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1 In this study, the mechanism of nicotine-induced hippocampal acetylcholine (ACh) release in
awake, freely moving rats was examined using in vivo microdialysis.

2 Systemic administration of nicotine (0.4 mg kg71, s.c.) increased the levels of ACh in
hippocampal dialysates.

3 The nicotine-induced hippocampal ACh release was sensitive to the pretreatment of neuronal
nicotinic acetylcholine receptor (nAChR) antagonists mecamylamine (3.0 mg kg71, s.c.) and
dihydro-b-erythrodine (DHbE; 4.0 mg kg71, s.c.) as well as systemic administration of the
dopamine (DA) D1 receptor antagonist SCH-23390 (R-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1H-benzazepine; 0.3 mg kg71, s.c.).

4 Local perfusion of mecamylamine (100 mM), DHbE (100 mM) or SCH-23390 (10 mM) through
microdialysis probe did not increase basal hippocampal ACh release.

5 Hippocampal ACh release elicited by systemic administration of nicotine (0.4 mg kg71, s.c.) was
antagonized by local perfusion of SCH-23390 (10 mM), but not by MEC (100 mM) or DHbE
(100 mM).

6 Direct perfusion of nicotine (1 mM, but not 0.1 mM) increased hippocampal ACh levels;
however, this e�ect was relatively insensitive to blockade by co-perfusion of either mecamylamine
(100 mM) or SCH-23390 (10 mM).

7 These results suggest that nicotine-induced hippocampal ACh release occurs by two distinct
mechanisms: (1) activation of nAChRs outside the hippocampus leading to DA release and
subsequent ACh release involving a permissive DA synapse, and (2) direct action of nicotine within
the hippocampus leading to ACh release via non-DA-ergic mechanism.
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Introduction

Hippocampus receives its cholinergic innervation via the septo-
hippocampal pathway and the release of ACh in this region
has been postulated to be important in memory processes

(Bartus et al., 1982). Decrements in the cholinergic function
have long been recognized as an important component in
Alzheimer's disease, with a reduction in choline acetyltransfer-

ase levels, the key enzyme in ACh synthesis, correlating with
the severity of cognitive impairment (Perry et al., 1978;
Wilcock et al., 1982). A better understanding of the regulation
of ACh release in the central nervous system in general, and

the hippocampal formation in particular, may lead to more
e�ective therapies for the treatment of diseases involving
decreased cholinergic function.

Hippocampal ACh release is modulated by a variety of
synaptic inputs including the cholinergic, dopaminergic,
serotonergic, histaminergic, and GABAergic systems (Day

& Fibiger, 1994; Izumi et al., 1994; Mochizuki et al., 1994;
Dazzi et al., 1995). The dopaminergic modulation of
hippocampal ACh release has received considerable interest.
Dopaminergic projections originating in the ventral teg-

mental area (VTA) innervate both the septal region and the

hippocampus (Robinson et al., 1979; Scatton et al., 1980;
Verney et al., 1985), providing an opportunity for DA-
mediated e�ects at both ends of the septo-hippocampal

pathway. Indeed, systemic administration of DA releasing
agents as well as DA receptor agonists has been shown to
cause an increase in ACh in hippocampal dialysates (Day &

Fibiger, 1994; Imperato et al., 1993; Hersi et al., 1995). The
proposed mechanism for this phenomenon involves activa-
tion of DA receptors. The precise role for DA receptor
subtypes in the regulation of hippocampal ACh release

appears to be controversial. Results from Day & Fibiger
(1994) and Hersi et al. (1995) suggests a predominant role
for D1 receptors while the results from Imperato et al.

(1993) suggests the involvement of both D1 and D2

receptors. Septal application of dopaminergic antagonists
increases cholinergic activity in the hippocampus (Robinson

et al., 1979; Durkin et al., 1986), suggesting dopaminergic
regulation of the septo-hippocampal pathway at the level of
the cell body, possibly acting through gamna-aminobutyric
acid (GABA)-ergic interneurons (Wood, 1985). In addition

to the e�ects of DA receptor antagonists in the septal
region, direct hippocampal infusion of D1, but not D2,
receptor agonists increased ACh levels in hippocampal

dialysates (Hersi et al., 1995), suggesting an additional locus
of action for dopamine is within the cholinergic terminal
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®elds in the hippocampus. Thus, the dopaminergic regula-
tion of hippocampal ACh release suggests that pharmaco-
logical agents that a�ect dopaminergic pathways may

modulate hippocampal ACh release in vivo.
Nicotine, the prototypical agonist acting via the neuronal

nicotinic acetylcholine receptors (nAChRs) is active in a
variety of rodent and primate models of learning and memory

