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Abstract
Abnormal NMDAr function has been linked to rhythmopathies, psychosis, and cognitive
dysfunction in schizophrenia. Here, we investigate the role of NMDAr hypofunction in
pathological oscillations and behavior. We implanted mice with tetrodes in the dorsal
hippocampus and medial prefrontal cortex (mPFC) and administered them with the
NMDAr antagonist MK801, recording oscillations during spontaneous exploration in an
open field and in the y-maze spatial working memory test. Our results show that NMDAr
blockade increased locomotor activity and impaired spatial working memory. The
administration of MK801 disrupted the correlation between oscillations and speed of
movement, crucial for internal representations of distance. In the hippocampus, MK801
impaired gamma oscillations and theta/gamma coupling, while in the mPFC, it increased
the power of theta, gamma, and generated high-frequency oscillations (HFO 155-185
Hz). Spatial working memory tests in the y-maze revealed that theta/gamma coupling
was consistently higher in correct trials. Theta/gamma co-modulation mediated by
NMDAr function might be key to explain various of schizophrenia’s cognitive symptoms.
Further investigating NMDAr hypofunction’s role in the emergence of aberrant oscillatory
activity will improve our understanding of schizophrenia and inspire new treatments of
psychiatric disorders.

Keywords: Schizophrenia, oscillatory activity, hippocampus, prefrontal cortex,
NMDAr.

Highlights:

-

NMDAr blockade increases motor behavior and impairs spatial working memory.

-

NMDAr hypofunction differentially alters oscillatory activity in the hippocampus
and PFC.

-

NMDAr blockade generates locally modulated high-frequency oscillations in the
PFC.

-

Theta/gamma modulation, but also long-range theta/gamma modulation across
CA1 and the PFC is involved in spatial working memory.

-

NMDAr blockade disrupts the correlation between theta/gamma co-modulation
and spatial working memory performances.
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Introduction
Schizophrenia is a disabling disease characterized by negative, positive, and cognitive
symptoms e.g., lack of social interest, psychosis, working memory deficits (Owen et al.,
2016). A dominant theory about schizophrenia’s etiology is the dopaminergic hypothesis,
which posits that the disorder is caused by dopamine imbalance and is supported by the
therapeutic effects of anti-dopaminergic drugs (Ban, 2007; Meltzer & Stahl, 1976).
However, neuroleptic medications fail to treat negative and cognitive symptoms,
suggesting that multiple mechanisms are at play in the generation of schizophrenia’s
symptoms (Harvey et al., 2006; James et al., 2018; Kirkpatrick et al., 2006). The NMDAr
hypofunction hypothesis of schizophrenia may offer a complementary explanation of the
etiology of this disorder, including its cognitive symptoms. NMDAr antagonists can
induce schizophrenia-like symptoms in patients and healthy subjects (Adler et al., 1998;
Malhotra et al., 1997). Schizophrenic patients showed a reduced expression of NMDAr
in the dorsolateral prefrontal cortex (DLPFC), a brain region strongly involved in working
memory and executive function, generally impaired in schizophrenia (Beneyto & MeadorWoodruff, 2008; C. S. Weickert et al., 2013). NMDAr loss of function seems to
dysregulate dopamine levels (indirectly increasing striatal dopamine levels), linking
NMDAr function with the previously observed dopamine imbalance (Del Arco et al., 2008;
Vollenweider et al., 2000; Wȩdzony et al., 1993). Additionally, animal models of
schizophrenia based on NMDAr hypofunction successfully mimic the positive, negative,
and cognitive symptoms as well as structural brain changes observed in schizophrenic
patients (Abekawa et al., 2007; Eyjolfsson et al., 2006; Jodo, 2013; López-Gil et al.,
2007; Murueta-Goyena Larrañaga et al., 2017; Olney et al., 1999).

