluR and GABA, receptors. This is consistent with
the lack of change in AMPA- and GABA-evoked [PH]NA
release after long-term nicotine exposure and its withdrawal
(Table 4).

Discussion

In this study, we characterized the modulation of [FH]NA
release from rat hippocampal slices by nAChR. The broad-
spectrum nAChR agonist AnTx provided evidence for the
participation of multiple nAChR subtypes in the regulation of
[PHINA release. A high concentration of AnTx (25 uM) elic-
ited [PH]NA release that was partially blocked by a-CnTxImI
and MLA, two o7 nAChR antagonists. The involvement of o7
nAChR was supported by the ability of the a7-selective ago-
nist choline to evoke [*HINA release. [PHINA release was
positively modulated by ionotropic glutamate receptor and
GABA, receptor agonists, and «7 nAChR-mediated re-
sponses evoked by choline were fully abolished by coapplica-
tion of DNQX and bicuculline. These results are consistent
with the hypothesis that «7 nAChRs present on both gluta-
matergic and GABAergic neurons indirectly modulate
[PHINA release by promoting the release of glutamate and
GABA, probably involving a mechanism of disinhibition of
the glutamatergic/GABAergic network (see model, Fig. 5).
After long-term nicotine treatment, the «7 nAChR-mediated
responses were selectively and transiently up-regulated after
3 days of withdrawal.

Subtypes of nAChR Mediating [PHINA Release from
Hippocampal Slices. Pharmacological identification of
nAChR subtypes mediating NA release has been restricted

[3H]NA Release (Fractional Release)

Stimulus Veratridine 50 uM AnTx 1 uM Choline 1 mM GABA 100 uM Glutamate 500 uM
Control 88.3 = 13.6 119+ 14 12.1 =25 9615 13.0 = 0.6
+ TTX 4.4 + 1.4% —-0.8 = 0.7* —2.3 = 1.4% —3.1 = 1.4% 0.7 + 1.3*
n 4 8 3 4 4
* Statistically different from respective control, p < 0.01, Student’s ¢ test.
TABLE 2
Effects of long-term nicotine treatment and its withdrawal on brain [*H]Jepibatidine ([*H]Jepi) and '?’I-aBgt binding sites
[®*H]Epibatidine Binding Sites [*?°T]aBgt Binding Sites
Treatment MiniPump Withdrawal MiniPump Withdrawal
14 days 3 days 7 days 14 days 3 days 7 days
fmol/mg
Saline 99.7 = 8.2 90.4 = 9.0 81.0 = 10.9 117.1 = 5.0 109.2 = 4.2 102.4 = 6.1
Nicotine 137.1 = 15.7% 128.4 * 5.6% 119.0 = 9.1% 114.6 = 7.3 1129 = 6.4 105.2 = 11.7
n 16 16 16 16 16

* Statistically different from respective control, p < 0.05, one-way ANOVA.
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by the limited availability of drugs to discriminate different
combinations of nAChR subunits. The involvement of B2*
nAChR in the nicotinic modulation of [’H]NA release is con-
troversial: some studies reported sensitivity to DHBE (Clarke
and Reuben, 1996; Anderson et al., 2000), whereas others
failed to show any effect of this antagonist (Sershen et al.,
1997, Leslie et al., 2002; this study). In contrast, the presence
of B2* nAChR on striatal dopaminergic terminals is consis-
tent with pharmacological data (Kaiser and Wonnacott,
2000) and functional comparisons of tissue from wild-type
and B2-null mutant mice (Champtiaux et al., 2003). Consis-
tent with the lack of B2* nAChR on hippocampal noradren-
ergic terminals, AnTx was much less potent in evoking
hippocampal [*H]NA release (EC;, = 1.2 uM; Fig. 1A), com-
pared with striatal [PHIDA release (EC5, = 138.9 nM; Fig.
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1B; Kaiser and Wonnacott, 2000). The ineffectiveness
of a-CnTxMII with respect to AnTx- (Fig. 1C) or nicotine-
evoked [PH]NA release from hippocampal preparations (Luo
et al., 1998) rules out a6(a3)B2* nAChR, whereas partial
inhibition by a-conotoxinAulB (Luo et al., 1998) supports the
presence of a3B4* nAChR. However, these results do not
exclude the possibility of an a6(a3)B4* combination (Lena et
al., 1999).