(Levin, 1992; Buccafusco & Jackson, 1991), and improves
cognitive function in Alzheimer's disease (Wilson et al., 1995).
Nicotine-induced neurotransmitter release plays a major role

in its behavioural e�ects such as the locomotor activity,
improved vigilance and cognition enhancement (Wonnacott,
1997). Of particular relevance to the cognition enhancing

e�ects of nicotine, among others, is the release of ACh and DA
in relevant brain regions.

The nAChR regulation of DA release from striatum,

nucleus accumbens and prefrontal cortex is extensively
characterized in vitro (Sacaan et al., 1995; Clarke & Reuben,
1996) and in vivo (Mitsud et al., 1998; Nissel et al., 1994a,b;
Imperato et al., 1986; Summers et al., 1994; 1997; Marshal

et al., 1997). In addition, nicotine at behaviourally active
doses (0.2 ± 0.8 mg kg71, s.c.) is known to increase nor-
epinephrine (NE) and DA release from rat hippocampus

(Brazell et al., 1991; Mitchell, 1993).
Nicotine is also known to regulate ACh release in

hippocampus and cortex in vitro (Araujo et al., 1988; Wilkie

et al., 1993; 1996; Rowell & Winkler, 1984; Beani et al., 1985;
Meyer et al., 1987) and in vivo (Nordberg et al., 1989; Toide &
Arima, 1989; Summers et al., 1994; 1997; Quirion et al., 1994;

Tani et al., 1998). In in vitro assays employing synaptosomes or
slices, nicotinic agonists have been shown to modulate ACh
release from both the rat hippocampus and cortex. Nicotine-
induced ACh release from hippocampal slices was sensitive to

mecamylamine, d-tubocurarine and dihydro-b-erythroidine
(DHbE), but not to tetrodotoxin, suggesting localization of
the neuronal nAChRs on the cholinergic nerve terminals. The

synaptosomal ACh release studies also support the localization
of nAChRs on presynaptic terminals. In contrast to the
hippocampus, other lines of evidence suggest either an indirect

action or no e�ect for nicotine on ACh release in cortical
synaptosomes (Meyer et al., 1987; Rowell & Winkler, 1984;
Beani et al., 1985).

The pharmacology and the site of action of nAChR-

mediated ACh release in hippocampus in vivo are yet to be
fully characterized. Based on the knowledge that nicotine can
induce the release of both DA and ACh in vivo, and that DA

(D1) receptor activation results in the release of ACh in vivo, we
speculated that nicotine-evoked DA release in vivo may
contribute to nicotine-induced ACh release in the hippocam-

pus. In the present study, the role DA in nicotine-induced
hippocampal ACh release was examined. In addition, potential
sites of action for nicotine-induced hippocampal ACh release

were also investigated by systemic injection or local perfusion
of nicotine into the hippocampus combined with perfusion of
selected nAChR and DA antagonists directly into the
hippocampus.

Methods

Chemicals

Mecamylamine HCl, DHbE HCl, SCH-23390 HCl and
tetrodotoxin were obtained from Research Biochemical Inc.
(RBI, Natick, MA, U.S.A.). (7)-Nicotine dihydrogen
tartrate was obtained from Sigma Chemical Co, (Sigma, St

Louis, MO, U.S.A.). All other chemicals were of the highest
purity commercially available. All doses refer to mg kg71,
free base.

Animals

Male Sprague Dawley rats (160 ± 200 g) were purchased from

Harlan (San Diego, CA, U.S.A.). All animals were housed in
SIBIA Neurosciences, Inc. Vivarium. Rats were housed in
plastic cages (3 ± 4 rats per cage) with bedding. Animals were

given free access to food and water throughout the study.
Temperature and relative humidity were maintained at 22 ±
248C and 50 ± 55%, respectively.

