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Abstract Rationale: The brainstem pedunculopontine
tegmental nucleus (PPTg) is proposed to mediate hypo-
thalamic self-stimulation reward via cholinergic activation
of the ventral tegmental area (VTA). However, to date
there is little direct evidence to support this hypothesis.
Objectives: To further study the role of PPTg in hypo-
thalamic self-stimulation reward. Methods: By using in
vivo microdialysis, the levels of extracellular acetylcholine
(ACh) in the PPTg and VTA were detected during lateral
hypothalamic (LH) self-stimulation in rats. Rate–frequen-
cy curve shift procedure was used to evaluate the effects of
nonselective muscarinic antagonist scopolamine (1∼100
μg/μl) and nicotinic antagonist mecamylamine (5∼100
μg/μl) microinjected into the PPTg on the rewarding
efficacy of LH self-stimulation. Subsequently, the drugs
were injected into the PPTg, and the extracellular ACh in
the VTA was measured. Results: LH self-stimulation
produced a concurrent ACh release in the PPTg and VTA.
Intra-PPTg injection of scopolamine (100 μg/μl) signifi-
cantly reduced the frequency threshold for LH self-stimu-
lation reward, but nicotinic antagonist mecamylamine did
not shift the threshold. However, mecamylamine (10,
25 μg/μl) injected into the PPTg robustly diminished the
nicotine-potentiated LH self-stimulation reward. The ex-
tracellular ACh in the VTA was dramatically increased by
intra-PPTg scopolamine (10, 100 μg/μl), but not by
mecamylamine. Conclusions: Results confirm that PPTg
plays an important role in brain stimulation reward by
modulating the cholinergic activity of the VTA. The PPTg
muscarinic receptors contribute to an inhibitory modulation
of reward effects by self-stimulation, whereas nicotinic

receptors seem to be more involved in nicotine potentiation
of brain stimulation reward.
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Introduction

The pedunculopontine tegmental nucleus (PPTg) is a
rostral midbrain structure at the junction of the pons and
midbrain that contains a major group of cholinergic
neurons. PPTg is suggested as a limbic–motor interface
involved in the mediation of mesencephalic locomotor
activities, sleep–wakefulness cycle, sensorimotor gating,
and reward-related behaviors as well (Pahapill and Lozano
2000; Mena-Segovia et al. 2004; Diederich and Koch
2005). Of these, the involvement of PPTg in reward-related
behaviors has been demonstrated in conditioned place
preference (Tzschentke 1998; Kippin and van der Kooy
2003), intravenous drug self-administration (Olmstead et
al. 1998; Lanca et al. 1999; Corrigall et al. 1999, 2001,
2002; Picciotto and Corrigall 2002; Alderson et al. 2004),
and intracranial electrical self-stimulation (Yeomans et al.
1993; Nakahara et al. 2001).

The intracranial self-stimulation (ICSS) is most effective
(rewarding) when applied to the medial forebrain bundle
(MFB) extending from the lateral hypothalamus (LH) to
the ventral tegmental area (VTA). Mesolimbic dopamine
(DA) system, particularly its mesoaccumbens link, is
critical to the ICSS (Wise 2002). It has been proposed
that MFB stimulation may exert its effects not by directly
stimulating the dopaminergic neurons but by descending
nondopaminergic pathways that transsynaptically activate
the ascending mesolimbic DA system. One component of
these descending pathways seems to be cholinergic
(Yeomans 1989; Wise et al. 1998). The PPTg receives
dense afferents arising from the LH (Steininger et al. 1992;
Semba and Fibiger 1992) and projects significant propor-
tions of cholinergic innervations to the major mesence-
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phalic dopaminergic nuclei, the VTA and substantia nigra
pars compacta (SNc) (Oakman et al. 1995). Recent data
suggested that PPTg might be one excitatory element in
afferent modulation of mesolimbic and nigrostriatal dopa-
mine release (Floresco et al. 2003; Forster and Blaha 2003).
In the early 1990s, Yeomans et al. (1993) found that
muscarinic drugs injected into the PPTg dramatically
shifted hypothalamic stimulation thresholds and hypothe-
sized that first-stage descending MFB fibers may activate
cholinergic neurons within PPTg, which serve as the
second stage, synaptically activating the third-stage
mesolimbic dopaminergic neurons in the VTA. However,
to date there is little direct evidence to support this
hypothesis. Results from a lesion study even appear to rule
out the possibility that PPTg plays an essential role in MFB
stimulation of ascending cholinergic input to the VTA
(Waraczynski and Perkins 1998).

