
SLEEP, Vol. 32, No. 9, 2009 1135

RAPID EYE MOVEMENT (REM) SLEEP IS A DISTINCT 
HIGH FREQUENCY OSCILLATION AROUSAL STATE 
THAT HAS BEEN LINKED TO SEVERAL ASPECTS Of 
brain function including developmental maturation of the 
brain, modification of synaptic plasticity and memory forma-
tion, as well as regulation of metabolic functions.1-5 A landmark 
study by Aserinsky and Kleitman first identified the REM sleep 
state.6 A substantial amount of subsequent research localized 
the generating mechanisms of this state to brainstem nuclei.7-9 
Of particular importance are clusters of putative cholinergic 
neurons within the pedunculopontine (PPN) and laterodorsal 
tegmental (LDT) nuclei that have been characterized as “REM-
on” neurons because of increased firing during REM sleep.10,11 
The combined data obtained from in vivo, lesion, transection, 
and pharmacological studies have suggested that these putative 
cholinergic “REM-on” neurons in the brainstem are critically 
important for the generation and maintenance of the REM sleep 
state via widespread projections to the thalamus, brainstem, 
and specifically to the anterior pons.7,12-18 Anatomical studies 
described choline acetyltransferase-immunoreactive process-
es in the region of the anterior pons.19 Several early in vivo 
studies used injections of the nonspecific cholinergic agonist 

carbachol (CAR) into the anterior pons to replicate the pro-
posed downstream effects of PPN/LDT neurons. These injec-
tions induced a REM sleep-like state in cats, including muscle 
atonia and ponto-geniculo-occipital (PGO) waves. Lesions of 
this anterior pontine area could produce REM sleep without 
atonia or REM sleep without P-waves (the rat equivalent of 
PGO waves).22 Furthermore, afferents from the PPN/LDT to 
the cholinoceptive pontine wave generating site in the rat have 
been described.23 Recent in vivo studies were aimed at more 
precisely localizing the neurons affecting REM sleep signs. Us-
ing microdialysis injections and cell soma lesion techniques, 
several groups have shown that a small nucleus termed the dor-
sal subcoeruleus (SubCD) nucleus, also known as the sublat-
erodorsal nucleus, has a major role in the induction of several 
REM sleep signs.7,23-25 In addition, the use of c-Fos labeling 
has shown that the SubCD contains a population of “REM-on” 
neurons.26 These anatomical and lesion studies have suggested 
that the SubCD plays a major role in the production of REM 
sleep state atonia via descending projections to the medulla and 
spinal cord.7,23-26 Additionally, there is evidence that the SubCD 
may also affect REM sleep processes via ascending projections 
to forebrain structures.27,28

A recent comprehensive in vitro study of SubCD cells re-
ported the presence of distinct populations of neurons that were 
either excited or inhibited by CAR, some of which had low-
threshold spikes.29 Histological analyses by several groups have 
shown this nucleus to consist of a mixture of mostly GABAer-
gic and glutamatergic neurons.23,24,30 We recently described the 
presence of electrical coupling and spikelets in the SubCD and 
provided evidence of electrically coupled neurons in both the 
PPN and SubCD.31,32 The present investigation of the SubCD 
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consists of an examination of the effects of CAR on glutamater-
gic and GABAergic activity via the analysis of PSCs induced 
in SubCD neurons. This study is an attempt to determine how 
the excitatory and inhibitory components of this area may be 
affected by cholinergic input, presumably from the PPN/LDT, 
to modulate arousal states.

MethoDs

Pups aged 7–20 days from adult timed-pregnant Sprague-
Dawley rats (280–350 g) were anesthetized with ketamine (70 
mg/kg, I.M.) until tail pinch reflex was absent. This age range 
was selected because of the developmental decrease in REM 
sleep of the rat that occurs between 10 and 30 days.33 This pe-
riod of investigation enabled sampling from a baseline period 
(7–12 days), as well as the epoch of the greatest transitions be-
tween 12 and 20 days, as determined by our previous body of 
work on the PPN.34,35 Pups were decapitated, and the brain was 
rapidly removed and cooled in oxygenated sucrose-artificial ce-
rebrospinal fluid (sucrose-aCSF). The sucrose-aCSF consisted 
of (in mM): 233.7 sucrose, 26 NaHCO3, 8 MgCl2, 0.5 CaCl2, 
20 glucose, 0.4 ascorbic acid, and 2 sodium pyruvate. Coronal 
sections (400 µm) containing the SubCD were cut, and slices 
were allowed to equilibrate in normal aCSF at room tempera-
ture for 1 hr. The aCSF was composed of (in mM): NaCl 117, 
KCl 4.7, MgSO4 1.2, CaCl2 2.5, NaH2PO4 1.2, NaHCO3 24.9, 
and glucose 11.5. Slices were recorded at 30°C while super-
fused (1.5 mL/min) with oxygenated (95% O2-5% CO2) nor-
mal aCSF. Differential interference contrast optics was used to 
visualize neurons using an upright microscope (Nikon FN-1, 
Nikon, USA). All experimental protocols were approved by the 
Institutional Animal Care and Use Committee of the University 
of Arkansas for Medical Sciences and were in agreement with 
the National Institutes of Health guidelines for the care and use 
of laboratory animals.

Whole-cell recordings were performed using borosilicate 
glass capillaries pulled on a P-97 puller (Sutter Instrument 
Company, Novato, CA) and filled with a solution of (in mM): 
124 K-gluconate, 10 HEPES, 10 phosphocreatine di tris, 0.2 
EGTA, 4 Mg2ATP, 0.3 Na2GTP. In some experiments, Na2GTP 
was replaced with the G-protein antagonist GDP-ß-S (1 mM). 
For histological purposes, some recordings were conducted 
with 0.02% Lucifer yellow added to the intracellular solution, 
while 0.3% neurobiotin (Vector laboratories, Burlingame, CA) 
was used in the remaining recordings. Osmolarity was ad-
justed to ~270–290 mOsm and pH to 7.4. Holding potentials 
(HP) were set close to resting membrane potential at −50 mV. 
In these studies, we did not address electrical coupling, but in 
some experiments we recorded SubCD neurons (n = 6) with 
spikelets in the presence of QX-314 in the recording electrode. 
The spikelets observed in SubCD cells could in theory be from 
sodium-mediated dendritic spikes instead of electrically cou-
pled neurons. The intracellular sodium channel antagonist QX-
314 would have blocked all dendritic spikes, but the spikelets 
always remained. In some experiments, the voltage gated so-
dium channel blocker QX-314 (10 mM) and 1,2-Bis (2-amino-
phenoxy) ethane-N,N,N′,N′-tetraacetic acid tetrapotassium salt 
(10 mM BAPTA) and cesium methanesulfonate (124 mM) 
were used in place of K-gluconate to allow voltage clamp re-