Microdialysis probes

The microdialysis probe assembly was constructed using the
parts of the Push Pull Cannula System (Part No. C311GP/
SPC; Plastics One, Roanoke, VA, U.S.A.) comprised of a
stainless steel cannula (20G) attached to a plastic housing, a

probe holder and a securing nut assembly. The stainless steel
guide cannula were cut to 2 mm length and attached to the
assembly. The loop-type dialysis probes attached to fused

silica tubing and housed in a rigid shaft were purchased
from ESA Inc. These probes had a 2 mm long semi-
permeable membrane with a molecular weight cut-o� of

6000 D. The probes were gently inserted into the probe
assembly such that the entire length of the microdialysis
membrane extends beyond the guide cannula. The fused

silica tubing was secured to the plastic housing with an
epoxy resin and allowed to cure for 24 h after which the
guide cannula was removed.

Surgery

Rats were anaesthetized with iso¯urane and mounted in a

Kopf stereotaxic apparatus. The incisor bar was set at
73.3 mm (Paxinos & Watson, 1986). A midline incision was
made to expose the skull and a hole was drilled at the following

coordinates: AP, 73.5 mm and ML, 2.0 mm, (Paxinos &
Watson, 1986). A 2.0 mm long stainless steel guide cannula,
was inserted into the hole and was secured to the skull by three
small machine screws anchored together by dental cement. A

dummy cannula was inserted into the guide cannula to prevent
clogging. The animals were removed from the sterotaxic frame
and single housed for 3 ± 7 days with free access to food and

water.

Microdialysis experiments

On the day of the experiment, the rats were brie¯y
anaesthetized with iso¯urane and the dummy cannulae were

removed. A microdialysis probe prepared as described above
was inserted into the guide cannula. Under these conditions,
the microdialysis probe extended 2 mm beneath the guide
cannula. The animal was placed in a plastic bowl with a

harness around its neck (CMA 120; CMA Microdialysis,
Acton, MA, U.S.A.). The microdialysis probe was connected
to a syringe pump through which a salt solution

representing the ionic concentration of the cerebrospinal
¯uid (arti®cial CSF (in mM); NaCl 145; KCl 2.7; MgCl2 1.0
and CaCl2 1.2; pH 7.4; Moghaddam & Bunney, 1989) was

pumped at a rate of 1.0 ml min71. The cholinesterase
inhibitor, neostigmine was included in the arti®cial CSF at
a concentration of 100 nM. Twenty-minute fractions were
collected and automatically injected on to a reverse-phase
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polymeric HPLC column via a sample loop and an auto-
injector. The on-line microdialysis comprised of the
following components: a CMA/100 microsyringe pump

connected to a CMA/111 syringe selector.

HPLC methodology

The mobile phase (100 mM disodium hydrogen phosphate;
2.0 mM 1-octane sulphonic acid sodium salt; 0.005% reagent
MB [ESA Inc. Chelmsford, MA, U.S.A.], pH=8.00 with

phosphoric acid) was pumped using pump (ESA Model 580)
through a polymeric reverse phase column (ACH-3, ESA
Inc.) at a ¯ow rate of 0.8 ml min71. The e�uent from the

column was passed through an enzyme reactor containing
immobilized acetylcholinesterase and choline oxidase (ACH-
SPR, ESA Inc.). The HPLC column and the enzyme reactor

were maintained at a constant temperature of 358C.
Acetylcholine and choline in microdialysis samples were
converted into hydrogen peroxide which was detected by
amperometric oxidation in an analytical cell containing a

glassy carbon target electrode and a palladium reference
electrode (ESA Model 5041). The oxidation potential was
250 mV and a Coulochem detector (ESA Model 5200A)

detected the signal. The retention times for choline and
acetylcholine under these conditions were 4 and 6 min
respectively. The limit of detection for acetylcholine was less

than 20 fmole on column.

Compound administration

On the day of the experiment, following insertion of the
dialysis probe, 10 ± 12 fractions were collected to establish
baseline ACh release. Rats were then injected with test

compound and samples were collected until the levels of ACh
in the dialysate samples returned to baseline (3 ± 5 h). The time
of injection of test compounds is denoted by an arrow in the

®gures. When antagonists are examined, they were given
20 min before the injection of nicotine or saline as appropriate.
For parenteral injection, compounds were dissolved in saline

and the pH of the solution was adjusted by the addition of
NaOH. Rats were injected subcutaneously with test com-
pounds in a volume of 1.0 ml kg71. For direct perfusion, the
compounds were dissolved in arti®cial CSF, pH checked and

adjusted as necessary, and perfused at a rate of 1 ml min71. A
horizontal line in the ®gures denotes the duration of the
perfusion.