The ability of choline to elicit [PH]NA release, and inhibi-
tion of responses elicited by high concentrations of AnTx (25
M) by both a-CnTxImI and MLA, implicate «7 nAChR in
the modulation of [PH]NA release. Clarke and Reuben (1996)
did not find any blockade by 10 nM MLA of nicotine-evoked
[PHINA release from hippocampal synaptosomes, implying
that a7 nAChRs are not present on noradrenergic terminals.

14 days Withdrawal

200 -
180 -
160 H
140 -

3 days

*k

7 days

120 -

80 -
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[ H] NA release (% of respective control)

3
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Fig. 4. Effect of long-term nicotine administration and its withdrawal on short-term stimulation of nAChR-mediated [*H]NA release. Rats were
exposed to either saline (control; E) or nicotine (4 mg/kg/day; M) via osmotic minipumps for 14 days, and [*H]NA release was measured on day 14 or
after 3 or 7 days of withdrawal. Hippocampal slices were challenged with either 1 uM AnTx (A) or 1 mM choline (B). Results are presented as a
percentage of control responses at the respective time points. After saline treatment, AnTx-evoked [*H]NA release (fractional values) was 13.2 + 0.8,
9.6 + 1.0, and 8.4 * 0.7, and choline-evoked release was 7.8 = 1.0, 5.3 = 0.7, and 4.1 = 0.5 at 14 days of treatment and 3 and 7 days of withdrawal,
respectively. **, p < 0.01, statistically different from control, Student’s paired ¢ test.

TABLE 3

Effects of antagonists on choline-evoked [*H]NA release after long-term nicotine treatment and its withdrawal

Inhibition of Choline-Evoked [*H]NA Release

DNQX (200 M) Bicuculline (100 M)
Treatment . .
MiniPump Withdrawal MiniPump Withdrawal
14 days 3 days 7 days 14 days 3 days 7 days
%
Saline 49.0 = 45 56.4 = 12.4 50.1 = 11.1 857175 89.8 £ 6.2 84.5 3.5
Nicotine 52.7 = 10.9 40.9 = 18.0 58.6 = 8.6 82.3 9.0 87.1 = 15.8 84.8 = 6.6
n 12 7 8 12 7 8
TABLE 4
Effects of long-term nicotine treatment and its withdrawal on [*H]NA release evoked by AMPA or GABA
[*H]NA Release (Fractional Release)
AMPA (100 12M) GABA (100 12M)
Treatment ] ]
MiniPump Withdrawal MiniPump Withdrawal
14 days 3 days 7 days 14 days 3 days 7 days
Saline 11.1+11 10.6 = 1.7 80=*16 7109 6.5+ 1.1 48 +1.3
Nicotine 13.1+1.1 129 + 2.2 10.1 = 1.9 7.3*0.8 72+1.1 7.6 29
n 15 7 8 15 7 8
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Together, these data suggest that at least two distinct
nAChR populations modulate [PH]NA release from hip-
pocampal slices: a7 nAChR, activated by choline and high
AnTx concentrations, which can indirectly modulate [PH]NA
release, and a non-B2* nAChR population, likely to be a
B4-containing nAChR, which resides on the noradrenergic
terminals to directly influence [*H]NA release.

a7 nAChR on Glutamatergic and GABAergic Neu-
rons: Model of Disinhibition. In adult rat hippocampus,
a7 nAChRs have been immunolocalized on both glutamater-
gic and GABAergic neurons (Fabian-Fine et al., 2001). In the
CA1 region, several electrophysiological studies (Alkondon
and Albuquerque, 2000a; Buhler and Dunwiddie, 2001) have
recorded fast synaptic-desensitizing inward currents that are
sensitive to MLA, characteristic of «7 nAChR. In whole-cell
patch-clamped hippocampal neurons, Gray et al. (1996) pro-
vided evidence for presynaptic nAChRs sensitive to aBgt that
could elicit glutamate release in response to nicotine. In the
present study, responses to choline and AnTx (25 uM) were
partially blocked by antagonists of both NMDA and non-
NMDA GluR (Fig. 2), consistent with a7 nAChRs on gluta-
matergic afferents promoting glutamate exocytosis and
subsequent glutamate-evoked [*H]NA release (Fig. 5). The
presence of glutamate heteroreceptors on noradrenergic af-
ferents is supported by the ability of selective GluR agonists
to stimulate [PHINA release (Fig. 2; Pittaluga and Raiteri,
1992).