Therefore, the present study aims to further explore the
involvement of cholinergic PPTg in MFB self-stimulation
reward, specially its functional modulation of cholinergic
activation of VTA via acetylcholine receptors (AChRs).
For this purpose, we tested the effects of (1) LH self-
stimulation on the extracellular ACh in the VTA and PPTg,
(2) intra-PPTg cholinergic antagonisms on the frequency
threshold for LH stimulation reward, and (3) cholinergic
antagonisms applied to PPTg on the extracellular ACh in
the VTA. While the exact roles of nicotinic receptors in
brain stimulation reward (BSR) and nicotine addiction still
remain not fully understood, the present study for the first
time shows the differential effects of nicotinic AChRs, at
the level of PPTg, on the effectiveness of MFB self-
stimulation when in the presence or absence of nicotine.

Materials and methods

Animals and surgery

Male Wistar rats (Japan SLC Inc., Shizuoka, Japan)
weighing 330–350 g at the time of surgery were used.
Rats were housed individually under a 12-h light/dark
cycle (lights on at 7 a.m.), with food and water ad libitum.
All procedures were approved by the institutional review
committee and were in accordance with the Guide for the
Care and Use of Laboratory Animals at Hamamatsu
University School of Medicine.

The rats were anesthetized for surgery with pentobarbital
(50 mg/kg, i.p.) and positioned in a stereotaxic frame. A
monopolar electrode (stainless steel wire, 0.2 mm in
diameter) was inserted into the right LH [coordinates:
anteroposterior (AP) −4.0 mm, mediolateral (ML) 1.6 mm,
and dorsoventral (DV) 8.0 mm; Paxinos andWatson 1998).
In experiment I, a guide cannula for microdialysis was
implanted ipsilaterally 1 mm above either the VTA (AP
−5.5 mm, ML 1.0 mm, DV 7.5 mm) or PPTg (AP
−8.3 mm, ML 1.0 mm, DV 6.5 mm). Here the cannula
above the VTAwas implanted at an angle 12° caudal to the
dorsal/ventral axis for ease of implantation. In experiment
IV, a guide cannula for microdialysis was implanted at a

20°-angle above the VTA, whereas a guide cannula (22-
gauge, Plastics One) for drug microinjection was implanted
ipsilaterally into the PPTg (coordinates: AP −8.0 mm, ML
2.0 mm, DV 7.0 mm) (Fig. 5a). Rats were allowed 12–
14 days to recover from surgery.

Systemic and intracranial injections

Nicotine di-d-tartrate (Sigma) was dissolved in saline at a
dose of 0.5 mg/ml (pH 7.2–7.4) and subcutaneously
administered in a volume dose of 1 ml/kg 10 min before
ICSS testing. Muscarinic acetylcholine receptor (mAChR)
antagonist (−) scopolamine hydrochloride (Sigma) and
nicotinic acetylcholine receptor (nAChR) antagonist me-
camylamine hydrochloride (Sigma) were dissolved in
Ringer solution (1.2 mM CaCl2, 4 mM KCl, 147 mM
NaCl, pH 6.7), which also served as the control injection.
Intracranial microinjections were made using 28-gauge
injectors (Plastics One). Drugs were injected in a volume of
1 μl over the course of 10 min, and the injectors were left in
place for 10 min to allow sufficient diffusion of the drug.

In vivo microdialysis and high-performance liquid
chromatography

Collection and analysis of extracellular ACh by in vivo
microdialysis and high-performance liquid chromatogra-
phy (HPLC) were conducted as described previously
(Nakahara et al. 2001). Briefly, rats were placed in the
ICSS chamber, and the dialysis probe with 1.0 mm of
active membrane (Cuprophan, Nikkiso, Japan; molecular
weight cutoff <35,000 Da) was inserted into the guide
cannula. The dialysis probe was infused with Ringer
solution containing 10 μM eserine (Wako Pure Chemical
Industries, Osaka, Japan), an ACh esterase inhibitor, at a
flow rate of 2 μl/min. After a 180-min stabilization period,
three consecutive samples were collected at 20-min
intervals to determine the steady-state (baseline) level.
Rats were subsequently allowed to press the lever for self-
stimulation for 1 h. Sample collections were continued
during and for 2 h after the ICSS. ACh concentration in
dialysates was analyzed by reverse-phase HPLC system
(BAC-300 system, EICOM, Kyoto, Japan).