Statistical analysis

The data were analysed for statistical signi®cance using two-
way repeated measures ANOVA with Newman Keul's post hoc
test of drug-treated animals vs the saline control or antagonist

treatment (Graph Pad Prizm, San Diego, CA, U.S.A. and
Sigma Stat Software, Jandel, San Rafel, CA, U.S.A.).
Signi®cance was considered to be a P value of 50.05. The
e�ects of pharmacological treatments on ACh release were

also assessed by determining the area under the curve (AUC)
measurements. Increases in ACh levels above the baseline
release, i.e., percentage change from baseline data starting

from the time of the ®rst injection (720 min or zero min) until
the levels reached the pre-injection basal release, were used in
the calculation of AUC using the trapezoidal rule (Graph Pad

Prizm). The baseline is de®ned as the average release in three
fractions (20 min each) prior to the ®rst injection and this was
equated to 100%. The di�erences in AUC values following
various pharmacological challenges were assessed using one-

way ANOVA followed by appropriate post hoc analysis
(Dunnett's or Neuman-Keul's tests).

Results

Systemic administration of nicotine and antagonists

Three to four hours following the implantation of the
dialysis probes, hippocampal ACh release reached a stable

baseline. The basal ACh release under these conditions
appeared to have a synaptic origin as evidenced by a
marked attenuation of the basal release by the inclusion of

tetrodotoxin (1 mM) or the removal of extracellular calcium
from the aCSF (499% attenuation in both cases, data not
shown).

Under the conditions employed, the average basal level of
ACh in the hippocampal dialysates was 187+26 fmoles per
20 min (mean+s.e.mean, n=19). Subcutaneous administra-
tion of saline (1 ml kg71) caused a transient increase in the

ACh levels in hippocampal dialysates (F(1,10)=7.4, P50.01;
Figure 1) and this increase lasted for up to 20 min (P50.05
vs pre-treatment basal release, Dunnett's test). In preliminary

studies, nicotine (0.2, 0.4 and 0.7 mg kg71, s.c.) showed a
bell-shaped dose response relationship at increasing hippo-
campal ACh release (data not shown). Nicotine

(0.4 mg kg71, s.c.) induced a reliable and statistically
signi®cant increase in the levels of ACh in hippocampal
dialysates versus saline control (F[12,81]=2.5, P=0.0077).

The peak increase (i.e., maximum statistically signi®cant
e�ect) of 213% of baseline was observed at 40 min post-
injection, and the increase in ACh levels persisted for at
least 120 min post-injection (Figure 1).

For experiments designed to test the pharmacological
sensitivity of nicotine (0.4 mg kg71, s.c.)-induced hippocam-
pal ACh release, antagonists were given 20 min prior to s.c.

injection of nicotine. Control groups of animals received two
injections of saline and this resulted in a modest increase in
hippocampal ACh levels (F(1,12)=2.35, P=0.0252) as

compared to pre-injection baseline. However, post hoc
analysis did not indicate signi®cant di�erences between the
pre-injection baseline and ACh release from 0 ± 120 min
post-injection. Injection of nicotine (0.4 mg kg71, s.c.)

following a saline injection resulted in a statistically
signi®cant increase in ACh levels (Figure 2). Pretreatment
with the noncompetitive nAChR antagonist mecamylamine

Figure 1 E�ects of saline and nicotine (NIC) on ACh levels in
hippocampal dialysates. Nicotine (0.4 mg kg71, n=5) or saline
(n=4) was administered subcutaneously at time=0 and the ACh
levels in the dialysates determined as described in Methods. The data
represent the mean+s.e.mean of the groups. +P50.05 vs pretreat-
ment baseline (saline; one-way ANOVA followed by Dunnett's test),
*P50.05 for the e�ect of nicotine vs the saline control (two-way
ANOVA). The arrow indicates the time of injection (zero min).

Nicotine-induced hippocampal ACh release in vivo1488 R.T. Reid et al



(3.0 mg kg71, s.c.), attenuated the e�ect of systemic nicotine
administration (F[14,19]=2.36, P=0.005; Figure 2). The
increase in ACh levels in hippocampal dialysates induced by

mecamylamine alone (3.0 mg kg71, s.c.) was not di�erent
from a saline injection (data not shown).

