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Abstract—Abnormal N-methyl-D-aspartate receptor (NMDAr) function has been linked to oscillopathies, psy-
chosis, and cognitive dysfunction in schizophrenia (SCZ). Here, we investigate the role of NMDAr hypofunction
in pathological oscillations and behavior. We implanted mice with tetrodes in the dorsal/intermediate hippocam-
pus and medial prefrontal cortex (mPFC), administered the NMDAr antagonist MK-801, and recorded oscillations
during spontaneous exploration in an open field and in the y-maze spatial working memory test. Our results show
that NMDAr blockade disrupted the correlation between oscillations and speed of movement, crucial for internal
representations of distance. In the hippocampus, MK-801 increased gamma oscillations and disrupted theta/
gamma coupling during spatial working memory. In the mPFC, MK-801 increased the power of theta and gamma,
generated high-frequency oscillations (HFO 155-185 Hz), and disrupted theta/gamma coupling. Moreover, the per-
formance of mice in the spatial working memory version of the y-maze was strongly correlated with CA1-PFC
theta/Jgamma co-modulation. Thus, theta/Jgamma mediated by NMDAr function might explain several of SCZ’s cog-
nitive symptoms and might be crucial to explaining hippocampal-PFC interaction.© 2023 The Author(s). Published by
Elsevier Ltd on behalf of IBRO. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0)).
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INTRODUCTION

Schizophrenia is a severe disorder characterized by
negative, positive, and cognitive symptoms, e.g., lack of
social interest, psychosis, and working memory deficits
(Owen et al., 2016). A dominant theory about SCZ’s etiol-
ogy is the dopaminergic hypothesis, which posits that this
disorder is caused by dopamine imbalance. This theory is
supported by the therapeutic effects of anti-dopaminergic
drugs (Meltzer and Stahl, 1976; Ban, 2007). However,
neuroleptic medications fail to treat negative and cognitive
symptoms, suggesting that multiple mechanisms are at
play in SCZ (Bowie and Harvey, 2006(Kirkpatrick et al.,
2006). The NMDAr hypofunction hypothesis of SCZ may
offer a complementary explanation of the etiology of this
disorder, including its cognitive symptoms. NMDAr antag-
onists can induce SCZ-like symptoms in patients and
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healthy subjects (Malhotra et al., 1997; Adler et al,
1998). Schizophrenic patients show a reduced expression
of NMDAr in the dorsolateral prefrontal cortex (DLPFC), a
brain region strongly involved in working memory and
executive function, impaired in SCZ (Weickert et al.,
2000; Beneyto and Meador-Woodruff, 2008; Weickert
et al.,, 2013; Callicott et al., 2000; Homayoun and
Moghaddam, 2007; Jackson et al., 2004; Kristiansen
et al., 2006). In addition, NMDAr hypofunction seems to
dysregulate dopamine levels (indirectly increasing striatal
dopamine levels), linking NMDAr function with dopamine
imbalance (Wedzony et al., 1993; Vollenweider et al.,
2000; Del Arco et al., 2008).

Research on animal models further supports the
relevance of NMDAr hypofunction in SCZ. The
administration of acute low doses of NMDAr antagonists
in rodents can recapitulate most of the symptoms
observed in early SCZ. In this way, the administration of
dizolcipine (MK-801), phencyclidine (PCP) or ketamine
can induce hyperlocomotion and aberrant motor
behaviors associated with SCZ positive symptoms
(Corbett et al., 1995; Ma and Leung, 2007) negative
symptoms, such as social interaction deficits (Corbett
et al, 1995) and cognitive symptoms, including working
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and episodic memory deficits (Chrobak et al, 2008;
Pitsikas et al, 2008; Kubik et al., 2014; Cui et al, 2022;
Maleninska et al, 2022). Moreover, NMDAr antagonist
can generate several oscillatory alterations that replicate
those observed in SCZ patients (Uhlhaas and Singer,
2010). These are are characterized by aberrant gamma
oscillations and the induction of HFO in the hippocampus
and the PFC (Cui et al., 2022; Ehrlichman et al., 2009;
Hakami et al., 2009; Kittelberger et al., 2012; Lee et al.,
2017; Pinault, 2008). These results support the relevance
of these models for the study of NMDAr in SCZ (Olney
et al., 1999; Eyjolfsson et al., 2006; Adell et al., 2012;
Jodo, 2013; Murueta-Goyena et al., 2017).

Despite the accumulation of data regarding the role of
NMDAr hypofunction in SCZ, the link between oscillatory
activity alterations and its relationship to cognitive
impairment remains poorly understood. Here, we aimed
to understand how NMDAr blockade by MK-801 can
affect oscillatory activity, behavior, cognition, and the
dialog between the dorsal and intermediate CA1
hippocampal region and the prefrontal cortex (PFC),
describing the oscillatory changes associated with
behavioral alterations. These hippocampal regions are
connected directly and indirectly with the PFC (Hoover
& Vertes, 2007), and their interaction is crucial for execu-
tive function and SCZ (Jones and Wilson, 2005;
Sigurdsson and Duvarci, 2016). We were especially inter-
ested in determining the oscillatory correlates involved in
decision-making in a spatial working memory task. For
this reason, we recorded simultaneously from the inter-
mediate CA1 and the PFC to study the effect of MK-
801-mediated NMDAr blockade on oscillatory activity,
behavior, and spatial working memory performance. We
expected to find changes in the gamma band and distor-
tion of the hippocampus/PFC interaction associated with
working memory deficits. Our results were consistent with
these predictions. In addition, NMDAr blockade generated
area-specific oscillatory changes in the hippocampus and
the PFC and altered the relationship between oscillatory
activity and motor behavior.

EXPERIMENTAL PROCEDURES
Subjects

Male wild-type mice C57, N = 9, age p60 to p90 supplied
by the UMH “Servicio de Experimentacién Animal (SEA)*
were used. Mice were maintained on a 12 h light/dark
cycle with food and water available ad libitum and were
individually housed after electrode implantation. All
experimental procedures were approved by the UMH-
CSIC ethics committee and the regional government
and met local and European guidelines for animal
experimentation (86/609/EEC).