cordings to be conducted at a HP between −10 and 0 mV to 
enhance inhibitory postsynaptic current (IPSC) detection. The 
pipette resistance was 5–10 MΩ. No series resistance compen-
sation was performed in this study. The pipette series resistance 
may increase during an experiment because of an increase in 
pipette clogging or a slight drift of the cell surface away from 
the pipette. However, neurons with access resistance exceeding 
20 MΩ were excluded from the analysis. All recordings were 
made using a MultiClamp 700B amplifier (Molecular Devices, 
Sunnyvale, CA). Analog signals were low-pass filtered at 2 kHz 
and digitized at 5 kHz using a Digidata-1322A and pClamp9 
software (Molecular Devices, Sunnyvale, CA). Bath-applied 
drugs were administered to the slice via a peristaltic pump 
(Cole-Parmer, Vernon Hills, IL) and a 3-way valve system. Car-
bachol (CAR, 50 µM), tetrodotoxin citrate (TTX, 1 µM), 6-cy-
ano-7-nitroquinoxaline-2,3-dione (CNQX, 10 µM), gabazine 
(GBZ, 10 µM), strychnine hydrochloride (STR, 10 µM), and 
(±)-2-amino-phosphopentanoic acid (APV, 10 µM), mecam-
ylamine (MEC, 10 µM), atropine (ATR, 10 µM), pirenzepine 
(PRZ, 10 µM), methoctramine (MTO, 2 µM), barium chloride 
(BaCl2,1 mM), and physostigmine (PHY, 10 µM) were all pur-
chased from Sigma (St. Louis, MO). CAR was applied at 50 
µM to ensure a saturating effect of CAR in each application. 
Consequently, slightly higher concentrations of the competitive 
antagonists PRZ and MTO were used to block this effect. While 
the muscarinic subtype binding specificity of PRZ and MTO 
are not ideal, studies have demonstrated that these doses are 
specific to the M1 and M2 receptors, respectively, in slices of 
neural tissue.36 While previous studies have established the pres-
ence of nicotinic receptors in the SubCD, only minimal label-
ing of α7 nicotinic receptors has been found in this region.37-39 
Mecamylamine has been widely used in the past and shown to 
be a potent antagonist to the nicotinic receptors.40-41 The input 
resistance was calculated by measuring the initial current pro-
duced by a hyperpolarizing voltage step from −50 to −100 mV 
in voltage clamp mode. Relative hyperpolarization-activated 
inward current (Ih) ratios were determined in voltage clamp by 
calculating the difference between the current measured at the 
end of a 0.5-sec hyperpolarizing step (−50 to −100 mV) and 
that measured at the initiation of this step. The calculated dif-
ference was then divided by the current produced at the initia-
tion of the hyperpolarizing step.42,43 This protocol produced the 
amount of Ih current normalized to the input conductance of 
each cell, which was assumed to be generally proportional to 
the size of the cell. All recorded neurons were located ventral to 
the locus coeruleus (LC). Suspected LC neurons were excluded 
from analysis based on physiological characteristics, such as 
spontaneous pacemaker-like (1-2 Hz) firing pattern and a large 
outward IA current.44,45 The liquid-junction potential was ~9 mV 
for pipettes filled with K-gluconate intracellular solution, and 
the reported voltages were not corrected for this value (except 
when indicated in experiments where we calculated the reversal 
potential of the response to cholinergic receptor agonists).

electrical stimulation

Stimulation of the SubCD was performed using bipolar tung-
sten electrodes (FHC, Bowdoin, ME). The stimulating elec-
trodes (200 KΩ) were placed 50–200 µm from the recorded 

SubCD Cholinergic Modulation —Heister et al



SLEEP, Vol. 32, No. 9, 2009 1137

neurons. Paired-pulse stimuli were delivered at 30-ms intervals 
every 5 sec. Pulse duration was 0.1 msec, and voltage was ad-
justed from 2–30 V. Similar stimulation protocols have been 
used in several previous studies to evoke a consistent response 
with low failure rate (1.5–1.7 × threshold).44,46 Pulses were de-
livered with an S-88 stimulator connected to an SIU5 stimulus 
isolation unit (Grass Instruments, Warwick, RI).

Data analysis

Off-line analyses were performed using Clampfit software 
(Molecular Devices, Sunnyvale, CA). The quantification of 
PSCs was performed using the program Mini Analysis (Syn-
aptosoft, Decatur, GA). CAR was observed to increase base-
line noise in 10% to 20% of SubCD neurons; however, no 
trend was evident during CAR that was different from control 
conditions. Consequently, detection thresholds were set to be 
a minimum of 5 times the root mean square value measured 
during peak CAR effect. This ensured that nonspecific cur-
rents activated by CAR were not counted in these analyses. 
The PSC parameters were then imported to Origin 7.0 (Mi-
crocal Software, Northampton, MA). Analysis conditions 
consisted of 50-s windows prior to CAR application, during 
peak CAR effect, and after CAR had washed. For comparison 
of data between different groups, means were collected for 
each condition in each cell, and paired t-tests were used to 
analyze differences across conditions. F values and degrees 
of freedom were reported for all linear regression ANOVAs. 
Differences were considered significant at values of P ≤ 0.05. 
All results are presented as mean ± SEM.

ResUlts

anatomical localization of subcD neurons

All experiments were conducted in rat pup brain slices us-
ing anatomical coordinates corresponding to adult brain coro-
nal sections located between −9.68 and −9.16 mm posterior to 
bregma.47 The locations of recorded cells were determined us-
ing histological verification of neurobiotin or Lucifer yellow 
injected cells. All neurons were located in a region ~500 µm in 
diameter anterior to the 7th nerve in the region of the rat brain-
stem termed dorsal SubCD. Although tyrosine hydroxylase 
immunocytochemistry was not performed, most recordings 
were well ventral to the locus coeruleus and scattered tyrosine 
hydroxylase-positive neurons. Some sections were processed 
for nitric oxide synthase (NOS) immunocytochemistry, which 
selectively labels cholinergic mesopontine neurons; no NOS-
positive cells were found within the region sampled. We did 
not attempt to identify different morphological or neurotrans-
mitter types in this population, but suspect they represent a 
mixture of glutamatergic and GABAergic neurons. Figure 1A 
shows a representative region of the SubCD in which record-
ings were performed. A bright field photomicrograph super-
imposed on a fluorescent image of 2 recorded SubCD neurons 
(filled with Lucifer yellow) are indicated within the marked 
boundary. Figure 1B is a magnified confocal image of the 
same 2 neurons. The coronal section corresponding to Figure 
1A can be seen within the marked boundary of the −9.3 mm 

equivalent section. Each traced section in Figure 1C displays 
the anatomically corresponding adult distance posterior to the 
bregma.