The pretreatment with the competitive nAChR antagonist
DHbE (4 mg kg71, s.c.), also antagonized the ACh release

induced by nicotine (0.4 mg kg71; F[14,160]=3.16, P=0.0002;
Figure 2). DHbE, when administered alone, caused an increase
in ACh levels; however, this increase was not statistically

di�erent from a saline injection (data not shown).
In addition to the attenuating e�ects of the nAChR

antagonists, the dopamine D1 receptor antagonist SCH-

23390 (0.3 mg kg71, s.c.), also attenuated the e�ect of
systemic nicotine administration (Figure 2, F[14,148]=4.28,

P50.0001). SCH-23390 administered alone did not alter
the basal ACh release and in addition, the injection of
SCH-23390 did not elicit a transient increase in ACh

release normally seen with saline injection (data not
shown).

The area under the curve estimates of ACh release (Figure
3) shows a similar pro®le. Nicotine injection produced

signi®cant increase in AUC over saline injection and this was
signi®cantly reversed by all three antagonists examined
(F(4,19)=5.25, P=0.0051). The post hoc Neuman-Keul's test

indicated no signi®cant di�erences among the three antago-
nists in their abilities to attenuate NIC-induced ACh release.
In addition, there were no di�erences in AUC values obtained

by saline+saline treatment vs antagonist+NIC injection
(P40.05).

Figure 2 The pharmacology of nicotine (NIC)-induced hippocampal ACh release. Rats were given saline or various antagonists
20 min prior to s.c. injection of nicotine (0.4 mg kg71) or saline. Arrows (720 and zero min) denote the injection times. Values
represent mean+s.e.mean (n=6±7; saline+saline, n=7; saline+nicotine, n=6; mecamyalime (MEC; 3.0 mg kg71)+nicotine, n=6;
DHbE (3.0 mg kg71)+nicotine, n=7; SCH-23390 (0.3 mg kg71)+nicotine, n=6). *P50.05 for the e�ect of saline/nicotine vs the
saline/saline response (two-way ANOVA); +P50.05 for the e�ect of antagonist/nicotine vs the saline/nicotine response (two-way
ANOVA).

Figure 3 Summary of e�ects of mecamylamine (MEC), DHbE or SCH-23390 on nicotine (NIC)-induced ACh release from rat
hippocampus. The area under curve values were determined using the trapezoidal rule and the values represent arbitrary units
(mean+s.e.mean, n=6±7). *P50.05 vs saline+saline response, +P50.05 vs saline+nicotine response (ANOVA followed by
Neuman-Keul's test).
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Systemic administration of nicotine with local perfusion
of antagonists

To characterize the site and the mechanism of nicotine-induced
hippocampal ACh release, MEC, DHbE or SCH-23390 were
perfused locally, while nicotine (0.4 mg kg71) was given by s.c.
injection. The perfusion of the antagonists was initiated 20 min

before the s.c. injection of nicotine and continued for up to
200 min. Initial studies were conducted to determine the

optimum concentration for the antagonists for these studies.
Mecamyaline and DHbE, each at 100 mM concentration, and
SCH-23390 at 10 mM concentration did not a�ect the basal

ACh release from hippocampus (Figure 4). Higher concentra-
tions of either mecamylamine (1 mM) or SCH-23390 (100 mM)
per se increased the levels of ACh in the perfusates (data not
shown). Direct perfusion of mecamylamine (100 mM) did not

signi®cantly attenuate the nicotine-induced ACh increase in
the dialysis perfusates (F(15,126)=1.49, P=0.11; Figure 4).

Figure 4 E�ects of local perfusion of various antagonists on increases in ACh levels in hippocampal dialysates induced by s.c.
injection of nicotine (NIC, 0.4 mg kg71). The perfusion of antagonists mecamylamine (MEC, 100 mM, n=5), DHbE (100 mM, n=4)
or SCH-23390 (10 mM, n=4)) was initiated 20 min before the s.c. injection of nicotine (n=5). The arrows indicate the times of
injection (720 and zero min). Values represent mean+s.e.mean, n=5±6). *P50.05 antagonist+nicotine vs nicotine+aCSF
response. The horizontal line indicates the duration of perfusion and the arrows indicate the initiation and termination of the
perfusion.

