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State-Dependent Increase of Cortical Gamma Activity during REI\?I Slecgep afig?
Selective Blockade of NR2B Subunit Containing NMDA Receptors
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Study Objectives: Sub-anesthetic doses of NMDA receptor antagonists suppress sleep and elicit continuous high-power gamma oscillations
lasting for hours. This effect is subunit-specific, as it was also seen after preferential blockade of the NR2A but not of the NR2B subunit-containing
receptors. The objective of this study was to test whether NR2B receptor antagonists that do not induce lasting aberrant gamma elevation affect
gamma activity during specific behaviors and states, including REM sleep, when gamma normally occurs.

Design: Gamma oscillations in cortical EEG were assessed in different vigilance states in rats and were compared before and after injection of
nonselective (ketamine, 10 mg/kg, and MK801, 0.2 mg/kg), as well as NR2A-preferring (NVP-AAM077, 20 mg/kg), and NR2B-selective NMDA
receptor antagonists (R025-6985, 10 mg), and vehicle.

Measurements and Results: In contrast to nonselective and NR2A-preferring antagonists, Ro25-6985 did not disrupt sleep and had no effect
on gamma activity during waking and slow wave sleep. It significantly increased, however, gamma power in the frontal (but not in occipital) cortex
during REM sleep (by 37% + 10%, average in the first 4 h). The effect had a short onset; enhanced gamma activity appeared as early as in the first
REM sleep episode post-injection and lasted over 8 hours. Increased gamma power induced by MK-801 (46% + 5%) and NVP-AAMO77 (100% =+
8%) during REM sleep could also be detected several hours after injection when periodic alternation of sleep-wake states returned.
Conclusions: By acting on gamma oscillations in a state-dependent manner, NMDA receptors might have subunit-specific role in REM sleep-

associated cognitive processes.
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INTRODUCTION

Gamma-frequency synchronization between neuronal en-
sembles is critical for a number of different cognitive processes
in alert behavioral conditions and during rapid eye movement
(REM) sleep. Cortical gamma oscillations are as strong during
REM sleep as in the most aroused waking states,"* but the role
of gamma rhythmicity and the molecular and cellular mecha-
nisms of these oscillations may be different in the 2 states.**
Cortical oscillations are generated by fast GABAergic and
glutamatergic mechanisms but are also modulated by a large
variety of other neurotransmitter-receptor systems. The iono-
tropic glutamatergic NMDA receptors (NMDA-R) in the cortex
are expressed in both pyramidal cells and interneurons, which
are the integral components of the cortical networks generating
EEG oscillations at different frequencies. The NMDA-R is a
hetero-oligomeric complex consisting primarily of 2 NR1 and
2 of several types of NR2 subunits. There are major function-
al differences between NMDA-Rs containing the NR2A and
NR2B subunits, indicating that the 2 receptors may play dif-
ferent roles in network activity, and that selective blockade of
these receptors may differently affect gamma synchrony. Sub-
anesthetic doses of NMDA receptor antagonists were shown to
suppress sleep® and elicit continuous high-power gamma oscil-
lations lasting for hours.” This effect is subunit-specific, as it
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was also seen after preferential blockade of the NR2A but not
of the NR2B subunit-containing receptors.” NR2B receptor an-
tagonists, which do not induce lasting aberrant gamma eleva-
tion might, however, exert a modulatory influence on functional
gamma activity during specific behaviors and states, including
REM sleep, when gamma normally occurs. The objective of
this study was to test this possibility by analyzing the effect of
subunit-specific NMDA antagonists on gamma activity in dif-
ferent vigilant states.