postsynaptic effects of caR

Whole-cell voltage clamp recordings (HP = −50 mV) of Sub-
CD neurons (n = 108) revealed that bath application of CAR 
produced similar results as in previous studies.28,30,31 In the pres-
ence of TTX, CAR induced an outward current (44.3 ± 9.7 pA; 
n = 46) in 43% of SubCD neurons and an inward current (−40.5 
± 5.1 pA; n = 54) in 50% of the neurons, whereas there was no 
discernible effect in the remaining 7% (n = 8). There was no 
significant change in the response of SubCD cells when CAR 
was applied in the absence of TTX (n = 8 outward cells, n = 18 
inward cells; P > 0.05). Repeated applications of CAR for 3 min 
followed by washing for 10 min revealed that subsequent CAR 
responses were decreased in amplitude by 19% ± 4% in up to 
3 applications (n = 9). This decrease was present in cells dis-
playing both inward and outward currents. These tests showed 
that, while SubCD neurons did show some habituation, CAR 
induced a large reproducible effect in these neurons in a second 
and even third application. Voltage ramps (HP stepped to −110 
mV for 0.5 sec then ramped to −40 mV over 1 sec), and antago-
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Figure 1—Location of recorded SubCD neurons. A. Coronal sec-
tion of a rat pup brain (−9.3 mm posterior to bregma equivalent). 
Two recorded neurons are evident within the dashed area. Calibra-
tion bar is 500 µm. B. Lucifer yellow labeling of the neurons in 
A. C. Traced diagrams displaying the location of the SubCD at 
the anatomical equivalents to adult slices in mm posterior to the 
bregma. Marked squares within the SubCD designate the location 
of all of the recorded neurons. These diagrams include the region 
sampled, which consisted of a ~500 µm diameter sphere located 
immediately anterior to the 7th nerve. We targeted the small re-
gion that others have determined will induce REM sleep signs 
when CAR is injected there.7 This region did not contain nitric 
oxide synthase (NOS)-positive neurons, NOS is a selective label 
for mesopontine cholinergic neurons, suggesting that the neurons 
sampled were not part of the PPN/LDT cell groups. 7th N = 7th 
nerve, DTg = dorsal tegmental nucleus, Me5 = mesencephalic 5 
nucleus, MO5 = motor 5 nucleus, mlf = medial longitudinal fas-
ciculus, py = pyramidal tract, SCP = superior cerebellar peduncle, 
SubCD = dorsal subcoeruleus.
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ure 2B). After CAR washout, there was an almost complete 
recovery to the control state shortly after the cessation of the 
outward current (note the similarity of ramp 1 and ramp 3 in 
Figure 2B). Subtracting the current ramp induced at the peak 
CAR effect (2) from the control ramp (1) revealed the current 
induced by CAR (Figure 2C). This subtraction revealed that 
CAR generated an outward current that reversed around −78 
mV, which was near the potassium equilibrium potential (cal-
culated to be −85 mV, and the corrected liquid junction po-
tential being around −76 mV) when corrected for the junction 
potential, in this neuron. After 10 min of washing, a second 
application of CAR in the presence of the M2 muscarinic re-
ceptor antagonist, MTO, produced no changes in holding cur-

nists were used to determine the reversal potentials and the pos-
sible receptors mediating the effects of CAR in this nucleus.

outward currents

CAR induced an outward current in the presence of TTX in 
43% of SubCD neurons, and examples are provided in Figure 
2. Application of the M2 antagonist, methoctramine (MTO), 
blocked the effect of subsequent CAR applications in every 
cell tested (Figure 2A; n = 6). The current-voltage relationship 
was analyzed in different conditions: control (1, Rin = 364 
± 107 MΩ), peak CAR effect (2, Rin = 231 ± 72 MΩ), and 
washout of CAR (3, Rin = 319 ± 91 MΩ) (P < 0.05; n = 6; Fig-
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Figure 2—Outward currents induced by CAR in SubCD neurons. A. An outward current could be induced in SubCD neurons in the presence 
of TTX. Application of the M2 receptor antagonist, MTO, blocked the effect of a subsequent CAR application. B. A voltage ramp protocol 
(−110 to −40 mV) revealed the current-voltage relationship in different conditions: control (1), peak CAR effect (2), and washout (3). There 
was an almost complete recovery to control state shortly after the cessation of the outward current. C. The CAR-induced current was obtained 
by subtracting the current-voltage record induced at the peak CAR effect (2) minus that obtained in control (1). This relationship revealed an 
outward current that reversed around −78 mV (near the potassium equilibrium when corrected for junction potential). D. Prior application of 
MTO (4) was able to completely block the CAR-induced outward current (5). E. The CAR-induced outward current could also be blocked by 
the application of the potassium channel blocker BaCl2. F. Current-voltage relationship was changed during CAR application and recovered 
after washout. Inset depicts the current-voltage record of the CAR-induced current by subtracting record (2) from (1) as in C. G. There was 
no change in current-voltage record after the application of BaCl2 (4, 5). H. Average of current induced by CAR minus control in TTX with 
corresponding SEM (n = 8). Note the reversal potential of −78.1 ± 0.6 mV. These results suggest that CAR inhibits some SubCD neurons via 
a M2 muscarinic receptor.
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Averaging the current-voltage recordings induced by CAR in 
these “outward” cells revealed an average reversal potential of 
−78.1 ± 0.6 mV which, when corrected for the liquid-junction 
potential, was near the calculated potassium reversal potential 
(Figure 2H; n = 8). These results indicate that the CAR-induced 
outward current of SubCD neurons may be mediated by activa-
tion of M2 receptors and the subsequent opening of potassium 
channels.

inward currents

In the presence of TTX, cells that responded to CAR with 
an inward current exhibited a wide range of reversal potentials 
of these currents and a decrease in input resistance (from 239 ± 

rent or Rin (holding current −16 ± 9 pA before MTO vs −13 ± 
8 pA after MTO application vs −16 ± 9 after MTO+CAR; Rin 
330 ± 100 vs 316 ± 80 vs 321 ± 95, P > 0.05 for both current 
and Rin, n = 6; Figure 2D).

