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INTRODUCTION

The pedunculopontine nucleus (PPN) is part of the cholinergic arm of the reticular activating system (RAS) and is
thought to be critical for switching cortical arousal states from
nonrapid eye movement (NREM) sleep to wakefulness or
REM sleep (Hobson and Pace-Schott 2002). During waking
and REM sleep, PPN neurons show increased firing rates
(Datta and Siwek 2002), whereas decreased rates of firing are
present during slow wave sleep (SWS). Early studies established that electrical or chemical stimulation of the midbrain
reticular formation in the region of the PPN and its ascending
projections induced “desynchronization” of the cortex (Moruzzi
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and Magoun 1949), which is similar to that observed during
waking and REM sleep. Lesions in the region of the PPN reduced
or eliminated REM sleep (Deurveilher and Hennevin 2001). In
addition, systemic and intracerebral injections of cholinergic agonists were found to generate ponto-geniculo-occipital (PGO)
waves prior to the onset of, and throughout, REM sleep (Datta et
al. 1998; Sakai et al. 1990; Steriade et al. 1990).
The induction of cortical manifestations of waking or REM
sleep by PPN stimulation are mainly mediated through its
ascending projections to the thalamus, which may represent the
machinery for the generation of oscillations during distinct
sleep-wake states. The increase in acetylcholine concentration in
“specific” thalamic nuclei following PPN stimulation appears to
excite thalamocortical relay neurons and inhibit reticular thalamic
neurons, which in turn, blocks spindle oscillations and delta waves
appearing during NREM sleep (McCormick 1992). However, the
“nonspecific” thalamocortical neurons, including centrolateral
(CL) and parafascicular (Pf) cells, are the main target of PPN
thalamic projections (Kobayashi and Nakamura 2003; Parent
and Descarries 2008). Both “specific” and “nonspecific” thalamic nuclei are involved in sensory processing and presumably the modulation of conscious experience through the
thalamocortical 40 Hz rhythm (Llinas and Ribary 2001).
In addition to medium and large cholinergic neurons, the
PPN contains glutamatergic and GABAergic neurons (Clements and Grant 1990; Ford et al. 1995; Wang and Morales
2009). PPN neurons receive cholinergic input from the laterodorsal tegmental (LDT) and contralateral PPN (Semba and
Fibiger 1992), GABAergic innervation from local interneurons
and the substantia nigra (Saitoh et al. 2003), and glutamatergic
excitation from nuclei in the mesopontine area and thalamus
(Steininger et al. 1992; Stevens et al. 1992) and probably local
glutamatergic neurons as well. In terms of electrophysiological
properties, three types of PPN neurons have been identified,
type I cells are known to have only low threshold calcium spike
(LTS) channels, type II have only hyperpolarization activated
transient potassium outward currents (Ia), while type III have
both Ia and LTS (Kang and Kitai 1990; Leonard and Llinas
1990). Seventy-three percent of type II and 36% of type III
neurons were found to be cholinergic, whereas, all type I cells
were noncholinergic (Takakusaki et al. 1996, 1997). Other than
these three types, a fourth group of PPN neuron has been
reported that show neither A nor LTS currents (Kang and Kitai
1990; Kim et al. 2009). Our previous sharp intracellular recordings from 12 to 21 day PPN neurons showed a decrease in
the proportion of type III neurons with development, apparently differentiating into type I neurons (Kobayashi et al.
2003). The membrane properties and synaptic input of PPN
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pedunculopontine nucleus (PPN) is part of the cholinergic arm of the
reticular activating system, which is mostly active during waking and
rapid-eye movement sleep. The PPN projects to the thalamus and
receives cholinergic inputs from the laterodorsal tegmental nucleus
and contralateral PPN. We employed retrograde labeling and whole
cell recordings to determine the modulation of GABAergic, glycinergic, and glutamatergic transmission to PPN thalamic projecting
neurons, and their postsynaptic responses to the nonspecific cholinergic agonist carbachol. M2 and M4 muscarinic receptor-modulated
inhibitory postsynaptic responses were observed in 73% of PPN
output neurons; in 12.9%, M1 and nicotinic receptor-mediated excitation was detected; and muscarinic and nicotinic-modulated fast
inhibitory followed by slow excitatory biphasic responses were evident in 6.7% of cells. A significant increase in the frequency of
spontaneous excitatory postsynaptic currents (EPSCs) and inhibitory
postsynaptic currents during carbachol application was observed in
66.2% and 65.2% of efferent neurons, respectively. This effect was
blocked by a M1 antagonist or nonselective muscarinic blocker,
indicating that glutamatergic, GABAergic, and/or glycinergic neurons
projecting to PPN output neurons are excited through muscarinic
receptors. Decreases in the frequency of miniature EPSCs, and amplitude of electrical stimulation-evoked EPSCs, were blocked by a M2
antagonist, suggesting the presence of M2Rs at terminals of presynaptic glutamatergic neurons. Carbachol-induced multiple types of
postsynaptic responses, enhancing both inhibitory and excitatory fast
transmission to PPN thalamic projecting neurons through muscarinic
receptors. These results provide possible implications for the generation of different frequency oscillations in PPN thalamic projecting
neurons during distinct sleep-wake states.
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neurons appear to be essential for determining their firing
patterns that may be modulated by cholinergic input during
different cortical arousal states.
Although the importance of PPN neurons in the modulation
of sleep-wake cycles has been established, the exact mechanisms underlying these functions remain a mystery. Understanding the synaptic interactions within the PPN, and also
between the PPN and other nuclei, is an essential step for
unveiling this mystery. In this study, we employed retrograde
labeling, whole cell patch clamp recording, and immunohistochemical techniques to investigate how cholinergic input modulates GABAergic and glutamatergic synaptic transmission,
and probably glycinergic as well, to PPN thalamic projecting
neurons, with additional consideration of their electrophysiological and neurotransmitter phenotypes.
METHODS

Retrograde labeling of PPN thalamic projecting neurons

Slice preparation
Pups aged 10 –15 days were anesthetized with ketamine (70 mg/kg
im) until tail pinch and corneal reflexes were absent. They were
decapitated and the brain rapidly removed and blocked in cooled,
oxygenated (95% O2-5% CO2) sucrose artificial cerebrospinal fluid
(sucrose-ACSF). The block of tissue was glued onto a stage, and 400
m parasagittal slices of the thalamus and brain stem were cut with a
Vibratome 1000 plus with a 900R refrigeration system (Vibratome
Instruments, St. Louis, MO) in cooled oxygenated sucrose-ACSF.
Slices were allowed to equilibrate at room temperature in oxygenated
ACSF for ⱖ1 h before recording. The ACSF consisted of (in mM) 117
NaCl, 4.7 KCl, 1.2 MgCl2, 2.5 CaCl2, 24.9 NaHCO3, and 11.5
glucose. The sucrose-ACSF was composed of (in mM) 233.7 sucrose,
26 NaHCO3, 8 MgCl2, 0.5 CaCl2, 20 glucose, and 0.4 ascorbic acid.

Whole cell patch clamp recordings
Whole cell patch clamp recordings were acquired using borosilicate
glass pipettes (with filament) with resistance of 8 –12 M⍀ that were
pulled on a Sutter P-87 puller (Sutter Instrument, Novato, CA) and
filled with normal pipette solution containing (in mM) 124 K-gluconate, 10 phosphocreatine di tris salt, 10 HEPES, 0.2 EGTA, 4
MgATP, 0.3 Na2GTP, and 0.5% neurobiotin for the direct postsynaptic effect, and excitatory postsynaptic currents (EPSCs), studies.
J Neurophysiol • VOL

Electrical stimulation
To evoke EPSCs and IPSCs, electrical stimulation was applied
using a bipolar tungsten microelectrode driven by a Grass S88
stimulator (Grass Instruments) connected to a SIU5 stimulus isolation
unit (Grass Instruments, West Warwick, RI). The stimulating electrode (200 k⍀ resistance, 50 m intertip distance) was placed in the
PPN, 50 –200 m away from recorded neurons. The membrane
potential of recorded neurons was held at ⫺70 mV. Paired-pulse
stimuli were delivered at 50 ms intervals every 10 s. Pulse duration
was 0.1 ms and stimulating voltage was adjusted from 5 to 30 V to
evoke a consistent response with low failure rate (1.5–1.7 times
threshold).