In vivo recordings on freely moving mice

Microdrives, (Axona Itd) mounting four independently
movable tetrodes (12 pum tungsten wire, California Fine
Wire Company, Grover Beach, CA, USA) were
implanted under isoflurane anesthesia (1.5%) while
buprenorphine (0.05 mg/kg, s.c.) was supplied as

analgesia. Craniotomies were performed above the
hippocampus and medial prefrontal cortex (mPFC),
targeting the hippocampal CA1 region (AP: —2-2.5,
M-L: 1.2 V: 0.6 mm) as well as the prelimbic region of
the mPFC (AP: 1-2, M—L: 0.5-1, V: 1.2-1.9 mm).
Animals were left to recover for at least seven days
after surgery (Brotons-Mas et al., 2010, 2017; del Pino
et al., 2013), see Fig. 1(A).

Data acquisition

Electrophysiological recordings were obtained using a 16-
channel headstage, gain x1 (Axona Ltd, UK), (Brotons-
Mas et al., 2010, 2017; del Pino et al., 2013). Signals
were amplified (400-1000x), bandpass filtered (0.3 Hz
to 24 kHz, DacqUSB system, Axona, UK) and recorded
at 48 kHz/24-bit precision. For Local field potential record-
ings (LFP), tetrodes were lowered to reach specific
stereotaxic coordinates in the mPFC. Unit activity, ripples
(high-frequency events 150-200 Hz), and theta power
were used as electrophysiological landmarks to deter-
mine electrode location in the CA1 pyramidal layer. Once
tetrodes were in the target areas, we started the recording
protocols. This part of the procedure was implemented for
several days to ensure recording stability.

The mouse trajectory was recorded by a video-
tracking system (Axona) that detected the position of an
infrared light-emitting diode on the headstage. Animal
head position information was stored at 50 Hz in X, Y
coordinates, with a spatial resolution of 322 pixels / m
and timestamped relative to the electrophysiological
recordings. Position data was used to calculate the
speed of movement and all the exploratory related
variables. For this, custom-made and adapted Matlab
scripts were used, see Fig. 1(B).

Power spectrum analysis

Local field potentials were analyzed using custom-written
Matlab codes (Mathworks, Natick, MA, USA). Raw
recordings were FIR filtered (<1.2 kHz) and
downsampled to 2.4 kHz, as in previous work (del Pino
et al., 2017). Data obtained in open field recordings was
used to characterize oscillatory activity. Running speed
was computed based on the animal’s position. Spectral
power was calculated (in decibels 10log10) using the
Thomson multi-taper method included in Chronux signal
processing toolbox (Bokil et al., 2010). The spectrogram
was plotted to visualize the power spectrum in the time
domain notch filter (50 Hz and 100 Hz) was implemented
to eliminate electrical noise. We excluded from analysis
high-frequency noise (135-145 Hz) associated with
chewing artifacts, and we eliminated it from the peri-
odogram plots. The functional connectivity between the
hippocampus and the prefrontal cortex was measured
by calculating frequency coherence. This measurement
describes the degree of co-occurrence of different fre-
quencies in the activity recorded across different areas.
To establish the correlation between oscillatory
activity and the speed of movement, we segmented the
signal in non-overlapping windows of one second. Then,
we calculated the power spectrum and obtained the
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Gamma modulation index (GMI)

The gamma modulation index was
calculated as previously described
(Korotkova et al., 2010). In brief,
the raw LFP was filtered in the theta
band (4-12 Hz) and in different
higher frequency intervals: low
gamma (30-65 Hz), high gamma
(66—130), and high-frequency oscil-
lations (155-185 Hz). Then, we
obtained the Hilbert transform of
the filtered signal of gamma and
HFOs and we used the envelope,
informative of the power of the sig-
nal, across the different theta
cycles; the maximum and minimum
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Fig. 1. MK-801 increased exploration and locomotor behavior. (A) Experimental protocol, open
field (OF). (B) Representative tracking for the baseline, vehicle, and MK-801 condition in the open
field and y-maze experiment. (C). Mean speed was reduced during the vehicle condition, possibly as
result of habituation to the environment, but was increased after MK-801 administration. (D). Total
distance run was augmented during the MK-801 condition. (E). Latency to visit the center of the open
field, only eight points are displayed as one of the animals never visited the center. Note that the
behavior across days in the baseline conditions was very similar, indicating behavioral consistency
across days. (F) Examples of correct and incorrect trials. G. Lower performance in the y-maze spatial

working memory task after NMDAr blockade.

theta (4-12 Hz) |/ delta (<3.9 Hz) ratio to eliminate
epochs contaminated by mechanical artifacts, such as
head bumping against the wall etc. We calculated the
power spectrum for theta type | (6.5-12 Hz), linked to
motor behavior. In addition, we obtained the power
values for low (30-65 Hz) and high gamma (66-130 Hz)
bands and we calculated oscillatory power for epochs in
which locomotor activity was <5 cm/s. The power of
theta and co-modulated gamma are known to be higher

Behavioral protocol and drug
administration

Once animals recovered from
surgeries, tetrodes aiming for CA1,
and PFC were lowered for several
days until target coordinates were
reached. Experiments began with
a baseline condition. This served
to calculate ratios of LFP power to
determine change due to drug
administration controlling for
possible electrode position drifting
across days.

Each baseline and drug condition consisted of several
phases. First, recordings were performed in the animal’s
home cages for several minutes to ensure that
electrodes were placed in the CA1 pyramidal layer. We
recorded LFPs during spontaneous exploration in an
open field of 50 x 50 cm. Subsequently, mice were left
to rest for five minutes in their home cage. After this
period, mice underwent testing in the y-maze for 8 min
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and left to rest in their home cage. Once the baseline was
finished, animals were left to rest for 20 min in their home
cage. At that point, mice were injected subcutaneously
with MK-801 (0.075 mg/kg) diluted in 0.3% tween80 in
saline or with the vehicle solution, consisting of 0.3%
tween80 dilutedin saline. Behavioral testing and
recordings followed the same sequences previously
explained. Recordings were initiated 20 min after
injection and experiments performed within the temporal
window of MK-801 bioavailability, maximum
concentration around 40-60 min after administration
and slowly decaying up to 120 min later (Wegener et al,
2011).