Finally, the

pharmacological blockade of NMDAr produces not only cognitive symptoms similar to
3
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those seen in schizophrenia but also its associated aberrant oscillatory activity and
interneuron dysfunction (Hakami et al., 2009; Hertzman et al., 1990; James et al., 2018;
Kristiansen et al., 2006; Lewis, 2012).
NMDAr hypofunction is thought to primarily act in schizophrenia on PV+ inhibitory
interneurons, decreasing their activity. Indeed, the deletion of NMDAr from parvalbuminpositive interneurons (PV+) in mice triggers cognitive symptoms recapitulating many of
those observed in humans (Belforte et al., 2010; Braff et al., 2001; Korotkova et al., 2010;
Mena et al., 2016; Weickert et al., 2000). At the cellular level, NMDAr hypofunction
induced by MK801 administration reduces the firing of GABAergic interneurons, which
in return increases the firing rate of excitatory pyramidal neurons (Homayoun &
Moghaddam, 2007; Jackson et al., 2004). Therefore, the NMDAr hypofunction
hypothesis offers a possible mechanism that links the cognitive deficits, the aberrant
oscillatory activity, and the interneuron dysfunction observed in schizophrenia, while at
least partially explaining some of the dopamine changes typically observed in patients
(Lewis, 2012; Moghaddam & Javitt, 2012; Uhlhaas & Singer, 2010)
Despite the accumulation of data regarding the role of NMDAr hypofunction at the level
of cellular and synaptic mechanisms, its relationship to cognition remains poorly
understood. Dizocilpine, or MK801, is an NMDAr antagonist that acts by noncompetitively blocking NMDAr’s voltage-dependent ion channels (Huettner & Bean,
1988). It is commonly used as a model of schizophrenia in rodents as it reproduces its
cognitive deficits, gamma power alterations, and the emergence of high-frequency
oscillations (HFO) across different brain regions (Adell et al., 2012; Lee et al., 2017).
Here, we aim to understand how NMDAr blockade by MK801 can affect oscillatory
activity, behavior, cognition, and the dialog between the hippocampus CA1 and
prefrontal cortex (PFC). These hippocampal regions are connected directly and indirectly
with the PFC (Hoover & Vertes, 2007) and their interaction is critical for executive
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function and schizophrenia (Jones & Wilson, 2005; Sigurdsson & Duvarci, 2016). We
were especially interested in determining the oscillatory correlates involved in spatial
cognition and decision-making in spatial working memory. For this reason, we recorded
simultaneously from the intermediate CA1 and the PFC and investigated the effect of
MK801-mediated NMDAr blockade in oscillatory activity, behavior, and spatial working
memory performance. Our results indicated that NMDAr blockade impaired spatial
working memory, generated area-specific changes in the hippocampus and the PFC,
and altered the relationship between oscillatory activity and motor behavior.
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Methods
Subjects
Male wild type mice C57, N=9, age p60 to p90 supplied by the UMH Servicio de
Experimentación 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. Our procedures were approved by the UMH-CSIC ethics
committee and met local and European guidelines for animal experimentation
(86/609/EEC).
In vivo recordings on freely moving mice
Microdrives, (Axona ltd) mounting four tetrodes (12 μm tungsten wire, California Fine
Wire Company, Grover Beach, CA, USA) were implanted under isoflurane anesthesia
(1.5%) while buprenorphine (0.05mg/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).
Data acquisition.
Electrophysiological recordings were obtained using a 16-channel headstage (Axona
Ltd, UK). (gain x1), with an infrared light-emitting diode (LED) to track mouse position (J.
R. Brotons-Mas et al., 2010; J. R. R. Brotons-Mas et al., 2017; delPino et al., 2013).
Signals were amplified (400 to 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
recordings (LFP), tetrodes were lowered to reach specific stereotaxic coordinates in the
mPFC. Unit activity, ripples (high-frequency events 1500-200Hz), and theta power were
used as electrophysiological landmarks to determine electrode location in the CA1
pyramidal layer. Once tetrodes were located in the target areas, we started our recording
protocols.
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 the local field potential. Running speed was computed based
on the animal’s position. Epochs of behavior in which the speed of movement was above
5 cm/s were included for analysis. In this way, we obtained similar behavioral episodes
6
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across the different conditions. To visualize the power spectrum, the spectral power (in
decibels 10log10) and spectrogram was built using the Thomson multi-taper method
included in Chronux (Bokil et al., 2010). A notch filter (50 Hz) was implemented to
eliminate electrical noise. Also, high-frequency noise (135-145 Hz) associated with
chewing artifacts and some motor behaviors were observed in the periodogram.
Therefore, to eliminate this noise, we did include for analysis this band. The functional
connectivity between the hippocampus and the prefrontal cortex was measured by
calculating frequency coherence. This measurement describes the degree of cooccurrence of different frequencies in the activity recorded across different areas. The
different bands’ coherence was calculated as the summatory of all coherence values
between the critical bands and expressed as arbitrary units (a.u.).
( [C,phi,S12,S1,S2,t,f,confC,phistd,Cerr]=cohgramc(data1,data2,movingwin,params) )
For LFP analysis, we segmented the signal in non-overlapping windows of 1 s. Then, we
calculated the power spectrum and obtained the theta/delta ratio to eliminate epochs
contaminated by mechanical artifacts. Finally, we calculated the power spectrum for
theta and low and high gamma bands and calculated the speed of movement for each
epoch to establish the possible correlation between oscillatory activity and movement
speed. We calculated theta and gamma activity power for epochs in which locomotor
activity was not present. We also performed a bipolar derivation, subtracting the signal
obtained from two channels in different tetrodes implanted in the PFC. This approach
should control for possible volume propagation from adjacent brain areas.

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
oscillations (155-185 Hz). The gamma and HFO envelopes were then calculated to
determine the power of the signal across the different theta cycles; the maximum and
minimum values were used to calculate an index of modulation.
GMI=(max-min)/(max+min).
Drug administration and dose
Before drug administration, a baseline recording was obtained. This condition served as
a baseline to calculate ratios of change for each condition. Mice were then injected
subcutaneously with MK801 (0.075 mg/kg) or with the vehicle solution. Recordings were
7
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initiated at the peak of drug bioavailability, 15 min after injection. Drugs were
administered following a counterbalanced scheme across alternate days, spacing the
recordings at least 48h to ensure that the drugs were fully metabolized.
Behavioral Protocol
Recordings were performed in the animal’s homes for several minutes to ensure that the
electrodes were placed in the CA1 pyramidal layer. Recordings were then performed
during spontaneous exploration in an open field of 50 x 50 cm. The animals were
subsequently left to rest for five minutes in their home cage before 8 minutes of y-maze
testing. After the last y-maze trial, mice were recorded in their home cage. The drug or
vehicle was administered, and the process started again.
Working memory in the y-maze
We used the y-maze to measure working memory. Testing 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 freely 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
visited an arm not visited recently, e.g., 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 correct triads using the
formula below:

We searched for different electrophysiological biomarkers of spatial working memory to
investigate normal and pathological mechanisms during memory performance in the ymaze. To this end, we analysed LFP epochs of 1s 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 in the different arms in one of the conditions, baseline or drug. This ensured the
sampling of a minimum of LFP epochs. As animals explore much less in the vehicle
condition, we center our analysis on the baseline-MK801 conditions, focusing the LFP
obtained in these sets of experiments and including N=7 mice.
Anatomical verification of electrode location
After completing experiments, animals were deeply anesthetized using sodium
pentobarbital (Euthanasol, 1 mL kg, i.p.) and transcardially perfused with saline and 4%
paraformaldehyde; the brains were removed, sliced in 40 µm sections, and prepared for
8
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Immunohistochemistry

against

DAPI,

NeuN

(Merck,ltd)

and

GFAP

(Adigene

technologies) for electrode localization.

Figure 1. Freely moving recordings. Mice were implanted with tetrodes in the hippocampus

CA1 and the PFC. Recordings were performed during freely moving exploration in an open
field. Sessions consisted of a 900s baseline recording followed by a second recording
performed after the administration of vehicle or MK801. The position and the speed of
movement were monitored (A). Spectrograms and power coherence were calculated for each
session B, C, D. Note the increases in gamma activity in CA1 and the appearance of HFO ) (155185 Hz) in the prefrontal cortex, (red squares) and increase in speed during the MK801
condition.
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Results

We aimed to determine the effects of NMDAr blockade on PFC and HC oscillatory activity
and spatial working memory. Our results indicated that NMDAr blockade generated areaspecific changes in the hippocampus and the PFC and altered the relationship between
oscillatory activity and motor behavior. We observed that theta-gamma modulation was
consistently higher during correct trials in the y-maze.
Behavioral effects of MK801

First, we characterized the activity of mice in the baseline vs. vehicle experiment. We
found that animals presented higher levels of activity during the baseline vs. the vehicle
condition. This was probed through a set of variables including speed of movement, total
distance run and immobility time (mean±se, baseline vs vehicle, m/s, 0.04±0.006 vs
0.03±0.004; t(8)= 4.39, p<0.01, distance (m), .45.22±7.5 vs 30.51±11.4; t(8)= 3.39, p<0.01,
% time, 48.32±64.45; t(8)= -5.5.3, p<0.001 ), see Fig 2.
Then, we sought to evaluate whether significant changes in locomotor behavior were
produced after NMDAr blockade. Exploratory and locomotor activity was increased after
MK801 administration, as revealed by the mean speed, total distance run and immobility
time (speed (m/s), 0.04±0.003 vs 0.11±0.009; t(8)= -8.6, p>0.001, distance (m), 47.1±7.5
vs 107.6±5.4; t(8)= -7.56

p>0.001,

% time, 49.03±4.11 vs 13.39±2.15; t(8)= 8.31,

p>0.001).
Anxious animals normally spend more time in the periphery and delay or cancel their
visits to the center of the open field, therefore to evaluate potential changes in anxietyrelated behavior, we measured the latency to visit the center of the open field The latency
to visit the open field’s center was significantly different between the vehicle and the
MK801 condition but not between the rest of the conditions (baseline vs vehicle,
83.84±51.7 vs 213.2±62.5, z=-1.955, p>0.05, baseline vs mk801, 87.49±47.98 vs
17.18±8.51, z=-1.955, p>0.05 vehicle vs Mk801, latency (s), z=2.521, p<0.05), see Fig
2E.
We looked for further differences between the vehicle and MK801 conditions, and
observed significant differences in speed, total distance run and immobility time, further
showing the augmented exploratory behavior after MK801 administration (m/s; t(8)= 8.9,
p>0.001, distance (m), t(8)= 7.19, p>0.001, % time, t(8)= -9.19, p>0.001). All significant
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differences were maintained after Bonferroni corrections (to account for the number of
comparisons) for p<0.05.
NMDAr blocking by MK801 administration reliably increased locomotor activity in mice
during open field spontaneous exploration.

Figure 2. MK801 increased exploration and locomotor behavior. A. Representative tracking
and dwelling time maps in the open field for the baseline, vehicle, and MK801 condition, note
the track covering almost all coordinates of the open field. B. Mean speed. C. Total distance
run. D. Total immobility time. E. Latency to visit the center of the open field. F. Probability of
occurrence of different speed intervals. Note the lower probability of low speed and the
higher probability of higher speeds after MK801 administration. Also, note the similarity of
behavioral parameters for the different baseline conditions across different days.
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MK801 impaired spatial working memory in the Y-maze.

Next, we investigated the activity of mice in the y-maze in the baseline vs vehicle
conditions.