Figure 5 Summary of the e�ects of local perfusion of mecamylamine (MEC), DHbE or SCH-23390 on nicotine (NIC,
0.4 mg kg71, s.c.)-induced hippocampal ACh release. The area under curve values expressed as arbitrary units (mean+s.e.mean,
n=5±6) were determined using the trapezoidal rule. *P50.05 vs saline+aCSF response, +P50.05 vs nicotine+aCSF response.
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Similarly direct perfusion of DHbE (100 mM) also did not
attenuate nicotine's e�ect (F(11,72)=1.69, P=0.093).
Although ACh levels at 100, 120 and 140 min following s.c.

injection of nicotine with a local perfusion of DHbE (100 mM)
appeared to be lower than those seen with nicotine alone, two-
way ANOVA did not reveal any overall signi®cant di�erences
between the time course pro®les of nicotine alone vs

nicotine+DHbE (F(11,72)=1.69, P40.05). In contrast, local
perfusion of SCH-23390 (10 mM) signi®cantly inhibited the
e�ect of subcutaneous nicotine administration on hippocampal

ACh release (F(14,148)=4,28, P50.0001; Figure 4). The area
under the curve measurements further support these observa-
tions (Figure 5; F[4,20]=6.4, P50.01). Post hoc Dunnett's test

indicated signi®cant e�ect of SCH-23390 (P50.05), but not of
MEC or DHbE.

Local perfusion of nicotine and antagonists

To determine if the e�ect of nicotine on hippocampal ACh
release is mediated via nAChRs within the hippocampus,

nicotine was perfused into the sampling area via the
microdialysis probe. Nicotine at a concentration of 1 mM in
the perfusion solution increased levels of ACh in the

hippocampal perfusate (F(1,10)=9, P50.05) with a peak
increase of 180+17% of baseline (mean+s.e.mean; Figure 6).
Signi®cant increases in ACh levels were noted soon after the

initiation of the perfusion (i.e., 20 min), persisted throughout
the perfusion and returned to baseline levels soon after the
removal of nicotine from the aCSF. The ACh levels decreased

to baseline soon after the removal of nicotine from the aCSF;
however, these changes were not statistically signi®cant (post
hoc Neuman-Keul's test). Nicotine at a lower concentration

(100 mM) failed to cause an increase in ACh levels in the
perfusate (data not shown). The e�ects of the antagonists on
the nicotine-induced increases in ACh levels from the

hippocampal perfusates were examined by co-perfusion of
MEC (100 mM) or SCH-23390 (10 mM) with nicotine (1 mM).
Neither of the antagonists had any signi®cant e�ect on nicotine
induced increase in ACh levels in the dialysates (Figure 6).

Discussion

In recent years, the bene®cial e�ects of nicotine on attention,
learning and memory have been reported (Levin, 1992; Wilson

et al., 1995). Despite the putative role of ACh in cognitive
processes the e�ects of nicotine on cholinergic systems has
received little attention. The aim of the present study was to

understand the mechanism by which nicotine increases
hippocampal levels of ACh in vivo.

In the present study, we demonstrated nicotine-induced
hippocampal ACh release in vivo following subcutaneous

injection. These results are consistent with those reported by
Toide & Arima (1989) and Tani et al. (1998). Further, we
extended these studies by demonstrating the sensitivity of

nicotine-evoked hippocampal ACh to subcutaneously admi-
nistered MEC and DHbE, two antagonists of nAChRs. These
results unequivocally implicate nAChRs in this response.

These observations also support similar conclusions by Tani
et al. (1998). Alpha-bungarotoxin-sensitive nAChRs are
another potential target for nicotine's actions. However, this

subtype does not appear to be involved in nicotine-induced
ACh release in the hippocampus as evidenced by a lack of
e�ect of a selective alpha-bungarotoxin-sensitive nAChR

Figure 6 The e�ects of local perfusion of various antagonists on ACh release elicited by local perfusion of nicotine (NIC, 1 mM,
n=7). The antagonists mecamylamine (MEC, 100 mM, n=5), or SCH-23390 (10 mM, n=4) were co-perfused with nicotine in aCSF.
Values represent mean+s.e.mean. The horizontal line denotes the duration of perfusion and the arrows indicate the initiation and
termination of perfusion.
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antagonist, methyllycaconitine on nicotine-induced hippocam-
pal ACh release and by a lack of e�ect of 3(2,4-dimethox-
ybenzlidine)-anabaseine (GTS-21), a ligand known to have

agonist activity at the alpha-bungatotoxin-sensitive nAChRs
(De Fiebre et al., 1995), on hippocampal ACh release (Tani et
al., 1998).