Drugs were administered following a counterbalanced
scheme across alternate days. This way each mouse
either received MK-801 or vehicle injections on day one,
and the complementary treatment on day two.
Experiments were spaced at least 48 h, see Fig. 1(A).

Working memory in the y-maze

We used the y-maze to measure spatial working memory.
This test is a reliable approach for cognitive testing and
provides a measurement of spatial working memory
based on the ethology of mice (Miedel et al., 2017). Test-
ing was carried out on a transparent Y-shaped maze
(40 x 10 cm per arm). Mice were placed at the end of
the central arm and allowed to explore the maze for
8 min. The sequence of arm entries was obtained from
the x,y position coordinates and automatically analyzed
using custom-made scripts in Matlab. Correct alternations
were those in which the animal went into an arm not vis-
ited recently, e.g., correct visit sequence: arm 1-2-3. We
considered incorrect alternations when animals repeated
the same arm in a sequence of trials, e.g. arm 1-2-1.
The final score was calculated as the percentage of cor-
rect triads using the formula below:

# spontaneous alternations
total number of arm entries — 2
x 100

Spontaneous alternation % =

We searched for different electrophysiological
biomarkers of spatial working memory to investigate
physiological and pathological mechanisms during
memory performance in the y-maze. To this end, we
analyzed LFP epochs of 1 s duration, half a second
before the mice entered the decision area of the y-maze
(the central triangle between the three arms) and half a
second later. We only included experiments consisting
of at least nine entries, ensuring the sampling of a
minimum of LFP epochs. Finally, we included five
animals in the vehicle condition and seven in the MK-
801 experiments, excluding four and two respectively.
These animals were not included because they
performed less than nine entries. As animals explored
much less in the vehicle condition, we centered our
analysis on the baseline vs. MK-801 conditions,
focusing on the LFP obtained in these sets of
experiments and including a final N = 7 mice.

Anatomical verification of electrode location

After completing experiments, animals were sacrificed
using sodium pentobarbital (180 mg/kg at a
concentration of 100 mg/ml) and transcardially perfused
with saline and 4% paraformaldehyde. This procedure
was authorized by the ethical commission according to
the current normative and following veterinary
recommendations. The brains were removed, sliced in
40 pum sections, and prepared for Immunohistochemistry
against DAPI, NeuN (Merck,ltd) and GFAP (Adigene
technologies) for electrode localization.

Statistical analysis

Variables distribution was tested for normality using
Kolmogorov-Smirnov test. To determine statistically
significant differences across conditions, parametric and
non-parametric tests were used. ANOVA repeated
measures was used for normally distributed variables
and Greenhouse-Geisser correction applied when
sphericity criteria was not met. This correction allows for
a more conservative interpretation of the results after
adjusting the degrees of freedom. Partial eta squared
(n?) was calculated as an estimation of the size effect
and the statistical power reported. The Friedman test
was used for non-normally distributed variables. Then,
paired comparisons between specific conditions were
tested using t-test for repeated measures and non-
parametric Wilcoxon test when appropriate. In the case
of correlations, normality was verified, and the
parametric Pearson coefficients were calculated. All
descriptive values were expressed as mean =+ the
standard error (S.E.). Statistical significance was set at
p < 0.05, and Bonferroni corrections were used when
necessary. All statistical analysis was performed using
SPSS (IBM, V27) software package.

RESULTS

MK-801 generated hyperlocomotion and impaired
spatial working memory in the y-maze.

SCZ and other psychotic disorders are characterized by
positive and cognitive symptoms, e.g., hyperlocomotion
and working memory deficits. As previously described,
similar behaviors can be induced after the administration
of MK-801 (Corbett et al., 1995; Cui et al, 2022;
Hakami et al., 2009; Ma and Leung, 2007). To establish
the validity of our protocol, we needed to verify that the
blockade of NMDAr by MK-801 could induce these symp-
toms in wild-type mice. First, we observed that mean
speed, total distance, and latency to visit the center of
an open field during exploratory behavior increased after
MK-801  administration  (speed, f411)-= 66.296,
p < 0.0001, p? = 0.892, B = 1; total distance, f(324)—
43.371,p < 0.0001; p> = 0.844, p = 1; B = 1; latency,
123 = 10.950, p = 0.012, Friedman test). Specific anal-
ysis (see Fig. 1(B—E)) demonstrated that MK-801 gener-
ated motor activity above baseline and vehicle condition
(baseline vs MK-801; speed, t = -8.6, p = 0.0001; dis-
tance, tg = -6.918, p = 0.0009; Bonferroni corrections
p < 0.012 Wicoxon test; speed, tg = -8.9,
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p = 0.0001; distance, tg = -7.19, p = 0.001). Vehicle
administration marginally decreased exploration behavior
(tey = 4.39, p = 0.0019; distance; tg = 3.39,
p = 0.008), probably an effect of habituation not observed
after MK-801.

Then we investigated spatial working memory in the
Y-maze, (Fig. 1(F,G)). As the group size was different in
the baseline-vehicle vs. the basline-MK-801, we
implemented the t-test for repeated measurements in
each  experiment. NMDAr blockade increased
locomotion and reduced performance in the y-maze (%
of alternation, 62.58 + 4.8 vs. 37.38 + 2.56; tg = 4,
p = 0.007), with no effects of vehicle administration
(59.08 £ 7.9 vs. 57.34 + 9.2; t,) = 0.125, p = 0.907).

Therefore, NMDAr blocked by MK-801 administration
reliably increased locomotor activity and impaired the
performance of mice in the y-maze spatial working
memory test, replicating positive and cognitive
symptoms observed in SCZ patients and in previously
described NMDAr-blocking pharmacological rodent
models of early schizophrenia.

Effect of MK-801 in oscillatory activity during
spontaneous exploration

Theta and gamma oscillations in HPC and PFC are
strongly linked with the cognitive demands of spatial
working memory tasks (Sigurdsson et al, 2010) and are
critical for the generation of spatial memory (Kramis
et al., 1975; Richard et al.,, 2013; Long et al.,, 2014;
Long et al., 2014; Young et al., 2020). Alteration of these
dynamics is a landmark in SCZ, and it has been replicated
in rodent models of this disease (Hakami et al., 2009;
Uhlhaas and Singer, 2010). For these reasons, we inves-
tigated if NMDAr blockade by MK-801 alters brain
oscillations.