As in the open field experiment, we observed changes in exploratory

behavior characterized by a reduction of exploration during the vehicle condition as
demonstrated by changes in the speed of movement, total distance run, immobility and
by the decreased number of y-maze arm entries (m/s, 0.052±0.005 vs 0.028±0.003; t(4)=
3.48, p<0.05, distance (m), 31.01 ±2.8 vs 17.23±1.82; t(4)= 3.4, p<0.05, immobility % ,
40.36±6.16 vs 64.9±4.8; t(4)= -3.102, p<0.05; entries 25±3.4 vs 14±2.1, z=-1.06, p>0.05),
see Fig 3. When we analyzed the baseline vs the MK801 condition, we observed
changes in speed of movement, total distance, no changes in the immobility time but an
increase in the total number of y-maze arm entries (m/s, 0.037±0.005 vs 0.07±0.01; t(6)=
-3.484, p<0.05, distance (m), 23.49 ±8.5 vs 38.02±4.9; t(6)= -3.29, p<0.05, immobility %,
57.22 ±6.3vs 38.9±7.3; t(6)= -2.378, p>0.05; entries 17±5.7 vs 39.2±6.3, z=2.366,
p<0.05).
To measure working memory, we evaluated the animals’ tendency to alternate between
different arms of the y-maze. The final score was calculated as the percentage of correct
triads performed, see methods and figure 3. We observed no significant change in
performance in the baseline vs. the vehicle condition (% of alternation, 59.08±7.9 vs
57.34±9.2; t(4)= 0.125, p>0.05.). On the other hand NMDAr blockade, clearly reduced
performance in the y-maze (% of alternation, 62.58±4.8 vs. 37.38±2.56; t(6)= 4, p<0.001),
see Fig 3F.
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Figure 3. MK801 impaired spatial working memory. A. Representative tracking and dwelling

time maps in the y-maze for the baseline, vehicle, and MK801 recordings. B. Mean speed was
reduced during the vehicle condition and increased after MK801 administration. This trend was
similar for the total distance run and the immobility times C and D. E. MK801 augmented the
number of visits to the different arms. F. Examples of correct and incorrect alternations. G. Lower
performance in the y-maze revealed a deficit in spatial working memory after NMDAr blockade.
H, I and J. Group performance was maintained for the y-maze across different days, but the
individual behavior did not correlate between trials of the same condition, e.g., baseline. No
significant correlations were found between the baselines and the experimental conditions
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Effect of MK801 on CA1 oscillations during spontaneous exploration

NMDAr blockade is thought to generate GABAergic interneuron dysfunction and
changes in oscillatory activity (Jackson et al., 2004; Lee et al., 2017). Oscillatory activity
is modulated by the behavioral state, especially the subject’s locomotor behavior (Long
et al., 2014). Here, we investigated how MK801 affected hippocampal and PFC
oscillations, as well as the dialogue between these areas. We first studied the
relationship between the speed of movement and CA1 theta/gamma oscillations. To
carry out this analysis, we segmented the signal in non-overlapping windows of 1s of
duration and calculated the power spectrum and movement speed, comparing them
across the different conditions.
In the relationship between oscillatory activity and speed of movement, between the
baseline and vehicle conditions, see Fig 4A, we found no significant differences for theta
and low gamma. However, the high gamma-speed correlation was significantly higher in
the vehicle condition than in the baseline (theta/speed, r=0.23±0.07 vs r=0.23±0.07,
t(8)=0.041, p>0.05, low gamma/speed, 0.11±0.05 vs 0.21±0.06, t(8)=-2.170, p>0.05 high
gamma/speed, 0.55±0.03 vs 0.62±0.03, t(8)=-3.46, p<0.05).
When we compared the baseline vs MK801 condition, we found that the correlation
between theta, low gamma and high gamma, was significantly lower after MK801
administration (theta/speed, r=0.21±0.06 vs r=0.03±0.06, t(8)=2.56, p<0.05,