Since nicotine is known to release DA within the

hippocampus (Brazell et al., 1991) which in turn can increase
ACh release, we hypothesized that nicotine-evoked DA release
may contribute, in part, to the hippocampal ACh release. The

sensitivity of nicotine-evoked ACh release to subcutaneously
injected SCH-23390 clearly supports this hypothesis. SCH-
23390 (10 mM), which attenuated the nicotine-induced ACh

release, did not a�ect basal ACh release suggesting a lack of
tonic regulation of ACh release by D1 receptors. Therefore,
SCH-23390 is unlikely to attenuate nicotine-induced ACh

release by a tonic-inhibitory mechanism. SCH-23390 at higher
concentrations (100 mM) per se increased ACh release, and this
may be unrelated to its D1 receptor antagonism as SCH-23390
is known to interact with other receptors such as the

serotonergic receptors at higher concentrations (McQuade et
al., 1988). Interestingly, the magnitude of the attenuation by
SCH-23390 of nicotine-evoked ACh release was similar to that

seen with nAChR antagonists, MEC or DHbE suggesting that
the DA release and DA (D1) receptor activation are critical
events in the nAChR-mediated ACh release in vivo.

Increases in hippocampal ACh levels following the
systemic injection of nicotine might result from the
activation of nAChRs within or outside the hipocampus.

To elucidate the site of action of nicotine, two sets of studies
were conducted: (1) subcutaneous injection of nicotine
preceded by local perfusion of nAChR antagonists and D1
antagonist; and (2) co-perfusion of selected antagonists

along with nicotine through a microdialysis probe into the
hippocampus. For both of these experimental conditions, we
used concentrations of antagonists that were devoid of

intrinsic e�ects on hippocampal ACh release. Pretreatment
with SCH-23390 (10 mM) attenuated hippocampal ACh
release response due to systemic nicotine administration

while the putative nAChR antagonists, MEC and DHbE
were ine�ective, each applied at a concentration of 100 mM.
The possibility that the nicotinic antagonists were applied at
concentrations below their minimum e�ective concentrations

to block nAChRs and/or that the antagonists did not di�use
su�ciently across the dialysis membranes exists. Nissel et al.
(1994a) and Marshall et al. (1997) have shown that

perfusion of MEC (100 mM) through microdialysis probes
attenuates DA release in nucleus accumbens or striatum
elicited by a systemic injection or local perfusion of nicotine.

Mitchell (1993) demonstrated that MEC (25 mM) perfused
into the hippocampus via a microdialysis probe attenuated
NE release in the hippocampus elicited by co-perfusion of

nicotine. These data suggest that the concentrations
employed in the present investigation are in the e�ective
concentration range known to antagonize nicotine-evoked
neurotransmitter release in vivo using microdialysis techni-

ques. At higher concentrations (4100 mM), MEC per se
increased ACh release. Similarly, Nissel et al. (1994a) also
observed increases in DA release in the rat nucleus

accumbens with a perfusion of MEC (1 mM). Therefore,
the sensitivity of nicotine-evoked ACh release to higher
concentrations of MEC could not be examined unequi-

vocally. The relative lack of e�ect of nAChR antagonists on
ACh release evoked by a systemic injection of nicotine, tend
to suggest that nicotine's site of action lies outside of the
hippocampus. The sensitivity of hippocampal ACh release

evoked by a systemic injection of nicotine to SCH-23390
suggests that hippocampal ACh release evoked systemic
nicotine requires local DA release and D1 receptor

activation.
To delineate if hippocampal nAChRs are involved in

nicotine-induced ACh release in vivo, nicotine (1000 mM) was
directly perfused with or without MEC (100 mM) or SCH-