There are reports of aberrant gamma oscillations
across different behavioral states produced by MK-801
administration (Hakami et al., 2009) (). However, it is
not clear if the physiological correlation between oscilla-
tory activity and the speed of movement is distorted by
MK-801. First, we explored the relationship between the
speed of movement and theta (6.5-12 Hz), and low and
high gamma activity (30—65 Hz and 66—130 Hz) in the hip-
pocampal region (Fig. 2(A—C)). We observed a reduction
in the correlation between high gamma oscillations and
the speed of movement (High gamma: baseline vs. vehi-
cle, r=,0.52 + 0.03 vs. 0.59 + 0.011; baseline vs. vehi-
cle, r=,0.52 + 0.03 vs. 0.59 + 0.011; baseline vs. MK-
801, (r), 0.55 = 0.03 vs. 0.37 £ 0.05). This apparent
decrease was confirmed by non-parametric test
(;5(23) = 13.533, p = 0.004, Friedman test) and post hoc-
test tests confirmed the effect of NMDAr blockade (High
gamma: tg = -3.179, p = 0.013, z = -2.547, p = 0.01,
Wilcoxon; vehicle vs. MK-801, tg, = 5.598, p = 0.0005).
On the other hand, we found no changes in the case of
the theta band (theta vs speed: f4 15y = 3.087, p = 0.59,
p2 = 0.382, p = 0.6). Thus, NMDAr blockade by MK-
801 altered the relationship between CA1 oscillatory activ-
ity (66—130 Hz) and the speed of movement.

There are multiple reports of gamma activity being
specifically altered in SCZ and after NMDAr blockade

(Cui et al., 2022; Ehrlichman et al., 2009; Hakami et al.,
2009; Kittelberger et al., 2012; Lee et al., 2017; Pinault,
2008). To analyze these effects further, we considered
only epochs of activity in which the mice moved above
5 cm/s during at least 2 s, thus involving mostly linear dis-
placements (Fig. 2(D,E)). Despite that the mean speed of
these epochs could be different due to MK-801 higher
speeds, this strategy allows us to compare oscillatory
activity during similar behavioral episodes. We observed
significant differences only for the high gamma band
(x2@3) = 14.6, p = 0.002, Friedman) that was augmented
after MK-801 administration (baseline vs MK-801, z = -
2.666, p = 0.008; vehicle vs MK-801, z = -2.310,
p = 0.021, Wilcoxon; Bonferroni correction for two com-
parisons p < 0.025). Then we calculated the ratio of
power change for all frequencies baseline/drug (Fig. 2
(F)). MK-801 effects were robust for the gamma band
(30-130 Hz, 1.07 = 0.06 vs. 1.4 = 0.08, z = -2.31,
p = 0.021), but we also found differences in slower fre-
quency bands, including beta, delta and theta (au, 3—
9 Hz, 1.04 + 0.03 vs. 0.79 + 0.0, tg = 3.058,
p = 0.016; 70-72Hz, 1.08 + 0.06 vs. 1.3 + 0.13 tg) = -
2.43,p = 0.041; 13-20 Hz, 1.15 £+ 0.07 vs. 0.77 + 0.03,
z = -2.666, p = 0.008). These findings indicated that a
set of frequencies, including gamma, theta, beta and
alpha, changed when the baseline vehicle/vehicle ratio
was compared vs. the baseline MK-801/MK-801 ratio.
Interestingly, of all these bands, only theta (10-12 Hz)
and gamma band (30-130 Hz) were augmented in their
power ratio, while the rest were diminished by MK-801.

As expected from the loss of correlation between
speed and gamma power (see Fig. 2(B)), low and high
gamma oscillations were also increased at low speeds
(below 5 cm/s, including slow displacements or head
movements after MK-801 (z = 2547, p = 0.011;
z = 2.666, p = 0.008, Wilcoxon). Therefore, MK-801
general effects on gamma power were independent of
the speed of movement. These results are in coherence
with previous work (Hakami et al., 2009) and verify the
disruption of oscillatory/behavior relationship normally
found in basal conditions.

MK-801 specifically increased the power in the
gamma frequency bands, also affecting theta activity.
The co-modulation of hippocampal theta and gamma
oscillations (CA16-CA1Y) has been extensively
associated with spatial working memory and sensory
processing (Buzsaki et al., 2003; Tamura et al, 2017;
Valero and de la Prida, 2018). For this reason and based
in previous work (Korotkova et al., 2010), we calculated a
modulation index (GMI) for theta/low gamma (CA16-
CA1LY) at 30-65 Hz, and theta/high gamma (CA16-
CA1HY), 66-130 Hz (Fig. 2(G)). Repeated measurement
analysis revealed a significant difference for the CA16-
CA1ILY co-modulation (fz24)- 6.64, p = 0.002;
n? = 0.454; B = 0.946). The post-hoc test found a signif-
icant reduction of the theta/low-gamma GMI after MK-801
administration (baseline MK-801 VS. MK-801;
te = 3.982, p = 0.004; vehicle vs. MK-801 t)-4.033,
p = 0.004; Bonferroni corrections, p = 0.0125), however,
no changes were observed for CA10-CATHY (f324)=
0.916, p = 0.448; n2 = 0.103; p = 0.22), (Fig. 2(H,1)).
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correlations, (n = 6). Results indicated that theta /speed correlation decreased not reaching significant values after MK-801 administration. (B). Low
gamma presented a poor correlation with the speed of movement and no further statistical test was performed. (C). High gamma presented a robust
correlation with the speed of movement (n = 9). High gamma showed a significant increase in the vehicle condition and a reduction during the MK-
801 experiment. (D) and (E). Power spectrum and mean values for each band obtained in the baselines, vehicle, and MK-801 conditions. Significant
differences were found for the high gamma band in the MK-801 vs. its baseline and vehicle condition. (E). Ratio of power change obtained between
baseline conditions vs. vehicle and MK-801. Significant differences were mostly consistent with mean power value analysis. Shadowed regions in
(D) and (F) indicate bands in which significant differences were found. Note how the ratio of change between conditions followed a flat line across
the frequency spectrum for the vehicle experiment, while in the MK-801 the ratio presented specific peaks at different bands. (G) Representative
local field potential, wavelet, and filtered signal for theta and gamma in CA1 during the baseline and after MK-801 administration. Wavelet heat map
scales expressed in standard deviations revealed the dominant band at each theta cycle. (H). Theta/gamma co-modulation in the CA1 region
showed significant differences due to MK-801 administration. (I). CA1 Theta/high gamma was not significantly modified by MK-801. Gamma
modulation index (GMI), low gamma (LG), high gamma (HG).