low

gamma/speed, 0.11±0.06 vs -0.11±0.04, t(8)=6.82, p>0.001 high gamma/speed,
0.57±0.03 vs 0.39±0.05, z=-2.429, p<0.01).
Finally, we compared the vehicle vs MK801 condition, and found significant differences
in their correlations; speed vs theta, low and high gamma (theta/speed, t(8)=2.41, p<0.05,
low gamma/speed, t(8)=7.32, p<0.001 high gamma/speed, z=-2.666, p<0.01). All of these
differences were preserved after Bonferroni correction, except for that of the theta band.
Thus, NMDAr blocking by MK801 altered the relationship between CA1 oscillatory
activity and speed of movement.
Effect of MK801 on CA1 and PFC oscillatory activity.
To control for behavioral states as a potential confounding variable influencing oscillatory
activity, we calculated the power spectrum for the entire recording session over different
time windows (see Fig 1 for representative recordings and Fig 4 for results). Then, we
selected epochs of behavior in which the speed of movement was above 5 cm/s during
14
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at least > 2 sec. We observed an almost identical oscillatory profile in CA1 and PFC
when comparing baseline versus vehicle. We detected a small but significant increase
in beta power during the vehicle condition for the CA1 region (beta 16-29Hz (mean±se,
mV2, 0.00067±0.0001 vs 0.00077±0.0001 t(8)=-2.56, p>0.05). We found no significant
difference in theta frequency across recordings (mean±se, Hz, 8.10±0.2 vs 8.13±0.2, z=0.333, p>0.05).
For baseline vs MK801 comparisons, we analyzed the LFP recorded in CA1 and found
a significant shift towards higher theta frequencies in the MK801 condition (8.1±0.2 vs
8.8±0, t(8)=-8.315 p<0.001) with no changes in theta power, see Fig 4. When we looked
at other CA1 oscillatory bands, we found a significant decrease in the power of alpha 1216 Hz and beta 17-29 Hz, and a significant increase in the high band of gamma, 65-130
Hz. The PFC showed a different activity profile characterized by an increase in the power
of theta but no changes in theta frequency (6.9±0.5 vs 7.9±0.3 t(8)=-0.79 p>0.05). We
found a reduction in the alpha and beta bands and an increase in the high gamma band
65-130 Hz as well as a striking increase in HFO power (155-185 Hz). Part of the recorded
signal in the PFC might be volume propagated, so we performed the same analysis after
referencing the PFC signal to electrodes located in different tetrodes, implanted in the
PFC. This type of bipolar derivation is used to eliminate volume conductance from other
brain areas. The increase in theta, high gamma, and HFO were preserved after this
bipolar derivation, see Fig 4.
We completed this analysis in the CA1 LFP, looking at the power spectrum during
epochs in which movement speed was below 5 cm/s. This allowed us to test for possible
power spectral changes during non-exploratory behavior. In CA1, we found no significant
changes in the power of theta - neither in the baseline vs vehicle nor baseline vs MK801
(mV2, 0.0035±0.0.0006 vs 0.0036±0.0.0006 t(8)=0.607 p>0.05; 0.0043±0.0.0003 vs
0.0003±0.0.0008 t(8)=-1.022 p>0.05). When we looked at the low and high gamma band,
we observed that these were significantly increased in the MK801 condition (mV2, low
gamma, 0.0014±0.0.0007 vs 0.0019±0.0.0003, z=2.547 p<0.05; high gamma,
0.00061±0.0.0001 vs 0.0011±0.0.0002, z=2.666, p<0.05).
Finally, we calculated the ratio of change in the different bands between the
baseline/vehicle vs baseline/MK801. First, we selected those bands in which scores
were apparently different in the sample distribution. Significant changes in the CA1 were
found between 3-9 Hz, 13-20 Hz and between 30-130 130 Hz (mean±se, au, 1.04±0.03
vs 0.79±0.07 t(8)=3.058 9 p<0.05, 1.15±0.07 vs 0.77±0.03 z=-2.666 p<0.01; 1.7±0.06 vs
1.4±0.08 z=-2.31 p<0.05). These results indicated that delta, theta, alpha, and beta
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bands were lower in the MK801 ratio, but higher in the gamma band. In the monopolar
configuration of the PFC, the comparison between the ratios baseline/vehicle and
baseline/MK801 indicated that frequency bands between 0.9 to 16 Hz, including delta,
theta and alpha, and HFO were significantly increased in the MK801 condition (au,
0.99±0.03 vs 1.5±0.1 t(8)=-4.188, p<0.01, 1.25±0.2 vs 2.87±0.5). We then looked for the
ratio of change in the PFC after bipolar derivation. As with the single wire configuration,
the bipolar derivation detected significant changes between 0.9-16 Hz, 65-100 Hz and in
the HFO band (mean±se, au, 0.99±0.05 vs 1.5±0.1 t(8)=-2.737, p<0.05, 1.25±0.2 vs
2.87±0.5, t(8)=-3.212, p<0.05; 0.9±0.02 vs 1.8±0.3, t(8)=-2.612, p<0.05).
Thus, NMDAr blocking by MK801 affected oscillatory bands in the hippocampus and the
prefrontal cortex differently.
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Figure 4. MK801 administration disrupted oscillatory activity in the CA1 and the PFC. A.
Representative scatters plots for one animal. Speed vs theta, low and high gamma. B. Speed
vs oscillatory activity. MK801 widely disrupted theta and gamma relation with the speed of
movement. C. Baseline vs vehicle CA1: No significant difference was found between baseline
vs vehicle condition in CA1 except for the beta band, which power was higher during the vehicle
17
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condition. Data expressed in mV2, mean±se, baseline vs vehicle: Delta (0.9-3.9 Hz),
0.00020±0.000020 vs 0.00019±0.000020, t(8)=1.93 p>0.05; Theta (4-12 Hz), 0.0046±0.001 vs
0.0049±0.0003, t(8)=-2.181, p>0.05; alpha (12.1-16 Hz), 0.00030±0.000 vs 0.00031±0.000,
t(8)=-0.2001, p>0.05; beta (16.1-29 Hz), 0.00067±0.0001 vs 0.00074±0.0001, t(8)=-2.561,
p<0.05; low gamma (30-65 Hz) 0.0018±0.0002 vs 0.0009±0.0002 z=1.59, p>0.05; High gamma
(66-135 Hz) 0.000921±0.0002 vs 0.00140±0.0002, z=2.666, p>0.01; HFO (155-185 Hz),
0.00008± 0.00001 vs 0.0001± 0.00002, z=1.125, p>0.05. D. Baseline vs MK801 CA1.
Significant differences were found for alpha, beta and high gamma in the hippocampus CA1.
Delta (0.9-3.9 Hz), 0.00024±0.00003 vs 0.00023±0.00003, t(8)=0.636 p>0.05; Theta (4-12 Hz),
0.0051±0.001 vs 0.0045±0.001, t(8)=1.254, p<0.05; alpha (12.1-16 Hz), 0.00032± 0.0001vs
0.00025±0.0001 , t(8)=3.477, p>0.05; beta (16.1-29 Hz), 0,00085±0,0002 vs 0,0007±0.0001,z=2.192, p<0.05; low gamma (30-65 Hz) 0,0015±0.0003 vs 0.0018±0.0003, z=1.955, p>0.05;
High gamma (66-135 Hz) 0,00010± 0.000027 vs 0.00012± 0.00004, z=0.89, p>0.05; z=-0178,
p>0.05; HFO (155-185 Hz), 0,00009±0,00001 vs 0.00011± 0.00002, z=1.12 p>0.05. E. No
significant difference were found between baseline vs vehicle condition in oscillatory activity in
PFC.
mean±se, baseline vs vehicle, Delta
(0.9-3.9 Hz), 0.00026± 0.00005 vs
0.00024±0.00004, z=-0.178 p>0.05; Theta (4-12 Hz), 0.0012±0.0002 vs 0.0012±0.0001,
t(8)=0.547, p>0.05; alpha (12.1-16 Hz), 0.000081±0.00001 vs 0.000075±0.00001, t(8)=0.96,
p>0.05; beta (16.1-29 Hz), 0.00018±0.00002 vs 0.00017±0.00002, t(8)=1.942, p<0.05; low
gamma (30-65 Hz) 0.00021±0.00004 vs 0.00022±0.00014, z=1.48, p>0.05; High gamma (66135 Hz) 0.00013± 0.00003 vs 0.00015±0.00003, z=1.836, p>0.05; HFO (155-185 Hz),
0.000032±0.000005 vs 0,000044±0,00001, z=0.77, p>0.05. F. Baseline vs MK801 PFC.
Significant differences were found in theta, alpha, beta, high gamma and HFO. Delta (0.93.9 Hz), 0.00027± 0,00004 vs 0.00032± 0.00006, t(8)=-1.662, p>0.05; Theta (4-12 Hz),
0.0012±0.0002 vs 0.0021± 0.0021, t(8)=-3.931, p<0.01; alpha (12.1-16 Hz), 0.00007±0.00001
vs 0.00011± 0.00002, t(8)=-3.197, p<0.05; beta (16.1-29 Hz), 0.00018±0.00003 vs 0.00016±
0.00002, t(8)= 4,02, p<0.01; low gamma (30-65 Hz) 0.00020±0 0.00005 vs 0.00024± 0.00008,
z=1.95, p>0.05; High gamma (66-135 Hz) 0.00013± 0.00003 vs 0.00016± 0.00005, z=2.19,
p<0.05; HFO (155-185 Hz) 0.000026± 0.000004 vs 0.00006± 0.00001, z=2.310, p<0.05. G.
PFC bipolar derivation Baseline vs vehicle PFC. Significant differences were found in theta,
alpha, beta, high gamma and HFO. Delta (0.9-3.9 Hz), 0.00012± 0.00005 vs 0.000090±
0.00003, z=-1.481 p>0.05; Theta (4-12 Hz), 0.00053± 0.0003vs 0.00044± 0.0002, z=-1.481,
p>0.05; alpha (12.1-16 Hz), 0.000039±0.00001 vs 0.000075± 0.000019, z=-01362 p>0.05;
beta (16.1-29 Hz), 0.000081± 0.00002 vs 0.000077± 0.00002, z=-1.244 p>0.05; low gamma
(30-65 Hz) 0.00012± 0.00003 vs 0.00013± 0,00003, z=0.652, p>0.05; High gamma (66-135
Hz) 0.00010± 0.00003 vs 0.00010 ±0.00003, z=0.652, p>0.05; HFO (155-185 Hz),
0.000021±0.000007 vs 0.000019±0.000007, z=-1.125, p>0.05. H. PFC bipolar derivation
Baseline vs vehicle MK801. Similar results to single wire configuration were found after
bipolar derivation. Significant differences were present in the theta, alpha, beta, high gamma
and HFO bands: Delta (0.9-3.9 Hz), 0.00011± 0.00003 vs 0.00016± 0.00006, z=1.955 p>0.05;
Theta (4-12 Hz), 0.00041± 0.0002vs 0.00088± 0.0004, z=2.49, p<0.05; alpha (12.1-16 Hz),
0.000032±0.00001 vs 0.000047± 0.000019, z=2.49, p<0.05; beta (16.1-29 Hz), 0.000088±
0.00003 vs 0.00084± 0,00002, z=-1.244 p>0.05; low gamma (30-65 Hz) 0.00012± 0.00004 vs
0.00014± 0.00003, z=1.599, p>0.05; High gamma (66-135 Hz) 0.00010± 0.00003 vs 0.00012
±0.000004,
z=2.666, p<0.05; HFO (155-185 Hz), 0.000020±0.000008
vs
0.000032±0.000001, z=2.192, p<0.05.
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Effects of MK801 on theta-gamma and theta-HFO interactions in the CA1 and PFC