In separate experiments, BaCl2, a blocker of the inwardly 
rectifying potassium current, was also effective in blocking the 
CAR-induced outward current in every cell tested (Figure 2E; n 
= 4). In control conditions, voltage ramps (Figure 2F) revealed 
similar decreases in input resistance by CAR (Rin decreased 
from 292 ± 64 MΩ to 167 ± 35 MΩ in these cells, similar to 
the decrease previously reported.28,48 The CAR-induced current 
again reversed near −78 mV (Figure 2F inset). The subsequent 
addition of BaCl2 blocked the effects of further CAR applica-
tion (Figure 2G).
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Figure 3—Inward currents induced in SubCD neurons. A. Membrane current records (HP = −50 mV) revealed that CAR induced-inward 
currents persisted in the presence of the M1 receptor antagonist PRZ. Additional application of MEC was necessary to completely block the 
CAR-induced inward current. B. Voltage ramps revealed a parallel shift in the current-voltage record after TTX, before CAR (1), at the peak of 
the CAR effect (2) and after washout (3), that rectified above −45 mV. Inset shows the difference between CAR and before and after records. 
C. Averages with corresponding SEMs of CAR-induced inward current in the presence of TTX and PRZ revealed that a similar current was 
induced across all cells tested (n = 6). D. Membrane current record (HP = −50 mV) showed that the CAR induced-inward current also per-
sisted in the presence of TTX and MEC but was blocked with the addition of PRZ. E. Current-voltage records revealed a CAR-induced inward 
shift (2) that partially returned to control (1) after washout (3) of drugs. Inset. Subtractions of control and CAR records revealed an inward 
current throughout the voltage range tested. F. Average of CAR-induced current-voltage records with corresponding SEMs in the presence of 
TTX and MEC (n = 5). Note the continued parallel shift across all cells tested. These results suggest that CAR excites some SubCD neurons 
via M1 muscarinic and nicotinic receptors.
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indicating that CAR produced an inward current that exhibited 
little rectification (Figure 3E; n = 5). This parallel shift in the 
current-voltage record can be observed when the control period 
(record 1) was subtracted from that obtained during CAR ap-
plication (record 2; see inset of Figure 3E). A comparison of 
Figure 3C and 3F reveals that the CAR induced inward currents 
exhibited in the presence of either PRZ or MEC had identifiably 
different rectifying characteristics. After the addition of both 
PRZ and MEC, some experiments even suggested the presence 
of a small CAR-induced outward current (n = 4, Figure 3A), 
suggestive of the presence of M2 receptors. These results may 
indicate that the CAR-induced inward current observed in the 
SubCD was probably mediated by currents via both M1 and nic-
otinic receptors. Moreover, M2 receptors may be co-localized 
with M1 and nicotinic receptors on some SubCD neurons that 
more typically exhibit an inward current in response to CAR.

Developmental changes in intrinsic properties and caR 
Responses

SubCD neurons were recorded from 7-20 day old rats in 
an attempt to examine whether there were any developmental 
changes in their intrinsic properties or responses to CAR. The 
input resistance decreased over this developmental period from 
515 ± 51 MΩ (n = 31) in 7- to 8-day-old SubCD neurons to 
316 ± 61 MΩ (n = 11) in 19- to 20-day-old SubCD neurons 
(ANOVA; df = 165; F = 5.79; r = −0.184; P < 0.05; n = 167). 
The mean resting membrane potential also exhibited a decreas-
ing trend from −50.8 ± 3.1 mV (days 7-8; n = 10) to −54.6 ± 
3.0 mV (days 19-20; n = 13) throughout this period (ANOVA; 
df = 79; F = 4.33; r = −0.228; P < 0.05; n = 81). Furthermore, 
analysis of the amplitude of the hyperpolarization-activated 
inward current (Ih) revealed a nonsignificant decreasing trend 
across development. The mean Ih ratio (see Methods) ranged 
from 0.20 ± 0.03 (days 7-8; n = 28) to 0.18 ± 0.07 (days 19-20; 
n = 10) (ANOVA; df = 233; F = 3.35; r = −0.119; P = 0.068; n = 
235). Note, however, that pharmacological identification of this 
current using ZD-7288 was not carried out.

Conversely, the peak direct current produced by CAR (i.e. 
in the presence of TTX) was not correlated with age (ANOVA; 
df = 106; F = 0.023; r = −0.015; P > 0.05; n = 108). While the 
decrease in both input resistance and resting potential of these 
neurons may indicate a general decrease in excitability over this 
period, the mechanisms underlying the effects of CAR on Sub-
CD neurons seem to be largely in place by the end of the first 
postnatal week in rat pups. Finally, there were no detectable 
correlations between specific CAR effects and input resistance, 
resting membrane potential, or relative Ih.

caR effects on evoked epscs

A bipolar stimulating electrode placed 50–200 µm from 
whole-cell patched SubCD neurons (n = 17) was used to evoke 
PSCs (see example in Figure 4A). Evoked EPSCs could al-
ways be blocked with the combined application of the AMPA 
receptor antagonist CNQX and the NMDA antagonist APV (n 
= 17; Figure 4B). The application of the GABAA receptor an-
tagonist, GBZ, (Figure 4C) reduced the evoked IPSCs to 35% ± 
10.5% of the control amplitude, whereas additional application 

26 MΩ before CAR to 169 ± 13 MΩ after CAR, P < 0.05, n = 
9). These results suggest that a variety of ion channels may be 
involved in the CAR-induced inward current. Experiments re-
vealed that the CAR-induced inward currents may involve both 
nicotinic and M1 muscarinic receptors since application of an-
tagonists of both types of receptors was necessary to completely 
block the CAR-induced current (Figure 3A and 3D; n = 9).

Application of CAR in the presence of TTX and pirenzepine 
(PRZ), an M1 receptor antagonist, continued to induce an in-
ward current (Figure 3A). Current-voltage relationship analysis 
of these experiments revealed that CAR (Figure 3B, record 2) 
decreased the input resistance (from 252 ± 30 MΩ to 165 ± 11 
MΩ; n = 6) and produced a current with a relatively depolar-
ized reversal potential. Subtracting the current-voltage record 
in control from that obtained during CAR revealed that the cur-
rent induced by CAR in one cell rectified and reversed near 
−47 mV (Figure 3B, inset). Averaging CAR-induced current-
voltage records in the presence of TTX and PRZ across cells 
revealed the presence of a rectifying current that reversed at 
−43 ± 1.9 mV (Figure 3C; n = 6). This current was then com-
pletely blocked with the addition of the nicotinic antagonist 
mecamylamine (MEC) (Figure 3A). The addition of MEC had 
no significant effect on holding current (−24 ± 10 pA before 
vs −21 ± 9 pA after MEC). These experiments suggest that a 
nicotinic inward current may be activated by CAR in at least 
some SubCD neurons.

CAR also induced an inward current in the presence of TTX 
and the nicotinic antagonist mecamylamine (MEC) (Figure 3D; 
n = 5). Voltage ramp protocols in control, and in the presence of 
CAR revealed a parallel shift in the current-voltage recordings 
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Figure 4—Pharmacological characterization of evoked PSCs in the 
SubCD. A. Superimposed EPSCs of variable amplitude were elic-
ited using constant intensity stimulation at intervals of 5 sec. B. Un-
derlying evoked IPSCs were revealed during blockade of fast syn-
aptic transmission with CNQX and APV. C. Evoked IPSCs were 
reduced in amplitude in the presence of GBZ. D. The application of 
both GBZ and STR was necessary to completely block evoked IP-
SCs. E. The evoked EPSCs partially recovered after 25 min of drug 
washout. Ten superimposed records of evoked PSCs are shown in 
each panel. The stimulus artifact was truncated for clarity. These 
results established that electrical stimulation of the SubCD induced 
both excitation and inhibition in SubCD neurons consistent with 
the presence of glutamatergic and GABAergic inputs to these cells. 
The CAR effects on these evoked responses could be mimicked by 
endogenously released acetylcholine (see Figures 5-7).
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to 36.6 ± 6.0 pA (t = −8.18; df = 33, P < 0.001; n = 34; Figure 
5A). In 2 of 34 neurons, there was no significant effect (< 3 pA 
change), and one of 34 neurons showed an increase in evoked 
EPSCs. There was no apparent correlation between the effects 
of CAR on membrane current (inward vs. outward current) and 
the change in amplitude of evoked EPSCs. The cholinesterase 
inhibitor, physostigmine (PHY), was also used to test whether 
the effects of CAR on the evoked EPSCs could be reproduced 
by endogenously-released acetylcholine. Application of PHY 
in the presence of GBZ and STR decreased evoked EPSCs 
in all neurons tested from 119.4 ± 33.6 pA to 83.9 ± 28.3 pA 
(t = −3.70; df = 5; P < 0.05; n = 6). This indicated that the CAR 

of the glycine receptor antagonist, STR, completely blocked 
the remaining evoked IPSCs (Figure 4D; n = 4). This suggests 
that the evoked IPSCs within this area were mediated by both 
GABAA and glycine receptors. All PSCs returned with washing 
(Figure 4E).