MATERIALS AND METHODS

Experimental Procedures

All experiments were performed in accordance with National
Institute of Health guidelines and were approved by the Institu-
tional Animal Care and Use Committee of Beth Isracl Deacon-
ess Medical Center. The rats were housed in a temperature and
humidity-controlled room with 12h/12h light/dark cycle; food
and water was available ad libitum both in the home cage and
during recordings. The rats were implanted with chronic EEG
and EMG electrodes. Stainless steel screws were used to re-
cord cortical EEG in the frontal cortex on both sides (1 mm
anterior and 2 mm lateral to bregma) and over the occipital cor-
tex (6.5 mm posterior and 3 mm lateral to the bregma), and
pairs of twisted wires were implanted in the hippocampus to
record field potentials. Two additional screw electrodes were
inserted, one ~5 mm anterior to bregma and the other over the
cerebellum, for ground and reference. Muscle tone was re-
corded using multithreaded wires in the neck muscles, on both
sides. All electrodes were connected to a miniature connector
and the wires and the connector were fixed to the skull with
dental acrylic. Electrophysiological recordings started after a
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7- to 10-day recovery period. Experiments with drug injections
started after several daily control recordings. For recording ses-
sions, the rats were placed in a recording box and connected to
a slip-ring commutator. The recordings started early morning
and lasted 10-24 h; the drugs were administered after 4-h con-
trol recording. Other than the drug injection, the rats were left
undisturbed. The injections (in 1 mL/kg volume, subcutaneous)
were separated > 4 days to allow time for washout. The fol-
lowing compounds were used: nonselective NMDA-R antago-
nists ketamine (10 mg/kg, Fort Dodge Animal Health, USA)
and MK801 (0.2 mg/kg, Tocris), NR2A-preferring antagonist
NVP-AAMO077 (20 mg/kg, Novartis), NR2B-selective antago-
nist R025-6985 (10 mg s/c, Tocris). Vehicle: saline.

Electrophysiology and Data Analysis

Cortical field potentials were amplified using an AC differ-
ential amplifier (Model 3500, A-M Systems) and filtered below
100 Hz during acquisition (sampling rate: 250 Hz). EEG sig-
nals were subjected to fast Fourier transform to generate power
spectra for consecutive 16-s windows. Gamma oscillations
were assessed in frontal cortex EEG using the average spectral
power in the 30-50 Hz and the 65-90 Hz frequency bands. For
comparison of the total gamma power between rats, the values
were normalized using the average of gamma power during the
first hour of control recording that the animals spent waking,
i.e., matching the dominant behavior following the injection of
nonselective NMDA-R blockers.” For assessment of state-de-
pendent changes, average power in the delta (1-4 Hz) and theta
(5-10 Hz) frequency bands were calculated in the hippocampal
recordings and the theta/delta ratio along with the root-mean
square value of the EMG, calculated in the same 16-s windows,
were used to determine the vigilance levels. Two thresholds
were determined for the EMG and one for theta/delta ratio (usu-
ally between 10 and 20) for each individual rat. Using these
thresholds, REM sleep was identified as coincident atonia and
large theta/delta ratio. Then, the remaining time was divided
into 2 states on the basis of EMG activity, the first included ac-
tive waking, and the second included episodes of quiet waking
and slow wave sleep. Average gamma activity was calculated
for each state in 3 consecutive, 4-h periods, one before injection
and 2 after the injections (hours 1-4 and 5-8). The results are
presented both in absolute values (Figure 1C) and as percent in-
crease relative to control (Table 1 and text). Statistical analysis
started with 2-way ANOVA, drug and time being the main fac-
tors, with post hoc Bonferroni comparisons of the group means.
For more detailed analysis, 2 sets of pair-wise comparisons
were performed for each individual compound, using Student’s
t-test. First, for each vigilance state and for each compound,
gamma power in the 2 post-injection test periods was compared
with that during control. Then the percent changes after each
test compound in the first and second test periods were com-
pared with those after saline injection.