Data analysis
Off-line analyses were performed using Clampfit 10 software
(Molecular Devices). Only cells with action potentials higher than 45
mV and resting membrane potentials more negative than ⫺40 mV
were included in the analyses. All the presented data were not adjusted
to 9 –12 mV junction potential. For spontaneous and miniature EPSC
and IPSC studies, the amplitude and inter-EPSC/IPSC intervals were
analyzed using Mini Analysis software (Synaptosoft, Decatur, GA). A
Kolmogorov-Smirnov test (K-S test, Clampfit 10) was used to statistically compare the preceding parameters in different conditions for
individual cells. For comparisons between mean values, paired Student’s t-tests were used (Origin 7.0). The amplitude and half-width
duration of evoked EPSCs were determined by Clampfit 10, which,
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Pups aged 9 –14 days from adult timed-pregnant Sprague-Dawley
rats (280 –350 g) were anesthetized with 65 mg/kg ip ketamine until
tail pinch reflexes were absent. Retrograde labeling of PPN neurons
was performed using a picospritzer (Parker Hannifin) for pressure
injection of ⬃4 l of green fluorescent latex microsphere retrobeads
(Lumafluor, Durham, NC) into the thalamus, using a glass pipette with
⬃60 –70 m tip diameter. The green microspheres showed little
diffusion and produced well-defined injection sites. The stereotaxic
coordinates of the injection sites were (mm, relative to Bregma): AP
⫺2 to ⫺3, L ⫹0.5 to ⫹0.8, DV ⫺5.5 to ⫺6.5. The same animals were
used to prepare brain slices for patch-clamp recordings 24 –72 h after
injection. Injection sites for each experiment were confirmed by
visualization using a Nikon AZ-100 microscope (Nikon Instruments,
Melville, NY) and NIS Elements AR imaging and analysis software.
Only neurons from animals with injection sites within thalamocortical
nuclei were included in the statistical analysis. All animal use procedures were approved by the University of Arkansas for Medical
Sciences Institutional Animal Care and Use Committee and comply
with the ethical standards described in the National Institutes of
Health guide.

K-gluconate was substituted with equimolar concentration of KCl for
recording inhibitory PSCs (IPSCs). The osmolarity of the pipette
solution was adjusted to ⬃270 –290 mosM and pH to 7.4. Slices were
recorded at 30°C while superfused (⬃1.5 ml/min) with oxygenated
ACSF. No series resistance compensation was performed in this
study. The pipette series resistance may increase during an experiment
due to an increase in pipette clogging or a slight drift of the cell
surface away from the pipette. However, neurons with access resistance exceeding 20 M⍀ were excluded from the analysis. Neurons
were visualized using an upright microscope (Nikon FN1 with ⫻40
water immersion lens, ⫻1–2 magnifying turret, and Gibraltar platform, Nikon Instruments, Melville, NY) equipped for epifluorescence
and near-infrared differential interference contrast optics. The location
of recorded cells was confirmed using a ⫻4 objective lens before and
after recording. Retrogradely labeled PPN output neurons were identified as containing fluorescent beads under fluorescence illumination.
All recorded analog signals were low-pass filtered at 2 kHz using a
Multiclamp 700B amplifier and digitized at 5 kHz using a Digidata1440A and pClamp 10 software (Molecular Devices, Union City,
CA). Bath-applied drugs were administered to the slice via a peristaltic pump (Cole-Parmer, Vernon Hills, IL) and a three-way valve
system. To determine the intrinsic membrane properties of cells, a
series of depolarizing and hyperpolarizing steps were applied at ⫺60
mV holding potential (HP) in both current-clamp mode (⫺100-60 pA,
20 pA steps, 500 ms in duration) and voltage-clamp mode (⫺110-10
mV, 15 mV steps, 500 ms in duration). The presence of a potassium
A current (Ia) was determined by testing whether a significant transient outward current is produced in response to a depolarizing
voltage step to ⫺60 or ⫺45 mV which was preceded by a 500 ms
negative voltage step to ⫺110 mV. To test the effects of neuroactive
agents, every 20 s, the membrane potential was held at a hyperpolarized level (HP ⫽ ⫺100 mV) for 500 ms to determine changes in input
resistance (Rin), then a 1,000 ms voltage ramp from ⫺100 to ⫺30 mV
was applied to test the current-voltage relationship of the activated
currents. For the identification of electrical stimulation-evoked EPSCs
and IPSCs, the membrane potential was held at ⫺70 mV to prevent
the generation of action potentials, and every 10 s, a hyperpolarizing
step from ⫺70 to ⫺110 mV was applied to determine changes in Rin.
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along with the paired-pulse ratio, were further statistically analyzed
using independent t-test for individual cells and paired t-test for the
comparison between mean values (Origin 7.0). Data were expressed
as means⫾ SE.

Drug application

Histology
After recording, slices were fixed overnight in 4% paraformaldehyde and stored in PBS for further immunolabeling. Goat polyclonal
anti-biotin conjugated to Cy5 (USbio, Swampscott, MA) was used to
identify the neurobiotin in the recorded neurons. To determine the
neurontransmitter phenotype of the recorded cells, mouse monoclonal
anti-brain nitric oxide synthase (bNOS) antibody (Sigma) was used as
primary antibody. Goat polyclonal to mouse IgG was conjugated to
Cy3 (Abcam, Cambridge, MA) to label bNOS positive neurons, which
is known to be co-localized with choline acetyltransferase (ChAT ) in
the PPN (Dun et al. 1994; Sugaya and McKinney 1994), and is
considered a marker for cholinergic neurons. Cells were identified
using a Nikon confocal fluorescence microscope and images were
taken using the software NIS-Elements.
RESULTS

after recording. Neurobiotin and bNOS labeling further confirmed the location of cells within the boundaries of the PPN.
Sampling of recorded cells was directed throughout the
wedge-shaped nucleus, from the posterior pars compacta
around the superior cerebellar peduncle to the anterior tip
close to the substantia nigra. No regional differences within
the PPN were detected in terms of cell type or response type.
Properties of PPN thalamic projecting neurons
It is well known that the PPN sends cholinergic projections to the thalamus (Erro et al. 1999; Kha et al. 2000) and
contains cholinergic, glutamatergic, and GABAergic neurons (Clements and Grant 1990; Ford et al. 1995; Wang and
Morales 2009) as well as three types of electrophysiologically distinct cells (types I–III) (Kamondi et al. 1992). In
this study, we specifically examined the properties of PPN
neurons with efferent projections to the thalamus. Among a
total of 201 retrogradely labeled PPN output neurons that
were recorded, 12.4% (n ⫽ 25/201) of them showed only LTS
and were classified as type I; 52.2% (n ⫽ 105/201) of them had
only Ia and were classified as type II; 29.4% (n ⫽ 59/201) were
classified as type III cells because they had both LTS and Ia;
and in 6% (n ⫽ 12/201) of cells, neither LTS nor Ia was
detected, and we named these type IV cells. Previous recordings of PPN cells at random (Kobayashi et al. 2003) showed
that ⬃27% of cells exhibited LTS (i.e., they were either type I
or III cells); in contrast, the present results indicate that PPN
thalamic-projecting neurons have a higher portion of cells with
LTS (41.8%). As far as neurotransmitter phenotype is concerned, 67 recorded neurons were successfully recovered and
the slices were processed for neurobiotin and bNOS immunoreactivity. Among the neurobiotin-labeled cells, 45 (67.2%)
were bNOS positive and 22 (32.8%) were bNOS negative (Fig. 1).
This indicates that the thalamus mainly receives cholinergic
input from the PPN, with some noncholinergic projections as
well.