In order to determine whether cholinergic receptors modulate 
neurotransmitter release, the effects of CAR on pharmacologi-
cally isolated excitatory and inhibitory PSCs were investigated. 
Both GBZ and STR were bath-applied for 3 min prior to and 
throughout the application of CAR in order to isolate evoked 
EPSCs. In these conditions, CAR decreased the amplitude of 
evoked EPSCs in 31 of 34 SubCD neurons from 78.3 ± 9.4 pA 
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Figure 5—SubCD responses following electrical stimulation. A. Average of 5 evoked EPSCs in GBZ and STR control (dashed) and after 
addition of CAR (solid). Note records were shifted to the same baseline to allow amplitude comparison. B. The PPF ratio increased during 
application of CAR. CAR preferentially decreased the first evoked EPSC, suggesting a presynaptic effect. The first CAR-evoked EPSC was 
scaled to match the first control EPSC. Vertical calibration is 20 pA and 5.25 pA for the control and CAR records, respectively. C. The PPR 
was significantly increased (*P < 0.05) from control by the application of CAR in all cells tested (n = 22). This increase in the PPR implies 
that CAR preferentially decreased the amplitude of the first evoked EPSC. These data suggest that CAR may modulate the probability of 
transmitter release by activating cholinergic receptors on presynaptic glutamatergic terminals. The half-width duration did not change sig-
nificantly between groups (n = 22). D. In the presence of GBZ and STR, CAR induced an outward current (top record) in a cell recorded in 
voltage clamp at a HP = −50 mV. Lower scatter plots show the amplitude of EPSCs evoked by electrical stimulation every 5 sec and a 25-point 
smoothed average of the EPSC amplitude. The effects of CAR on the membrane current and the evoked EPSCs persisted in the presence of the 
nicotinic receptor antagonist, MEC. E. In another SubCD cell, CAR induced an outward current (top record) and decreased the evoked EPSCs 
(bottom plot), and these effects were blocked by ATR (10 µM). F. In the presence of GBZ, STR, and MEC extracellulary, and GDP-ß-S in the 
intracellular solution, CAR decreased the evoked EPSC amplitude without changing the input resistance or holding current.
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induced changes in input resistance. These protocols served to 
ensure that the observed CAR-induced decreases in evoked EP-
SCs were not due to postsynaptic alterations in membrane prop-
erties often known as shunting. Previous studies have shown 
that the effects of CAR can be blocked via the use of the intrac-
ellular g protein antagonist GDP-ß-S.51,52 Our experiments used 
a modified intracellular solution by replacing GTP with the G-
protein antagonist GDP-ß-S (1 mM). The input resistance and 
the amplitude of evoked EPSCs were simultaneously measured 
during the exposure of a brain slice to GBZ, STR, and MEC for 
3 min followed by CAR application. The addition of extracel-
lular MEC and the intracellular GDP-ß-S were successful in 
blocking the direct postsynaptic effects of CAR on all of the 
recorded neurons as demonstrated by an absence of changes in 
either holding current or input resistance (control: 680 ± 143 
MΩ; 42.8 ± 7.3 pA; CAR = 647 ± 118 MΩ, 44.2 ± 7.8 pA; t = 
1.05; df = 5; P = 0.21 for holding current; P = 0.4 for Rin; n = 6; 
Figure 5F). In contrast, the evoked EPSCs were still reduced by 
CAR from 103.1 ± 31.9 pA to 57.3 ± 23.9 pA (t = −4.53; df = 
5; P < 0.01; n = 6; Figure 5F). There was also a nonsignificant 
trend towards of increasing PPR in these conditions (Control 
PPR = 1.2 ± 0.2; CAR PPR = 2.1 ± 0.4; P > 0.05; n = 6). This 
demonstrated that the CAR-induced inhibition evoked EPSCs 
was not solely a result of postsynaptic modulation of the re-
corded cell.

At the end of each preceding experiment, the types of glu-
tamatergic receptors mediating the evoked EPSCs were de-
termined first via application of CNQX, then by additional 
application of APV if the EPSCs persisted. CNQX alone was 
able to block the evoked EPSCs in most cells (n = 15 of 17). 
However, in 2 of 17 cells, the addition of both APV and CNQX 
was required to completely block the evoked response. This in-
dicated that, in our experimental conditions (HP = −50 mV), 
the evoked EPSCs were mediated mainly via AMPA/kainate 
receptors in the SubCD, while NMDA receptors may also have 
contributed to the excitatory response in some cells.

caR effects on evoked ipscs

We first investigated the effects of CAR on evoked IPSCs us-
ing a standard potassium gluconate intracellular solution in the 
presence of CNQX and APV to block fast synaptic glutamater-
gic inputs. In these conditions, we were able to evoke detect-
able outward IPSCs (14.6 ± 6.6 pA control) at HP = −50 mV, 
but 75% (3 of 4 cells) of experiments revealed inconclusive 
changes in response to CAR application (19 ± 8.6 pA). This 
protocol was then modified in order to maximize the detection 
of IPSCs by using an intracellular solution containing QX-314, 
cesium methane sulfate to block sodium and potassium chan-
nels, respectively, and BAPTA to buffer intracellular calcium 
concentration. In these conditions, we were able to record rela-
tively larger outward evoked IPSCs (49.9 ± 18.4 pA; control) 
at a HP of 0 mV. Nevertheless, CAR application induced an 
increase in evoked IPSCs in only 1 of 13 neurons while the 
remaining neurons showed no changes in evoked IPSCs in re-
sponse to CAR application (51.9 ± 14.3 pA). Taken together, 
these results suggest that CAR probably depressed evoked 
SubCD glutamatergic transmission without affecting evoked 
inhibitory neurotransmitter release.

effects on evoked EPSCs could be mimicked by endogenously 
released acetylcholine.