Procedures

Experiment I: effects of LH self-stimulation
on extracellular ACh in VTA and PPTg

In this experiment, each rat had an electrode placed in the
right LH and a guide cannula placed in the VTA (or PPTg)
ipsilateral to the electrode. They were placed in a
transparent acrylic chamber (30.0 × 25.0 × 26.5 cm)
equipped with a lever and were trained to press the lever for
LH self-stimulation. A continuous reinforcement schedule
was used. Each lever press delivered a 0.3-s train of
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monophasic cathodal rectangular pulses of constant
duration (0.1 ms) and frequency (100 Hz) and variable
intensity (300–500 μA). The animals were trained for 1–3
times (1 h daily) until an established stable lever pressing at
rate of no less than 250 responses per 5 min was achieved.
Animals that would not meet this criterion were excluded.
Microdialysis collections started 3 days after the last ICSS
training, and the dialysates were instantly analyzed by
reverse-phase HPLC as described above.

Experiment II: effects of intra-PPTg muscarinic
antagonists on the frequency thresholds for LH
stimulation reward

Rats were first trained to poke their nose into a hole
equipped on the wall of a transparent acrylic chamber
(30.0×30.0×35.0 cm) for self-stimulation. A fixed-interval
(1 s) reinforcement schedule was used for this experiment.
Each nose poke delivered a 0.3-s train of monophasic
cathodal rectangular pulses with 0.1-ms duration. During
the preliminary session, the frequency was held constant at
65 Hz and the current intensity was progressively increased
until the subjects showed vigorous self-stimulation. Rats
were then tested using two alternating series of ascending
and descending current intensities varied by steps of
50 μA. The current threshold of each rat was defined as the
value of stimulus that evoked 50% of the maximal rate of
self-stimulation. These intensity values (150–380 μA)
were then held constant for the subsequent testing of
frequency threshold: the rats were again tested using two
alternating series of ascending and descending pulse
frequencies. The frequencies increased by 0.1 log unit
steps (e.g., 26, 33, 41, 52, 65, 82, 103, 130, 163, 206 Hz).
Each frequency was tested within a 180-s trial. During each
testing trial, rats received ten priming stimulations at the
beginning and nose pokes were recorded only in the last
120 s. A 180-s warm-up trial (65 Hz) followed by a 180-s
extinction trial was given before the testing trials. Drug
tests began when the rate–frequency curves were stable for
at least 3 consecutive days (once daily). A baseline rate–
frequency curve was measured (for 66 min) at 3 h before
the drug administration. Either scopolamine (1, 10, or
100 μg; n=6) or mecamylamine (5, 10, 25, or 100 μg; n=6)
was injected into the PPTg area, and the rate–frequency
curve was measured again 15 min after the injection. In
each group, vehicle and all doses of drugs were tested in an
ascending order for each rat, and a 3-day interval was
allowed between injections.

Experiment III: effect of intra-PPTg nicotinic
antagonist on nicotine-enhanced LH stimulation
reward

Rats were pretreated with nicotine (0.4 mg/kg, s.c.) once
daily for 4 days to avoid the depressant effect of acute
nicotine administration (Panagis et al. 2000). The proce-

dure of rate–frequency curve testing was the same as in
experiment II. Following the baseline measurement, rats
were injected intracranially with mecamylamine (5, 10, or
25 μg; n=8) and, 10 min later, subcutaneously with
nicotine. The ICSS testing started at 5 min after nicotine
injection. Each animal received all doses of mecamylamine
as well as the vehicle in an ascending order at 3-day
intervals.

Experiment IV: effects of intra-PPTg cholinergic
antagonists on extracellular ACh in the VTA

The muscarinic antagonist scopolamine (1, 10, or 100 μg;
n=6) or nicotinic antagonist mecamylamine (5, 10, or
25 μg; n=6) was injected into the PPTg following a stable
baseline of the ACh level. Microdialysis collections were
then continued for 120 min after drug injection. The
animals in each drug testing received all doses of the drug
as well as the vehicle in an ascending order at 3-day
intervals.

