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(4) 915–921, 1997.—Cholinergic neurons of the pedunculopon-
tine tegmental nucleus (Ch5) and laterodorsal tegmental nucleus (Ch6) monosynaptically activate dopamine neurons of the
substantia nigra and ventral tegmental area (VTA) via nicotinic and muscarinic receptors. The nicotinic receptors near the
VTA have been proposed to be important for nicotine self-administration in rats and for tobacco smoking in humans. Nico-
tinic and muscarinic blockers were microinjected into the VTA of rats trained to lever-press for lateral hypothalamic stimula-
tion via an ipsilateral electrode. The competitive nicotinic blocker dihydro-

 

b

 

-erythroidine (DH

 

b

 

E; 5–60 

 

m

 

g) shifted rate–fre-
quency curves to the right by a mean of 6–27% in a dose-related manner; the noncompetitive nicotinic blocker
mecamylamine (10–300 

 

m

 

g) produced similar shifts of 7–21%. Atropine (30 

 

m

 

g) shifted the curves to the right by a mean of
82% in three of the sites tested with DH

 

b

 

E. All blockers decreased maximum bar-pressing rates significantly in some sites
when the shifts were large. Therefore, nicotinic receptors in the VTA make small contributions to the maintained rewarding
effect of brain-stimulation reward in rats, but muscarinic receptors in the VTA appear to be more important. © 1997
Elsevier Science Inc.
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CHOLINERGIC input to ventral tegmental area (VTA) and
substantia nigra (SN) dopamine cells occurs via monosynaptic
projections from mesopontine cholinergic neurons of the pe-
dunculopontine and laterodorsal tegmental nuclei (4,9,17–
19,33). Both nicotinic and muscarinic receptors are found
near dopamine cells of the VTA or SN, and these receptors or
mRNA for these receptors is lost when VTA or SN dopamine
cells are killed with 6-hydroxydopamine (11,42,44).

Nicotinic and muscarinic agonists both directly excite VTA
or SN dopamine neurons in vitro, apparently via postsynaptic
receptors on dopamine cells (5,27). Nicotinic and other cho-
linergic agonists (e.g., carbachol, neostigmine) applied to the
VTA or SN in vivo increase dopamine efflux in the nucleus
accumbens or striatum (2,3,20). Systemically applied nicotine
increases dopamine release, especially in the nucleus accum-
bens (22), and this response is blocked by the nicotinic
blocker mecamylamine infused into the VTA (34).

Muscarinic receptors in the VTA appear to be important
to the reward functions of these dopamine cells. Carbachol (1 or
3 

 

m

 

g), a mixed muscarinic–nicotinic agonist, injected into the
VTA induced a conditioned place preference (53). A muscar-
inic antagonist injected near the VTA reduced brain-stimula-
tion reward lever-pressing rates (26), whereas injection of ace-
tylcholine into the VTA increased rates (37). Muscarinic
blockers introduced into the VTA increased the frequency re-
quired to produce a criterion rate for hypothalamic or dorsal
tegmental brain-stimulation reward by 50–500% (24,25,53).
These frequency increases induced by atropine (30 or 60 

 

m

 

g)
in the VTA were reversed by pretreatment with carbachol (2 or
3 

 

m

 

g) in the VTA (24). The weak or nonexistent effects of at-
ropine on peak bar-pressing rates were contrasted with the large
shift in required frequency.

Recently, nicotinic receptors in the VTA have also been
proposed to be important for reward (7). Lesions of mesolim-
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bic dopamine terminals reduced self-administration rates for
intravenous (IV) nicotine (14). Introduction of the nicotinic
blocker DH

 

b

 

E (18 and 30 

 

m

 

g) into the VTA decreased bar-
pressing rates for IV nicotine, whereas the muscarinic antago-
nist atropine (18 and 30 

 

m

 

g) had no effect (13). The locomotor
stimulating effects of nicotinic agonists in the VTA (8,32,36)
did not appear to be responsible for these effects (13). These
results suggest that nicotinic receptors in the VTA may be one
major route by which self-administered nicotine in cigarettes
leads to nicotine abuse in humans (7).

Unfortunately, the lack of a sharp dose–response curve for
self-administration of nicotine in rats makes it difficult to de-
termine the size of the reward-inhibiting effects of nicotinic
antagonists (12,13,28). At both doses of DH

 

b

 

E, the rats self-
administered nicotine at almost half-maximum rates on aver-
age, an effect not seen after 6-OHDA lesions of mesolimbic
terminals, after which self-administration rates declined to op-
erant levels over 5 days (13,14).