[ Baseline vehicle [ Vehicle [Z] Baseline MK801 [ MK801

Our results indicated that oscillations in the band was augmented. Third, the coordination of the theta
hippocampal region were altered in different ways. First, and gamma oscillations was diminished. All these
the relationship between locomotion and oscillatory elements are critical for information processing and might

activity was impaired. Secondly, the power of the gamma be relevant for the observed cognitive deficits in SCZ.



168 P. Abad-Perez et al. /| Neuroscience 519 (2023) 162-176

Oscillatory Activity in PFC

[ Vehicle MK801 | Vehicle | | MK801 |
A 35
=y D 100
o—45
‘6750 Hz
_r55 = 0
©
-60 = °
40 80 120 160 40 80 120 160 ©
£ 100 ms
Frequency (Hz) Frequency (Hz) £ SYVY MM
B : 3
6« Ratio PFC — GMILG (30-65Hz) GMIHG (66 - 130 Hz)
E n.s F n.s
_ 0.20, —=
s 015 S 3
S L]
L (!5010 _E_ %. ”“e * % %
M ==t 0.05] % o ¥ - .
0 | | | 1 | | 1 1 1 1 000 * ”
. . L. TN AN ) 2 N N
Ratio PFC Bipolar Derivation P S S <& &
¢ 6 _* R /““ KRN 5%“ &
G (257 GMIHG (66 -130 Hz)
| ° e o °
0.20 o
le ©® v : =~
0.15 i 2
0.101: 5,; %. -~
0 40 80 120 160 200 0.051°
Frequency (Hz) 0.00 T T
T
. FESEL LS«
o Baseline VEHICLE e VEHICLE HFO Amplitude Vs GMIPFC HFO
* Baseline MK801 « MK801 H  ThetaCycle | (150 - 185 Hz)
0.5 .
oorz} 04] s
20,010 305 +
0.008 0.1] g, = e
0.006Q S O 00— 2w
Degrees(°) %so 4®%§ <
< <

Fig. 3. MK-801 administration disrupted oscillatory activity in the PFC. (A) Power spectrum in the baselines, vehicle and MK-801 conditions
for monopolar configuration. Note the increase in theta and HFO. (B) and (C). Ratio of power obtained between baseline conditions vs. vehicle and
MK-801, for monopolar and bipolar derivation analysis. Significant differences were coherent with mean power value analysis for each oscillatory
band. Shadowed regions indicate bands in which significant differences were found. (D) Representative local field potential, wavelet analysis
revealing the dominant frequencies, and filtered signal for theta and gamma in the PFC. (E). PFC Theta/low gamma was significantly reduced after
MK-801 administration. (F). We observed significant differences between the baseline vs the vehicle condition and a reduction of the GMI after MK-
801 administration. (G). GMI values increased during different temporal epochs, indicating that experience with the spatial context could enhance
theta/gamma co-modulation. This could explain the difference observed between the baseline vs. the vehicle condition (H). HFO amplitude was
modulated by the theta phase. (I). Theta/HFO modulation significantly increased after NMDAr blockade.
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Next, we focused on the PFC recorded LFP, a main
output region of the hippocampal formation (Hoover &
Vertes, 2007), whose function seems to be critically com-
promised in SCZ. Repeated measures analysis revealed
significant changes in different oscillatory bands: theta,
alpha, high gamma and HFO, (see Fig. 3(A)) (delta,
123 = 3533, p = 0.316, Friedman; theta,
fo15 = 10.539, p = 0.001; p? = 0.568; B = 0.96; alpha,
f(1,12) = 4.956, p = 0.034; n2 = 0.383; p = 0.632, beta,
faoa) = 2.791, p = 0.062; p°> = 0.259; B = 0.6; low

gamma, 23 = 4.62, p = 0.204; high gamma,
123 = 8.067, p = 0.045; HFO, 23 = 8.733,
p = 0.033). Post-hoc comparison demonstrated that

theta, alpha and high gamma activity was significantly
higher in the MK-801 condition (theta: baseline vehicle
vs. vehicle; tg = -0.547, p = 0.599; baseline MK-801
vs. MK-801, tg = -3.931, p = 0.004; vehicle vs. MK-
801; tg = -3.837, p = 0.005.; Alpha: baseline MK-801
vs. MK-801, tg = -3.197, p = 0.013; vehicle vs. MK-
801, tg = -2.420, p = 0.042; Bonferroni correction
p < 0.016). However, the rest of the oscillatory bands
did not reach statistical significance after Bonferroni cor-
rections. To understand better these outcomes, we per-
formed the ratio comparisons, (Fig. 3(B)). Results
indicated that frequency bands between 0.9 and 16 Hz,
including delta, theta and alpha, and at higher extent,
HFO were significantly increased in the MK-801 condition
(0.9-16 Hz: tg) = -4.188, p = 0.003; HFO; tg = -3.212,
p = 0.026).

As part of the recorded LFP in the PFC might be
volume propagated, we completed the same ratio
analysis after referencing the signal to electrodes
located in different tetrodes implanted in the PFC (Fig. 3
(C)). We found a very similar pattern to that observed in
the single electrode configuration, with the same data
trend in the low frequencies, 0.9-16 Hz, but also found
significant differences in the medium—high gamma, 65—
100 Hz and in the HFO band (au, 0.9-16 Hz,
0.99 + 0.05 vs. 1.5 = 0.1; tg = -2.737, p = 0.026;
65-100 Hz 1.05 = 0.04 vs. 1.28 + 0.06; tg = -3.212,
p = 0.012; HFO, 0.9 + 0.02 vs. 1.8 + 0.3, tg = -
2.612, p = 0.031).