Data analysis

At the end of each experiment, rats were perfused
intracardially with 10% formalin, and the brains were
removed. The accuracy of probe location was verified
histologically by cresyl violet staining. Only the animals
that showed probe placement in the desired brain region
were analyzed. The histological localizations of the
stimulating electrodes and of the microdialysis probes are
shown in Fig. 1. Self-stimulation thresholds were obtained
by fitting the Gompertz growth model to the data (Panagis
et al. 2000): y ¼ �e� eb Xi�Xð Þ (α, b, and Xi represent the
maximum rate, an index of the slope, and threshold,
respectively). The shift in mean threshold value and
maximum rate of responding produced by vehicles or
drugs were subjected to statistical analyses. The data were
analyzed by repeated measures ANOVA and Newman–
Keuls multiple comparison tests.

Results

LH self-stimulation evoked increased extracellular
ACh in VTA as well as PPTg

Self-stimulation of MFB at the level of LH significantly
increased the extracellular ACh both in the ipsilateral VTA
and PPTg (Fig. 2). ANOVA and post hoc tests indicated
that the levels of extracellular ACh in VTA [F(11,77)=4.78,
p<0.001, n=8] and PPTg [F(11,77)=5.19, p<0.001, n=8]
were significantly higher than the baselines during 1-h self-
stimulation (p<0.001) and 20 min after self-stimulation
(p<0.05 or p<0.01).
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Intra-PPTg muscarinic antagonist reduced frequency
threshold for LH stimulation reward

Scopolamine locally infused into the PPTg area reduced
the frequency threshold of rewarding LH stimulation
(Fig. 3). Repeated measures ANOVA revealed a significant
treatment effect [F(3,15)=3.62, p<0.05, n=6], and post hoc
tests found that the significant effect was at the highest dose
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Fig. 2 LH self-stimulation increased extracellular ACh in the
ipsilateral VTA and PPTg. a VTA. The mean lever-pressing rate was
65±2 responses per minute (n=8). b PPTg. The lever-pressing rate
was 76±5 responses per minute (n=8). Values are mean±SEM;
**p<0.01 indicates within group difference from baselines
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Fig. 3 Top: intra-PPTg mAChR antagonist scopolamine (100 μg)
reduced the frequency threshold with shifts of −13.35±2.15% (mean
±SEM) from baseline (n=6, *p<0.05 indicates difference from
vehicle group). Bottom: plots represent the examples of rate–
frequency curve shifts induced by vehicle (left) and scopolamine of
100 μg (right)

Fig. 1 Histological localization
of tips (arrows) of stimulating
electrodes in the LH (left),
microdialysis membranes in the
VTA (middle) and PPTg (right,
filled rectangles), and microin-
jection probes in the PPTg
(right, filled triangles). The
numbers by each section indi-
cate the distance (in millimeters)
from bregma

517



of 100 μg (p<0.05). Scopolamine did not affect the
maximum rate of responding at any dose (data are not
shown).

Intra-PPTg nicotinic antagonist had no effect
on the normal LH self-stimulation reward
but blocked nicotine-enhanced rewarding effect
of LH self-stimulation

Intra-PPTg mecamylamine in doses ranging from 5 to
100 μg generally did not alter frequency threshold for LH
stimulation reward (Fig. 4a). However, mecamylamine
inhibited the nicotine-enhanced rewarding effects of LH
stimulation (Fig. 4b). Repeated measures ANOVA results
showed a significant treatment effect [F(4,28)=4.76, p<0.01,
n=8]. Nicotine (0.5 mg/kg, s.c.) enhanced effectiveness of
LH stimulation as evidenced by significant lowering of the
frequency thresholds (Ringer + Nic vs Ringer + Sal,
P<0.01); mecamylamine suppressed the nicotine potenti-
ation of LH stimulation reward, at the higher doses of 10
(Ringer + Nic vs Mec10 + Nic, p<0.05) or 25 μg (Ringer +
Nic vs Mec25 + Nic, p<0.01). No significant shift in the
maximum rate of responding by each treatment was found
(data are not shown).

