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Abstract

NMDA receptor (NMDAR) antagonists such as ketamine, can reproduce many of the symptoms of
schizophrenia. A reliable indicator of NMDAR channel blocker action /n vivois the augmentation
of neuronal oscillation power. Since the coordinated and rhythmic activation of neuronal
assemblies (oscillations) is necessary for perception, cognition and working memory, their
disruption (inappropriate augmentation or inhibition of oscillatory power or inter-regional
coherence) both in psychiatric conditions and with NMDAR antagonists may reflect the
underlying defects causing schizophrenia symptoms. NMDAR antagonists and knockout (KO)
mice were used to evaluate the role of GIuUN2C and GIuN2D NMDAR subunits in generating
NMDAR antagonist-induced oscillations. We find that basal oscillatory power was elevated in
GIuN2C-KO mice, especially in the low gamma frequencies while there was no statistically
significant difference in basal oscillations between WT and GluN2D-KO mice. Compared to
wildtype (WT) mice, NMDAR channel blockers caused a greater increase in oscillatory power in
GIuN2C-KO mice and were relatively ineffective in inducing oscillations in GIuN2D-KO mice. In
contrast, preferential blockade of GIUN2A- and GluN2B-containing receptors induced oscillations
that did not appear to be changed in either KO animal. We propose a model wherein NMDARS
containing GIUN2C in astrocytes and GIUN2D in interneurons serve to detect local cortical
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excitatory synaptic activity and provide excitatory and inhibitory feedback, respectively, to local
populations of postsynaptic excitatory neurons and thereby bidirectionally modulate oscillatory
power.
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1. Introduction

The rhythmic and coordinated activation of groups of neurons results in neuronal
oscillations which are thought to be necessary for cognition, perception and working
memory (Uhlhaas et al., 2008; Uhlhaas and Singer, 2012). Thus, it may be related to disease
symptoms that in patients with schizophrenia, most studies (but not all) have found an
increase in basal oscillatory power (Kikuchi et al., 2011; Spencer, 2011) and a decrease in
task-related gamma oscillation power (Cho et al., 2006; Spencer et al., 2008). These
electrophysiological changes are thought to underlie the reduced functional connectivity
between brain regions observed in patients with schizophrenia using functional magnetic
resonance imaging (fMRI) (Uhlhaas and Singer, 2015). Of note, there are also alterations in
the task-related synchrony of oscillations between regions which may additionally contribute
to symptoms (Block et al., 2007; Spencer et al., 2003; Spencer et al., 2009; Uhlhaas and
Singer, 2015).

The ability of the NMDAR antagonists to mimic the spectrum of symptoms seen in
schizophrenia (SZ) initiated the NMDAR hypofunction hypothesis of schizophrenia. This
hypothesis is now supported by a variety of pharmacological and genetic studies in both
humans and rodents, for reviews see (Kantrowitz and Javitt, 2010; Lisman et al., 2008).
Consistent with this hypothesis, NMDAR channel blockers, or genetic deletion, has been
associated with a robust augmentation of local neuronal oscillations and a deficit in
interregional coherence (Dzirasa et al., 2009; Hakami et al., 2009; Korotkova et al., 2010;
Pinault, 2008). Such augmentation of oscillations may be due to the preferential inhibition
by NMDAR channel blockers of NMDARSs on the fast-spiking parvalbumin-containing
interneurons (Homayoun and Moghaddam, 2007). Their reduced excitation results in
reduced GABAergic inhibition of pyramidal cells and thus increased excitatory activity. In
short, NMDAR blockade may be disrupting cognition and perception by decreasing the
signal to noise ratio of gamma oscillations, and / or altering oscillatory coherence between
brain regions. Presently, it is not clear how different NMDAR subtypes participate in the
oscillatory generators.

NMDAR complexes are composed of subunits from seven genes - GIuN1, GIUN2A-
GIuN2D, and GIuUN3A-GIuN3B (Masu et al., 1993; Mishina et al., 1993; Monyer et al.,
1994; Traynelis et al., 2010). These subunits assemble into hetero-tetrameric complexes in
various combinations resulting in functionally distinct NMDARs. Many NMDARs are
thought to be composed of two GIuN1 subunits and two GIuN2 subunits. The different
alternatively-spliced GIuN1 isoforms have largely similar pharmacological and
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physiological properties whereas the GIuN2 subunits confer distinct physiological,
biochemical, and pharmacological properties to the NMDAR complex (Buller et al., 1994;
Hollmann et al., 1993; Ikeda et al., 1992; Monyer et al., 1994; Sugihara et al., 1992; Vicini
et al., 1998). For example, NMDAR containing GIuN2C or GIuN2D subunits display a
reduced voltage-dependency due to a weaker Mg** block, do not desensitize, have relatively
high affinity for L-glutamate, and have slow-decaying current responses (Glasgow et al.,
2015; Paoletti et al., 2013). These properties, combined with their varied developmental
profiles and anatomical distributions (Alsaad et al., 2019; Watanabe et al., 1992; Watanabe
et al., 1993a), imply that NMDARs containing these subunits may have a function in the
CNS that is markedly distinct from the major GIUN2A- and GluN2B-containing receptors.