Paired-pulse stimulation revealed that SubCD neurons ex-
hibited paired-pulse facilitation (PPF), which is defined as an 
increase in the amplitude of the EPSC response to the second 
of a pair of closely spaced stimuli (Figure 5B). It is generally 
thought that PPF results from residual increases in calcium 
concentration in the presynaptic terminal after an initial stimu-
lus.49,50 Thus, a change in the paired-pulse ratio (PPR, amplitude 
of the second evoked EPSC divided by the first one) suggests 
modulation of presynaptic terminals because a pure postsyn-
aptic effect is expected to be translated into identical changes 
in the responses to both pulses. The PPR was significantly in-
creased from control (PPR 1.4 ± 0.1) by application of CAR 
(PPR 2.1 ± 0.4; t = −2.48; df = 21; P < 0.05; n = 22; Figure 
5C). This increase in the PPR implies that CAR preferentially 
decreased the amplitude of the first evoked EPSC. These data 
indirectly suggest that CAR may modulate the probability of 
transmitter release by activating cholinergic receptors on pre-
synaptic glutamatergic terminals.

Furthermore, the evoked EPSC half-width duration was not 
significantly changed from control (4.41 ± 0.59 msec) follow-
ing CAR application (4.10 ± 0.91 msec; t = 0.37; df = 21; P > 
0.05; n = 22; Figure 5C). This suggests that the kinetic prop-
erties of the postsynaptic ionotropic glutamate receptors were 
probably not altered by activation of cholinergic receptors. The 
time to peak and decay of the EPSCs was not analyzed in detail 
since no obvious differences were observed in control vs CAR 
conditions in any early experiments.

Additional experiments were performed to determine the 
type of cholinergic receptors responsible for the CAR-induced 
decrease in evoked EPSCs. In the presence of GBZ and STR, 
CAR decreased the amplitude of evoked EPSCs by 35% (from 
80.9 ± 18.0 pA to 52.3 ± 18.6 pA; t value = −3.50; df = 6; P < 
0.05 n = 7). A second application of CAR in the presence of 
GBZ, STR, and MEC, the nicotinic antagonist, also decreased 
the amplitude of the evoked EPSCs by an average of 43% 
from 71.6 ± 17.6 pA to 41.0 ± 11.5 pA (t = −3.34; df = 6; P 
< 0.05; n = 7; Figure 5D). These results suggest that the cho-
linergic receptors involved in the decrease in evoked EPSCs 
were probably in large part non-nicotinic. Additionally, the 
previous experiments established that the CAR-induced de-
crease in evoked EPSCs was reproducible at least twice with 
little habituation.

In contrast to MEC, the nonspecific muscarinic antagonist, 
atropine (ATR), prevented the decrease in the amplitude of 
evoked EPSCs in response to a second application of CAR in 
all cells tested (Figure 5E). The M2 specific antagonist, MTO, 
also prevented the decrease in the amplitude of evoked EPSCs 
in response to a second application of CAR in 5 of 8 cells. The 
remaining 3 cells continued to show a CAR-induced decrease 
in evoked EPSCs in the presence of MTO. This suggests that, in 
the SubCD, the inhibitory cholinergic effects on evoked EPSCS 
were predominantly mediated by M2 receptors. However, it is 
possible that some SubCD neurons may also possess other mus-
carinic receptors that can contribute to the inhibition of evoked 
EPSCs.

Further control experiments were conducted in order to iso-
late the CAR-induced decrease in evoked EPSCs from CAR-
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inhibitory transmission and reduce excitatory transmission in 
the SubCD.

In order to more specifically examine whether CAR modu-
lated spontaneous neurotransmitter release (Figure 6A), we 
analyzed the effects of CAR on spontaneous EPSCs in the pres-
ence of GBZ and STR (Figure 6B). In these conditions, the 
EPSC frequency was not significantly altered in cells exhibit-
ing an inward current to CAR (Control = 1.5 ± 0.2 Hz; CAR = 
2.2 ± 0.5 Hz; t = −1.87; df = 10; P > 0.05; n = 11; Figure 7A). 
However, in 7 of 8 cells exhibiting an outward current to CAR, 
the EPSC frequency decreased from 2.3 ± 0.7 Hz to 1.3 ± 0.5 
Hz (t = 2.48; df = 7; P < 0.05; n = 8; Figure 6B, 7A). In contrast, 
the EPSC amplitude did not significantly change in any of the 
above conditions (t = 1.34, P > 0.05; t = −1.29, P > 0.05 respec-
tively; Figure 7B).

To enhance the detection of spontaneous IPSCs, we recorded 
SubCD neurons in the presence of CNQX and APV at HP = 0 
mV using an intracellular solution containing QX-314, cesium 
and BAPTA. CAR increased IPSC frequency from 0.6 ± 0.2 
Hz to 1.7 ± 0.3 Hz (t = −3.87; df = 17; P < 0.01) in 18 of 23 
neurons (Figure 6C, 7C). There was also a significant increase 
in spontaneous IPSC amplitude by CAR (Control = 12.9 ± 1.0 
pA; CAR = 15.3 ± 1.7 pA; t = −2.38; df = 17; P < 0.05; n = 18; 
Figure 7D). In 5 neurons, there was a nonsignificant decrease 
in IPSC frequency and amplitude (control: 2.2 ± 1.1 Hz, 17.3 ± 
3.2 pA; CAR: 1.2 ± 0.6 Hz, 15.7 ± 2.3 pA) (frequency t = 1.92; 
df = 4; P > 0.05; amplitude t = 1.09; df = 4; P > 0.05, respec-
tively; Figure 7C, 7D).

caR effects on spontaneous pscs

The spontaneous postsynaptic currents (PSCs) recorded in 
SubCD cells typically correspond to the sum of action potential-
dependent and action potential-independent PSCs. This was 
demonstrated with the application of TTX to SubCD neurons 
revealing a significant decrease in PSC frequency from 3.0 ± 
0.91 Hz to 2.54 ± 0.87 Hz (t = 2.5; df = 6; P < 0.05; n = 7) but 
not amplitude (Control = 12.2 ± 1.02 pA; TTX = 11.9 ± 0.83 
pA; t = 0.53; df = 6; P > 0.05; n = 7). These data suggest that at 
least a portion of the spontaneous PSCs were action potential-
dependent.

The effects of CAR on spontaneous PSCs were initially 
analyzed by quantifying the frequency of PSCs before and 
during CAR application without any antagonists. EPSCs and 
IPSCs were recorded at a HP of −50 mV as inward and out-
ward currents, respectively. During CAR application only, 
55% of SubCD neurons showed a decrease in spontaneous 
EPSC frequency from 3.3 ± 1.2 Hz to 2.0 ± 0.9 Hz (t = 2.55; 
df = 11; P < 0.05; n = 12 of 22). In contrast, 27% of SubCD 
neurons showed an increase in spontaneous IPSC frequency 
from 0.85 ± 0.4 Hz to 4.2 ± 1.4 Hz (t = −3.19; df = 5; P < 
0.05; n = 6 of 22). The remaining 18% of neurons showed an 
increase in EPSCs from 5.6 ± 2.5 Hz to 9.5 ± 3.0 (t = −3.81; 
df = 3; P < 0.05; n = 4). CAR produced no significant changes 
in the above PSC amplitudes. Thus, in the majority of SubCD 
cells, CAR application apparently either increased spontane-
ous IPSCs or decreased spontaneous EPSCs (n = 18 of 22). 
These data suggest that CAR may predominantly enhance 
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Figure 6—Modulation of spontaneous PSCs by CAR. A. Mem-
brane current record (HP = −50 mV) of a SubCD neuron showing 
the effects of CAR on miniature EPSCs in the presence of TTX. 
Note the outward current and the decrease in miniature EPSC fre-
quency during CAR application. B. Membrane current record (HP 
= −50 mV) of a SubCD neuron in the presence of GBZ and STR. 
CAR decreased the frequency of spontaneous EPSCs and induced 
an outward current in this cell. C. Voltage clamp recording (HP 
= 0 mV with QX-314, cesium, and BAPTA in the intracellular 
solution) showing the effect of CAR on spontaneous IPSCs in 
the presence of blockers of fast excitatory synaptic transmission 
(CNQX and APV). CAR produced a large increase in the frequen-
cy of IPSCs in these conditions.