In the present experiments, brain-stimulation reward rate–
frequency curves were measured following VTA administra-
tion of two nicotinic antagonists. The advantages of brain-
stimulation reward are: a) the stability of the steep rate–fre-
quency curve lasts for weeks of testing, allowing repeated
tests in the same sites; b) the strength of the reward signal can
be measured quantitatively by the lateral shift in the rate–fre-
quency curve (6,16,47,50). Brain-stimulation reward rate–
intensity or rate–frequency curves have been used to assess
the weak or delayed reward-facilitating effects of single or re-
peated injections of systemic nicotine (1,10,15,21).

Brain stimulation in medial forebrain bundle sites activates
reward mainly by directly activating myelinated axons (39,49).
This reward can be blocked by local injections near dopamine
cells or terminals (25,41,46,53), suggesting that the myelinated
axons directly activated by brain-stimulation reward are exci-
tatory afferents to dopamine cells (39). Because brain-stimu-
lation reward can also be blocked by cholinergic blockers near
cholinergic terminals on dopamine cells, or by cholinergic ag-
onists near the mesopontine cholinergic cells (55), Ch5 and Ch6
cells may relay brain-stimulation reward signals from the directly
activated myelinated axons of the medial forebrain bundle to the
dopamine cells. Therefore, Ch5 and Ch6 cholinergic neurons
may be a crucial link in the major reward systems of the me-
dial forebrain bundle and dorsal tegmentum (49).

In this study, brain-stimulation reward rate–frequency
curves are tested following VTA injections of nicotinic block-
ers DH

 

b

 

E and mecamylamine. Doses of DH

 

b

 

E were used
that were effective in reducing self-administration rates for
nicotine (13). As a control, a dose of atropine that was ineffec-
tive in altering nicotine self-administration (13), but effective
in shifting brain-stimulation reward thresholds (24), was
tested in the same VTA sites tested with DH

 

b

 

E.

 

METHODS

 

Surgery

 

Under pentobarbital anesthesia (60 mg/kg), 15 male Wistar
rats (Charles River, Canada) were implanted with 250-

 

m

 

m-
diameter monopolar stainless steel electrodes with hemi-
spherical tips. These electrodes were aimed for the medial
forebrain bundle at the level of the lateral hypothalamus (2.6
mm posterior to bregma, 1.8 mm lateral to the midline, 9.2
mm below the dura, with the lambda–bregma line placed hor-
izontally). A guide cannula was implanted into the VTA (4.8
mm posterior to bregma, 0.8 mm lateral to the midline, 8.5
mm below the dura) ipsilateral to the electrode.

 

Procedure

 

All rats were allowed 1 week to recover from surgery be-
fore training began. They were placed in a Plexiglas operant
chamber (30 

 

3

 

 30 

 

3

 

 28 cm) with a 5-cm-wide lever protruding
4 cm into the chamber. Each rat was trained to bar-press for
0.5-s trains of monophasic, 0.14-ms-duration, constant-current
cathodal pulses. All rats pressed at rates over 40/min and re-
ceived at least five sessions of training or baseline testing be-
fore formal testing began. During these preliminary sessions,
currents were determined that evoked rate–frequency curves
that rose rapidly at frequencies near 40 Hz. These currents,
which ranged from 250 

 

m

 

A to 850 

 

m

 

A in different animals,
were then held constant for each rat for all subsequent formal
testing, during which only the frequency of stimulation was
varied.

The stimulation parameters used in this experiment (large-
surface-area electrodes, short duration pulses, and moderate
currents) were chosen to maximize the direct activation of
myelinated axons of the medial forebrain bundle (i.e., axons
with absolute refractory periods of 0.4–1.2 ms and conduction
velocities of 1–8 m/s) (31,39,47,48,56) known to be critical for
brain-stimulation reward, and to minimize the direct activa-
tion of unmyelinated axons of the medial forebrain bundle
(e.g., dopaminergic axons with refractory periods of 1.2–2.5
ms, conduction velocities below 1 m/s, and long-duration ac-
tion potentials, or similar cholinergic axons) (18,23,49,54).