In the hippocampus, theta-gamma modulation proceeds in an organized manner, with
an increase in low gamma power, 30-60 Hz, after the peak of theta ( Buzsáki et al., 2003;
Valero & de la Prida, 2018). Based on previous work (Korotkova et al., 2010), we
calculated a theta/gamma modulation index (GMI). We obtained this index for the
analysis of LFPs recorded in the hippocampus and PFC. We calculated the GMI for low
gamma 30-65 Hz, high gamma, 66-130 Hz, and for theta-HFO co-modulation in the PFC.
Similar to previous work, we performed this analysis in the single-ended configuration
(Tamura et al., 2017).
The theta/gamma index calculated for the low gamma band significantly increased in the
vehicle condition vs the baseline (baseline vs vehicle, 0.23±0.03 vs 0.28±0.03, t(8)= 2.75,
p<0.05). On the other hand, MK801 significantly reduced theta/gamma co-modulation
(baseline vs MK801, 0.21±0.01 vs 0.14±0.01, t(8)=5.6, p<0.001). No significant changes
were observed for the high gamma band between baseline vs vehicle or baseline vs
MK801 (baseline vs vehicle, 0.22±0.03 vs 0.23±0.04; baseline vs MK801, 0.21±0.03 vs
0.19±0.02; t(8)= -0.33, p>0.05; t(8)= 1.4, p>0.05)
The analysis of the theta/gamma modulation in the PFC followed a similar profile to that
of CA1. Thus, GMI was higher for the low gamma in the vehicle condition vs the baseline
and was significantly reduced after NMDAr blockade (baseline vs vehicle, 0.13±0.001 vs
0.18±0.004, t(8)= -2.4, p<0.05, baseline vs MK801, 0.12±0.004 vs 0.05±0.009,; t(8)= 7.06,
p<0.001). In the high gamma band, we found higher GMI in the vehicle condition vs
baseline, which was lowered after MK801 administration (baseline vs vehicle, 0.11±0.01
vs 0.15±0.01, t(8)= -3.65, p>0.001; baseline vs MK801 0.09±0.01 vs 0.005 ±0.002,, t(8)=
9.04, p>0.001). We found that HFO was strongly influenced by the ongoing theta
recorded in the PFC, (baseline vs vehicle, 0.11±0.01 vs 0.12±0.01 t(8)= -0.52, p>0.05;
baseline vs MK801, 0.09±0.01 vs 0.26 ±0.003 , t(8)= -4.9, p<0.001), see Fig 5.
These data suggest that NMDAr blocking by MK801 impaired theta-gamma comodulation in the hippocampus, as well as theta-HFO co-modulation in the PFC during
spontaneous exploration.
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Figure 5. MK801 administration disrupted theta/gamma co-modulation. A, B. Local field
potential, wavelet, and filtered signal for theta and gamma in CA1 and PFC in the baseline
and after MK801 administration. C, D. Theta/gamma co-modulation was significantly altered
for low gamma after MK801 administration. Also, GMI was higher during the vehicle
condition for the low gamma. E, F. Similar results were found in PFC. G. Raw LFP recorded in
PFC, wavelet revealed the strong modulation of HFO after NMDAr blockade. H. HFO are
strongly modulated by theta activity in the PFC. This modulation is significantly higher than
in the baseline condition.