In recent studies, we have found that the potent non-selective NMDAR antagonist MK-801
augmented gamma oscillations in GIuN2C-KO mice more than in wildtype mice (Gupta et
al., 2016). In contrast, in the GIuUN2D-KO mouse, ketamine-induced oscillations were
greatly diminished (Sapkota et al., 2016). Since ketamine and MK-801 each have additional
off-target activities (Briggs and McKenna, 1996; Clarke and Reuben, 1995; Sleigh et al.,
2014), we sought in the present study to directly compare multiple NMDAR antagonists in
both GIuUN2C-KO and GIuN2D-KO mice to determine if the NMDAR antagonists effects on
GIuN2C-KO and GIuN2D-KO mice are a general feature of NMDAR antagonists.
Furthermore, since memantine has a potency, selectivity, and mechanism of action very
similar to ketamine, but has less association with psychotomimetic effects, we were also
interested to determine if memantine displays different effects on neuronal oscillations than
other general NMDAR antagonists.

We find that NMDAR channel blockers, in general, have a larger effect on neuronal
oscillations in the GIUN2C-KO mouse than in wildtype (WT) mice and have very little effect
in GIuN2D-KO mice. In contrast to the results with channel blockers, preferential blockade
of GIuN2A- and GIuN2B-containing receptors induced oscillations that did not appear to be
changed in either KO animal.

Results

2.1 Baseline power in GIuN2C-KO and GIuN2D-KO mice

Electrocorticography (ECoG) recordings of awake WT, GIuN2C-KO and GIuN2D-KO mice
displayed typical ECoG traces before and after drug administration. Relative to WT mice,
GIuN2C-KO mice, displayed higher average basal oscillatory power at all frequencies
analyzed (30 — 200 Hz, p < 0.001, Fig. 1A; see section 4.5 for statistical analysis). A plot of
the GIUN2C/WT power ratio at different frequencies (Fig. 1B) suggests that basal power was
especially elevated within the beta and low gamma range of 20 to 60 Hz. GIuN2D-KO mice
appeared to have higher basal power above 60 Hz, but there were no statistically significant
clusters identified in the initial cluster analysis.

2.2 Ketamine

Ketamine administration is followed by increased cortical neuronal oscillations in mice (Fig.
2), as others have reported, for a review see (Hunt and Kasicki, 2013). The ketamine
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response in WT and GIuN2C/D KO mice has a rapid onset (~1-2 minutes) and begins to
decay after 20 minutes (Fig. 2A), consistent with the known half-life for ketamine in mice
(Sato et al., 2004). The rapid onset and rapid decay of the ketamine response suggests that
these actions are mediated by ketamine and not an active metabolite of ketamine. The
ketamine-induced increase in oscillatory power appeared to be greater in GIuUN2C-KO mice
than in WT mice at low gamma frequencies. (Fig. 2B). Differences between WT and
GIuN2C-KO mice were most prominent between 30 and 60 Hz. From 30-60 Hz, WT mice
displayed an 86 + 20% (N=10) increase in power, whereas GIuN2C-KO displayed an
increase of 244 + 36% (N=6). To identify frequency bands with statistically-significant
differences between genotypes, potential frequency clusters were identified at the p < 0.05
level and then these were tested by permutation testing. WT and GIuN2C-KO mice were
found to be significantly different at the p < 0.001 level in the 31-45 and 51-63 Hz bands. In
contrast, the ketamine response in GIuUN2D-KO mice was significantly reduced in the high
gamma frequencies of 65-140 Hz as we have previously shown (Sapkota et al., 2016).
Cluster analysis/permutation testing indicates that GIuUN2D-KO and WT mice were different
at the p < 0.001 level for frequencies 56-74, 80-90, 111-117 and 129-131 Hz.

Generally similar results were found for the ability of the potent NMDAR blocker MK-801
to induce oscillations in WT, GIuUN2C-KO, and GIuN2D-KO mice. MK-801-induced
augmentation of oscillations was greater in GIuUN2C-KO mice than in WT mice and greatly
diminished in GIuUN2D-KO mice (Fig. 3). Statistical analysis indicates that WT and
GIuN2C-KO were different with a p < 0.05 for all frequencies between 45 Hz and 160 Hz
(Figure 3C). Permutation testing of the identified clusters indicate that only 131-133 Hz (p =
0.0013) and 141-143 Hz bands (p < 0.001) were significant. In a manner generally similar
to ketamine, MK-801-induced oscillations were weaker in GIUN2D-KO mice than WT mice
with p < 0.05 at most frequencies between 70 and 120 Hz. Permutation testing indicate that
frequencies between 70-82, 90-94, and 97-105 Hz were significantly different at p < 0.001.

On average, PCP-induced oscillations were greater in the GIUN2C-KO than in WT mice and
largely diminished in GIuUN2D-KO mice (Fig. 4). However, there was more variability
between individual animals and a relatively small number of available animals.
Consequently, cluster analysis did not identify significant frequency clusters between WT
and KO mice. Thus, the average PCP results are generally consistent with results from
ketamine and MK-801 administration, but we cannot conclude that there was an effect of
genotype.