RESULTS

As shown earlier,” nonselective NMDA-R antagonists ket-
amine and MK801, injected in sub-anesthetic doses, induced
gamma oscillations; 30-50 Hz power increased by 89% = 7%
(P < 0.001, t-test comparison with saline) and 197% + 50%
(P = 0.014), respectively. The effect developed with a latency
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of 5.5+1.1 min after ketamine and 16.2+1.1 min after MK-801,
and lasted for 1 h after ketamine and for ~4 h after MK-801,
during which time gamma was continuously at an elevated
level while the animals were mostly awake and showed char-
acteristic behavior, i.e. increased motor activity, ataxia, and ste-
reotypic head movements.'® The effect of the NR2A-preferring
antagonist NVP-AAMO077 was similar to that after MK-801, al-
though the increase in gamma power was lower (147% + 21%,
P = 0.003), appeared with longer latency (38.8+2.4 min), and
had longer duration (Figure 1B). The NR2B-selective antago-
nist R025-6985 failed to replicate the effects of nonselective
antagonists; it was ineffective in altering total 30-50 Hz power
(14% + 8%, P=0.12).°

The lack of steady gamma hyperactivity, induced by NR2B-
selective NMDA antagonist, however, did not rule out a posi-
tive effect, which could be limited to short events, states, or
behaviors when gamma normally occurs. To test this possibil-
ity, active waking (AW) and REM sleep, i.e., the natural gamma
states, were separated from the rest of the recording, which thus
included periods of quiet waking and slow wave sleep (QW/
SWS), and gamma power was calculated separately in each
state. For statistical analysis, state-dependent gamma power
was averaged in 3 time periods, each 4-h: control before injec-
tion, and the first and second test periods (i.e., hours 1-4 and
5-8 post-injection, respectively), as shown in Figure 1B. For
ketamine, the length of test periods was set to 1 hour.

In pre-injection control recordings and after saline injection,
the highest power of gamma activity in the frontal cortex was
observed during REM sleep; gamma was of lower amplitude
during AW, and even lower in QW/SWS (Figure 1B). After
NR2B receptor blockade, 30-50 Hz power, averaged over the
first 4 h increased during REM sleep by 37% + 10% (signifi-
cantly different from vehicle, P=0.01) but was unaltered during
other states (AW: 10% =+ 3% P = 0.35, QW/SWS: 17% =+ 3%,
P = 0.83) (Figure 1C). The effect had a short onset; enhanced
gamma activity already appeared during the first REM sleep epi-
sode post-injection, which occurred at a latency (74 + 29 min;
range: 25-59 min, except one outsider 202 min) not significantly
different (P = 0.31) from that after vehicle (46 + 6 min). This
pattern of state-dependent gamma increase lasted for 12-16
hours. REM sleep-associated gamma power remained high over
the second test period (23% + 8%, P = 0.054), whereas changes
in gamma power during AW (8 + 3%, P = 0.60) and QW/SWS
(30% = 3%, P =0.87) were not different from vehicle control.