Intra-PPTg muscarinic but not nicotinic antagonist
affected extracellular ACh concentration in VTA

Intra-PPTg injections of scopolamine enhanced the levels
of extracellular ACh in the ipsilateral VTA (Fig. 5). There
were significant treatment [F(3,160)=12.10, p<0.001], time
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Fig. 4 a Intra-PPTg nAChR antagonist mecamylamine did not
significantly alter the threshold (n=6). b Nicotine (0.5 mg/kg, s.c.)
raised the LH stimulation reward as evidenced by significant
lowering of frequency threshold (−13.09±2.057% shift from predrug
treatment). Mecamylamine (10 or 25 μg/μl) effectively blocked this
potentiation. Values are mean±SEM; n=8; *p<0.05, **p<0.01

Fig. 5 Intra-PPTg mAChR antagonist scopolamine increased
extracellular ACh in VTA, whereas nAChR antagonist mecamyl-
amine did not result in significant alteration in ACh level.
a Schematic representation of a microdialysis probe placed into
VTA and a drug-injector into the ipsilateral PPTg. b Intra-PPTg
100 μg scopolamine caused a marked and long-lasting increase in
extracellular ACh in VTA. The lower dose of 10 μg was less
effective than that of 100 μg. c No significant effects of
mecamylamine at any dose (5, 10, 25 μg) were found (p>0.05).
Values are mean±SEM. ***p<0.001 indicates within-group differ-
ences from baselines, and †p<0.05 indicates between-group differ-
ences from the vehicle group. N=6 for each drug testing
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[F(8,160)=12.89, p<0.001] and treatment × time interaction
effects [F(24,160)=7.51, p<0.001]. Figure 5b showed that the
major increase in extracellular ACh induced by injection of
100 μg scopolamine continued for 120 min (p<0.05
compared with vehicle group; p<0.001 with the baselines
before injection). The effect of 10 μg scopolamine was far
less and shorter-lasting than that of 100 μg, inducing an
increase marked only within 20–40 min after injection
(compared with baselines, p<0.01). No significant effects
of 1 μg were found in this experiment. Mecamylamine at
the doses of 5, 10, and 25 μg did not significantly affect the
levels of extracellular ACh (Fig. 5c).

Discussion

The present findings support the hypothesis that LH-MFB
self-stimulation may exert its rewarding effects by acting
through the ascending cholinergic pathway from PPTg to
VTA. We observed that LH self-stimulation induced
concurrent ACh release in the PPTg and VTA. Antimus-
carinic scopolamine injected into PPTg significantly
promoted the LH stimulation reward, suggesting that the
mAChRs expressed on the cholinergic neurons within
PPTg play an inhibitory role on the BSR. The present work
represents the first demonstration of functional roles of
PPTg nAChR in the BSR, i.e., the nAChR exerts a
beneficial effect on the nicotine potentiation of BSR yet has
no effect on the basal BSR. In vivo microdialysis studies
detected consistent ACh transmission in VTA that may
subserve the behavioral phenomena after administration of
scopolamine or mecamylamine into the PPTg.

Activation of the ascending cholinergic pathway
from PPTg to VTA contributes to the rewarding effect
of MFB self-stimulation

The LH self-stimulation reward appears to depend on the
dopaminergic and glutamatergic neurotransmission in the
VTA, and the activation of descending myelinated fibers
afferent to the DA neurons of VTA is required (Yeomans
1989; You et al. 2001). Given the cholinergic projections
directly onto the dopaminergic and GABAergic neurons in
VTA (Oakman et al. 1995; Garzon et al. 1999), PPTg and
the adjacent laterodorsal tegmental nucleus (LDTg) are
thought to monosynaptically activate the VTA DA neurons
during MFB self-stimulation (Yeomans et al. 1993). In the
present study, LH self-stimulations caused concurrent
release of ACh in the PPTg and VTA (Fig. 2). These
results extend the previous finding that LH self-stimulation
induced an ACh release in VTA (Rada et al. 2000;
Nakahara et al. 2001) and suggest that rewarding stimu-
lation of LH-MFB could activate the cholinergic pathway
from PPTg to VTA. In the VTA, endogenous ACh release
and consequent activation of AChR may help amplify the
excitatory effects of glutamate and DA and probably also
attenuates inhibitory GABAergic transmission, implicated
broadly in drug- or non-drug-related reward function