2.5 Memantine

Memantine augmented neuronal oscillations in WT mice to a similar extent as did the other
NMDAR channel blockers with an approximately 100% increase in power in the gamma
frequency band (Fig. 5). The majority of this increase was eliminated in GIuUN2D-KO mice
with the average GIuN2D-KO response less than the WT response for all frequencies
between 30 and 200 Hz. Cluster/permutation analysis indicted that there was less oscillatory
power in the GIuN2D-KO at p < 0.001 for frequencies 47-92, 162-168, 180-186, and 193-
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197 Hz and at p = 0.0025 for 174-176 Hz. In contrast to GIuN2D-KO mice, the average
memantine-induced response in GIUN2C-KO was larger than in WT mice. This
augmentation above WT values was strongest between 65 and 90 Hz. Cluster/permutation
analysis indicated significantly (p < 0.001) higher oscillatory power at 66—-82 Hz and 86-92
Hz in the GIuUN2C-KO than in WT mice. In contrast to memantine, the average oscillatory
response of the other NMDAR channel blockers was enhanced in the low gamma (30-60
Hz), though not always with statistical significance. High frequency oscillations (~140 — 160
Hz) were variably present after ketamine and MK-801 administration, but not observed after
PCP or memantine.

2.6 NVP-AAMO77 and Ro-25-6981

Studies have shown that blockade of NMDA receptors using the partially-selective GIuUN2A
competitive antagonist NVP-AAMO77 and selective blockade of GIuN2B-containing
receptors with the allosteric antagonist Ro-25-6981 can also enhance gamma oscillations
although to a smaller extent than with channel blockers (Kocsis, 2012b). Consistent with
these findings, both NVP-AAMO077 and Ro-25-6981 were able to weakly enhance
oscillatory activity. For both NVP-AAMO077 and Ro-25-6981 there was no significant
difference in response between WT and either GIUN2C-KO or GIuN2D-KO mice (Fig. 6).
However, for NVP-AAMO77, statistical analysis indicated that the possible drug-induced
increase over baseline within each group of mice was not statistically significant. This
appears to be due to the combination of a low response size and a low N. When all three
animal groups were analyzed as a single group, NVP-AAMO077 produced a statistically
significant (p < 0.001) increase in oscillatory power over baseline in the 31.3 to 61.5 Hz
band and a decrease in bands 98.6-141.6 and 143.6— 199 Hz (p < 0.001) as is suggested by
Figure 6. The decrease in the higher frequency bands is distinct from the other compounds
tested.

3. Discussion

3.1 NMDAR channel blockers induce stronger oscillations in GIuUN2C-KO mice and
weaker oscillations in GIuN2D-KO mice.

The synchronous, rhythmic activation of neuronal assemblies is necessary for perception,
cognition, and working memory, and their disruption may reflect the underlying defects
causing symptoms in schizophrenia and other neuropsychiatric disorders (Haenschel et al.,
2009; Spencer et al., 2003; Uhlhaas et al., 2008; Uhlhaas and Singer, 2012). Blockade of
NMDA receptor activity, or their genetic deletion, strongly modulates neuronal oscillations
and impairs inter-regional coherence (Hakami et al., 2009; Hong et al., 2010; Kocsis, 2012b;
Korotkova et al., 2010), thus providing a network mechanism for the NMDAR hypofunction
hypothesis of schizophrenia. To date, however, the molecular/cellular mechanisms by which
specific NMDAR subtypes contribute to neuronal oscillations are not well understood. In
this study, we found that the deletion of GIUN2C NMDAR subunits elevates basal
oscillations and increases the ability of NMDAR channel blockers to augment neuronal
oscillations. In the GIUN2D-KO mouse, NMDAR channel blocking antagonists are less
effective at inducing oscillations particularly in the high gamma frequencies. Thus, the
differential effects of deleting GIUN2C compared to GIuN2D subunits appears to be a
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general property of NMDAR channel blockers and are not likely to be due to individual off-
target activities.

The GIuN2A-preferring competitive antagonist NVP-AAMO077 would block di-and
triheteromeric receptors containing GIUN2A (e.g. GIuN1/GIuN2A/GIuN2B) since receptor
activation requires two glutamate bound on each receptor(Benveniste and Mayer, 1991;
Clements and Westbrook, 1991) and the GluN2B-selective allosteric antagonist Ro-25-6981
preferentially inhibit GIUN2B di-heteromeric receptors and less potently inhibit GIuN1/
GIuN2A/GIuN2B receptors (Hansen et al., 2014; Hatton and Paoletti, 2005). Both of these
antagonists were able to enhance neuronal oscillations, as has been reported by others
(Kocsis, 2012b; Pittman-Polletta et al., 2018). The power of these induced-oscillations were
not significantly different from WT in either the GIuUN2C-KO or GIuN2D-KO. However, it is
difficult to make a firm conclusion regarding the effect of genotype given the small effect
size. The relatively small increase in oscillatory power evoked by NVP-AAMOQ77 and
Ro-25-6981 was of a magnitude similar to that reported by others (Kocsis, 2012b). This
weak augmentation of oscillations by NVP-AAMO77 is not likely to reflect an ineffective
dose. The dosage used (20 mg/kg) is high compared to other /n vivo studies in mice which
found robust effects of NVP-AAMO77 on memory and synaptic plasticity with 1.2 mg/kg
(Busquets-Garcia et al., 2018) and 10 mg/kg (Hu et al., 2009; Yu et al., 2018) and on
neuronal oscillations (10 and 20 mg/kg) (Kocsis, 2012a; Kocsis, 2012b; Pittman-Polletta et
al., 2018). The dosage used is also high for comparable rat studies with significant
pharmacological effects with 1.2 mg/kg (Dalton et al., 2012; Fox et al., 2006; Ge et al.,
2010).