Nonselective NMDA-R blockade suppressed REM sleep for
the duration of the first test period; REM sleep latency was 130 =
12 min after ketamine and 292 + 30 min after MK-801 injections
(both significantly different from saline, P < 0.001). In the states
of AW and QW/SWS, which remained detectable, gamma was
continuously increased (76% = 12%, P =0.003; and 79% =+ 14%,
P =0.002). Similarly, the NR2A receptor-preferring antagonist,
NVP-AAMO77 also suppressed REM sleep during the first test
period (REM sleep latency: 354 + 60 min, P = 0.003) and in-
creased gamma activity both in AW (58% + 12%, P =0.044) and
QW/SWS (72% =+ 17%, P = 0.048). In the second test period,
when the primary gamma elevation started to decline and the pe-
riodic alternation of sleep-wake states returned (Figure 1A-B),
enhanced gamma activity also appeared during REM sleep. In
fact, increase in 30-50 Hz power during this state (100% + 8%;
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Figure 1—Enhanced gamma oscillations during REM sleep after NMDA-R blockade. (A) Time course of integrated gamma power in a 12-h recording before
and after Ro25-6985 and NVP-AAMO77 injection (arrows) in a representative experiment (top traces). Bottom traces show theta/delta ratio to serve as marker
of REM sleep episodes. Segments of sleep with REM sleep clusters are highlighted in pre-injection control (cyan), and during the first (gray) and second
4-h segments (yellow), post-injection. (B) Time course of state-dependent gamma power in frontal cortex 3 h before and 15 h after injection of saline and
NMDA antagonists (injection at h 4; cyan, gray and yellow backgrounds show pre-injection control and first and second 4-h periods post-injection). Each dot
represents one 16-s segment and is colored according to the vigilance state, i.e., active waking (blue), REM sleep (red), and quiet waking/NREM sleep (green)
(same experiment as in A). Note stable, state-dependent gamma levels in control (REM sleep > active waking > quiet waking/SWS) and strong increase
in REM sleep-related gamma (red dots) after all NMDA antagonists. (C) State-dependent level of gamma power after blockade of NMDA-Rs with different
subunit composition. Group averages (n = 6) of gamma power during REM sleep (REM), active waking (AW), and quiet waking/slow wave sleep (QW-SWS)
in a 4-h pre-injection control recording (cyan columns), and during the first (gray) and second 4-h post-injection periods (yellow) after administration of saline,
ketamine (10 mg/kg), MK-801 (0.2 mg/kg), NVP-AAMO77 (20 mg/kg), and Ro25-6985 (20 mg/kg). Calibration in Aand C: gamma —1.0E-2mV?, theta/delta: 15.
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Table 1—Changes in gamma power after nonselective and subunit-selective NMDA-R blockade (percent of pre-injection control)
First test period (hrs 1-4 after injection) Second test period (hrs 5-8 after injection)
REM AW QW/SWS REM AW QW/SWS
Frontal cortex / 30-50Hz
Saline 3+£05 5+2 14+£3 63 9+3 30 £ 5*
Ketamine 68+8 24 £ 4 30+£4* 90 £20 6+2 17+3
MK-801 - 76 £ 12*# 79 + 14* 46 + 5% 26+ 7+ 30+8*
NVP-AAMO77 - 58 £ 12+ 72 £ 17+ 100 £ 9% 71 £12% 76 £ 10*
R025-6985 37 +10* 10+4 17+3 23 +8* 8+3 30+ 3*
Occipital cortex / 30-50Hz
Saline 1£2 1+1 102 3+4 02 20+2
Ketamine 178 28 £ 4% 36 +4* 90+ 19 97 %3 142
MK-801 - 87 + 14+ 93 + 20* 36 + 6* 187 25+4
NVP-AAMO77 - 61+ 10* 76 + 16* 85 + 16* 68 + 11* 78 + 9%
R025-6985 64 10+4 12+2 3+3 03 18+3
Frontal cortex / 65-90Hz
Saline 05 28+7 205 4+6 46 £ 6* 49 £ 6*
Ketamine 19+9 85+ 8* 104 + 14** 14 £17 319 25+3
MK-801 262 + 23* 320 + 60* 10£10 120 + 15* 71 17"
NVP-AAMO77 105 + 24** 146 + 27+ 66 + 6% 115 £ 18* 128 + 15*
R025-6985 4+4 46+14 36+8 145 61+12* 63 + 14*
*Significant increase relative to pre-injection control. *Significant increase compared with vehicle control.

P <0.001, after NVP-AAMO077 and 46% + 5%; P <0.001, after
MK-801) exceeded the increase in gamma power in other states
(see Table 1). Ketamine did not have such a delayed effect on
gamma level during REM sleep (P = 0.07).

Two-way ANOVA using the entire data set revealed highly
significant (P < 0.0001, power > 0.99) effects of the 2 main fac-
tors (drug: MK-801, NVP-AAMO077 and Ro25-6985 and time:
control, 1% and 2" test periods) as well as their interactions,
underlining the robustness of the reactions. Post hoc Bonferroni
test showed significant differences in gamma power increases
after injection of saline vs. MK-801 and NVP but not Ro25-
6895 during AW and after Ro25-6895 vs. saline (1* test pe-
riod) and after MK-801 and NVP-AAMO077 vs. saline (2™ test
period) in REM sleep.