23390 (10 mM). Local perfusion of nicotine at 1 mM

concentration, but not 0.1 mM, increased hippocampal ACh
levels. Marshall et al. (1997) and Nissel et al. (1994a,b) have

reported nicotine-evoked increases in DA levels in striatum,
nucleus accumbens or frontal cortex in the similar concentra-
tion range. Increases in hippocampal ACh release following

direct perfusion of nicotine suggest a local action within the
hippocampus. However, the pharmacology of ACh release
evoked by direct perfusion of nicotine appears to be di�erent

from that seen with systemic administration in that the
response was insensitive to co-perfusion of MEC (100 mM) or
SCH-23390 (10 mM). A higher concentration of SCH-23390
(100 mM) per se increased hippocampal ACh release, hence this

concentration could not be used in the antagonism experi-
ments. However, it must be noted that the concentration of
SCH-23390 (10 mM), used in these experiments, was fully

e�cacious at attenuating ACh release elicited by the systemic
injection of nicotine (see above and Figure 4). Therefore, the
results from the local perfusion experiments suggest that

nicotine can elicit ACh release within the hippocampus
through a non-dopaminergic mechanism. In addition, the
relative lack of e�ect of nAChR antagonists argues against the

involvement of nAChRs. In microdialysis experiments,
nicotine-induced DA release that is insensitive to co-perfused
MEC was observed in rat striatum, nucleus accumbens and
prefrontal cortex (Marshall et al., 1997) and this phenomenon

appeared to be dependent on the concentration of nicotine
used. In addition, regional di�erences in MEC sensitivity were
noted in that nicotine-evoked DA release in the striatum and

nucleus accumbens showed a greater MEC sensitivity than DA
release in the prefrontal cortex. Recently, Fu et al. (1999)
reported nicotine-induced hippocampal NE release that is

insensitive to local perfusion of MEC or DHbE (Fu et al.,
1999). Additional studies are needed to delineate the
pharmacology of the nicotine-induced neurotransmitter release
that is insensitive to putative nAChR antagonists.

Taken together, the systemic and local administration
studies suggest that nicotine-induced hippocampal ACh release
involves two distinct mechanisms, one that involves an extra-

hippocampal site of nAChR activation leading to hippocampal
DA release and subsequent D1 receptor activation, the second
mechanism that involves non-DA-ergic mechanism. Nicotine-

induced hippocampal norepinephrine release in vivo is also
known involve an extra-hippocampal site, presumably the
noradrenergic cell bodies originating from the locus coereleus

(Mitchell, 1993).
Since the hippocampal formation receives its DA-ergic

inputs from the VTA (Bischo� et al., 1979; Scatton et al.,
1980), the nicotine-induced hippocampal ACh release may be

mediated, in part, via the activation of nAChRs located in the
VTA. Dopaminergic (D1 receptor) regulation of hippocampal
ACh release is established from anatomical and functional

studies as summarized below. Hippocampal D1 receptors have
been localized to the molecular layer of the dentate gyrus and
the dorsal hippocampus (Dawson et al., 1986; Grilli et al.,

1988; Tiberi et al., 1991). Signi®cant loss of hippocampal D1

receptors with a concomitant loss of choline acetyltransferase
activity (ChAT) after ®mbriaectomy (Hersi et al., 1995)
suggests that a subpopulation of the D1 receptors are
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presynaptically localized on the cholinergic a�erents. Direct
perfusion of SKF-38393, a selective D1 receptor agonist, into
the hippocampus, but not septum, has been shown to increase

ACh levels (Hersi et al., 1995). Brazell et al. (1991) reported
that nicotine at behaviourally active doses (0.2 ± 0.8 mg kg71,
s.c.) increases both NE and DA in the rat hippocampus. These
observations, taken together, further support the involvement

of nAChR activation of VTA-hippocampal DA-ergic path-
way, DA release, D1 receptor activation in nicotine-induced
hippocampal ACh release in vivo.

In summary, in the present investigation, we have
demonstrated a unique pharmacology for nicotine-induced
hippocampal ACh release. The e�ect of nicotine is both intra-

and extra-hippocampal, with the latter apparently having

predominance after systemic administration of nicotine. A
possible mechanism is via activation of nAChRs located on the
DA soma in the VTA resulting in hippocampal DA release and

subsequent activation of D1 receptors, culminating in the
release of ACh within the hippocampus thus involving a
permissive DA synapse.
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Emily Santori for their excellent technical assistance. The authors
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