It is difficult to know the extent that different NMDARs would be blocked /n vivo by NVP-
AAMO77. NVP-AAMO77 is a weakly selective competitive antagonist with a potency order
of GIuN2A > GIuN2C > GIuN2D > GIuN2B (with 2-fold to 12-fold selectivity in terms of
Kj )(Feng et al., 2004). The apparent selectivity could be modestly improved /n vivo since L-
glutamate has 3- to 10-fold higher affinity at GIUN2C and GIuN2D-containing receptors
than at GIuUN2A. Taken together, GIuN2D-containing receptors would have the weakest
sensitivity to NVP-AAMO77 (high 1Csg) if similar L-glutamate concentrations are seen at
the different receptors (which is not known). Thus, the weak stimulation of oscillations,
especially at higher frequencies, is consistent with NVP-AAMO077 not inhibiting GluN2D-
containing receptors and the possible lack of effect that knocking-out GIuN2D has on NVP-
AAMO77-induced oscillatory activity. But further studies are necessary to define the role of
GIuN2A in neuronal oscillations.

These results are potentially consistent with the observation that channel blockers have a
modest selectivity for GIuUN2C/D-containing receptors in the presence of Mg2*
(Kotermanski and Johnson, 2009). Thus, channel blocker-induced oscillations are altered by
removal of GIUN2C or GIuN2D subunits whereas oscillations induced by blocking GIUN2A-
or GluN2B-containing receptors are not. These results are also consistent with the finding by
Tricklebank and colleagues (Gilmour et al., 2009), that the behavioral effects of NVP-
AAMO77 and Ro 25-6981 differ from each other and from that of NMDAR channel
blockers. However, since the augmentation of oscillations by NVP-AAMO077 and Ro 25—
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6981 was less than that produced by NMDAR channel blockers, it is more difficult to see a
statistically-significant genotype effect when the effect size is small.

3.2 Possible mechanisms of GIuN2D subunit modulation of gamma oscillations.

The ability of GIuN2D-deletion to mostly eliminate NMDAR antagonist-induced gamma
oscillations may be due to the loss of GIuN2D subunits which in the cerebral cortex and
hippocampus are expressed in GABAergic interneurons containing parvalbumin (PV)
(Alsaad et al., 2019; Perszyk et al., 2016; Standaert et al., 1999; von Engelhardt et al., 2015;
Yamasaki et al., 2014). PV cells participate in generating gamma oscillations (Buzsaki and
Wang, 2012; Cardin et al., 2009) and the genetic deletion of NMDARs in these cells (Carlen
et al., 2012; Korotkova et al., 2010) augments gamma oscillations. These findings are
consistent with the observation that NMDAR channel blockers preferentially block
interneurons (Homayoun and Moghaddam, 2007; Li et al., 2002) thus causing a disinhibition
of downstream excitatory neurons.

GluN2D-containing NMDARs in thalamus (Alsaad et al., 2019; Watanabe et al., 1993b;
Yamasaki et al., 2014) and the substantia nigra (Brothwell et al., 2008) could also be
contributing to neuronal oscillations. NMDAR GIuN2D subunits are expressed in the
reticular nucleus of the thalamus and the midline thalamic nuclei (Alsaad et al., 2019; Buller
et al., 1994; Watanabe et al., 1993b). Since these regions have extensive reciprocal
connections with the cortex, thalamic GIuN2D-containing NMDARs could have a role in
modulating cortical gamma oscillations. GIUN2D is also expressed in dopaminergic cells of
the substantia nigra pars compacta (Brothwell et al., 2008). Interestingly, GIuUN2D-KO
significantly reduces forebrain dopamine release in response to PCP and greatly reduces
PCP-induced locomotor activity (Hagino et al., 2010). Likewise, GIuN2D-KO significantly
reduces ketamine-induced locomotor activity (Sapkota et al., 2016; Yamamoto et al., 2016)
(but not MK-801 or PCP-induced locomotor activity on a different genetic background
(Shelkar et al., 2019)). Stimulation of dopaminergic cells specifically increases high gamma
oscillatory power (Lohani et al., 2019), an observation that is consistent with GIuUN2D-KO
preferentially reducing ketamine-induced high gamma power (Sapkota et al., 2016). Thus,
GIluN2D-KO could be reducing NMDAR channel blocker-induced gamma oscillations by
reducing dopamine release and, partially, by reducing locomotor activity (although, we
sought to minimize locomotor-associated gamma as described in the methods).