The frequencies used in this experiment ranged from 20 to
200 Hz and were varied via a computerized system described
previously (6). Trials began with the entry of a retractable le-
ver into the operant chamber and the simultaneous delivery
of a 0.5-s train of pulses. A given frequency was available for
the 70-s trial. Bar-presses were not counted during the first
10 s (due to variability in the distance and movement of the
animal to the bar), so that bar-presses were recorded only in
the last 60 s of each trial. At the end of the trial, the lever re-
tracted from the chamber. After a 10-s pause, a new trial be-
gan with a new frequency available. The frequencies varied
randomly from trial to trial until all frequencies in a range
(say, 25–100 Hz) were tested at 0.1 log unit steps (e.g., 25, 32,
40, 50, 63, 79, 100 Hz). Stimulation parameters were moni-
tored on an oscilloscope, and lever-presses for each trial re-
corded by an Apple 2E computer.

Baseline rate–frequency curves were measured for 30 min
following vehicle injections (at least 3 complete curves), then
for 90 min following drug injections (at least 10 complete
curves). The effect of the injections was measured by compar-
ing rate–frequency curves before and after injections. For at-
ropine, only the 60 min following the start of testing after each
injection are reported, because the atropine effect peaks be-
tween 10 and 40 min and declines quickly between 45 and 90
min (24,53). Each session began 5–10 min after the beginning
of the injections, to allow for closing of the cannula, transfer
of the rat to the cages, and start-up of the program; the begin-
ning of the postinjection session is reported as time 0.

 

Drugs

 

All drugs were dissolved in sterile physiological saline
(0.9% NaCl). Injectors were sterilized in ethanol, then rinsed
in sterile saline, before and after each injection. All injections
were made slowly over a 90-s period in a volume of 0.5 

 

m

 

l us-
ing a Hamilton microsyringe. No animal was given a drug test
more often than once every 48 h. Doses of the competitive
nicotinic antagonist DH

 

b

 

E (5, 15, 30, 60 

 

m

 

g, corresponding to
27–320 mM/0.5 

 

m

 

l in the injector) were tested in four to seven
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rats in an ascending order. For the first three rats, only the
doses (15, 30 

 

m

 

g) nearest those used by Corrigall et al. (13)
were tested, to follow the procedure of that paper, then for
subsequent rats the range of doses was expanded (5–60 

 

m

 

g).
Following DH

 

b

 

E tests, atropine (30 

 

m

 

g, or 44 mM) was
tested in three of the rats previously tested with DH

 

b

 

E. In
two of these rats, saline in the VTA was tested followed by sa-
line 30 min later, to determine whether the order of injections
affected the results. Finally, cytisine (4 

 

m

 

g, 21 mM) or nicotine
(0.4 mg/kg SC) was tested in two rats each.

In an independent group of three rats, four doses of the
noncompetitive nicotinic antagonist mecamylamine (10, 30,
100, and 300 

 

m

 

g, or 98–2940 mM in the injector) were tested in
an ascending order for each rat.

 

Histology

 

After all behavioral testing, the rats were euthanized with
pentobarbital and perfused with saline and 10% formalin.
The brains were fixed in 10% formalin saturated with sucrose
and allowed to soak for 24 h. The brains were then sectioned
at 40 

 

m

 

m and stained with cresyl violet to determine electrode
and cannula tip sites.

 

RESULTS

 

Baseline and Saline Tests

 

All rats were trained for at least 20 h over several days.
During this period, maximum bar-pressing rates increased
gradually and error bars decreased. Then, baseline rate–fre-
quency curves were tested repeatedly until similar responding
at each frequency was observed on at least two consecutive
days. Complete rate–frequency curves are shown for two rep-
resentative animals in Fig. 1. In all cases, bar-pressing rates
rose quickly, in a sigmoidal fashion, as frequency increased.
These rate–frequency curves were quite similar following two
saline injections into VTA sites separated by 30 min, suggest-
ing that the effect of order of injection is minimal in these con-
ditions (Fig. 1). Previous studies have found similar results for
repeated injections into the VTA of saline or of atropine on
separate days (24,25). Means across animals are shown in Fig.
4 in the vehicle conditions.

Locations of electrodes in the lateral hypothalamus and
cannulae near the VTA are shown in Fig. 2. The brains for
M11 and M46 were lost.

 

Dihydro-

 

b

 

-Erythroidine

 

Injections of the competitive nicotinic blocker DH

 

b

 

E
shifted rate–frequency curves to the right reliably [general lin-
ear model, 

 

F

 

(4, 20) 

 

5

 

 13.84, 

 

p

 

 

 

,

 

 0.0001]. Figure 3A shows one
example (rat M13) after a dose of 30 

 

m

 

g DH

 

b

 

E. The required
frequency (measured at half the maximum bar-pressing rate)
shifted by 28.1% vs. the saline control. For this rat at this
dose, the maximal bar-pressing rate declined significantly,
from 68 to 52 bar-presses/min.