REM sleep-associated gamma increase in the frontal cortex
was limited to the 30-50 Hz frequency range. At higher gamma
frequencies, analyzed within the 65-90 Hz frequency band,
there was no change during REM sleep after injection of any of
the test compounds. During AW and QW/SWS, spectral power
in 65-90 Hz showed similar alterations to those in the 30-50
Hz range, i.e., significantly increased after ketamine during the
first and after MK-801 and NVP-AAMO77 during both the first
and second test periods. On the other hand, the variations in 65-
90 Hz power after R025-6895 were not significantly different
from those after saline in any state, either during the first or the
second test periods (see Table 1).

In the occipital cortex, NR2B subunit selective antagonist
did not alter 30-50 Hz gamma rhythm, whereas the general in-
crease in gamma power after nonselective NMDA-R blockade
was similar to that in the frontal cortex,!' i.e., ketamine in-
creased occipital cortex gamma activity during AW, whereas
MKZ801 and NVP-AAMO77 increased gamma power in all vig-
ilance states (see Table 1).
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DISCUSSION

It has been shown previously that sub-anesthetic doses
of NMDA-R antagonists elicit a lasting increase in gamma
power,”® due primarily to blockade of a specific subtype of
NMDA-Rs that contains the NR2A subunit.’ The present study
demonstrates a second type of NMDA-R dependent gamma
enhancement which appears in a state-dependent manner dur-
ing REM sleep and can be elicited by selective blockade of the
NR2B subunit-containing receptor. Enhanced gamma activity
during REM sleep also appeared after full NMDA-R blockade,
but only at a later stage when the aberrant gamma oscillations
and other psychotic-like symptoms ceased and the periodic al-
ternation of sleep-wake states returned.

The NMDA antagonist, Ro25-6985 has a high selectivity for
the NR2B subunit containing receptors (IC50 values are 0.009
and 52 uM for cloned receptor subunit combinations NR1C/
NR2B and NR1C/NR2A, respectively'?), providing strong sup-
port for the conclusion that an NR2B-dependent mechanism is
sufficient to elicit enhanced state-dependent gamma activity
during REM sleep. The effect had a short latency, i.e., gamma
power was already at an elevated level during the first REM
sleep episode after the injection. Enhanced gamma during REM
sleep also occurred after MK-801 or NVP-AAMO77 injection
but the > 4h latency of the effect makes the role of the different
NMDA-R subtypes in these reactions less clear. Specifically, a
critical involvement of NR2B subunit containing receptors ac-
tivated by these compounds cannot be excluded, indicating that
REM sleep-dependent gamma enhancement that appeared early
after NR2B blockade but only developed hours after injection
of nonselective or NR2A preferring antagonists could, in fact,
have been NR2B-dependent in both experiments. First, since
these compounds suppressed REM sleep for several hours, one
can only speculate whether the long latency was due to a de-
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layed effect or due to masking of any possible state-dependent
effect by the overall increase in gamma activity. Importantly,
REM sleep-associated gamma enhancement induced by selec-
tive NR2B blockade also had a long duration, i.c., it was still
present > 4 hours after injection. Thus, the action of nonselec-
tive NMDA antagonist on NR2B receptors might just have
outlasted the shorter NR2A-dependent general gamma activa-
tion. Second, the long latency may indicate the involvement
of secondary, downstream, or compensatory changes in the
NMDA-R expression. Indeed, NMDA-Rs are regulated by re-
ceptor activity in a subtype-specific manner, which can change
the NR2A/NR2B ratio in less than 8 hours.'* Compensatory up-
regulation of NR2A receptors was shown to take place 4 hours
after MK801 application, with no significant change in the ex-
pression of NMDA-Rs containing NR2B or other subunits.'
Prolonged wakefulness (4h sleep deprivation) was also shown
to induce a similar shift in the NR2B/NR2A ratio, which was
directly related to changes in synaptic function and was fully
reversed after recovery sleep.”” The EEG characteristics also
showed remarkable similarities 8 to 20 h after MK-801 injec-
tion with those after sleep deprivation.® The importance of pro-
longed NMDA-R activation for changes in NR2B/NR2A ratio
can also explain the lack of a delayed effect of the short-acting
ketamine, which may not have provided the necessary exposure
to initiate regulatory processes.