Locations of injections and recorded cells

Postsynaptic responses of PPN thalamic projecting neurons
to cholinergic agents

The thalamic injection sites in this study were located in the
region of the medial, mediodorsal, centromedian, and parafascicular (Pf) nuclei of the thalamus. Most injections were ⬃0.5
mm in diameter in a teardrop shape spreading dorsally along
the injecting pipette. The recording sites were located within
the PPN as determined using a ⫻4 objective lens before and

Previous intracellular recordings showed that cholinergic
PPN neurons were mainly inhibited by cholinergic input (Good
et al. 2007; Leonard and Llinas 1994). In this study, we
specifically determined the postsynaptic responses of retrogradely labeled PPN thalamic projecting neurons, which included both cholinergic and noncholinergic cells, to adminis-

FIG. 1. Neurotransmitter phenotype of pedunculopontine
nucleus (PPN) thalamic projecting neurons. A: a representative
brain nitric oxide synthase (bNOS) labeled cholinergic PPN
output neuron that was recorded using whole cell patch clamp.
a: Cy5-conjugated neurobiotin labeling (blue); while green
retrobead labeling (b) indicates neurons projecting to the thalamus; c: Cy3-labeled bNOS⫹ cells (red), indicative of cholinergic cells in the PPN; d: the overlaid view of a— c. B: an
example of a whole cell patch clamp recorded PPN (a) efferent
neuron (b), which was bNOS negative (c), indicating that this
neuron was noncholinergic (overlay in d). Scale bars are 50 m.
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All neuroactive agents were applied by bath superfusion. Drugs
used in this study included the nonselective cholinergic receptor
agonist carbachol (CAR, 50 M), the competitive nonselective muscarinic cholinergic receptor (mAChR) antagonist atropine (ATR, 10
M), the selective M2 AChR antagonist methoctramine (MTO, 10
M), the selective M1 AChR antagonist pirenzepine (PRZ, 10 M),
the noncompetitive neuronal nicotinic AChR (nAChR) antagonist
mecamylamine (MEC, 10 M), the voltage-gated sodium channel
blocker tetrodotoxin (TTX, 1 M), nonselective calcium channel
blocker cadium chloride (CdCl2, 200 M), the selective N-methyl-Daspartate (NMDA) receptor antagonist 2-amino-5-phosphonovaleric acid
(APV, 50 M), the competitive AMPA/kainate glutamate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 M), the specific GABAA receptor antagonist gabazine (GBZ, 10 M), and the
glycine receptor antagonist strychnine (STR, 10 M). All drugs were
purchased from Sigma (St. Louis, MO), except for TTX, which was
purchased from Tocris Bioscience (Ellisville, MO).
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concerned (Fig. 2, E and F), it appears that those neurons
showing inhibitory and biphasic cholinergic responses mainly
belonged to types II and III (i.e., with Ia current) and included
both cholinergic and noncholinergic cells; however, those
output cells that were excited by CAR were mainly types I and
III (i.e., with LTS current) and were noncholinergic.
To determine the types of cholinergic receptors that were
responsible for these direct postsynaptic responses, selective
cholinergic receptor antagonists were tested in the presence of
TTX or Cd2⫹. The M2 receptor has been suggested to be
involved in the CAR-induced inhibitory response of cholinergic PPN neurons (Leonard and Llinas 1994); however, in the
M2 knockout mouse, the M4 receptor appeared to also participate in CAR-induced hyperpolarization (Kohlmeier et al.
2007). In situ hybridization studies revealed that cholinergic
cells in the PPN primarily express M2 receptors with detectable levels of M4 mRNA (Vilaro et al. 1992, 1994). However,
it is not clear whether the M2 receptor is the only functionally
expressed inhibitory cholinergic receptor, while the M4 receptor may only function as a compensatory reservoir of muscarinic receptors. We tested the selective M2 receptor antagonist

FIG. 2. Postsynaptic cholinergic responses of PPN thalamic projecting neurons. A: an example of a PPN output neuron showing a carbachol (CAR)-induced
outward current in the presence of TTX (top), which was blocked by the M2 receptor antagonist methoctramine (MTO, bottom). B: in this retrogradely labeled
PPN output neuron, CAR induced an outward current (top) that was only partially blocked by MTO (middle) but completely blocked by atropine (ATR, bottom).
Note the multiple steps of outward current in the top recording, and of the inward current after addition of MTO (middle). C: a representative PPN output cell
exhibiting a CAR-induced inward current (top), which was blocked by the M1 receptor antagonist pirenzepine (PRZ, bottom). D: an inward current was induced
by CAR application in this PPN output cell in the presence of cadmium (top). The nicotinic AChR (nAChR) antagonist mecamylamine (MEC) did not completely
block the response (middle), but pretreatment with MEC and PRZ blocked the CAR-induced effect (bottom). E: percentage of different types of neurons that
showed inhibitory, excitatory, or biphasic cholinergic responses, respectively. F: group data of neurotransmitter phenotypes (cholinergic vs. noncholinergic) of
neurons showing different cholinergic responses. This result suggests that cholinergic neurons tend to be inhibited and noncholinergic neurons tend to be excited
by cholinergic input.
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tration of the nonselective cholinergic agonist CAR (50 M).
Among 178 PPN output neurons that were recorded at ⫺60
mV HP, which is the average resting membrane potential of
PPN neurons (Kobayashi et al. 2004), an outward current was
induced by CAR in 73% (n ⫽ 130/178) of the neurons,
indicating an inhibitory effect; 12.9% of them (n ⫽ 23/178)
showed an inward current during application of CAR, suggesting an excitatory response; 6.7% of the cells (n ⫽ 12/178)
exhibited a fast outward current followed by a slow inward
current; and 7.3% (n ⫽ 13/178) of them had no response. To
confirm that all these responses were due to a direct effect of
CAR on the cell membrane, we blocked action potentialdependent synaptic transmission using the sodium channel
blocker TTX (1 M), or the calcium channel blocker cadmium
(Cd2⫹, 200 M), and retested CAR on 31 CAR-inhibited, 7
CAR-excited, and 6 cells with biphasic responses. The interval
between repeated applications of CAR was ⬃15 min. Neither
of these blockers of sodium or calcium channels could eliminate the effects of CAR, suggesting that the responses observed
were due to a direct activation of postsynaptic cholinergic
receptors on the recorded neurons. As far as cell types are
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Previous studies in the thalamus (Ye et al. 2009) suggest that
the biphasic cholinergic response (fast inhibition followed by
slow excitation) may be due to activation of multiple types of
mAChRs. In this study, however, we found that ATR completely blocked the biphasic cholinergic response in only one
of the three cells tested in the presence of TTX or Cd2⫹. In the
other two cells, the CAR-induced fast outward current was
successfully blocked by ATR (data not shown), while the
inward current persisted; suggesting that, in the PPN, the
biphasic cholinergic response may be due to activation of both
mAChRs and nAChRs.
Cholinergic modulation of fast inhibitory synaptic
transmission to PPN thalamic projecting neurons
Fast inhibitory synaptic transmission is mainly modulated by
GABAA, GABAC, and glycine receptors, which belong to the
ionotropic receptor family. In this study, a high Cl⫺ intracellular solution was used to enhance the detection of IPSCs at
HP ⫽ ⫺60 mV in the presence of AMPA/kainate and NMDA
receptor blockers (CNQX 10 M and APV 50 M). Experiments using the selective GABAA receptor blocker GBZ (10
M) and the glycine receptor antagonist STR (10 M) on
retrogradely labeled PPN neurons, revealed that fast inhibitory
synaptic transmission to PPN thalamic projecting neurons is
modulated by both GABAA and glycine receptors (Fig. 3, A
and B).
The CAR effect on IPSCs was examined on 69 retrogradely
labeled PPN thalamic projecting neurons. The amplitude and
inter-IPSC intervals of spontaneous IPSC (sIPSCs) events
detected in 20 – 40 s recordings in control condition with
CNQX and APV, and during additional application of CAR,
were statistically compared using a K-S test for individual