Effects of MK801 on hippocampal-PFC interaction during

spontaneous

exploration.

As a measure of brain area coordination, we investigated the coherence for each
frequency band in a single-ended electrode configuration. We observed no significant
changes in the baseline vs the vehicle condition. However, we found a marginal but
significant increase in the delta band coherence after MK801 administration, (0.60±0.005
vs 0.63±0.01, t(8)= -2.54, p<0.05). To control for possible signal volume propagated from
other regions, we calculated the same coherence values after applying a bipolar
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derivation. In this case, we observed a minimal but significant increase in the low gamma
band 30-65 Hz for the vehicle condition (0.54±0.002 vs 0.543±0.001, z=-2.07, p<0.05).
In the MK801 condition, the delta coherence augmentation was preserved but the alpha
band significantly increased (delta and alpha, 0.60±0.009 vs 0.62±0.01, t(8)= -3.64,
p<0.001; 0.55±0.006 vs 0.57±0.005, t(8)= -3.01, p<0.01 ), see Fig 6.
Long-range co-modulation of theta/gamma activity has been proven relevant for the
interaction of distant brain areas during spatial working memory tasks (Tamura et al.,
2017). Thus, we wanted to determine if the interaction between CA1 theta and PFC
gamma was altered after NMDAr blockade. We calculated the GMI between the ongoing
theta in CA1 and the gamma band recorded in the PFC, and found that theta/gamma
modulation was increased in the baseline vs vehicle condition for low, high gamma and
HFO (low gamma, 0.12±0.015 vs 0.17±0.019,t(8)= -4.61, p<0.01; high gamma,
0.087±0.01 vs 0.12±0.01, t(8)= -5.43, p<0.001; HFO, 0.07±0.01 vs 0.09±0.009, t(8)= -2.94,
p<0.01). After the administration of MK801, GMI was significantly reduced for low and
high gamma. However, we found no significant changes for the modulation index
between CA1 theta and PFC in the HFO (low gamma, 0.13±0.008 vs 0.06±0.004, t(8)=
4.77, p<0.01; high gamma, 0.08±0.007 vs 0.05 ±0.003, t(8)= -5.43, p<0.001; HFO,
0.07±0.004 vs 0.08±0.01, t(8)= -1.15, p>0.05), see Fig 6.
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Figure 6. MK801 administration altered CA1-PFC interaction. A,B. Coherence values for the

baseline vs vehicle and baseline vs MK081 obtained in single electrode configuration. A’, B’
coherence distribution for different bands. E,F,G CA1-PFC theta/gamma co-modulation and
theta/HFO co-modulation. Modulation index revealed higher values for the vehicle condition
vs the baseline. On the contrary, MK801 diminished theta/gamma co-modulation. HFO in the
OFC were not altered after MK801 vs the baseline
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Theta/gamma modulation is enhanced during correct alternations in the y-maze.

