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higher frequencies. The effect persisted for several minutes
after the beginning of wash, returning to control levels after
10-20 min of wash. Therefore unlike KA and NMDA, which
increased overall activity, CAR produced specific peaks of
rhythmic gamma oscillations.

To determine the effect of sequential application of CAR
and NMDA on PPN neuronal population responses, we applied
NMDA and CAR interchangeably (NMDA 1st and CAR 2nd,
and vice versa; Fig. 7). When 10 M NMDA was applied first
(Fig. 7A), this agent induced an overall increase in activity at
almost all frequencies (blue record). Subsequent application of
30 M CAR (red record) decreased overall activity leaving

only specific peaks of activity induced at almost the same
amplitude as the highest peaks during the NMDA effect. Note
that the effects of previous exposure to NMDA before the
beginning of the ERSP in this figure (Fig. 7A, bottom) showed
that the overall increase at many frequencies decreased after 5
min of wash. Within 5 min after the beginning of addition of
CAR, the same slice began firing at specific peaks at ~10, 15,
and 20 Hz. We were also able to induce gamma frequency
oscillations with 30 M CAR followed by 10 M NMDA
(Fig. 7B). Specific peaks at gamma frequencies initially in-
duced by CAR (red record) were replaced by the usual overall
increase in activity induced by NMDA (blue record). Note that

FIG. 7. NMDA and CAR generated characteristic oscillatory activities when applied successively regardless of the order of drug application. A: 1 s sample
data (top) at peak of 10 M NMDA when applied Ist (1, blue record), and at peak of 30 M CAR when applied 2nd (2, red record). Power spectrum (middle)
shows how oscillatory activities at almost all frequencies (theta through gamma) were generated at the peak of the NMDA effect (blue record) but were replaced
by oscillations at specific gamma frequencies at the peak of the CAR effect (red record). The MatLab graph (bottom) shows the entire 25 min recording beginning
during wash after 10 M NMDA (which had induced overall activation) but was replaced by 30 M CAR, which, after 5 min, induced peaks of activity in the
gamma range. Basically, the tissue was washed in ACSF (min 0—14) and 30 M CAR added at minute 14. B: 1 s sample data (fop), and power spectrum (middle)
show gamma oscillations (15 and 30 Hz) were induced by 30 M CAR (red record) while addition of NMDA (blue record) without wash induced overall
increases in frequencies of activity. Please note that the scales in A, / and 2, are higher than in B, / and 2, including the ERSP activity levels in the 2 slices.
MatLab graph (bottom) shows a 13 min recording during which CAR (30 M) had induced specific peaks at 15 and 30 Hz but were replaced within 4-5 min
after application of NMDA (10 M) without wash by increases in overall activity at frequencies ranging from theta to gamma. Note that the CAR (min 0—10)
effect was still present at minute 6 when NMDA began increasing overall activity.
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previous exposure to CAR (before the beginning of this ERSP
plot) had induced peaks of activity at ~15 and 30 Hz in this
slice. NMDA was then applied without wash at the beginning
of this ERSP plot, and the effect of CAR began to be replaced
by a more scattered spectrum by minute 7. By minute 10 of
NMDA exposure, rolling peaks of activity from low to high
frequencies had replaced the specific peaks induced by CAR.

DISCUSSION
Whole cell recordings

In such structures as the striatum and subthalamic nucleus,
depolarizing current steps linearly increase firing frequency to
>500 and >250 Hz, respectively (Azouz et al. 1997; Barraza
et al. 2009). However, our results show that when PPN neurons
are depolarized with increasing current steps, firing frequency
plateaus at gamma frequency (40—60 Hz). This plateau was
observed in all PPN cell types regardless of channel constitu-
tion or transmitter type. These results have not been observed
in similar experiments in other brain regions and are unique to
the PPN. Previous studies on the PPN reported the presence of
three cell types based on electrophysiological criteria (Ka-
mondi et al. 1992; Leonard and Llinas 1990; Takakusaki and
Kitai 1997), including the presence of LTS currents in type I
cells (noncholinergic), of A currents in type II cells (two-thirds
cholinergic), and of both A+LTS currents in type III neurons
(one-third cholinergic). In addition, type II neurons exhibit a
persistent sodium conductance (Leonard and Llinas 1990).
However, no previous study used depolarizing pulses to deter-
mine maximal or close to maximal firing frequencies and
membrane oscillations in PPN neurons. We should note that
gamma band frequency of APs has been reported in cells of a
descending target of the PPN, the subcoeruleus nucleus
(Brown et al. 2006). The present results demonstrate almost all
PPN neurons exhibit gamma band activity when activated, as
well as gamma band membrane oscillations, but not at higher
frequencies. In addition, electrical and pharmacological acti-
vation of the PPN induced gamma band population responses.
These results suggest that the PPN can impart gamma band
activity on its targets when maximally activated. This repre-
sents a novel mechanism for the induction of activated states,
waking and paradoxical sleep, by PPN efferents.