FIG. 3. Fast inhibitory innervation of PPN
thalamic projecting neurons. A: the glycinergic
receptor antagonist strychnine (STR, b) decreased spontaneous inhibitory postsynaptic
currents (sIPSCs) in the presence of the
AMPA/kainate receptor antagonist 6-cyano-7nitroquinoxalene-2,3-dione (CNQX) and the
N-methyl-D-aspartate (NMDA) receptor antagonist 2-amino-5-phosphonovaleric acid (APV,
a), while further addition of the GABAA receptor antagonist GBZ abolished the IPSCs
(c), which recovered after wash (d). B: the
amplitude of evoked IPSCs in a PPN output
neuron (left) was attenuated by STR (middle
record) and blocked by additional application
of GBZ (right). The gray records represent the
average of 10 individual trials (black) in each
condition. This result suggests that fast inhibitory synaptic transmission to PPN thalamic
projecting neurons is modulated by both glycinergic and GABAA receptors.
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methoctramine (MTO, 10 M) on 13 PPN output cells in the
presence of TTX and 11 in the presence of Cd2⫹, respectively.
MTO completely blocked the CAR-induced outward current in
6 of 13 cells in the presence of TTX and only partially blocked
the current in the other 7 cells by 65 ⫾ 9%, which were
completely blocked by subsequent application of the nonselective muscarinic receptor antagonist ATR (10 M; n ⫽ 5; Fig.
2, A and B). In experiments using Cd2⫹, the outward current
induced by CAR was completely blocked by MTO in 8 of 11
neurons but only partially blocked by 70 ⫾ 7% in the other 3
cells. The amplitudes of the CAR-induced outward currents
that could be completely blocked by MTO were significantly
lower than those that were partially inhibited by MTO (17 ⫾ 5
vs. 60 ⫾ 11 pA, independent t-test, P ⬍ 0.005) suggesting the
additional activation of a non-M2 receptor in the latter case.
These data indicate that M2 receptors, and most probably M4
receptors as well, are involved in the inhibitory cholinergic
responses in PPN thalamic projecting neurons.
With regard to the mechanisms involved in the CAR-induced inward currents, it has been reported that both muscarinic (mAChR) and nicotinic (nAChR) receptors can be involved in the cholinergic excitatory responses in the PPN
(Good et al. 2007). However, it is unclear which subtype(s) of
mAChRs are involved and to what extent, especially in PPN
output neurons. We tested the selective M1 mAChR antagonist
PRZ (10 M) and/or the nAChR antagonist MEC (10 M) on
five cells in the presence of TTX or Cd2⫹. PRZ completely
blocked the CAR-induced inward current in three of five cells;
however, in the other two cells, both PRZ and MEC were
required to completely block the inward current (Fig. 2, C and
D). This suggests that CAR-induced excitatory responses in
PPN output neurons were due to the activation of M1 and
nAChRs.
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cells, the mean inter-IPSC interval was reduced from 0.8 ⫾ 0.3
to 0.2 ⫾ 0.06 s after CAR application (n ⫽ 3, paired t-test, P ⫽
0.11). No significant change in the amplitude of sIPSCs
(38.4 ⫾ 7.1 pA in the control and 39.8 ⫾ 6.3 pA with CAR;
n ⫽ 10, paired t-test, P ⫽ 0.53) was observed in 10 of these 11
cells. Considering that PRZ did not completely block the
CAR-induced increases in sIPSCs and that the nAChR is
another important excitatory cholinergic receptor in the PPN,
we applied MEC to 12 of 45 cells showing CAR-induced
increases in sIPSCs. Pretreatment with MEC abolished the
CAR-induced increase in sIPSCs in only one cell; while in
the majority of tested cells (n ⫽ 11/12), CAR still decreased
the inter-IPSC interval (1.6 ⫾ 0.5 s in the presence of
CNQX, APV, and MEC, 0.2 ⫾ 0.05 s during CAR; n ⫽ 11,
paired t-test, P ⬍ 0.05; Fig. 5, D–F). In addition, MEC did not
block the CAR-induced increase in the amplitude of sIPSCs
(from 32.8 ⫾ 2.9 to 77.7 ⫾ 10.6 pA; n ⫽ 6, paired t-test, P ⬍
0.05). From these data, it appears that the nAChR is not
significantly, if at all, involved in the cholinergic excitation of
GABAergic and/or glycinergic cells that are presynaptic to
thalamic projecting neurons. We performed further experiments using ATR and found that it successfully abolished all
the effects that CAR had on sIPSCs (Fig. 5, G–I). The mean
inter-IPSC interval was 1.8 ⫾ 0.5 s in the control condition
with CNQX, APV, and ATR, and during CAR application, it
was 1.7 ⫾ 0.7 s (n ⫽ 6, paired t-test, P ⫽ 0.90). The mean
amplitude of the IPSCs was 40.1 ⫾ 9.7 and 38.2 ⫾ 7.6 pA,
respectively, in the control condition and during CAR (n ⫽ 6,
paired t-test, P ⫽ 0.64). To confirm that the lack of CAR effect
on sIPSCs was indeed due to blockade of cholinergic receptors
and not due to receptor desensitization, we repetitively superfused CAR at 15 min intervals on nine cells and the effects
were successfully replicated. The previous pharmacological
data (Fig. 6, D and E), suggest that the cholinergic excitation of
GABAergic and/or glycinergic neurons presynaptic to PPN

FIG. 4. Cholinergic modulation of sIPSCs in PPN thalamic projecting neurons. A: CAR increased the frequency of sIPSCs in a PPN output neuron that showed
a CAR-induced outward current (top). Enlarged representative records in each condition are shown below, in records before CAR (a), during CAR (b), and after
CAR (c). B: cumulative probability distributions of the inter-IPSC interval (top) and amplitude (bottom) of sIPSCs in each condition for the cell in A that were
obtained from 20 s recording samples in each condition. A left shift of the cumulative inter-IPSC interval distribution indicates a decrease in the interval
[*Kolmogorov-Smirnov (K-S) test, P ⬍ 0.00001; top]. CAR did not significantly change the amplitude of sIPSCs in this neuron (bottom). C: summary of the
CAR effect on the inter-IPSC interval (top) and amplitude (bottom) of sIPSCs. In 45 tested PPN output neurons, an increase in sIPSCs frequency (top) and
amplitude (bottom) was induced by CAR, implying a cholinergic excitation of presynaptic GABAergic and/or glycinergic neurons (***paired t-test, P ⬍ 0.001).
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cells. Forty-five of 69 (65.2%) cells tested showed a significant
decrease in the inter-IPSC intervals of sIPSCs in the presence
of CAR (K-S test, P ⬍ 0.00001), suggesting that presynaptic
GABAergic and/or glycinergic neurons were excited by CAR.
The mean interevent interval decreased from 1.3 ⫾ 0.2 s in the
presence of CNQX and APV to 0.2 ⫾ 0.03 s during CAR
application (n ⫽ 45, paired t-test, P ⬍ 0.001; Fig. 4). In
addition to the decrease in inter-IPSC intervals, 29 cells
showed a significant increase in the amplitude of sIPSCs
during CAR application from 33.4 ⫾ 2.4 to 66.1 ⫾ 6.6 pA
(n ⫽ 29, paired t-test, P ⬍ 0.001). In the other 24 neurons, 20
of them (29%) showed no significant change in the inter-IPSC
intervals during CAR application (2.6 ⫾ 0.4 s before CAR,
2.9 ⫾ 0.6 s during CAR; n ⫽ 20, paired t-test, P ⫽ 0.41) nor
did the amplitude of sIPSCs significantly change (33.9 ⫾ 3.1
pA before CAR, 35.5 ⫾ 3.5 pA during CAR; n ⫽ 20, paired
t-test, P ⫽ 0.62). For the other four cells (5.8%), a significant
increase in the inter-IPSC intervals (K-S test, P ⬍ 0.00001)
induced by CAR was observed from 0.8 ⫾ 0.2 to 3 ⫾ 0.8 s
(n ⫽ 4, paired t-test, P ⬍ 0.05). There were no correlations
between CAR-induced postsynaptic responses and changes in
sIPSCs. Also no relationship between changes in sIPSCs and
electrophysiological (types I–III) or neurotransmitter phenotype (cholinergic and noncholinergic) could be determined
from our data.
Because fast inhibitory synaptic transmission to the majority
of PPN thalamic-projecting neurons was enhanced by the
cholinergic agonist CAR, we next focused on identifying the
mechanisms of the CAR-induced increase in IPSCs. We first
tested the M1 receptor antagonist, PRZ, on 11 of the 45 PPN
efferent neurons that exhibited CAR-increased sIPSCs and
found that PRZ successfully blocked the CAR effect on 8 of
them (1.2 ⫾ 0.3 s inter-IPSC interval in the control condition
with CNQX, APV, and PRZ, and 1.3 ⫾ 0.5 s during CAR; n ⫽
8, paired t-test, P ⫽ 0.71; Fig. 5, A–C). For the other three
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thalamic-projecting neurons is mediated mainly through activation of muscarinic receptors, especially M1Rs.
sIPSCs correspond to the sum of two types of synaptic
activity. The first type of activity is TTX-sensitive and reflects
the level of spontaneous firing in soma/axons of GABAergic or
glycinergic neurons that are presynaptic to the recorded cells. The
other type of activity is TTX-resistant and corresponds to action
potential-independent spontaneous release of GABA or glycine from
synaptic terminals, named miniature IPSCs (mIPSCs). A change in
the frequency of mIPSCs is usually indicative of presynaptic
modulation of the probability of transmitter release. To further
distinguish whether the CAR-induced increase in the frequency of
sIPSCs was due to activation of cholinergic receptors at presynaptic terminals, or on the soma and/or axons of GABAergic
and/or glycinergic neurons, the modulation by CAR of mIPSC
properties was examined in the presence of CNQX, APV, and
TTX on 7 of 45 PPN thalamic-projecting neurons showing
CAR-induced increase in sIPSCs. No significant change in the
inter-IPSC interval of mIPSCs was observed in any of these
cells (2.1 ⫾ 0.5 s in the presence of CNQX, APV, and TTX,
2.1 ⫾ 0.5 s after addition of CAR; n ⫽ 7, paired t-test, P ⫽
0.91; Fig. 6, A–C). Furthermore, no change in the amplitude of
J Neurophysiol • VOL