The mean shift in required frequency (measured at half the
maximum bar-pressing rate on each curve) at all doses is
shown in Fig. 4. The consistency of the results between sites is
shown by the small error bars. The lowest dose of DH

 

b

 

E
shifted the rate–frequency curves slightly to the right (mean
of 6.2% for the five rats tested) relative to the saline control
condition. No reliable effect on peak bar-pressing rate was
observed (mean 56.3/min for DH

 

b

 

E vs. 54.8/min for saline).

The doses of DH

 

b

 

E (15 and 30 

 

m

 

g) that previously inhib-
ited self-administration rates for nicotine (13), also shifted
rate–frequency curves for brain-stimulation reward to the
right reliably. Required frequencies were increased by a mean
of 21.9% at 15 

 

m

 

g, and by 25.5% at 30 

 

m

 

g. Both doses also re-
duced peak bar-pressing rates (mean 62.8/min for 15 

 

m

 

g
DH

 

b

 

E and 71.1/min for saline; mean 44.3/min for 30 

 

m

 

g
DH

 

b

 

E and 52.7/min for saline) significantly in three of six
sites in both groups.

The highest dose of DH

 

b

 

E (60 

 

m

 

g) shifted rate–frequency
curves by a similar mean amount, but the results were more
inconsistent. That is, for three of four rats the peak rates were
strongly reduced (means 44.2/min for 60 

 

m

 

g DH

 

b

 

E and 63.8/
min for saline), and two of the rats showed signs of toxicity or
aversion, including Straub tail elevation. For these latter two
rats, thresholds were elevated on subsequent days of testing,
so no further testing was carried out. No further rats were
tested at this 60-

 

m

 

g dose. For the first two rats, no such signs
of toxicity and aversion were observed, and baseline thresh-
olds were unaltered on subsequent days.

Individual comparisons indicated that the 5-

 

m

 

g dose of
DH

 

b

 

E elevated required frequency by less than the 15-

 

m

 

g
dose (HSD 

 

5

 

 15.66, 

 

p

 

 

 

,

 

 0.01, using the Tukey–Kramer test),
30-

 

m

 

g dose (HSD 

 

5

 

 19.3, 

 

p

 

 

 

,

 

 0.01), or 60-

 

m

 

g dose (HSD 

 

5

 

20.8, 

 

p

 

 

 

,

 

 0.01). Therefore, the effects of DH

 

b

 

E were dose re-
lated.

FIG. 1. Rate–frequency curves for two rats (upper and lower
panels) following two saline injections into the VTA separated by 30
min. Presaline, mean results following first saline injection;
postsaline, mean results following second saline injection.
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Atropine

 

In three of the rats tested with two or four injections of
DH

 

b

 

E, atropine (30 

 

m

 

g) was injected into the VTA site on
another test day. For each of these sites, the rate–frequency
curve shifted strongly to the right (i.e., required frequency in-
creased by a mean of 82.3%) and shifted by more than for any
DH

 

b

 

E dose. Figure 3B shows one example, in a site where
DH

 

b

 

E was much less effective at the same dose.
Individual comparisons showed that atropine was more ef-

fective than all doses of DH

 

b

 

E (HSD 

 

5

 

 76.13, 60.47, 56.83,
and 55.33 for atropine vs. 5, 15, 30, and 60 

 

m

 

g DH

 

b

 

E, respec-
tively, all 

 

p

 

 

 

, 

 

0.01). Peak bar-pressing rates were lowered
substantially in all three sites tested (mean 34.5/min for 30 

 

m

 

g
atropine and 51.4/min for saline). Because of the large shifts
in required frequency, however, we may not have tested fre-

quencies that were high enough to obtain the highest possible
bar-pressing rates in all cases (e.g., Fig. 3B).

 

Nicotinic Agonists

 

Injections of nicotine (0.4 mg/kg SC, 

 

n

 

 

 

5

 

 2) had no appar-
ent effect on rate–frequency curves. Required frequencies
shifted by less than 2% in both cases. Cytisine in the VTA
(4 

 

m

 

g, 

 

n

 

 

 

5

 

 2) raised required frequencies by 6.8%. Peak bar-
pressing rates were not significantly altered.