These experiments demonstrate that almost all PPN neurons
are able to fire APs maximally at gamma band frequency when
electrically stimulated using current steps and exhibited
gamma band membrane oscillations that were blocked by
TTX. Therefore these results suggest that one of the mecha-
nisms responsible for these oscillations may involve sodium
channels. Furthermore, in single cells, application of NMDA
increased the frequency of membrane oscillations at both theta
and gamma frequencies, while KA induced membrane oscil-
lations mainly in the theta range. Previously, sodium and
calcium dependent subthreshold oscillations were reported in
the PPN (Takakusaki and Kitai 1997). However, at present, it
is not clear if the membrane oscillations we recorded represent
subthreshold oscillations, suprathreshold oscillations, or AP
failures at gamma band frequency.

In physiological conditions, the NMDA receptor is blocked
by Mg”* at resting membrane potential (Von Bohlen und
Halbach and Dermietzel 2006). Following depolarization, the
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magnesium block is released and the channel pore is permis-
sive to ions. The initial depolarization of the membrane is
mediated through non-NMDA receptors (KA and AMPA). In
this experiment, Mg”* free ACSF solution was used to bathe
the cells. Therefore the effect of NMDA in generating gamma
band responses was observed without need to add other agents.
The NMDA receptor is slow to activate (due to the presence of the
Mg2+ block), but slower to inactivate than KA and AMPA
receptors (Hille 2001). This may explain why KA generated
oscillatory activity in single cells in the theta range, while NMDA
generated oscillatory activity at almost every frequency. Using
electrical stimulation, we found that the transition from theta to
gamma frequency required a much higher level of excitation
(preliminary data). Perhaps the transient nature of KA receptor
activation does not allow the cell to be sufficiently activated to
allow for gamma band activity. However, because the NMDA
receptor desensitizes more slowly, the cell can reach sufficient
depolarization to exhibit gamma frequency oscillations.

Metabotropic glutamate receptors generate slow postsynap-
tic responses and contribute to a delayed neuronal response
(Von Bohlen und Halbach and Dermietzel 2006). In this
experiment, we did not test the effects of metabotropic gluta-
mate receptor agonists on gamma band activity, but we suspect
that they may play some role. Perhaps gamma band activity is
generated by the combined activity of ionotropic glutamate
receptors and is maintained by the prolonged activity of
metabotropic glutamate receptors, but such studies were be-
yond the scope of the current experiment.

Population responses

Our population response studies showed that the PPN is also
capable of producing gamma frequency oscillations in population
responses when pharmacologically stimulated with CAR (which
induced activation at specific peaks), NMDA (which induced
overall increases in activity), and KA (which induced overall
activation at lower and somewhat at higher frequencies). This was
the only difference between single cell and population response
results, namely, the lack of activation of higher frequencies by KA
on the single cells tested with some activation by KA at higher
frequencies in the population recordings. A larger sample of cells
may reveal if this is indeed a major difference or merely a
sampling issue. It may also be that subpopulations of cells may be
activated to fire at different frequencies.

Although the role of specific receptor channels behind
gamma rhythms in the PPN is still unknown, the population
responses following CAR, NMDA, and KA were similar to
those seen in cortical and hippocampal areas. Interestingly,
sequential application of glutamatergic and cholinergic ago-
nists induced characteristic profiles of response frequencies
(Fig. 7). We suspect that the interaction of these inputs at
physiologically varying concentrations, and with electrically
coupled cells and other populations, may reveal how sleep-
wake states may be modulated.

We know from EEG studies that PPN stimulation indirectly
produces gamma oscillations in the cortex (Steriade et al.
1991). Our findings suggest that gamma frequency oscillations
are not just the property of cortical and hippocampal neurons
but that they also belong to other regions of the brain such as
the PPN. This suggests that communication in the neocortex,
and perhaps also cerebellar cortex, is facilitated by gamma
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rhythms that act as a common spatiotemporal code (Middleton
et al. 2008). We believe that gamma frequency oscillations
found in PPN play a major role in communication between
RAS nuclei. Our results suggest that the PPN may generate
gamma band activity and project these rhythms to its ascending
thalamic targets involved in cortical arousal, e.g., parafascicu-
lar (Pf) nucleus, and to its descending targets involved in
paradoxical or REM sleep, e.g., subcoeruleus (SubC) nucleus.

Limitations and physiological significance

A number of essential experiments were beyond the scope of
the present studies. The temperature of the chambers was
uniformly maintained at 30°C, so that the effects of increas-
ing temperature have yet to be tested. It may be that
increasing temperature may increase the frequencies of
activity elicited by the various treatments, bringing the
range of the power spectrum to higher levels. It needs to be
established if the membrane oscillations are selectively TTX
sensitive, indicating the presence of sodium currents, or if in
at least some cells are generated by a calcium conductance.