mIPSCs was detected in any of these seven cells (50.4 ⫾ 9.3
pA before CAR, 45.1 ⫾ 5.8 pA after CAR; n ⫽ 7, paired t-test,
P ⫽ 0.25). Taken together, these data suggest that the somata
rather than the synaptic terminals of GABAergic and/or glycinergic neurons are the main sites of modulation by cholinergic agents.
Cholinergic modulation of fast excitatory synaptic
transmission to PPN thalamic projecting neurons
Glutamate ionotropic receptors (NMDA, AMPA, and kainate)
are responsible for fast excitatory synaptic transmission in the
CNS. However, under our experimental conditions (using 1.2 mM
extracellular Mg2⫹), fast synaptic excitatory transmission, manifested as EPSCs, are mainly driven by activation of AMPA and/or
kainate receptors at HP ⫽ ⫺60 or ⫺70 mV because the NMDA
receptor remains mostly inactivated at this HP. As expected, the
NMDA receptor antagonist, APV, did not significantly affect
spontaneous or evoked EPSCs in the presence of GBZ and
STR; however, these EPSCs were almost completely (87.5 ⫾
0.3%) blocked by the AMPA/kainate receptor antagonist
CNQX (Fig. 7).
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FIG. 5. Cholinergic receptor(s) responsible for the sIPSCs increase. A, D, and G: representative recordings in the presence of PRZ, MEC, and ATR,
respectively, together with CNQX and APV (top). CAR did not change either the inter-IPSC interval or the amplitude of sIPSCs in the presence of PRZ and
ATR (in A and G, bottom), while it increased sIPSCs in the presence of MEC (D, bottom). B, E, and H: cumulative probability distributions of inter-IPSC intervals
and amplitude of sIPSCs in each condition for cells in A, D, and G, respectively, that did not change in B and H but significantly increased in E (*K-S test, P ⬍
0.00001). C, F, and I: a summary of the effects of CAR on the inter-IPSC intervals and amplitude of sIPSCs in the presence of PRZ (C), MEC (F), and ATR
(I) in PPN thalamic projecting neurons. It appears that the CAR-induced increase in sIPSCs was due to activation of muscarinic AChRs (mAChRs), especially
M1Rs (* paired t-test, P ⬍ 0.05).
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Cholinergic modulation of spontaneous EPSCs (sEPSCs)
was determined following application of CAR to 65 retrogradely labeled PPN neurons in the presence of GBZ and STR
at a HP ⫽ ⫺60 mV. A significant decrease in the inter-EPSC
interval was produced in 43 of these cells (66.2%) after
analyzing 20 – 40 s data segments before and during CAR
application (K-S test, P ⬍ 0.00001). The mean inter-EPSC

interval decreased from 0.8 ⫾ 0.1 to 0.1 ⫾ 0.02 s after CAR
(n ⫽ 43, paired t-test, P ⬍ 0.001; Fig. 8). In conjunction with
the reduction in sEPSC interval, a significant increase in the
amplitude of sEPSCs was produced by CAR in 21 of the 43
cells (from 15.4 ⫾ 0.9 to 21.5 ⫾ 1.4 pA, n ⫽ 21, paired t-test,
P ⬍ 0.001; Fig. 8). Among the other 22 neurons, 16 of them
(24.6%) showed no significant change in the inter-EPSC inter-

FIG. 7. Fast excitatory synaptic transmission on PPN thalamic projecting neurons. A: the frequency of spontaneous
excitatory PSCs (EPSCs) recorded in the presence of GBZ and
STR (a) was not significantly changed after APV application
(b) but was abolished by CNQX (c) and recovered after wash
(d and e). B: the amplitude of evoked EPSCs in a PPN output
neuron (1st record) was not significantly attenuated by APV
(2nd record) but was blocked by CNQX (3rd record), which
recovered after washing in GBZ and STR (4th record). Gray
records represent the average of 10 individual trials (black
records) in each condition. This result indicates that fast excitatory synaptic transmission to PPN thalamic projecting neurons was mainly modulated by AMPA/kainate receptors in our
experimental conditions.
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FIG. 6. Cholinergic modulation of mIPSCs
in PPN thalamic projecting neurons. A: representative recordings in the presence of CNQX,
APV, and TTX (top 2 records), and after
addition of CAR (bottom 2 records). Two
records are shown due to the low frequency of
events. B: cumulative distributions of interIPSC interval and amplitude of mIPSCs
for the cell in A that were obtained from
30 s recording samples. C: summary of
CAR effects on mIPSCs in PPN thalamic
projecting neurons. CAR did not significantly change inter-IPSC intervals (top)
or amplitude (bottom) of mIPSCs. D and
E: summaries of the effects of cholinergic
antagonists and TTX on CAR-induced increases in sIPSCs. The interval/amplitude
change ratio was obtained by using the
inter-IPSC interval or amplitude of IPSCs
during CAR application divided by that
obtained in the control condition with only
CNQX and APV or in the presence of
antagonists. ■, the change in IPSCs after
the 1st CAR application; , the 2nd CAR
response, which was obtained in the presence of antagonists or TTX.
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val during CAR application (0.7 ⫾ 0.1 s before CAR, 0.7 ⫾
0.1 s during CAR; n ⫽ 16, paired t-test, P ⫽ 0.37) nor did the
amplitude of sEPSCs significantly change (15.0 ⫾ 1.0 pA
before CAR, 15.5 ⫾ 1.9 pA during CAR; n ⫽ 16, paired t-test,
P ⫽ 0.62). For the other six cells (9.2%), CAR significantly
increased in the mean inter-EPSC interval from 0.4 ⫾ 0.1 to
1.0 ⫾ 0.2 s (n ⫽ 6, paired t-test, P ⬍ 0.01). Similar to the CAR
effects on presynaptic GABAergic and/or glycinergic neurons,
it seems that the majority of glutamatergic neurons presynaptic
to PPN thalamic projecting cells was also excited by CAR (Fig.
8, D–F), while no direct relationship was found between
changes in sEPSCs and CAR-induced postsynaptic responses
or cell type.
Excitatory cholinergic receptor antagonists were tested on
those neurons showing CAR-induced increase in sEPSCs to
determine the specific receptors that were responsible for the
excitation of presynaptic glutamatergic neurons. PRZ successfully abolished the CAR effect in seven of eight tested cells
(1.4 ⫾ 0.6 s inter-EPSC interval in the control condition with
GBZ, STR, and PRZ, 1.2 ⫾ 0.5 s during addition of CAR; n ⫽
7, paired t-test, P ⫽ 0.42; Fig. 9). After pretreatment with MEC
in the presence of GBZ and STR, CAR still significantly
reduced the inter-EPSC interval (K-S test, P ⬍ 0.00001) in
seven of eight cells, and the mean value decreased from 1.1 ⫾
0.5 to 0.2 ⫾ 0.06 s (n ⫽ 7, paired t-test, P ⫽ 0.09). In
experiments using ATR, no significant change was observed in
the inter-EPSC interval after CAR application (0.8 ⫾ 0.3 s
before CAR, 0.8 ⫾ 0.2 s during CAR; n ⫽ 6, paired t-test, P ⫽
0.91). It thus appears that glutamatergic neurons presynaptic to
PPN output neurons are excited by CAR mainly through M1
receptors. The effects of these antagonists are shown in Fig. 10,
D and E.
In the presence of GBZ, STR, and TTX, CAR effects on
miniature EPSCs (mEPSCs) were tested in seven neurons that
exhibited CAR-induced decreases in sEPSC interval in the
absence of TTX. Even though only one cell responded by a
significant increase in inter-mEPSC interval (K-S test, P ⬍
0.00001), six neurons showed a nonsignificant increase in the
J Neurophysiol • VOL