Then we investigated theta/gamma co-modulation for
the LFP recorded in the PFC finding significant difference
for PFCO-PFCLY co-modulation and PFCO-PFCHY
(thetaflow gamma, fo 14- 19.17, p = 0.000;
n? = 0.78; p = 0.99; theta/high gamma, x? = 18.733,
p = 0.000, Friedman), see Fig. 3(D-F). We observed
that PFCO-PFCLY gamma and PFCO-PFCHY gamma
co-modulation were significantly decreased after MK-
801 administration and when compared with the vehicle
condition (Fig. 3(E-F); low gamma: tg = 9.9599,
p = 0.001; tg = 6.015, p = 0.001; high gamma:
z = 2.666, p = 0.008). We also observed a significant
increase of PFCH-PFCHY in the vehicle condition
(baseline vs vehicle: tgy = -3.837, p = 0.005; baseline
vs MK-801 z = 2.666, p = 0.008), probably due to
habituation, or experience with the spatial context (Tort
et al, 2009; Fernandez-Ruiz et al., 2017). To explore this
further, we obtained the GMI for different epochs of the

baseline and the vehicle condition. The observed progres-
sive increase in the GMI value during the exploratory task
in the baseline condition supports the idea that the injec-
tion of the vehicle did not generate an effect and that this
was most probably associated with habituation (Fig. 3
(G)).

The emergence of HFO in the PFC LFP was strongly
linked to theta oscillations (Fig. 3(H-1)). We calculated the
GMI for the HFO, and observed that the emergence of
HFO was linked to an abnormal and significant increase
in theta/ HFO modulation (baseline vs. vehicle,; z = -
1.955, p = 0.051; baseline vs. MK-801; tg = -5.969,
p = 0.001; vehicle vs. MK-801; tg = -4.603,
p = 0.002; Bonferroni corrections p < 0.0125).

Thus, NMDAr blocking by MK-801 affected oscillatory
bands in the hippocampus and the prefrontal cortex,
increasing gamma oscillatory activity in the hippocampal
region and in the PFC, where also, theta, alpha and
HFO, were augmented. NMDAr blockade impaired
theta-gamma co-modulation in both brain regions and
linked NMDAr hypofunction with an oscillatory
phenotype associated with SCZ.

A critical aspect of working memory and SCZ is the
dialogue between the hippocampus and the PFC
(Sigurdsson et al, 2010). To investigate this interaction,
(Fig. 4(A,B)), we performed paired comparisons for
specific frequency bands and found a small but signifi-
cant increase in the delta band in the monopolar and
bipolar configuration (monopolar, delta, r, 0.60 + 0.005
vs. 0.63 = 0.01; tg = -2.54, p = 0.0340; bipolar,
0.55 =+ 0.006 vs. 0.57 £ 0.005 tg = -3.01,
p = 0.009). Similarly, we observed a significant coher-
ence augmentation for the alpha band in the bipolar
electrode configuration (alpha, r, 0.55 + 0.006 vs. 0.57

+ 0.005, tg = -3.01, p = 0.016) see Fig. 4(B’). Then
we investigated long-range co-modulation of theta/
gamma activity, (Fig. 4(C,D)), known to be relevant for
spatial working memory (Tamura et al., 2017). GMI
index between both hippocampal theta/PFC low gamma
and high gamma were significantly different (CA76-
PFCLY: x? = 24.64, p = 0.000; CA10-PFCHY
x? = 18733, p = 0.000 Friedman). Further analysis
probed that MK-801, reduced CA710-PFCH (CA10-
PFCLY baseline vs. vehicle; z = -1.836, p = 0.066;
baseline vs. the MK-801;, tg) = 8.763, p = 0.001; vehi-
cle vs MK-801 tgy = 5.558, p = 0.000; CA10-PFCLY:
baseline vs. vehicle; z = -2.666 Wilcoxon, p = 0.008;
baseline vs. the MK-801 z = -2.310, p = 0.021; vehicle
vs MK-801; z = -2.666, p = 0.008 Wilcoxon) in conso-
nance with previous results (see Fig. 3(E,F)), CA10-
PFCHY increased during the vehicle condition. Hip-
pocampal theta/high gamma PFC modulation was mar-
ginally increased during the vehicle condition, as
observed in PFC, probably due to the repeated experi-
ence with the experimental context. On the other hand,
we observed no significant differences in the hippocam-
pal theta/PFC HFO modulation (CA710-PFCHFO:
x? = 5.667, p = 0.129, Friedman).

Therefore, the interaction of the hippocampus and the
PFC was altered in specific bands as indicated by the
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Fig. 4. MK-801 administration altered CA1-PFC interaction changing theta/gamma co-modulation. (A) Coherence values for the baseline vs.
vehicle and baseline vs. MK081 obtained in single electrode configuration. (A’). Mean coherence values by oscillatory band. (B). Coherence values
for the bipolar configuration. Shadowed regions indicate significant differences. (B’) Mean coherence distribution for different bands. (C). Long-
range theta/low gamma co-modulation. Significant differences are described by each comparison of interest. (D). Theta/high gamma co-modulation.

(E). Theta/HFO co-modulation.

coherence analysis and through the distortion of the
theta/gamma co-modulation.

MK-801 DISRUPTED OSCILLATORY ACTIVITY
AND COGNITIVE PROCESSING IN THE Y-MAZE.

As previously mentioned, there is a relationship between
oscillatory activity, cognitive processes and the distortion

of these in SCZ (Sigurdsson et al, 2010; Uhlhaas and
Singer, 2010; Bygrave et al., 2016). We found that
NMDAr administration produced an impairment in working
memory in the y-maze. On the other hand, we observed
an alteration of oscillatory activity in the hippocampus
and the PFC. Thus, we aimed to investigate if there were
specific links between the altered oscillatory pattern and
the performance in the Y-maze.
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We classified correct vs.
incorrect alternations trials in the Y-
maze, see Fig. 5(A), and then we
analyzed the speed of movement,
power spectrum, coherence, and
theta/Jgamma modulation in the
CA1, in correct and incorrect
alterations.