The NR2B/NR2A ratio has strong effects on the processes
of long-term potentiation and depression'é and cognitive per-
formance."” Gamma synchrony in REM sleep is known to be
involved in normal neuronal processing.* Gamma oscillations
are as strong during REM sleep as in the most aroused waking
states,"? but the origin of gamma rhythmicity may be different
in the two states. REM sleep is characterized by cholinergic
dominance,'”® which may facilitate cortical gamma oscilla-
tions.'*? REM sleep is not homogeneous, however. The state of
“tonic REM sleep” is periodically interrupted by short episodes
of “phasic REM sleep,” associated not only with phasic events,
e.g., eye movements, muscle twitches, and pontine waves, but
also with augmented theta and gamma oscillations, which are
atropine resistant.>'® Gamma generating circuits driven by cho-
linergic and glutamatergic mechanisms coexist in REM sleep
networks*? and in the cortex,?! where selective suppression of
one of these circuits was shown to lead to enhanced activity in
the other.”* NMDA and cholinergic mechanisms are also known
to interact to modulate cortical arousal.”> Although NMDA an-
tagonists do not induce gamma in vitro by themselves, they
enhance gamma oscillations induced by the glutamatergic re-
ceptor agonist kainate.?” Importantly, this type of glutamater-
gic gamma oscillation was also potentiated in cortical slices by
the selective blockade of the NR2B subunit containing NMDA-
Rs.?7 It is possible therefore that the increase in gamma power
during REM sleep after NR2B blockade reflects a shift from
cholinergic to non-cholinergic oscillations involving kainate or
metabotropic glutamate receptor mechanisms.

Phasic REM sleep plays an important role in REM sleep-
associated cognitive processes.®® Montgomery et al.’ found
increased theta and gamma synchrony in the hippocampal tri-
synaptic circuit during short episodes occurring in REM sleep,
and hypothesized that increased output to cortical targets during
such events promote memory consolidation and/or the genera-
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tion of dream content. A similar idea was advanced by Llinas
and Ribary.* They found that the central difference between
wake and REM sleep-related gamma oscillations in human was
the lack of sensory reset of REM sleep 40-Hz activity, which
allowed increased attentiveness to intrinsic activity of the brain
in the dream state by excluding external stimuli. They theo-
rized further that similar mechanism may also be found in wak-
ing conditions when hallucinations are evoked and proposed
a thalamocortical circuit model that involves near 40-Hz reso-
nant circuits in the nonspecific intralaminar thalamic complex,
where expression of NR2B (but not NR2A) subunit containing
NMDA-Rs were found decreased in schizophrenia patients.”
Functional differences between waking and REM sleep gamma
activity were emphasized in a recent human EEG/MEG study,
which demonstrated that increased gamma power was associ-
ated with uncoupling of fast oscillations between the left frontal
executive areas and posterior sensory association regions dur-
ing REM sleep, specifically during phasic REM sleep episodes.’
In summary, the present findings suggest that by acting on
gamma oscillations in a state-dependent manner, NMDA-Rs
might have an NR2B subunit-specific role in REM sleep-as-
sociated cognitive processes. Alteration of gamma oscillations
due to subtype-specific changes in NMDA-R function may
have serious implications for cognitive processes and for the
development and treatment of cognitive impairment.
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