inter-mEPSC interval during CAR application (0.8 ⫾ 0.4 s
before CAR, 1.2 ⫾ 0.5 s in the presence of CAR, n ⫽ 6, paired
t-test, P ⫽ 0.08; Fig. 10, A–C). CAR produced no significant
change in the amplitude of mEPSCs (14.1 ⫾ 1.8 pA in the
control, 14.6 ⫾ 1.6 pA during CAR; n ⫽ 7, paired t-test, P ⫽
0.28). The CAR-induced increase in the mean mEPSC interval
was blocked by pretreatment with the M2 receptor antagonist
MTO (1.1 ⫾ 0.7 s inter-mEPSC interval in the control with
GBZ, STR, TTX, and MTO, 0.9 ⫾ 0.4 s during CAR; n ⫽ 4,
paired t-test, P ⫽ 0.54; data not shown). These data suggest the
possible presence of M2 receptors at the synaptic terminals of
glutamatergic neurons that are presynaptic to PPN thalamic
projecting neurons.
To further test for the presence of presynaptic M2 receptors,
evoked EPSC experiments were conducted. A bipolar stimulating electrode was placed in the PPN, and paired-pulse
eEPSCs were recorded in retrogradely-labeled PPN neurons
50 –200 m away at a HP ⫽ ⫺70 mV. The effects of CAR on
the amplitude, half-width duration, and paired-pulse ratio
(PPR, amplitude of the second eEPSC divided by the 1st) of
eEPSCs were determined in the presence of GBZ and STR.
Comparison of eEPSCs before and during application of CAR
on individual cells, using 10 events in each condition (independent t-test), revealed that among 20 PPN output neurons, 17
cells showed a significant decrease in the amplitude of eEPSCs
(168.3 ⫾ 19.8 pA in the control, 90.3 ⫾ 13.8 pA during CAR;
n ⫽ 17, paired t-test, P ⬍ 0.001; Fig. 11, A–C). In association
with the amplitude decrease, 14 cells demonstrated a significant decrease in eEPSC half-width duration (from 8.1 ⫾ 0.8 to
6.3 ⫾ 0.7 ms; n ⫽ 14, paired t-test, P ⬍ 0.005). Moreover, the
mean PPR increased from 1.5 ⫾ 0.1 to 1.7 ⫾ 0.2 after addition
of CAR (n ⫽ 17, paired t-test, P ⬍ 0.05). We further tested
MTO on five neurons exhibiting CAR-induced decreases in
eEPSCs and found that the CAR effects were abolished in four
of them. The other neuron was excluded from the analysis
because it showed a continuous rundown in the amplitude of
eEPSCs during CAR application. The mean amplitude of
eEPSCs was 124.3 ⫾ 47.6 pA in the control condition with
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FIG. 8. Cholinergic modulation of spontaneous EPSCs (sEPSCs) in PPN thalamic projecting neurons. A: CAR increased the frequency of sEPSCs in a PPN
output neuron that showed a CAR-induced outward current. Enlarged representative records in each condition are shown below, records before (a) and during
CAR (b). B: cumulative probability distributions of the inter-EPSC interval (top) and amplitude (bottom) of sEPSCs in each condition for the cell shown in A
that were obtained from 20 s recording samples in each condition. A left shift in the cumulative inter-EPSC interval distribution indicates a decrease in the interval
(top). A right shift of the cumulative amplitude distribution (bottom) suggests a significant increase in sEPSC amplitude by CAR in this neuron (*K-S test, P ⬍
0.00001). C: summary of the CAR effects on the inter-EPSC interval and amplitude of sEPSCs. Forty-three output cells showed a significant decrease in interval,
while 21 cells showed a significant increase in amplitude after CAR application, suggesting that the majority of presynaptic glutamatergic neurons projecting
to PPN output neurons are excited by this cholinergic agent (***paired t-test, P ⬍ 0.001).
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GBZ, STR, and MTO, and 103.1 ⫾ 41.0 pA during additional
CAR application (n ⫽ 4, paired t-test, P ⫽ 0.19); the mean
half-width duration was 8.2 ⫾ 2.0 ms in control and 7.4 ⫾ 2.4
ms during CAR (P ⫽ 0.47); and the mean PPR was 1.6 ⫾ 0.1
and 2.1 ⫾ 0.6 in control and during CAR, respectively (P ⫽
0.50; Fig. 11, D and E).
Considering that the change in half-width duration of eEPSCs may
indicate a modulation of the conductance or the kinetic properties of postsynaptic ionotropic glutamate receptor channels,
we suspected that a change in membrane input resistance,
caused by CAR, may have altered the kinetic properties of
AMPA/kainate receptors. Thus we replaced Na2GTP in the
pipette solution with 1 mM GDP-␤-S to block G protein
coupled receptors in the recorded cells and prevent CAR from
activating postsynaptic muscarinic cholinergic receptors,
which mediate the decrease in membrane input resistance
(Heister et al. 2009; Ye et al. 2009). As expected, five retrogradely labeled PPN cells recorded under these conditions did
not show significant changes in the half-width duration of
eEPSCs after CAR addition (4.1 ⫾ 0.7 ms in the presence of
GBZ and STR, 4.2 ⫾ 0.8 ms after CAR application; n ⫽ 5,
paired t-test, P ⫽ 0.69); however, a significant decrease in the
amplitude of eEPSCs (from 245.3 ⫾ 57.5 to 120.5 ⫾ 34.2 pA;
P ⬍ 0.01), and an increase in the PPR (from 1.4 ⫾ 0.1 to 1.8 ⫾
0.1; P ⬍ 0.005) were still produced (Fig. 11, F and G).
Therefore the previously observed CAR-induced decrease in
eEPSC half-width was most likely due to postsynaptic mechanisms that may involve a shunting effect caused by a membrane input resistance decrease in response to CAR. Taken
together, the mEPSC and eEPSC data suggest the presence of
M2 receptors at the presynaptic terminals of glutamatergic
neurons that provide excitatory inputs to PPN thalamic projecting neurons.
J Neurophysiol • VOL

DISCUSSION

This study determined that 1) not only cholinergic PPN neurons
but also noncholinergic PPN cells send efferent projections to the
thalamus, but they may respond differently to cholinergic inputs,
2) GABAergic and/or glycinergic neurons that are presynaptic to
PPN output neurons appeared to be excited by cholinergic agonists, mainly through the activation of M1 receptors located on
their soma and/or axons, and 3) glutamatergic neurons presynaptic
to PPN efferent neurons were likely to be excited mainly via
activation of M1 receptors on their soma and/or axons, however,
their synaptic terminals had inhibitory M2 receptors. These results
are summarized in Fig. 12.
Postsynaptic cholinergic responses of PPN thalamic
projecting neurons and their properties
It was previously assumed that PPN neurons with efferent
projections to the thalamus are mainly cholinergic, while
noncholinergic PPN cells preferentially project to the basal
ganglia (Mena-Segovia et al. 2008). Our retrograde labeling
experiment showed that both cholinergic and noncholinergic
PPN neurons send efferent projections to the thalamus. However, it remains to be determined whether these noncholinergic
thalamic projecting neurons are GABAergic, glutamatergic, or
both. In terms of electrophysiological properties, ⬃70% of
PPN neurons were categorized as type II cells with only Ia and
27% of cells were type I or III with LTS in previous sharp
intracellular recording studies (Kobayashi et al. 2003). Our
present study suggests that retrogradely labeled thalamic projecting PPN neurons consist of a higher proportion of neurons
with LTS (⬃42%). The presence of LTS promotes the generation of bursts of action potentials, which underlie the firing
patterns observed in PGO-on peribrachial (PB) and LDT neu-
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FIG. 9. Cholinergic receptor(s) responsible for the sEPSCs increase. A: representative recordings in the presence of GBZ, STR, and PRZ (top), and after
addition of CAR (bottom), did not show a change in sEPSCs. B: cumulative distributions of inter-EPSC interval (left) and amplitude (right) of sEPSCs in each
condition for recordings in A. Samples were taken from 20 s recordings in each condition. C: summary of effects of CAR on sEPSCs in the presence of PRZ.
It appears that PRZ successfully abolished the CAR-induced increase in sEPSCs, indicating that presynaptic glutamatergic neurons were mainly activated by
cholinergic input through M1 receptors.
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rons (Steriade et al. 1990). Moreover, when these neurons are
depolarized, they are more likely to discharge with highfrequency spike bursts. Such properties may enable PPN neurons to fire at fairly high frequencies, including gamma frequency (unpublished data).
A number of reports have described the postsynaptic cholinergic
responses of PPN neurons. Both nAChR- and mAChR-mediated
excitation and mAChR-mediated inhibition were observed
in intracellularly recorded PPN neurons (Good et al. 2007).
Cholinergic PPN neurons were inhibited by activation of
M2 receptors via opening of inwardly rectifying potassium
channels (Leonard and Llinas 1994). Our current results
extend the latter study specifically to PPN thalamic projecting neurons because this may be an essential pathway that
the PPN employs to promote waking and REM sleep. Direct
postsynaptic cholinergic responses of PPN neurons were
determined in the presence of TTX or Cd2⫹, which are used
conventionally to block action potential-dependent presynaptic neurotransmitter release. Our study confirmed that
cholinergic PPN output neurons are predominantly inhibited
by cholinergic agonists (Good et al. 2007; Leonard and
Llinas 1994) but not only through activation of M2 receptors
J Neurophysiol • VOL