In addition to glutamatergic influences elicited by «7
nAChR activation, we also show that o7 nAChR can modu-
late a GABAergic component of [PH]NA release. GABAergic
interneurons represent 10 to 15% of the total neuronal pop-
ulation in the hippocampus, predominantly located in the
stratum oriens and stratum radiatum (Freund and Buzsaki,
1996). GABAergic interneurons are heterogeneous with re-
spect to their nAChR complement: 1) >50% express exclu-
sively a7 nAChR; 2) ~30% express a combination of both 7
and non-a7 nAChR; and 3) the remainder give no response to

AnTx (25 pM)
choline

disinhibition

nicotine (McQuiston and Madison, 1999; Alkondon and Al-
buquerque, 2000a; Buhler and Dunwiddie, 2001). Activation
of nAChR on interneurons induces the release of GABA (Ko-
falvi et al., 2000) that, depending on the GABAergic inner-
vation, can strongly inhibit pyramidal cells (Freund and
Buzsaki, 1996) or inhibit another interneuron, resulting in
the disinhibition of pyramidal cells (McQuiston and Madison,
1999; Ji and Dani, 2000; Buhler and Dunwiddie, 2001). This
process of disinhibition has also been described for cerebral
cortical interneurons (Alkondon et al., 2000b).

The abolition of @7 nAChR-mediated [*H]NA release by the
additive blockade of both GluR and GABA, receptor antag-
onists (Fig. 3B) implies that a7 nAChRs are present on both
glutamatergic and GABAergic neurons. The association of a7
nAChR with the latter is further supported by the nonaddi-
tivity of coapplied choline and GABA, suggesting that a7
nAChR and GABA act in series to modulate [*H]NA release.
This is consistent with the selective block by bicuculline of
choline-evoked [*PH]NA release and is compatible with the
study of Leslie et al. (2002). One explanation is that activa-
tion of a7 nAChR on GABAergic cells evokes the exocytosis of
GABA that in turn inhibits a second interneuron, generally
considered to be GABAergic, to disinhibit pyramidal cells, via
the repression of a tonic inhibition (Fig. 5). This hypothesis is
in agreement with the findings of Ji and Dani (2000), from
electrophysiological recordings in the CA1 region. If a tonic
GABAergic inhibition occurs in the in vitro slice preparation,
bicuculline should enhance basal release. This was not ob-
served (see Materials and Methods), suggesting that under
the experimental conditions there was no tonic GABAergic
inhibition, but other inhibitory systems cannot be excluded.
The complete block of choline-mediated [PH]NA release by
the Na™ channel blocker TTX (Table 1) suggests an action
potential-dependent mechanism, consistent with a somatic
or preterminal localization of «7 nAChR on GABAergic in-
terneurons, in agreement with the observations of Alkondon
et al. (2000a).

Fig. 5. Model of nAChR modulation of [PH]NA release
in the hippocampus in relationship to glutamatergic
and GABAergic influences. The noradrenergic varicos-
ity bears glutamate, GABA,, and non-a7 nicotinic het-
eroreceptors. a7 nAChRs are proposed to reside on
glutamate afferents and a population of GABAergic
interneurons (Alkondon et al., 2000a; Fabian-Fine et
al., 2001). Activation of a7 nAChRs on the glutamater-
gic terminals triggers the exocytosis of glutamate,
which promotes the release of NA by acting at iono-
tropic GluR. Two interneurons in series are illus-

)"( GABA,R trated. The first GABAergic interneuron, expressing
’ somatic «7 nAChR, impinges on another interneuron,
@iGIuR generally considered to be also GABAergic, although
another inhibitory component is not excluded. The sec-