Figure 7—Changes in frequency and amplitude of PSCs produced 
by CAR application. “Inward” and “Outward” indicate cells that 
responded to CAR by an inward or an outward current, respec-
tively. “Increase” and “Decrease” indicate cells that responded to 
CAR by an increase or a decrease in IPSC frequency, respectively. 
A. CAR-induced Change in the frequency of spontaneous EPSCs 
in the presence of GBZ and STR. B. Change in the amplitude of 
spontaneous EPSCs in the presence of GBZ and STR. C. Change 
in the frequency of spontaneous IPSCs in the presence of CNQX 
and APV. D. Change in the amplitude of spontaneous IPSCs in the 
presence of CNQX and APV. E. Change in the frequency of minia-
ture EPSCs in the presence of TTX. F. Change in the amplitude of 
miniature EPSCs in the presence of TTX. *P < 0.05, **P < 0.01.
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receptor antagonist, MTO (Figure 2). In contrast, both PRZ and 
MEC were necessary to completely block the inward current 
induced by CAR. The presumed nicotinic inward current that 
persisted in the presence of TTX and PRZ revealed a rever-
sal potential around −45 mV. In contrast, no reversal potential 
was obtained for the presumed M1 receptor-mediated current 
that remained in the presence of TTX and MEC. Some SubCD 
neurons with CAR-induced inward currents in control condi-
tions exhibited a small outward current to CAR application in 
the presence of PRZ, MEC, and TTX. Previous studies have 
suggested that CAR may induce a biphasic effect on some ex-
tracellularly recorded neurons in the SubCD.54 Therefore, it is 
possible that M2 receptors are co-localized with M1 and nico-
tinic receptors at least on some SubCD neurons, resulting in 
opposing CAR effects, leading to the observed variability in the 
reversal potentials of the CAR-induced currents. For example, 
the simultaneous activation of nicotinic receptors and the M2 
receptor-mediated potassium conductance in the presence of 
TTX and PRZ may have led to the observed reversal potential 
of −45 mV, which was more negative than would be expected 
from a pure nicotinic receptor-induced current (0 mV).55

Evoked EPSCs in the SubCD were consistently reduced by 
the application of CAR. This decrease in amplitude of evoked 
EPSCs could be blocked with muscarinic antagonists (Figure 
5E). Furthermore, CAR induced an increase in the PPR without 
a concomitant change in evoked EPSC half-width. These data 
suggested the presence of presynaptic muscarinic receptors on 
glutamatergic terminals within this region. PHY, an acetylcho-
linesterase inhibitor, also decreased the amplitude of evoked 
EPSCs, suggesting that the spontaneous release of acetylcho-
line within the slice could mimic the inhibitory effects of CAR 
on these cells. Additionally, CAR significantly decreased the 
frequency of miniature EPSCs in the presence of TTX in some 
neurons. This provides further support for the presence of pre-
synaptic muscarinic receptors on at least some glutamatergic 
terminals within the SubCD.

While CAR consistently inhibited spontaneous, miniature, 
and evoked EPSCs, there was some variation in the effects of 
CAR depending on the type of EPSCs investigated. CAR had a 
mainly inhibitory effect on evoked EPSCs while only cells ex-
hibiting an outward current responded to CAR with a decrease 
in spontaneous or miniature EPSCs. This discrepancy between 
the effects of CAR on spontaneous and miniature EPSCs vs. 
evoked EPSCs is likely attributable to the differential activation 
of numerous glutamatergic terminals with evoked stimulation vs. 
the involvement of a likely much smaller population of activated 
terminals in producing spontaneous and miniature EPSCs. While 
it is premature to speculate about the precise origins of the gluta-
matergic inputs that were depressed by CAR, it is clear that CAR 
did inhibit EPSCs in the majority of SubCD neurons.

There was also some discrepancy between the potentiating 
effects of CAR on spontaneous IPSCs and the lack of effect of 
CAR on evoked IPSCs. Evoked stimulation may activate a large 
portion of the afferent terminals of these neurons in the control 
condition and thus prevent further potentiation effects by CAR. 
Additionally, anatomical localization of muscarinic receptors in 
other regions of the CNS such as the hippocampus and the stria-
tum revealed that a large portion of GABAergic interneurons 
contained presynaptic M2 but not M1 receptors.56-58 This differ-

caR effects on Miniature pscs

In order to further examine whether there was a direct modu-
lation by CAR of the spontaneous neurotransmitter release pro-
cess at the presynaptic level, we analyzed whether CAR could 
alter the frequency and amplitude of miniature PSCs recorded 
in the presence of TTX. Miniature EPSCs (inward currents) 
were more frequent than IPSCs (outward currents) at HP of −50 
mV. Consequently, analysis in this condition was limited only 
to EPSCs. In SubCD neurons exhibiting an outward current in 
response to CAR application, there was a significant decrease 
in both frequency (1.1 ± 0.2 Hz Control vs. 0.7 ± 0.1 Hz CAR; 
t = 3.19; df = 14; P < 0.01; n = 15; Figure 7E) and amplitude 
(14.1 ± 1.0 pA Control vs. 13.1 ± 1.0 pA CAR; t = 2.2; df = 14; 
P < 0.05; n = 15; Figure 6A, 7F) of miniature EPSCs. Further-
more, the CAR-induced decrease in miniature EPSCs could be 
blocked by the application of MTO (Control = 0.54 ± 0.3 Hz; 
16.3 ± 2.9 pA; CAR = 0.4 ± 0.3 Hz; 18.3 ± 4.9 pA; n = 4). These 
data suggest the presence of functional M2 receptors on pre-
synaptic glutamatergic terminals projecting to SubCD neurons 
that exhibit an outward current in response to CAR. While cells 
exhibiting an inward current in response to CAR showed no 
significant changes in frequency of miniature EPSCs (Control = 
1.9 ± 0.8 Hz; CAR = 2.0 ± 1.0 Hz; n = 11; t = −0.48; df = 10; P 
> 0.05), CAR did reduce the amplitude of these events (Control 
= 15.6 ± 0.7 pA; CAR = 14.8 ± 0.7 pA; n = 11; t = 3.13; df = 
10; P < 0.05, Figure 7E, 7F). These results suggest a differential 
cholinergic modulation of presynaptic terminals of SubCD neu-
rons that exhibit inward current vs. those that exhibit outward 
current in response to CAR.