because M4 receptors might be involved as well. This is
consistent with the findings in either M2- or M4- transgenic
mice, in which knockout of either one of these two receptors
was unable to diminish the CAR-induced inhibitory response; however, it was completely abolished in M2 and M4
double knockout mice (Kohlmeier et al. 2007). In situ
hybridization experiments also revealed high levels of M2
receptor mRNA, and detectable levels of M4 mRNA, in
cholinergic PPN neurons (Vilaro et al. 1992, 1994). Our
present study demonstrated that noncholinergic PPN output
neurons can be either excited via activation of M1 and/or
nAChR or inhibited by M2 and/or M4 receptors. Further
investigation is required to identify whether GABAergic and
glutamatergic neurons have differential responses to cholinergic agonists. In addition, there may be a small population
of output neurons that have both mAChRs and nAChRs.
This is supported by our finding that the biphasic response
recorded in the PPN was not completely abolished by the
nonspecific mAChR antagonist ATR. This result is in contrast to what we reported in the thalamus (Pf), where ATR
completely blocked the biphasic CAR-induced response (Ye
et al. 2009).
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FIG. 10. Cholinergic modulation of mEPSCs in PPN thalamic projecting neurons. A: in the presence of TTX, no significant change in the frequency of
mEPSCs was observed in this PPN output neuron. a and b: representative recordings in each condition. B: cumulative probability distributions of the inter-EPSC
interval and amplitude of mEPSCs in each condition for the recording in A. Events were from 20 s recording samples in each condition. A slight right shift in
the cumulative distribution of intervals indicates a nonsignificant decrease in the frequency of mEPSCs (left). CAR did not significantly change the amplitude
of mEPSCs in this output neuron (right). C: summary of the CAR effect on the inter-EPSC interval and amplitude of mEPSCs. A nonsignificant increase (P ⫽
0.08) was evident in the mEPSCs interval. D and E: summaries of the effects of cholinergic antagonists and TTX on CAR-induced increased sEPSCs. The
interval/amplitude change ratio was obtained by using inter-EPSC interval or amplitude of EPSCs during CAR application divided by that in the control condition
with only GBZ and STR or plus antagonists. ■, the change of EPSCs after the 1st CAR application; c, the 2nd CAR application, which was in the presence of
antagonists or TTX.
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FIG. 11. Cholinergic modulation of evoked EPSCs in PPN thalamic projecting neurons. A: in the presence of GBZ and STR, CAR decreased the amplitude
of evoked EPSCs in a PPN output neuron, which recovered after washing in GBZ and STR. The gray line was obtained using a smoothing average of 20 adjacent
points (top). No significant change in the half-width duration was induced by CAR in this neuron (middle), while a significant increase in the PPR was also
observed (bottom). B: average of 5 evoked EPSCs in control (GBZ and STR, left), in the presence of CAR (middle), and after washing in GBZ and STR (right)
for the cell shown in A. Note the change in both amplitude and PPR. C: the average change of PPR (left), amplitude (middle),and half-width duration (right)
of eEPSCs before and after CAR application. CAR significantly decreased the amplitude of eEPSCs in 17 output cells tested. D: after pretreatment with MTO
(left), CAR failed to change the amplitude of eEPSC (right) in the same cell shown in A. Gray records are the average of 10 events in each condition. E: a
summary of the effects of CAR on eEPSCs in the presence of MTO, which successfully abolished the CAR-induced decrease in their amplitude. F: a
representative PPN output neuron recorded using GDP-␤-S in the pipette solution. In this recording, CAR still significantly decreased the amplitude of eEPSCs
(■) and increased the PPR, without changing the membrane input resistance (Rin, E) half-width duration of eEPSCs. G: a summary of the effects of CAR on
eEPSCs in the experiment using GDP-␤-S, i.e., increased PPR (left), decreased amplitude (middle), and no change in half-width duration (right) (*** paired t-test,
P ⬍ 0.001; ** P ⬍ 0.01; * P ⬍ 0.05).
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Cholinergic modulation of fast inhibitory and excitatory
transmission to PPN thalamic projecting neurons
GABAergic innervation from the substantia nigra and other
sources to the PPN has been established (Granata and Kitai
1991; Saitoh et al. 2003). However, our study demonstrated
that, in addition to GABAergic inputs, PPN neurons also
receive glycinergic inhibitory fast synaptic inputs the origin of
which has yet to be determined. This is in line with previous
immunohistochemical reports of the presence of glycinergic
receptors in the PPN (Fort et al. 1993; Mineff et al. 1998).
Moreover we determined that fast inhibitory synaptic transmission to PPN thalamic-projecting neurons was predominantly
enhanced by cholinergic agents. However, further studies are
required to determine whether one or both presynaptic glycinergic and GABAergic neurons are affected by cholinergic
input. Our data indicate that the potentiating effect of cholinergic agents on sIPSCs occur mainly via activation of M1
receptors located on the soma/axons of presynaptic inhibitory
neurons. It should be noted, however, that in 29% (n ⫽ 20/69)
of recorded output neurons, CAR did not induce significant
changes in the frequency of sIPSCs. This lack of effect of CAR
could occur because neurons presynaptic to the recorded cells
are likely to be truncated in the slice preparation. Neurons
exhibiting relatively higher frequency of sIPSC in control
conditions are likely to receive more viable inputs from a larger
number of inhibitory interneurons located within the slice. This
possibility is supported by the finding that neurons showing no
CAR-induced change in sIPSCs had, in control conditions,
remarkably higher inter-IPSC intervals (i.e., lower IPSC frequency) than those showing a CAR-induced increase in sIPSCs
J Neurophysiol • VOL

(2.6 ⫾ 0.4 vs. 1.3 ⫾ 0.2 s, independent t-test, P ⬍ 0.05).
However, the possibility that cholinergic agents differentially
affect distinct groups of inhibitory presynaptic neurons should
not be excluded, especially because a significant CAR-induced
decrease in the frequency of sIPSCs was found in four cells.
Cholinergic modulation of fast excitatory synaptic transmission in PPN thalamic projecting neurons appears more complicated than its modulation of inhibitory transmission. Cholinergic agents seem to have differential effects on presynaptic
glutamatergic neurons. Although the enhancing effect is predominant, 24.6% of cells showed no change and 9.2% had
decreased frequency of spontaneous EPSCs during CAR application. Unlike sIPSCs, cells with different cholinergic responses of sEPSCs had very similar frequency in the control
condition (0.8 ⫾ 0.1 s inter-EPSC interval vs. 0.7 ⫾ 0.1 s; P ⫽
0.60). Therefore it is unlikely that the differential effects of
CAR on EPSCs were due to the loss of glutamatergic inputs. It
appears that the cholinergic receptors located on the soma of
presynaptic glutamatergic neurons, as well as those located on
the presynaptic terminals in contact with PPN neurons, are
involved in the modulation of glutamate release. The blockade
of the CAR-induced increase in the frequency of sEPSCs by
PRZ indicates that presynaptic glutamatergic neurons are excited by the activation of M1 receptors on their soma/axons.
However, the nonsignificant decrease in the frequency of
mEPSCs, and the decrease in the amplitude of eEPSCs, along
with the change in the PPR, were all abolished by MTO. This
result suggests the presence of M2 receptors on the presynaptic
terminals of glutamatergic neurons. It may be difficult to
estimate the net cholinergic effect on PPN neurons assuming

103 • MAY 2010 •

www.jn.org

Downloaded from jn.physiology.org on August 15, 2010

FIG. 12. Diagram of the cholinergic modulation of PPN thalamic projecting neurons and thalamocortical (TC) parafascicular (Pf) neurons. Cholinergic
afferents originating from LDT and PPN predominantly inhibit cholinergic thalamic projecting PPN neurons through activation of M2 and probably M4 receptors
as well (this study). Noncholinergic (GABAergic and/or glutamatergic) PPN output neurons can be either excited via M1 and nAChR or inhibited via M2 and
M4 receptors (this study). Some of PPN thalamic projecting neurons are electrically coupled (Garcia-Rill et al. 2007), presumably between noncholinergic
neurons. These electrically coupled neurons can be either excited or inhibited by cholinergic input (Ye et al. 2009). GABAergic and/or glycinergic neurons
presynaptic to PPN thalamic projecting neurons are excited through activation of muscarinic receptors, mainly M1Rs (this study). Glutamatergic neurons
presynaptic to PPN thalamic projecting neurons are excited mainly due to activation of M1 receptors, while there are some M2 receptors located at the synaptic
terminals (this study). Glutamatergic Pf neurons are mainly inhibited by cholinergic input, mostly from the PPN, through activation of M2 receptors (Ye et al.
2009). However, most other TC neurons are predominantly excited by cholinergic input (Curro Dossi et al. 1991; McCormick 1992; McCormick and Prince 1987;
Zhu and Uhlrich 1998). There may be some electrically coupled gabaergic interneurons in the Pf (Garcia-Rill et al. 2007), which are excited by cholinergic input
via M1 and nAChR receptors, while M3 and M5 receptors are probably involved as well (Ye et al. 2009). These detailed interactions between different
populations of neurons in the cholinergic arm of the reticular activating system help us understand the cellular mechanisms involved in the regulation of
sleep-wake cycles.
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Functional implications
Although the present study was conducted on brain slices, it
provides significant insight to the understanding of mechanisms underlying in vivo observations on the influence of
GABAergic and glutamatergic modulation of PPN neurons on
sleep-wake cycles. It has been reported that activation of
GABAA receptors on PPN neurons increase REM sleep in rat
and cat (Pal and Mallick 2004, 2009; Torterolo et al. 2002).
Meanwhile, microinjection of glutamate into the PPN inJ Neurophysiol • VOL