The analysis of the speed of
movement, see Fig. 5(B), indicated
that there were no significant
differences associated with trial
type but to MK-801 administration

(f£3’13)= 26851, P = 0000,
n° = 0871, B = 1; baseline
correct vs. incorrect, speed:

0.12 + 0.007 vs. 0.10 = 0.009,
tey = 1.31, p = 0.260; MK-801
correct vs. incorrect: 0.18 + 0.01

vs. 0.17 + 0.013, tg = 1.9,
p = 0.12; correct baseline vs.
correct MK-801, tg = -7.08,
p = 0.000; incorrect baseline vs.

incorrect, tg = -5.158, p = 0.002).
This analysis helps us to rule out
possible relationships between the
speed and changes in oscillatory
activity during correct vs incorrect
trials.

Then, we looked at the different
oscillatory bands linked to spatial
navigation and working memory,
especially theta and gamma
activity, in the CA1 and PFC, and
the interaction between both
structures. We observed non-
significant differences that could be
accounted for by trial type in the
oscillatory activity in CA1 or PFC
for theta, low, and high gamma
oscillations, data not shown. Then,
we investigated if the theta/gamma

<

Fig. 5. Theta/lhigh gamma co-modula-
tion in CA1 and the PFC was signifi-
cantly different between correct and
incorrect trials. Dots indicate individual
animals. Lines connect values from the
same animal across correct and incorrect
trials. (A). Correct and incorrect trials. (B).
Significance difference in the speed of
movement was due to drug treatment but
not to trial type, correct vs. incorrect. (C—H),
GMI index for correct vs incorrect trials in
the CA1, PFC and CA1PFC. Significant
differences for trial types were found in the
CA1 area for theta/ high gamma modula-
tion. CA1-PFC theta low gamma modulation
significantly correlated with the performance
of mice in the y-maze. MK-801 administra-
tion disrupted this correlation. (J). Theta/
high gamma was significantly correlated
with the performance of mice in the Y-maze
after MK-801 administration.
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modulation was linked to the performance of mice
(Tamura et al, 2017). The analysis of the GMI in correct
vs. incorrect trials indicated a general pattern across dif-
ferent oscillatory bands and brain regions characterized
by an increase in the GMI index during incorrect trials.
This difference was only significant for CA10-CATHY
modulation; see Fig. 5(C—H) (CA1: baseline correct vs.
incorrect: tg = -3.945, p = 0.013).

As we found a trial-type relation with theta/gamma
modulation, we explored if this dimension of the
oscillatory activity could predict memory performance.
We could verify that CA16-PFCLY gamma modulation
strongly correlated with the Y-maze performance. This
correlation was disrupted after MK-801 administration.
On the other hand, CA16-PFCHY gamma modulation
significantly correlated with the behavior of mice in the
y-maze task after MK-801 administration.

DISCUSSION

In summary, our results replicated previous findings
regarding the effects of NMDAr blockade on exploratory
behavior and working memory. Moreover, NMDAr
blockade generated area-specific oscillatory changes in
the hippocampus and the PFC and altered the
relationship between theta/gamma co-modulation and
working memory, and the oscillatory activity and motor
behavior.

NMDAr blockade altered the relationship between
hippocampal oscillations and locomotion

In physiological conditions, different aspects of theta and
gamma oscillations correlate with the speed and the
acceleration of movement, mediating spatial cognition
(Whishaw and Vanderwolf, 1973; Chen et al., 2011;
Long et al., 2014; Kropff et al., 2021). This is further sup-
ported by the fact that the association strength between
theta and speed predicts the performance in spatial tasks
(Richard et al., 2013; Young et al., 2020). Previous
reports indicated that gamma activity was dominant
across different behavioral states. Our work further
demonstrated that MK-801 administration can disturb
the normal association between speed of movement
and oscillations, especially with respect to high gamma
activity and theta oscillations. By disrupting the relation-
ship between oscillatory activity and motor behavior,
NMDAr hypofunction might cause the loss of spatial infor-
mation in place cells, the impairment of the internal
odometer, and consequently the integration of egocentric
and allocentric information. This is further supported by
the fact that MK-801 can alter the functioning of head
direction cells (Housh et al, 2014).

NMDAr blockade differentially altered the oscillatory
activity in the hippocampus and PFC

Previous work indicated that NMDAr blockade produced
similar effects across different brain regions. However,
in  our experiments, MK-801 produced different
oscillatory profiles in the hippocampus and PFC. While
oscillatory changes in the CA1 were characterized by

changes in the gamma power, oscillatory activity under
MK-801 in the PFC was characterized by an increase in
theta, beta, high gamma, and HFO. Unlike in previous
reports (Olszewski et al., 2013), changes in the PFC oscil-
lations, including theta, gamma, HFO, etc., were main-
tained after bipolar derivation, as revealed by the
analysis of ratios, (baselines/experimental condition).
Reductions of hippocampal theta have been described
in previous work (Hargreaves et al., 1997; Kittelberger
etal., 2012; Kiss et al., 2013), however, there are reports
of theta augmentation in the PFC (Cui et al, 2022). We
believe that the differential effect in hippocampal theta
vs. PFC theta, indicates that the increase of theta power
in the PFC region is not propagated, or at least not by
the activity generated by the hippocampus which shows
no difference.

The emergence of HFO in the PFC following NMDAr
blockade is an intriguing phenomenon. We hypothesize
that this increase is possibly produced by the alteration
of the firing frequency of interneurons and pyramidal
neurons andfor the desynchronization of different
clusters of neurons (Homayoun and Moghaddam, 2007;
Ibarz et al., 2010). On the other hand, the strong relation-
ship between theta activity and high HFO oscillations sug-
gests that this could be organized by the local theta.

Our results indicate that MK-801 produced minor
changes in the dialogue between the hippocampus and
PFC as indicated by the frequency coherence analysis.
These changes in coherences valuesbetween the
hippocampus and the PFC did not affect theta
oscillations, associated with spatial working memory. On
the other hand, the theta/gamma modulation between
the hippocampus and PFC was significantly diminished
after MK-801 administration, indicating a role of NMDAr
in the interaction and coupling of different bands across
distantly located circuit nodes. As previously mentioned,
it is relevant to highlight that HFOs recorded in the PFC
were not modulated by hippocampal theta after NMDAr
blockade, further supporting the idea that HFOs in the
PFC are locally generated and independent of
hippocampal activity. The alteration of long-range
modulation and the local disruption of theta/gamma
activity might be caused by shared physiological
mechanisms in different structures.