3.3 GIluN2C-containing NMDARSs in astrocytes may be tonically enhancing neuronal

oscillations.

The enhanced response to NMDAR antagonists in the GIuUN2C-KO may correspond to a loss
of GIuN2C subunits from astrocytes that provide positive feedback to neurons. Astrocytic
processes near excitatory synapses can respond to L-glutamate spill-over during bursts of
synaptic stimulation with an increase in intracellular calcium, for reviews see (Haydon,
2001; Verkhratsky et al., 1998). At least some of the astrocyte calcium response is thought to
be due to NMDAR activation (Palygin et al., 2010). We have recently shown that in the
telencephalon, GIuUN2C mRNA is commonly found in GFAP-positive glial cells and rarely
found in neurons (Alsaad et al., 2019). This result is thus consistent with the original
conclusions from /n situ hybridization studies (Watanabe et al., 1993a) and with
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transcriptome databases (Mancarci et al., 2017; Zhang et al., 2014). Pankratov and
colleagues (Palygin et al., 2011) have shown that the GIuUN2C/D preferring NMDAR
antagonist UBP141 (Costa et al., 2009) preferentially blocks NMDA-evoked currents in
astrocytes. Since GIuUN2D mRNA is not found in glial cells in the cerebral cortex (Alsaad et
al., 2019), these astrocyte currents are most likely to be mediated by GIuN2C-containing
NMDARs. This is consistent with the recent observation that agonist-evoked NMDAR
currents in astrocytes are eliminated in the GIuUN2C-KO (Ravikrishnan et al., 2018). Thus,
there are functional GIuN2C-containing receptors in astrocytes that could be responding to
bursts of synaptic excitation. In response to intracellular calcium elevations, astrocytes can
exhibit calcium-dependent release of glial transmitters such as glutamate and ATP (Araque
et al., 2000; Bezzi et al., 1998; Pasti et al., 2001). In turn, L-glutamate released from
astrocytes has been shown to activate GIuN1/GluN2B NMDARs synchronously in multiple
postsynaptic neurons (Fellin et al., 2004), thus providing a mechanism by which astrocytes
can provide a synchronizing feedback signal to excitatory neurons in response to strong
synaptic stimulation (Angulo et al., 2004; Fellin et al., 2004). This hypothesis is consistent
with our previous finding that burst stimulation, but not single stimulation, of the CA3-CA1
excitatory pathway results in a long-lasting postsynaptic NMDAR current that is blocked by
both GIuN2B and GIuN2C/D antagonists (Costa et al., 2009; Lozovaya et al., 2004).
According to this hypothesis, activation of GIuUN2C-containing NMDARSs in astrocytes leads
to depolarization of local pyramidal cells and enhances their excitatory activity and gamma
oscillations.

It is noteworthy that recent studies have shown that astrocytes contribute specifically to the
modulation of beta/low gamma in the 20 — 40 Hz range. Transgenic animals that cannot
release L-glutamate from astrocytes display a depressed oscillatory power at 20-40 Hz (Lee
et al., 2014). Conversely, in an ex vivo preparation, selective optogenetic stimulation of
astrocytes depresses 20-40 Hz kainate-induced gamma oscillations in a manner blocked by
Al adenosine receptor antagonists (Tan et al., 2017). Astrocytes have also been proposed to
modulate oscillations in this frequency range via synaptic glutamate-induced GABA release
from astrocytes (Heja et al., 2012). Thus, astrocytes appear to be able to modulate 20-40 Hz
oscillations in a bidirectional manner by releasing L-glutamate, ATP, and maybe GABA. If
GIluN2C-containing NMDARSs regulate glial transmitter release, then their specific
regulation of low gamma would be expected.

The greater oscillatory power in the GIuUN2C-KO in response to NMDAR blockers suggests
that in the WT, GIuN2C blockade normally suppresses oscillations (while blocking other
NMDARs enhance oscillations). By this hypothesis, when a non-selective NMDAR
antagonist is given to a WT mouse, there may be two opposing effects on gamma
oscillations. NMDAR blockade of GluN2C-containing receptors reduces gamma oscillations
(perhaps by reducing astrocyte glutamate-induced pyramidal cell depolarization). At the
same time, NMDAR blockade of other NMDARs enhances neuronal oscillations (perhaps in
part by blockade of GluN2D-containing NMDARs on fast-spiking GABAergic
interneurons). Then when NMDAR blockers are given to the GIuN2C-KO, the GIuN2C
blockade-mediated inhibition of gamma oscillations is absent, resulting in stronger
oscillations due to the unopposed blockade of other NMDARSs.
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3.4 GIuN2C- and GIluN2D-containing NMDARSs are ideal for producing tonic currents in
response to low glutamate concentrations.