(Grillner et al. 2000; Kelley 2002; Ikemoto and Wise
2004). Here we would generalize this notion to the
significance of cholinergic excitation by LH-MFB self-
stimulation: LH-stimulation-induced endogenous ACh
release and subsequent AChR activation trigger or amplify
neuronal excitation of dopaminergic cells and glutamater-
gic axon terminals in the VTA. Consistent with this point of
view, ACh directly injected into the VTA has been shown
to promote the rewarding effects of hypothalamic stimu-
lation (Redgrave and Horrell 1976); activation or inacti-
vation of AChRs in VTA, in particular the mAChR, could
up- or down-regulate the LH self-stimulation reward,
respectively (for review, see Yeomans et al. 2001). The LH
self-stimulations may act in two possible ways to induce
the ACh release in VTA. One is to stimulate, directly or
indirectly, the cholinergic inputs in VTA to lead to
presynaptic release of ACh. The other is to activate the
VTA-projecting cholinergic neurons in PPTg and LDTg
that in turn elicit the release of ACh in VTA. Our data of the
coincident ACh releases in VTA and PPTg by self-
stimulation provide direct evidence in favor of the latter
route. Further anatomic or electrophysiological evidence is
needed to identify the former one.

It should be noted that the VTA also receives significant
cholinergic innervation from the LDTg and PPTg projects
dense cholinergic inputs also into the SNc (Oakman et al.
1995). So far, it has been suggested that projections of the
LDTg to VTA appear more important than that of PPTg-
VTA in modulation of the activity of dopaminergic VTA
neurons; on the other hand, the PPTg is considered to be
important for regulation of the activity of SNc DA-
containing neurons. Lesions of the LDTg, but not the
PPTg, attenuate DA efflux in NAc induced by intra-VTA
neostigmine (Blaha et al. 1996). In vivo electrochemical
studies showed that intra-PPTg scopolamine and M2/4
muscarinic antagonist enhance the striatal DA efflux in
rats, suggesting that via mAChRs, PPTg may regulate the
SNc DA cell activity in basal status (Chapman et al. 1997;
Miller and Blaha 2004). Briefly, it seems that the LDTg and
PPTg regulate the DA neuronal activity in VTA and SNc,
respectively (Forster and Blaha 2000, 2003). In fact,
however, there is considerable overlap in the midbrain and
diencephalic projections of the LDTg and PPTg (Satoh and
Fibiger 1986). There are cholinergic interconnections
between the LDTg and PPTg, and the cholinergic input
to PPTg appears to originate from the contralateral PPTg
and ipsilateral LDTg (Semba and Fibiger 1992). Therefore,
it would not be easy to define the functionally distinct
pathways of LDTg-VTA and PPTg-SNc in reward-related
behaviors. The previous finding that unilateral PPTg or
LDTg lesions do not disrupt the LH and VTA self-
stimulation reward suggests that there exists no exclusive
neural circuit underlying the MFB self-stimulation reward
(Waraczynski and Perkins 1998). In this regard, the present
study emphasizes the importance of a cholinergic PPTg-
VTA pathway for LH self-stimulation reward and thus
contributes to a more comprehensive understanding of the
function of cholinergic projections from mesopontine
tegmentum to midbrain DA system.
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Roles of the muscarinic receptors of PPTg
in hypothalamic stimulation reward

Intra-PPTg muscarinic antagonist scopolamine (100 μg)
significantly enhanced the LH stimulation reward as
evidenced by the decrease in frequency threshold
(Fig. 3). The result confirmed and extended what has
been found by Yeomans et al. (1993) by demonstrating the
dose–response effects of scopolamine. It has been demon-
strated that muscarinic antagonists, e.g., scopolamine
injected into VTA, reduce the rewarding effects of MFB
stimulation by inactivating the excitatory mAChRs on DA
cells and glutamate terminals, whereas the agonists have
opposite effects (Yeomans et al. 2001). Data from in vivo
electrochemical study that intra-VTA scopolamine can
effectively attenuate basal DA efflux in the nucleus
accumbens (NAc) and striatum provided further support
for this notion (Miller and Blaha 2005). Results above
suggest that mAChRs in the VTA plays an excitatory role
in MFB stimulation reward. However, within PPTg,
mAChRs act as the autoreceptors in inhibitory feedback
regulation of the cholinergic neuronal activity (Vilaro et al.
1994; Roth et al. 1996). Thus, it would not be surprising
that at the level of PPTg, antimuscarinic scopolamine
disinhibits cholinergic neurons and increases the choliner-
gic activation of dopaminergic and glutamatergic trans-
mission in VTA, which serve to promote the rewarding
effects of LH stimulation. This speculation was supported
by the subsequent experiment (IV) in which we found that
intra-PPTg scopolamine at the dose of 100 μg caused a
remarkable, i.e., much higher and longer-lasting, elevation
of ACh output in the VTA. Scopolamine at the lower dose
of 10 μg, which was not optimal to significantly shift the
threshold for LH self-stimulation, induced only a slight
increase in ACh (Fig. 5). These results add to evidence and
give a neurochemical interpretation for the inhibitory
effects of muscarinic receptors in the PPTg on the BSR.