 

Mecamylamine

 

The noncompetitive nicotinic antagonist mecamylamine
increased required frequencies by amounts similar to those
for DH

 

b

 

E, but less consistently. That is, at 10 

 

m

 

g the mean in-
crease was 13% (SEM 9%), at 30 

 

m

 

g the shift was 21% (SEM
21%), at 100 

 

m

 

g the shift was 17% (SEM 15%), and at 300 

 

m

 

g
the shift was 7% (SEM 23%) (Fig. 4). No reliable effect on
peak bar-pressing rate was observed, as shown for one rat in
Fig. 5.

 

GENERAL DISCUSSION

 

Nicotinic and Muscarinic Antagonists

 

The competitive nicotinic blocker DH

 

b

 

E raised required
frequencies by up to 27% in a dose-related manner, suggest-

FIG. 2. Histologically determined sites of electrode and cannula tips
shown on modified Paxinos and Watson (35) atlas sections. Left
panels show electrode tip sites in the lateral hypothalamus; right
panels show injection sites in and around the VTA.

FIG. 3. (A) Rate–frequency curves for rat M13 following injections
into the VTA of saline, then 30 mg DHbE, on a single day. (B)
Effects of saline, then 30 mg atropine (both injected 2 days after the
study in panel A).
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ing that nicotinic receptors in the VTA contribute to brain-
stimulation reward. These effects appear to reach an asymp-
tote in the range of doses used here, and the highest dose (60

 

m

 

g) appeared to be toxic in two sites. The noncompetitive nic-
otinic blocker mecamylamine had effects of similar size, al-
though less consistent. These results suggest that nicotinic re-
ceptors can contribute only up to 23% of the rewarding effect
of brain-stimulation reward in the conditions of this experi-
ment.

Atropine (30 

 

m

 

g) elevated required frequency by 82%. We
have analyzed the results of three previous studies (24,25,53)
that measured the effects of atropine (10, 30, and 60 

 

m

 

g) near
the VTA on required frequency. To allow comparisons with
the present results, all results (i.e., percent shift in required
frequency relative to baseline) in the period 10–70 min postin-
jection were included for all animals with injection sites within
2 mm of the VTA and electrode sites in the lateral hypothala-
mus. Figure 4 (dashed lines) shows the dose–response curve
for atropine in these previous studies. Vehicle injections (18
rats, 3 using Ringer’s and 15 using artificial cerebrospinal
fluid) in the VTA shifted thresholds hardly at all (mean shift
of 

 

2

 

3% relative to baseline). Ten micrograms of atropine
shifted frequencies by 20%. Thirty micrograms of atropine
shifted frequencies by 45–125% in seven rats, with a mean
shift of 81%, which is consistent with the present results
(mean shift 82%). Sixty micrograms of atropine shifted fre-
quencies by a mean of 102% in 14 rats. At this highest dose,
for the three rats with the strongest effects, however, the rats
would not bar-press for 20–40 min postinjection, so 102% un-
derestimates the size of the atropine effects at 60 

 

m

 

g. There-
fore, the dose–response curve for atropine suggests no asymp-
totic limit.

One criticism of the atropine results is that atropine can be
a weak local anesthetic. The effect of 60 

 

m

 

g atropine on brain-
stimulation reward thresholds is blocked, however, by pre-
treatment with the muscarinic/nicotinic agonist carbachol
(24). Because atropine has poor nicotinic binding affinity (45),
muscarinic-like receptors appear to be the main receptors for
the reward-blocking effects of atropine. Furthermore, atro-
pine in the VTA at doses of 30 and 60 

 

m

 

g had no effect on nic-
otine self-administration, in sites where DH

 

b

 

E was effective
(13). Therefore, local anesthesia cannot account for the main

effects of atropine. The critical site for the atropine effect on
brain-stimulation reward is localized to the lateral half of the
VTA near dopamine cells (25), consistent with the locations
of the cannulae in the present experiment.

These results suggest that both nicotinic and muscarinic re-
ceptors in the VTA are involved in brain-stimulation reward.
Under the conditions of the present experiment, muscarinic
receptors appear to be more important than nicotinic recep-
tors to the maintenance of brain-stimulation reward, due to
the stronger effect of atropine than either nicotinic blocker in
the same sites and in the same dose ranges. This appearance
may be misleading, however, because: a) the diffusability and
receptor binding of the different blockers in vivo may not be
directly comparable (45), and b) non-receptor-specific effects
of the drugs, such as the weak local anesthetic effect of atro-
pine, cannot be completely discounted (24).