We propose that GIuUN2C- and GIuN2D-containing NMDAR subtypes have distinct, critical
roles in modulating neuronal oscillations due to their distinctive physiological and
anatomical properties. Compared to GIuUN2A/B-containing NMDARs, GIuN2C- and
GIluN2D-containing NMDARs have higher affinity for L-glutamate, show less voltage-
dependency due to reduced Mg?* sensitivity, have slow-decaying currents, and they do not
desensitize (Glasgow et al., 2015; Krupp et al., 1998; Traynelis et al., 2010; Wyllie et al.,
2013). Thus these receptors are well suited for being sensors of low concentrations of
extracellular glutamate and they can retain their activity under tonic or fast-spiking activity
and in turn provide a tonic NMDAR current response as seen in interneurons (Povysheva
and Johnson, 2012; Riebe et al., 2016). With GIuN2C in astrocytes, and GIuUN2D in
GABAergic interneurons, these receptors can provide excitatory feedback, or inhibitory
feedback, respectively, to the local ensemble of excitatory neurons in response to local
excitatory drive. NMDARSs containing GIuN2C or GIuN2D subunits represent numerically
minor NMDAR subtypes in the forebrain. Thus, their potential ability to differentially
modulate neuronal oscillations, while minimally impacting the major populations of
NMDARs that are involved in a variety of other processes, suggests that these receptors
could be useful targets for therapeutic applications.

4. Experimental Procedure

4.1 Surgery

4.2 Drugs

All procedures were approved by the University of Nebraska Medical Center’s Institutional
Animal Care and Use Committee (IACUC) in compliance with the National Institutes of
Health guidelines. 12-16 weeks old WT, GIuN2C-KO and GIuN2D-KO mice were
surgically implanted with tripolar electrodes (MS333/2; Plastics One, Roanoke, VA) under
xylazine/ketamine/ acepromazine anesthesia as required by IACUC regulations. Two holes
were made in the skull 3 mm posterior to bregma at 1 mm and 2.5 mm lateral. Two
electrodes were placed in the medial hole onto the dura surface near the retrosplenial cortex,
and the third electrode was placed in the lateral hole for ground. The electrodes were
secured to the skull as described elsewhere (Jeffrey et al., 2013).

We used the general NMDAR antagonists: ketamine (30mg/kg, Par Pharmaceutical, Spring
Valley, New York or Hospira, Inc., Lake Forrest, IL), MK-801 (0.2 mg/kg, kindly provided
by Merck & Co.), memantine (20 mg/kg), and PCP (3mg/kg, Sigma-Aldrich, St. Louis, MO)
and NMDAR subunit-selective antagonists: NVP-AAMO077 (20 mg/kg, kindly provided by
Novartis) and R025-6981 (30 mg/kg, Tocris). All drugs were dissolved in saline. The dosage
of each drug was determined by prior experiments or literature values (Busquets-Garcia et
al., 2018; Hu et al., 2009; Hunt et al., 2006; Kocsis, 2012b; Lesuis et al., 2019; Mikics et al.,
2017; Phillips et al., 2012; Yu et al., 2018). Ketamine is typically used in the 5-50 mg/kg
(i.p.) range in ECoG experiments with many studies using 20-25 mg/kg(Hunt and Kasicki,
2013). In our preliminary studies we found that the subanesthetic ketamine dose of 30 mg/kg
gave a more robust augmentation of oscillations than 5 mg/kg, so further experiments used
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the 30 mg/kg dosage. PCP is commonly used at 0.25 mg/kg to 10 mg/kg. We used 3 mg/kg
because preliminary experiments found that this dosage gave more robust and reproducible
oscillatory augmentation than with 1 mg/kg and responses that were of a similar magnitude
to that of the other channel blockers. MK-801 is commonly used in the 0.05 to 0.25 mg/kg
range, we found 0.2 mg/kg gave a reproducible, robust augmentation of oscillations.
Memantine results in NMDAR-related behavioral effects in the 2.5 to 30 mg/kg range (Zhu
et al., 2015; Havolli et al., 2017; Kakefuda et al., 2016). In our experiments, 20 mg/kg
memantine gave clear augmentation of gamma oscillations comparable in magnitude with
the other channel blockers. We selected concentrations near the high end of the ranges used
in behavioral experiments. While there is evidence that some channel blockers have
somewhat reduced augmentation of oscillation at the highest doses (Hiyoshi et al., 2014), for
each of the channel blockers, the values we used are very similar to the optimal
concentrations found for these agents in the enhancement of rat gamma oscillations (Hiyoshi
et al., 2014). The dosage used for Ro-25-6981(30 mg/kg) in this study was high or
comparable to other studies in mice in which robust pharmacological effects on NMDARs
were observed, 3 and 10 mg/kg (Lesuis et al., 2019), 6 mg/kg (Busquets-Garcia et al., 2018;
Zhang et al., 2013) and comparable to that used in augmenting neuronal oscillations(Kocsis,
2012a; Kocsis, 2012b; Pittman-Polletta et al., 2018). Dosage used and receptor subtype
selectivity for NVP-AAMO77 is discussed in the discussion.