Roles of the nicotinic receptors of PPTg
in hypothalamic stimulation reward

It has been demonstrated that systemic nicotine results in
an enhancement of dopamine release in NAc (Nisell et al.
1994; Schilstrom et al. 1998) and a potentiation in BSR via
the VTA nicotinic receptors (Panagis et al. 2000). As one of
the major sources of cholinergic input to VTA, PPTg has
been demonstrated to play an important role in nicotine
self-administration (for review, see Picciotto and Corrigall
2002). In the present study, we for the first time tested the
nicotinic receptors within PPTg for its roles in the MFB
self-stimulation reward in nicotine-treated and nontreated
rats, respectively. Nicotinic antagonist mecamylamine
injected into PPTg did not substantially affect the LH
self-stimulation reward in non-drug-treated rats (Fig. 4a). A
similar outcome was previously found at the level of VTA

that mecamylamine (10, 30, 100, 300 μg) produced no
statistically significant change in the rewarding threshold
for LH stimulation (Yeomans and Baptista 1997). The lack
of effect of intra-PPTg mecamylamine could be due to the
fact that intra-PPTg mecamylamine did not alter ACh
output in VTA (Fig. 5). These results indicated that the
nicotinic receptors in PPTg and VTA do not play important
roles in basal BSR function. However, intra-PPTg meca-
mylamine (10, 25 μg) dramatically diminished the nico-
tine-enhanced rewarding effectiveness of LH stimulation
(Fig. 4b). The data acquired from intra-PPTg mecamyl-
amine would be somewhat analogous to the previous
findings: systemic or intra-VTA antinicotinics, which are
able to block the nicotine potentiation of BSR, fail to affect
the normal BSR function (Ivanova and Greenshaw 1997;
Wise et al. 1998; Panagis et al. 2000; Harrison et al. 2002).
Intra-VTA mecamylamine reduces the extracellular DA
detected by in vivo microdialysis in the NAc of chronically
nicotine-treated rats, but not in non-drug-treated rats
(Hildebrand et al. 1999). These data together suggest that
nicotinic antagonism acts on certain substrates directly
affected by nicotine.

The mechanisms by which nAChRs in PPTg and VTA
might be acting to produce differential effects on BSR
when in the presence or absence of nicotine are not readily
understood and discussed at this time. Acute or repeated
administration of nicotine has been known to result in an
nAChR-mediated increase in cortical, hippocampal, and
striatal ACh release (Summers et al. 1994; Summers and
Giacobini 1995; Tani et al. 1998; Reid et al. 1999; Arnold
et al. 2003). It is thus tempting to speculate about a
potential cholinergic mechanism in PPTg and VTA
mediating the effects of mecamylamine on nicotine-
enhanced LH self-stimulation reward. This could be tested
in the further study to see whether nicotine induces ACh
release in the PPTg and VTA, and if so, whether the
nicotine-induced ACh release is blocked by intra-PPTg
mecamylamine. One could also speculate about several
potential mechanisms other than the cholinergic. Lanca et
al. (2000) revealed that systemically administered nicotine
induces strong c-fos expression in the noncholinergic
neurons in PPTg. Our previous work found that LH-
stimulation-induced c-fos expression is restricted mostly to
the GABAergic neurons in PPTg (Nakahara et al. 2001). It
has been found that there are moderate amounts of α4, β2,
and α7 subunits in the PPTg; however, the precise
localization of nAChRs is still unclear (Ryan and Loiacono
2000). In this respect, identification of the nicotinic
synaptic circuits in the PPTg could lead to a clearer
explanation for the above intrinsic phenomena.
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