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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, lef?), 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 (R;,, 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 -test,
P < 0.00L; ** P < 0.01; * P < 0.05).
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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 MIRs (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.

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 transmis-
sion to PPN thalamic-projecting neurons was predominantly
enhanced by cholinergic agents. However, further studies are
required to determine whether one or both presynaptic glycin-
ergic and GABAergic neurons are affected by cholinergic
input. Our data indicate that the potentiating effect of cholin-
ergic 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 fre-
quency) than those showing a CAR-induced increase in sIPSCs
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(26 = 0.4 vs. 1.3 = 0.2 s, independent #-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 transmis-
sion in PPN thalamic projecting neurons appears more com-
plicated than its modulation of inhibitory transmission. Cho-
linergic agents seem to have differential effects on presynaptic
glutamatergic neurons. Although the enhancing effect is pre-
dominant, 24.6% of cells showed no change and 9.2% had
decreased frequency of spontaneous EPSCs during CAR ap-
plication. Unlike sIPSCs, cells with different cholinergic re-
sponses 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 sSEPSCs by
PRZ indicates that presynaptic glutamatergic neurons are ex-
cited 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
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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 postsynapti-
cally 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 concen-
tration 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 pre-
dominantly 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 path-
ways 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 differ-
ence between PPN inputs to the Pf versus specific thalamocor-
tical 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 dem-
onstrate that the Pf is more likely to be inhibited by cholinergic
agents (Beatty et al. 2009; Ye et al. 2009). Thus we hypothe-
size 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; mean-
while, those sending efferents to specific thalamocortical neu-
rons 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 neo-
natal rats, which introduced difficulties in limiting the injection to
a certain thalamic nucleus. To determine the origins of GABAer-
gic, 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.

Functional implications

Although the present study was conducted on brain slices, it
provides significant insight to the understanding of mecha-
nisms 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
GABA , 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 in-
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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 mem-
brane 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 elec-
trical synapses (Garcia-Rill et al. 2007). Interestingly, the frequen-
cies of sSIPSCs (~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 depen-
dent 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
EEQG, 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 oscil-
lations 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 glutamater-
gic inputs. We propose that intrinsic membrane properties
control the frequency of oscillations, which may be further
modulated by fast chemical synapses; however, electrical syn-
apses 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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Limitations

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 postsyn-
aptic 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, glutamater-
gic, and GABAergic cells to determine the transmitter pheno-
type 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 immuno-
cytochemistry as herein reported), but we are unable to distin-
guish 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 project-
ing neurons may be enhanced by cholinergic inputs. These
findings advance our understanding of the intrinsic mecha-
nisms underlying the regulation of thalamocortical arousal
states by the brain stem reticular formation.
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