DiscUssion

This work used several methods to attempt to demonstrate 
the differential effects of CAR on SubCD neurons, thus provid-
ing some insight into the cholinergic modulation of these puta-
tive REM sleep-related cells. While this study did not directly 
identify recorded neurons by transmitter type, it did establish 
that CAR increased GABAergic/glycinergic transmission in the 
majority of neurons in this area while it also inhibited gluta-
matergic transmission in the SubCD. CAR-induced inward cur-
rents were mediated by M1 and nicotinic receptors, whereas 
CAR-induced outward currents were mediated by M2 recep-
tors. The presence of glycinergic IPSCs suggests an important 
role for glycine in also mediating inhibition in this area. Fur-
thermore, several intrinsic properties of SubCD neurons were 
found to change during development. Despite these changes, 
the mechanisms regulating the effects of CAR appeared to 
be largely in place by the first postnatal week. Finally, this 
study corroborated the results of a recent study that found that 
GABAergic neurons in the SubCD of transgenic mice were de-
polarized by CAR.53

postsynaptic Responses to caR

Our results indicated that roughly one-half of SubCD cells 
were depolarized and the other half hyperpolarized by CAR. 
The outward current was shown to be mediated by a potassium 
current that could be blocked with either BaCl2 or by the M2 
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bursting in this population. This rhythmic bursting may then 
be critical for the onset and maintenance of REM sleep and its 
signs. Additional studies are required to support this hypoth-
esis, but the present results provide evidence for this effect.

The SubCD remains an important region of interest given 
its potential role in learning and memory. Recent evidence 
suggests that activation of this region enhances learning per-
formance,62 while lesions of this region impair certain learning 
paradigms.22 The high-frequency bursting observed in relation 
to P-waves have been proposed as the endogenous equivalent 
of tetanic activation required for long-term potentiation.24,30 
Additional research is needed to confirm the presence of such 
activation arising in the SubCD and its effects on hippocampal 
neurons, however, this promises to become an exciting area of 
research in the future.

limitations and conclusions

There are a number of limitations of these studies that should 
be discussed. First, slices do not have sleep-wake cycles, so that 
conclusions regarding in vivo controls need to be tempered un-
til confirmed in such preparations. Second, while we limited the 
sampling region to a small area immediately anterior to the 7th 
nerve, the region into which CAR injections induce REM sleep 
signs could not be identified in the same animals. Third, the 
complex excitatory effects of CAR need further study in order 
to determine if other muscarinic receptors, e.g., M3, might also 
be involved. We should also note that nicotinic receptors desen-
sitize rapidly while bath application of CAR is typically used, 
nevertheless, the specific nicotinic antagonist MEC did block 
a current remaining after PRZ, suggesting that some nicotinic 
action was probably prevented by the presence of MEC after 
addition of CAR. Because no experiments using low calcium 
were performed, we cannot address the possible presence of 
TTX-resistant presynaptic nicotinic receptor vs TTX-suscep-
tible post-synaptic nicotinic receptors. On the other hand, the 
present study provides important insights into the functional 
role of the cholinergic input modulating SubCD network activ-
ity. We showed that CAR can differentially inhibit excitatory 
and excite inhibitory synaptic transmission in the SubCD by in-
creasing GABAergic/glycinergic IPSCs and inhibiting evoked, 
spontaneous, and miniature glutamatergic EPSCs. This implies 
a forceful push especially towards GABAergic activation. Giv-
en the discovery of electrically coupled neurons, which are typ-
ically GABAergic in a number of areas in the brain,31,34 it will 
be of interest to determine if the cholinergic input to SubCD is 
geared towards inducing ensemble activity.
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ential distribution of muscarinic receptors may account for the 
differential effects of CAR on evoked and spontaneous IPSCs. 
The absence of excitatory presynaptic cholinergic receptors on 
GABAergic/glycinergic terminals could account for the failure 
to observe a CAR-induced potentiation with evoked stimula-
tion. Additionally, the increase in spontaneous IPSCs by CAR 
generally occurred in a rhythmic fashion, suggesting that these 
were action potential-dependent events. Thus, the differential 
effects of CAR on evoked and spontaneous IPSC may reflect 
differential anatomical sites of action.

Shunting is a process whereby a decrease in neuronal input 
resistance attenuates incoming PSCs. In an effort to control for 
possible shunting effects of CAR, GDP-ß-S, a G protein an-
tagonist, was added to the intracellular solution, and MEC was 
added to the extracellular solution. In these conditions, CAR 
decreased the evoked EPSCs with no concomitant change in the 
input resistance (Figure 5F). Furthermore, Figure 7 shows that, 
in the presence of GBZ and STR, spontaneous EPSCs were sig-
nificantly decreased in frequency but not amplitude. These data 
suggest that the observed decreases in EPSCs by CAR could not 
be solely attributed to shunting effects that result from opening 
postsynaptic conductances.

A decrease in EPSC amplitude was detected in the presence 
of TTX (Figure 7F). CAR may generate at least some shunting 
in these neurons. As cholinergic inputs to this area likely induce 
diffuse neuromodulation, it is plausible that these projections me-
diate their effects, in part, by decreasing neuronal input resistance 
and consequently attenuating incoming PSCs in some cells.59

physiological significance

The SubCD consists of a population of neurons that are criti-
cal for the induction of REM sleep atonia as well as the initia-
tion of PGO and rat P-waves associated with REM sleep.7,23,24 
In the last few decades, the use of in vivo and in vitro tech-
niques has produced significant evidence supporting the role 
of cholinergic brainstem nuclei in modulating the REM sleep 
state.10,11,60,61 Specifically, the PPN contains cholinergic "REM-
on" neurons, and excitation of this region using pharmacologi-
cal agents has been shown to induce increases in REM sleep 
signs.7,31,62-64 These cholinergic neurons have widespread pro-
jections throughout the brainstem, including the SubCD nu-
cleus of the rat.7,13,14 It has been shown that at least in some 
preparations in vivo, microinjections of CAR into the SubCD 
can induce REM sleep and rat P-waves.22,54,65,66 This suggests 
that the ascending projections of the SubCD may be important 
in modulating REM sleep, putative memory consolidation and 
possibly brainstem and hippocampal theta rhythms.67-69

We hypothesize is that during REM sleep, putative cholin-
ergic "REM-on" neurons facilitate SubCD neurons to produce 
the REM sleep signs of muscle atonia and the P-waves seen in 
the rat via differential pre- and postsynaptic effects on gluta-
matergic and GABAergic neurons. The excitation of presumed 
GABAergic neurons, coupled with the inhibition of presumed 
glutamate neurons by cholinergic input to the SubCD may: (a) 
set up a rhythmic oscillation, especially since some of neurons, 
possibly GABAergic, have been found to be electrically cou-
pled,32 and (b) hyperpolarize glutamate neurons, some of which 
have low-threshold spikes, subsequently inducing rhythmic 
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