! «7 nAChR ond interneuron tonically inhibits a glutamatergic in-
put to the noradrenergic varicosity. Hence, activation

mnan a7 NAChR of a7 nAChRs on the upstream interneuron induces
the release of GABA, which in turn inhibits the toni-

cally active interneuron, resulting in a disinhibition of
the excitatory input. GABA might also elicit NA re-
lease by direct depolarization of the varicosity via
GABA, receptors (Stein and Nicoll, 2003).
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An alternative explanation of GABA-evoked [PH]NA re-
lease is that GABA has a direct, excitatory effect on norad-
renergic varicosities. Although this is well established in
development, an excitatory effect of GABA in adult rodent
brain has also been reported (Vizi and Kiss, 1998; Fassio et
al., 1999; Stein and Nicoll, 2003), and we cannot rule out a
depolarizing effect of GABA on noradrenergic afferents in the
hippocampus as an explanation of the positive modulation of
[PHINA release observed in the present study.

The involvement of the GABAergic system in mediating
the nicotinic modulation of hippocampal NA release is in
contrast to the mechanisms modulating striatal DA release.
Although a common feature of the two regions lies in the
ability of a7 nAChR to indirectly stimulate striatal dopamine
and hippocampal noradrenaline release via the release of
glutamate (Kaiser and Wonnacott, 2000, and the present
work, respectively), an additional GABAergic component is
present in the hippocampal preparation, conferring a more
complex picture of neurotransmitter cross-talk (Fig. 5).

Physiological Implications of a7 nAChR Modulation
of NA Release. Viewed from a physiological perspective, the
endogenous activation of a7 nAChR arises from the substan-
tial cholinergic input to the hippocampus from the medial
septum diagonal band complex of the basal forebrain that
targets mainly GABAergic interneurons (Frotscher and
Leranth, 1985). Because the cholinergic varicosities exhibit
sparse synaptic contacts (~10-20%), interneuronal commu-
nication is likely to reflect volume transmission. Depending
on the frequency of activation of the cholinergic fibers, the
concentration of ACh (or its degradation product choline)
might be sufficient to activate «7 nAChR, or to desensitize
them. The GABAergic interneurons participate in the main-
tenance of rhythmic activities that include a nicotinic com-
ponent in their modulation (Cobb et al., 1999); therefore,
imbalance in the regulation of excitation/inhibition could al-
ter hippocampal functions. For example, we showed that
long-term nicotine exposure perturbs the nAChR modulation
of the noradrenergic system by producing a transient en-
hancement of a7 nAChR-mediated [PH]NA release (Fig. 4).
This effect was seen only after 3 days of withdrawal and was
not accompanied by any changes in responsiveness to GABA
or AMPA or any increase in «7 nAChR density. A selective
enhancement of o7 nAChR function could reflect the inser-
tion of more pre-existing receptors in the plasma membrane,
as demonstrated recently for hippocampal interneurons (Cho
et al., 2005). Long-term infusion for 10 days with higher
doses of nicotine caused an increase in nicotine- (Grilli et al.,
2005), AMPA-, and NMDA-evoked [PH|NA release (Risso et
al., 2004). In contrast, Jacobs et al. (2002) reported that
repeated nicotine injections led to a decrease in nicotine-
evoked [PH]NA release. Therefore, it seems likely that the
mode of delivery of nicotine (intermittent versus sustained)
and the dose administered can differentially influence the
noradrenergic system.

The constant delivery of nicotine via osmotic minipumps
reproduces the sustained plasma concentration of nicotine
achieved by smokers. Whereas the nicotinic modulation of
hippocampal [*H]NA release was unchanged by nicotine ad-
ministration (day 14), the elevation during withdrawal is
reminiscent of increased NA release in the hippocampus
during opiate withdrawal (Done et al., 1992; Grasing et al.,
1997). Moreover, a sustained elevation of NA, but not DA, in
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the brains of mice during withdrawal from nicotine delivered
in the drinking water has been reported (Gaddnas et al.,
2000). Thus, the interplay of transmitter systems shown in
the present study to mediate the nicotinic modulation of NA
release in the hippocampus could contribute to altered nor-
adrenergic function during nicotine withdrawal.
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