4.3 ECo0G Recordings

At least one-week after electrode implant surgery, animals in their home cage were placed
inside a surrounding Faraday cage, the electrode assembly was connected to a commutator
by a cable and the animals were allowed to acclimate for 10 minutes. ECoG recordings were
made with a DP-311 differential amplifier using a sampling rate of 2000 Hz (Warner
Instruments, Hamden, CT) with high-pass/low-pass filters set at 0.1 and 300 Hz and
digitized/recorded (Digidata 1400, pClamp 10; Molecular Devices, Sunnyvale, CA). After
30 minutes of baseline recordings, the animals were injected i.p. with NMDA antagonists or
saline and recorded for 60—90 minutes after the injection. Some recordings were paused
during drug administration and then resumed within 2 minutes using the same recording
conditions. Time-frequency spectrograms (e.g. Figs. 2-5) revealed that the ketamine
response begins to decay after 20 minutes whereas the other agents had a sustained response
for at least 90 minutes (results shown up to 60 minutes). Unlike the other agents which
initiated a response in 2-5 minutes, MK-801’s response was delayed by 10-15 minutes post-
injection. For ketamine, the power spectrum was sampled between 5 and 30 minutes, for
MK-801 between 15 and 90 minutes. Other antagonists were sampled between 5 and 90
minutes. Antagonists other than ketamine augment oscillations for several hours at these
doses (Kocsis, 2012b). As previously described (Sapkota et al., 2016), to reduce movement-
associated gamma oscillations, power measurements were obtained for awake animals at rest
as noted in observer notes and by movement-induced recording artifacts caused by the
tethered cable’s movement. Our impression is that the tethered cable reduced animal
movement, but this was not quantified.
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4.4 Data Analysis

From the continuous recordings, several random 10-second segments were obtained during
both the pre-drug baseline period and in the with-drug period and then analyzed. Power
spectrum analysis was performed with Clampfit (Molecular Devices) using a Hamming
window with 50% overlap. The power spectrum from the baseline and post-drug responses
were averaged separately and then expressed as a post-drug/baseline ratio. These ratios were
then averaged for each genotype/drug condition. Spectrogram analysis was performed by
Neuroexplorer software (Nex Technologies). Data are expressed as mean of individual
experiments along with the standard error of the mean. An exclusion threshold of > 3 times
the standard deviation in power in some frequency bins was defined before analysis so that if
a recording had exceptional (non-biological) noise, it would not disproportionally distort the
results. With this criterion, we omitted one MK-801-treated GluN2D-KO animal from the
two-stage statistical analysis (but retained in Fig. 3) and one GIuN2C-KO animal treated
with MK-801 whose inclusion would have exaggerated the genotype effect at < 20 Hz.

These results include previously published results of drug-induced power / baseline power
for ketamine-treated (8/10 of the WT and 9/9 of the GIuUN2D-KO animals; (Sapkota et al.,
2016)) and MK-801-treated (6/12 of the WT and 3/5 of the GIuN2C-KO animals (Gupta et
al., 2016)). These were included to provide a more complete data set for comparison with
other genotypes and channel blockers and so that all of the results could be evaluated with a
two-stage cluster-based permutation procedure. In this manner, each of the genotype/drug
combinations could be evaluated using the same, high-stringency statistical approach. The
one GIuN2C-KO-MK-801-treated mouse was excluded since it met our exclusion threshold
by having very large noise at low frequencies which we interpreted as non-biological. Its
inclusion (as in Gupta et al., 2016), greatly distorts the average at low frequencies but did
not alter the conclusions since the conclusions relate to higher frequencies.

4.5 Statistical analysis

Due to the spectral non-independence of our frequency data, traditional Bonferroni
correction was inappropriate for multiple comparisons correction, as it would substantially
increase the risk of Type Il error. Thus, to reduce the risk of false positive results while
maintaining reasonable sensitivity, a two-stage cluster-based permutation procedure was
followed to control for Type I error (Ernst, 2004). Briefly, rather than assuming a standard
null distribution, the cluster-based permutation approach approximates the null distribution
by random permutation of the data, and thereby incorporates the autocorrelation of the data
into this consideration. In the first stage, unpaired t-tests were conducted to test for
differences between KO and WT mice at each data point (i.e., each frequency bin) and the
output series of t-values was thresholded at p < 0.05 to define frequency bins containing
potentially significant deviations between the groups. In stage two, the frequency bins that
survived the initial threshold were clustered with spectrally neighboring bins that were also
above the threshold, and a cluster value was derived by summing all of the t-values of all
data points in the cluster. Ten-thousand permutations were then performed wherein the
group assignments were randomized and the above clustering method was repeated,
resulting in a distribution of maximum cluster-values, against which the significance level of
the observed clusters (from stage one) were tested directly. A final threshold of p < .01 was
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used to define statistical significance. Due to occasional, signal noise in the low frequencies
due to cable movement, we restricted our statistical analysis to frequencies between 30 and
200 Hz.
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Highlights:

NMDA receptor channel blockers induced stronger neuronal oscillations in
GIuN2C knockout mice.