In the cortex, several classes of interneurons are capable of
sustained subthreshold oscillatory rhythms and increase their
frequency with membrane depolarization, which may allow
coherent activation depending on the level of excitation (Llinas
et al. 1991). Such cortical oscillations are generated by the
alternating activation of a TTX-sensitive persistent sodium
conductance and a delayed rectifier, similar to those found in
type II PPN neurons (Leonard and Llinas 1990). The lack of
LTS currents in type II cells enable these neurons to maintain
elevated firing levels, and the presence of gamma band oscil-
lations allow these neurons to sustain such activation. Such
activation has been proposed to account for temporal coher-
ence of sensory perception at the level of the cortex and
thalamocortical circuits (Llinas et al. 2005; Singer 1999).
However, our results show that type I and III cells also fired at
gamma band frequency. Moreover, our findings suggest that
type I PPN cells, which are known to be noncholinergic and
have LTS currents and no A currents, exhibited the highest
firing frequencies compared with types II and III, which did not
differ from each other (Fig. 1).

The differential effects of CAR, NMDA, and KA suggest
that the population as a whole may be modulated by both
cholinergic and glutamatergic input to generate activity at
different levels and peaks. It remains to be determined how
these two transmitter systems may control that activity during
different states such as waking versus REM sleep. One poten-
tial control schema is suggested by the effects of the three
agents on single cell recordings (Fig. 3). At least in some cells,
NMDA increased activity at 21-40 and 41-60 Hz, but not
0-20 Hz, while KA preferentially increased activity at 0-20
Hz, and CAR increased activity at 0—-20 and 41-60 Hz. That is,
CAR and KA together may preferentially induce activity at
0-20 Hz, NMDA may preferentially induce activity at 21-40
Hz (in the population studies, CAR also induced activity at this
range), and CAR and NMDA together may preferentially
induce activity at 41-60 Hz. This suggests that the combined
influence of two transmitters may modulate separate frequen-
cies of oscillations.

In vivo recordings have shown that PPN cells show gamma
band activity but also lower levels of firing (Datta and Siwek
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2002; Steriade et al. 1990b). One population of PPN cells fired
spontaneously at low rates (<4 Hz), but the same cells exhib-
ited high-frequency firing (>100 Hz) in relation to PGO waves
(Steriade et al. 1990b). Another population fired at 10-40 Hz
during REM sleep, but had a spontaneous rate ~18 Hz, yet
others fired at higher rates (10-20 Hz) spontaneously, but at
70-80 Hz in relation to PGO waves (Steriade et al. 1990b).
There is little doubt that PPN neurons have the capacity to fire
at higher rates than the low frequencies seen during passive
changes in sleep-wake states. However, most of these studies
record activity in relation to spontaneously changing sleep-
wake states. That is, it could be that few cells are maximally
activated in such passive preparations, so that these cells may fire
well below gamma band frequency unless activated by arousing
stimuli. Sudden sensory stimulation may maximally activate these
cells to fire at gamma band frequency. Significantly, they tend not
to fire at higher frequencies than gamma, suggesting that intrinsic
properties dictate this level of maximal activation. Almost all PPN
cells were found to fire maximally at gamma band frequency but
no higher (Fig. 1). Moreover, the fact that gamma band
activation was maintained throughout the depolarizing current
steps and did not wane means that there is little accommoda-
tion to brief versus longer stimuli as long as they are of
sufficient amplitude to elicit gamma band frequency. The
significance of the plateau levels at gamma band suggests that
as long as PPN activation is maintained, its targets receive
continuous gamma band activation. This may result in gener-
ating gamma band activity in these targets. The observation
that membrane oscillations are also limited to gamma band
suggests that in the absence of maximal activation, some cells
still show oscillations at these frequencies. The population as a
whole, however, would show overall activity at gamma band
frequencies. It may also be that accommodating cells are
activated only during brief stimuli while nonaccommodating
cells fire throughout, thus allowing the population to discrim-
inate the duration of stimuli.

The present results suggest that a similar mechanism to that
in the cortex for achieving temporal coherence is present in the
PPN and perhaps its subcortical targets such as the parafas-
cicular and subcoeruleus nuclei. We suggest that rather than
participating in the temporal binding of sensory events, gamma
band activity generated in the PPN may help stabilize coher-
ence related to arousal, providing a stable activation state
during waking and paradoxical sleep. Much work is needed to
support this speculation, but the intriguing findings described
here certainly provide a starting point for such investigations.

Conclusion

The present findings provide novel insights into the function
of the PPN, demonstrating the presence of gamma band activ-
ity in whole cell recorded neurons as well as in population
responses. These data suggest that this element of the RAS
provides gamma band oscillatory activity in the presence of
sufficient excitation, perhaps relaying these rhythms to its
ascending targets indirectly involved in cortical arousal, and to
its descending targets involved in paradoxical sleep.
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