creased the duration of waking and REM sleep (Datta et al.
2001b), and the increase in waking appeared to be due to the
activation of NMDA receptors (Datta et al. 2001a), whereas,
kainate receptors were involved in the induction of REM sleep
(Datta 2002; Datta et al. 2002). Our finding that a cholinergic
agonist could increase both GABA and glutamate release to
PPN thalamic projecting neurons provides a neural substrate
for these in vivo studies.
At the single cell level, the firing patterns and the membrane potential oscillations of PPN neurons, especially of
those sending efferent projections to the thalamus, have
considerable impact on the modulation of cortical arousal
states. The present study showed that the cholinergic input
could affect membrane responses in PPN output neurons not only
by directly acting on postsynaptic receptors but also by acting
indirectly via GABAergic, glycinergic, glutamatergic, and electrical synapses (Garcia-Rill et al. 2007). Interestingly, the frequencies of sIPSCs (⬃5 Hz) and sEPSCs (⬃7.7 Hz) in the presence of
CAR, occur in the theta frequency range. Our previous study
showed that the frequency of spikelets, which are indicative of
electrical coupling and reflect the firing frequency of the coupled
neuron, also falls in the theta range (Garcia-Rill et al. 2007). These
findings are similar to CAR-induced theta oscillations in the
hippocampus, which show concentration and temperature dependent properties (Dickinson et al. 2003; Fellous and Sejnowski
2000) and are modulated by electrical coupling (Konopacki et al.
2004), inhibitory interneurons (Chapman and Lacaille 1999;
Reich et al. 2005), and glutamatergic inputs (D’Antuono et al.
2001). PPN neurons, however, may fire at higher frequencies,
especially at gamma band frequency, when maximally activated
or under the influence of combined cholinergic and glutamatergic
inputs (C. Simon, N. Kezunovic, M. Ye, J. Hyde, A. Hayar, D. K.
Williams, E. Garcia-Rill, unpublished data).
Theta and gamma oscillations have been recorded using
EEG, intracellular, and extracellular recordings mainly in the
hippocampus and neocortex. They are thought to represent an
“on-line” state, are consistently present during REM sleep, and
have been attributed to certain waking behaviors including
navigation, exploration, and sensory perception as well as
memory encoding and retrieval (Buzsaki 2005; Diekelmann
and Born 2010; Lisman and Buzsaki 2008; Montgomery et al.
2008). Recently, it was reported that hippocampal theta oscillations could propagate as waves (Lubenov and Siapas 2009),
indicating that the brain may use both spatial and temporal
coding to accurately transmit and process such information.
Also the amplitude of gamma oscillations induced by paired
sensory stimuli appeared to be higher than when using single
stimuli (Gross et al. 2007). This may shed some light on the
induction of theta and gamma frequencies by sensory input to
PPN.
Our study provides the first evidence for the presence of
theta oscillations in the PPN, which can be independently
modulated by electrical coupling, GABAergic and glutamatergic inputs. We propose that intrinsic membrane properties
control the frequency of oscillations, which may be further
modulated by fast chemical synapses; however, electrical synapses may be responsible for their coherence, which in turn
promotes the propagation of synchronized rhythmic activity to
the thalamus, and subsequently activates waking and REM
sleep states (Garcia-Rill et al. 2007).
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that both inhibitory and excitatory cholinergic receptors may
be located on the same presynaptic glutamatergic neurons,
while inhibitory cholinergic receptors are located postsynaptically on the majority of PPN output neurons. The net effect of
cholinergic input might depend on where it is released and at
what concentration. A local increase in acetylcholine concentration would activate M2 receptors at synaptic terminals and
decrease the probability of glutamate release. However, a
widespread release of acetylcholine would activate somatic M1
receptors on excitatory interneurons, which would generate
action potentials, leading to additional glutamate release that
may overwhelm the presynaptic inhibitory M2 effect.
Although our study revealed that cholinergic agonists predominantly enhance fast inhibitory and excitatory synaptic
transmission, the origins of these GABAergic, glycinergic, and
glutamatergic inputs remain to be identified. A recent report
showed that noncholinergic PPN neurons do not appear to give
rise to many local collaterals (Mena-Segovia et al. 2008). If
this is the case, then these inputs originate more likely from
other sources, which could also explain why cholinergic agents
paradoxically enhance both inhibitory and excitatory inputs to
PPN output neurons. GABAergic and glycinergic inhibitory
and glutamatergic excitatory inputs may recruit different pathways or be active during different functional states. It is also
possible that PPN neurons projecting to different targets in the
thalamus are differentially modulated by cholinergic agents,
especially when we consider recent reports showing a difference between PPN inputs to the Pf versus specific thalamocortical neurons (Beatty et al. 2009; Lacey et al. 2007; Phelan et
al. 2005; Ye et al. 2009). During waking and REM sleep, it is
known that the “specific” thalamocortical nuclei are excited by
cholinergic input from the PPN; however, recent reports demonstrate that the Pf is more likely to be inhibited by cholinergic
agents (Beatty et al. 2009; Ye et al. 2009). Thus we hypothesize that cholinergic PPN neurons sending efferents to the
“nonspecific” Pf may be part of a feedback inhibitory circuit,
thus disinhibiting the Pf during waking and REM sleep; meanwhile, those sending efferents to specific thalamocortical neurons could be part of a feedback excitatory circuit involved in
thalamocortical activation. To confirm this hypothesis, more
confined retrobead injections in different locations within the
thalamus are required. Our experiments were conducted on neonatal rats, which introduced difficulties in limiting the injection to
a certain thalamic nucleus. To determine the origins of GABAergic, glycinergic, and glutamatergic inputs, in the future, it may be
necessary to perform lesions of specific nuclei with efferent
GABAergic or glutamatergic projections to the PPN. Then the
impact of such lesions on cholinergic modulation of fast synaptic
transmission could be further investigated using whole cell patch
clamp recordings.

CHOLINERGIC MODULATION OF PPN

Limitations
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There are some limitations in this study that need to be
recognized. First, our study was conducted on brain slices,
which do not exhibit sleep-wake cycle, or perform other
physiological functions, like movement. Therefore we cannot
link single cell activity to their related functions in vivo. Our
conclusions regarding physiological significance need to be
considered with caution until confirmed in such preparations.
Another limitation is that superfusion of brain slices with
neuroactive agents activates all receptors on the slice so that we
cannot distinguish whether different populations of neurons are
active during different functional states or through different
pathways. In addition, in vivo, there is more subtle control of
inputs to a population of cells such that pre- versus postsynaptic effects may occur at different times rather than being
concurrently activated as they are during superfusion. The third
one is the difficulty in triple labeling cholinergic, glutamatergic, and GABAergic cells to determine the transmitter phenotype in every cell recorded. Unfortunately, only triple in situ
hybridization, such as that reported recently identifying three
separate (nonoverlapping) populations of PPN neurons (Wang
and Morales 2009), may be necessary. In addition, the use of
retrobeads for labeling output neurons allows us to determine
if some of these cells are cholinergic (using bNOS immunocytochemistry as herein reported), but we are unable to distinguish between glutamatergic and possible GABAergic output
neurons in the PPN. Making this distinction is important and
may help us understand why cholinergic agents also produce
mixed effects in the Pf (Beatty et al. 2009; Ye et al. 2009).
In summary, our study indicates that both inhibitory and
excitatory fast synaptic transmission to PPN thalamic projecting neurons may be enhanced by cholinergic inputs. These
findings advance our understanding of the intrinsic mechanisms underlying the regulation of thalamocortical arousal
states by the brain stem reticular formation.
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