NMDA receptor channel blockers induced weaker neuronal oscillations in
GIluN2D knockout mice.

NVP-AAMO077 and Ro 25-6981induced oscillations appear to be unchanged
in GIuN2C and GIuN2D knockouts.

GIluN2C/D-containing NMDARs may be modulating oscillations through
bidirectional feedback.
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50

100 150 200
Frequency (Hz)

Baseline oscillations in GIUN2C-KO, and GIuN2D-KO mice. (A): ECoG analysis of
baseline power spectrum of WT, GIuN2C-KO, GIuN2D-KO animals before drug
administration. SEMs are shown by light shading. (B): % Power of oscillations in GIuN2C-

KO and GluN2D-KO mice compared to WT mice.
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Figure 2.
Ketamine-induced oscillations in WT, GIuN2C-KO and GIuN2D-KO mice. (A):

Representative time-frequency spectrograms of ketamine effects in WT, GIuN2C-KO, and
GIluN2D-KO mice. Ketamine was injected at time = 0 (arrow). (B): The average % increase
in oscillatory power is shown for different frequencies in response to ketamine injection for
WT (blue line, n = 10), GIuN2C-KO (red line, n = 6), and GIuN2D-KO (green line, n = 9)
mice. The dotted line represents 0% increase, no drug-induced change in power. SEMs are
shown by light shading. (C): The statistical significance of the difference between WT and
KO animals in oscillatory power at different frequencies is shown by a graph of the p values,
the solid line represents p = 0.05. The shaded boxes indicate frequency clusters that were
statistically significant (p<0.001) after cluster/permutation analysis for differences between
WT and GIuN2C-KO (pink) and between WT and GIuN2D-KO (green).
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Figure 3.

Frequency (Hz)

MK-801-induced oscillations in WT, GIuN2C-KO and GIuN2D-KO mice (A):
Representative time-frequency spectrograms of MK-801 effects; MK-801 was injected at
time = 0 (arrow). (B): The average % increase in oscillatory power is shown for different
frequencies in response to MK-801 injection for WT (blue line, n = 12), GIuN2C-KO (red
line, n = 5), and GIuN2D-KO (green line, n = 9) mice. The dotted line represents 0%
increase. SEMs are shown by light shading. (C): The statistical significance of the difference
between WT and KO animals in oscillatory power at different frequencies is shown by a
graph of the p values, the solid line represents p = 0.05. The shaded boxes indicate frequency
clusters that were statistically significant (p < 0.001, except the WT-GIuN2C cluster at 131-
133 Hz, p = 0.0013) after cluster/permutation analysis for differences between WT and
GIuN2C-KO (pink) and between WT and GIuN2D-KO (green).
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Figure 4.
PCP-induced oscillations in WT, GIuN2C-KO and Glu

Frequency (Hz)

N2D-KO mice. (A): Representative

time-frequency spectrograms of PCP effects; PCP injected at time = 0 (arrow). (B): The

average % increase in oscillatory power is shown for d

ifferent frequencies in response to

PCP injection for WT (blue line, n = 5), GIuN2C-KO (red line, n = 5), and GIuN2D-KO
(green line, n = 4) mice. SEMs are shown by light shading. (C): The statistical significance

of the difference between WT and KO animals in oscil

latory power at different frequencies

is shown by a graph of the p values, the solid line represents p = 0.05.
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Figure 5.

Memantine-induced oscillations in GIUN2C-KO and GluN2D-KO mice. (A): Representative
time-frequency spectrograms of WT, GIuN2C-KO, and GIuN2D-KO mice. Memantine was
injected at time = 0 (arrow). (B): The average % increase in oscillatory power is shown for
different frequencies in response to memantine injection for WT (blue line, n = 5), GIuN2C-
KO (red line, n = 5), and GIuN2D-KO (green line, n = 4) mice. The dotted line represents
0% increase, no drug-induced change in power. SEMs are shown by light shading. (C): The
statistical significance of the difference between WT and KO animals in oscillatory power at
different frequencies is shown by a graph of the p values, the solid line represents p = 0.05.
The shaded boxes indicate frequency clusters that were statistically significant at p < 0.001
(except p = 0.0025 for WT/GIUN2D at 174-176 Hz) after cluster/permutation analysis for
differences between WT and GIuN2C-KO (pink) and between WT and GIuN2D-KO (green).
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(A): The average increase in NVP-AAMO077-induced oscillatory power relative to the
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proceeding baseline condition as a function of frequency in WT (blue, n = 6), GIUN2C-KO
(red, n = 4) and GIuN2D-KO mice (green, n = 4). (B): R025-6981-induced increases in
oscillations in WT (blue, n = 12), GIuN2C-KO (red, n = 7), and GIuN2D-KO mice (green, n
= 3). The dotted line represents 0% increase, no drug-induced change in power. SEMs are
shown by light shading. Insert figure shows the statistical significance of the difference
between WT and KO animals in oscillatory power at different frequencies as shown by a
graph of the p values, the solid line represents p = 0.05.
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