Muscarinic receptors may be more important than nicotine
receptors to brain-stimulation reward because of the lasting,
repeatable effect of muscarine on dopamine cells, compared
with the desensitizing effect of nicotine over repeated injec-
tions (5). Because the VTA injection sites were near the inter-
peduncular nucleus, nicotinic presynaptic receptors in the in-
terpeduncular nucleus may have been blocked by DH

 

b

 

E (30).

 

Bar-Pressing Rates

 

The cholinergic blockers that were most effective in in-
creasing required frequencies reduced peak bar-pressing rates
in several sites as well. Kofman and colleagues (24,25,53) pre-
viously did not find changes in peak bar-pressing rates using
doses of atropine of 30 and 60 

 

m

 

g, but did not run complete
rate–frequency curves in any conditions. The present results
support the association between activation of mesopontine
cholinergic systems and locomotion (29), between nicotinic
agonists in the VTA and locomotion (8,32,36), and between
VTA dopamine activation and locomotion (46).

 

Circuits for Brain-Stimulation and Nicotine Reward

The present results further support the idea that brain-
stimulation reward requires the maintained activation of me-
sopontine cholinergic neurons that monosynaptically activate
dopamine neurons. The release of endogenous acetylcholine
near dopamine cells should activate both nicotinic and musca-
rinic receptors. Muscarinic receptors remain sensitive after re-
peated testing (which contrasts with the decreased sensitivity
of nicotinic receptors in activating dopamine cells) (27). The

FIG. 4. Dose–response curves for DHbE, mecamylamine, and
atropine injected near the VTA. Mean required frequencies for drug
conditions, relative to same-day saline controls, are shown at each
dose tested (6SEM). Previous results for atropine (24,25,55), using
slightly different methods, are shown connected by dashed lines. The
present results with atropine at a dose of 30 mg are shown as a solid
circle. V, vehicle.

FIG. 5. Rate–frequency curve shift for mecamylamine (30 mg in the
VTA) for one rat.



920 YEOMANS AND BAPTISTA

maintained sensitivity of muscarinic receptors to acetylcho-
line release may explain the importance of muscarinic recep-
tors to brain-stimulation reward over hours of testing in this
paradigm.

By contrast, VTA nicotinic receptors, and not VTA mus-
carinic receptors, are important for the rewarding, dopamine-
releasing, and locomotor effects of systemic nicotine (13,34,
36). Therefore, these effects of nicotine are not likely to occur
via activation of mesopontine cholinergic cells (as appears to
occur in brain-stimulation reward), but rather directly via nic-
otine receptors near dopamine cells. Corrigall et al.’s (13) pre-
liminary results that partial ibotenate lesions of the peduncu-
lopontine nucleus failed to inhibit nicotine self-administration
similarly indicate that the cholinergic neurons are not neces-
sary if postsynaptic nicotine receptors are intact.

By contrast, Yeomans et al. (55) found that cholinergic
cells in the mesopontine region are important for brain-stimu-
lation reward. Injections of carbachol (1–4 mg) near the pe-
dunculopontine tegmental nucleus raised required frequency
by 100% to over 400% in a dose-related manner, whereas sco-
polamine reduced required frequency by 20–80%. Heavy ana-
tomical projections from the lateral and rostral hypothalamus
to the pedunculopontine and laterodorsal tegmental nuclei
via the medial forebrain bundle may be important (38,40). We
tentatively propose that myelinated axons of the medial fore-
brain bundle may activate Ch5 and/or Ch6 cholinergic neu-
rons, which, in turn, activate VTA dopaminergic neurons to
induce brain-stimulation reward.

Receptor Subtypes

Because muscarinic receptors in the VTA are able to acti-
vate dopamine cells strongly for long periods and are critical
in brain-stimulation reward, the identification of that muscar-
inic receptor type is especially important for understanding
dopamine functions in drug and natural rewards and in
chronic diseases (schizophrenia, Parkinson’s disease) (51).

The genetic muscarinic receptor subtype most clearly iden-
tified in the VTA and substantia nigra, zona compacta is the
rare m5 type. Messenger RNA for the m5 receptor is found in
association with dopamine cells and D2 receptors (42,44). Ev-
idence using antisense oligonucleotides indicates that this m5
receptor is important for brain-stimulation reward (52).
Therefore, drugs that target this m5 receptor selectively might
be useful for controlling drug abuse and schizophrenia.

Several nicotinic receptor subunits are found in the SN and
the VTA, especially the a4 and b2 subunits [e.g., (43)]. The
functions of these nicotinic subtypes in VTA have not yet
been explored.
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