The circuits connecting the hippocampus and the PFC
are complex. The PFC receives direct inputs from the
intermediate, ventral hippocampus, the subiculum, and
indirect inputs from the dorsal hippocampus through the
thalamic nucleus. Therefore, the different components of
the circuit might mediate different aspects of information
processing. Hence, future work should simultaneously
record from the dorsal and ventral hippocampus,
subiculum, relevant thalamic nuclei and the PFC
(Hoover and Vertes, 2007; Adhikari et al., 2009;
Sigurdsson and Duvarci, 2016; Tamura et al., 2017).

NMDAr blockade diminished theta/gamma co-
modulation

The co-modulation of different frequency oscillations,
especially theta/gamma, is key to the successful
organization of neuronal ensemble activity and
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information processing in local and long-range networks
(Sigurdsson et al.,, 2010; Buzsaki and Watson, 2012;
Lopez-Pigozzi et al., 2016; Navas-Olive et al., 2020).
MK-801 administration reduced thetajgamma co-
modulation in the CA1 and PFC. This decrease affected
low and high gamma bands, suggesting that theta/gamma
coordination depends on NMDAr normal function and
most probably on PV + interneurons (Korotkova et al.,
2010; Lopez-Pigozzi et al., 2016). The observed changes
in theta and gamma co-modulation activity might be asso-
ciated with modifications in neuron functioning including
changes in the firing rate, spike train organization, and
network/neuron loss of coherence (Homayoun and
Moghaddam, 2007; Jackson et al., 2004). Interestingly,
theta/gamma modulation increased across different tem-
poral epochs of the baseline and vehicle conditions. This
augmentation of theta/gamma modulation has been previ-
ously described and is thought to be a mechanism for
learning (Tort et al, 2009; Fernandez-Ruiz et al., 2017).
Our results indicate that MK-801 administration impaired
this process.

Correct and incorrect trials were explicitly associated
with thetalgamma co-modulation levels in the
hippocampus and the PFC

Previous work indicates the dialogue between the
hippocampus and the PFC is necessary for spatial
working memory in animal models of SCZ, (Sigurdsson
etal., 2010; Tamura et al., 2017). Oscillatory activity anal-
ysis of power and coherence of different oscillatory bands
revealed no relationship to working memory performance
either in the baseline or in MK-801 condition. However,
we observed that CA16-CA1THY co-modulation was
higher in the incorrect trials during the y-maze. A similar
pattern, although not statistically significant, was found
for PFCO-PFCY and CA10-PFCY. Moreover, CA10-
PFCY co-modulation correlated with the performance in
a specific manner: while CA16-PFCLY predicted the per-
formance in the y-maze during the baseline condition,
CA10-PFCHY presented a significant correlation with per-
formance during the MK-801 condition. Therefore CA16-
PFCLY modulation might be necessary for spatial work-
ing memory during normal conditions and CA10-PFCHY
co-modulation might be the result of high gamma domi-
nating the spectrum during NMDAr blockade. Although
there is evidence of the relevance of the dialogue
between CA1 and PFC in spatial working memory through
this oscillatory mechanism (Tamura et al., 2017), there is
no previous description of such a relationship in the con-
text of single-dose NMDAr antagonist rodents’ models for
SCZ (Hakami et al., 2009; Cui et al 2022). The distortion
of CA10-PFCY modulation might result in the disruption of
the temporal binding of neurons firing in the CA1 region
sending information to the PFC (Lisman and Jensen,
2013). Such disruption would break the temporal resolu-
tion needed for successful working memory and the gen-
eration of a functional disconnection between these two
areas. This mechanism might explain working memory
deficits and other cognitive symptoms observed in SCZ.

Different factors mediate the effects of NMDAr
hypofunction

Our study found that MK-801 alters the typical
relationship between oscillations and motor behavior,
theta/gamma co-modulation, and cognition. However,
the cellular mechanisms underlying these changes need
further investigation. Different cell types likely bear
different roles in NMDAr hypofunction’s pathophysiology.
This is supported by different work showing that the
expression of NMDAr on pyramidal neurons is
necessary for MK-801's disruption of the hippocampus
and PFC interaction, while NMDAr expression in
interneurons appears to mediate the motor effects of
MK-801 (Belforte et al., 2010; Carlén et al.,, 2012;
Bygrave et al., 2016; Hudson et al., 2020). Previous work
demonstrated different interneuron types differentially
affect oscillatory activity and cognitive function. Thus,
PV+ interneurons partial disconnection of the
excitatory-inhibitory circuits specifically affected gamma
rhythms and executive function, generating an SCZ-like
phenotype. On the other hand, a partial disconnection of
cholecystokinin  (CCK+) interneurons  specifically
affected theta oscillations, place cell firing, and spatial
cognition (del Pino et al., 2013; del Pino et al., 2017). Sim-
ilarly, we can expect a different function of NMDAr in dif-
ferent interneuron types. Scrutinizing these possible
differences by means of opto-tagging and manipulating
NMDAr activity during different conditions would help to
unveil the role of NMDAr in micro and macro circuits
involved in oscillatory activity, cognition, and the link
between both (Royer et al., 2012; Antonoudiou et al.,
2020). This manipulation should consider the dynamic
expression of NMDAr subtypes during neurodevelop-
ment, across brain regions (Monyer et al., 1994; Murillo
et al., 2021) and across neuronal types (von Engelhardt
et al., 2015).

To conclude, we have shown that NMDAr blockade by
MK-801 induced positive and cognitive symptoms,
altering the relationship between oscillations and
locomotion as well as impairing theta/gamma co-
modulation and its relationship with spatial working
memory performance. We also found that drug-induced
changes in oscillatory activity were brain area-specific.
NMDAr’s effect on different neuronal populations, and
their specific roles in different brain areas, might explain
the heterogeneity of the changes we observed under
MK-801. Further investigating how aberrant oscillatory
activity, other neuronal populations, and different
NMDAr subtypes contribute to SCZ’s behavioral and
cognitive deficits is necessary to understand the
mechanisms underlying this disorder.
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