We classified correct vs incorrect alternations and then analyzed the power spectrum,
coherence, and theta/gamma modulation in the CA1 and PFC. Controlling for the
locomotor activity accompanying correct and incorrect alternations, we found no
difference in the speed of movement within the baseline and MK801 conditions between
correct and incorrect trials (baseline, correct vs incorrect, speed: 0.12±0.007 vs
0.10±0.009, t(8)= 1.31, p>0.05; MK801: 0.18± 0.01 vs 0.17± 0.013, t(6)=1.9, p<0.05), see
Fig 7.
First, we looked at the CA1 power spectrum in the baseline condition to establish the
oscillatory profile of successful retrieval. We found that theta power was numerically
higher in the correct vs incorrect alterations, however this change did not reach statistical
significance. We found no significant differences for the low and high gamma bands
(mV2, baseline, correct vs incorrect, theta: 0.0055±0.001 vs 0.0048±0.001, z= -1.352,
p>0.05; low gamma: 0.0016± 0.0004 vs 0.0015± 0.0004, z= - 0.169, p>0.05; high
gamma: 0.0011± 0.0004 vs 0.0011± 0.0004, z= -0.169, p>0.05). To determine if CA1
theta/gamma modulation was relevant for memory performance, we obtained the GMI
for low and high gamma in the CA1 region. We found significant differences in the thetalow gamma but not in the theta-high gamma modulation for the correct vs incorrect trials
(baseline, correct vs incorrect, theta/low gamma, 0.47± 0.03 vs 0.31± 0.01, t(6)= 4.93,
p>0.01; theta/high gamma, 0.34± 0.03 vs 0.291± 0.03, t(6)= 1.8, p>0.05).
Second, we looked at the PFC power spectrum in the baseline condition to establish the
oscillatory profile of successful retrieval. We observed no significant difference in the

power of theta, low gamma or high gamma (baseline, correct vs incorrect, theta power,
0.0011± 0.0002 vs 0.0012± 0.0002, t(6)= -1.4, p>0.05; low gamma power, 0.00020± 0.000
vs 0.00019± 0.000, z= -0.8451, p>0.05, high gamma, 0.00016± 0.0000 vs 0.00016±
0.0000, z=-2.194, p<0.05). We further investigated if theta/gamma modulation presented
a different pattern in the correct vs incorrect alternations. We found that theta/gamma,
low and high, co-modulation was stronger during successful memory retrieval (mean±se,
au, baseline, correct vs incorrect, theta/low gamma, 0.23± 0.03 vs 0.17± 0.03, z=-2.36,
p>0.05; theta/high gamma, 0.18± 0.01 vs 0.13± 0.02, t(6)= 11.06, p>0.001).
Looking at the communication between the hippocampus and the PFC, we did not find
significant differences in the coherence for theta, or for low and high gamma oscillations
between correct and incorrect alternations (au, baseline, correct vs incorrect, theta,
4.34± 0.18 vs 4.3± 0.22, t(6)=0.36, p<0.05; low gamma, 15.6± 0.53 vs 14.38±0.24 t(6)=
2.13, p<0.05; high gamma, 27.13± 0.8 vs 28.35±0.84 t(6)= -1.37, p<0.05). However, we
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found that both, theta/low and theta/high long range gamma co-modulation were
significantly higher during correct alternations (baseline, correct vs incorrect, theta/low
gamma, 0.37± 0.02 vs 0.25± 0.03, t(6)= 6.34, p>0.01; theta/high gamma, 0.25± 0.01 vs
0.16± 0.01, t(6)= 5.09, p>0.01).
After characterizing the oscillatory profile during memory retrieval in the baseline
condition, we sought to investigate the oscillatory activity associated with NMDAr
blockade and its accompanying spatial working memory impairments. We examined
CA1 oscillatory activity finding no significant differences in theta, low and high gamma
during correct vs incorrect alternations (mV2, MK801, correct vs incorrect, theta:
0.0049±0.001 vs 0.0045±0.001, t(8)= 1.404, p>0.05; low gamma: 0.0019± 0.0004 vs
0.0018± 0.0004, z= -1.118, p>0.05; high gamma: 0.0017± 0.0004 vs 0.0016± 0.0004,
t(6)= 0.247, p<0.05). When we looked at the CA1 theta/low and high gamma modulation
indexes in the correct vs incorrect alternations, we found that they were all higher in the
correct vs incorrect alternations (au, MK801, correct vs incorrect, theta/low gamma,
0.35± 0.02 vs 0.23± 0.01, t(6)= 7.1, p>0.001; theta/high gamma, 0.31± 0.03 vs 0.25± 0.02,
t(6)= 3.97, p>0.001). Next, we looked for possible changes in the PFC’s oscillatory activity
and observed significant difference in the theta band but not within the low and high
gamma oscillations (mV2, MK801, correct vs incorrect, theta: 0.0012±0.0002 vs
0.00014±0.0002, t(6)= -2.844, p>0.05; low gamma: 0.00020± 0.0002 vs 0.0025± 0.0001,
z=-0.507, p>0.05; high gamma: 0.00033± 0.0001 vs 0.00031± 0.0001, t(6)= 0.923,
p>0.05). Finally, we looked for PFC changes on the theta/gamma modulation, and found
that theta/gamma modulation, low and high bands, were significantly higher in the correct
vs incorrect trials (au, MK801, correct vs incorrect, theta/low gamma, 0.31± 0.02 vs 0.17±
0.01, t(6)= 8.55, p>0.001; theta/high gamma, 0.23± 0.03 vs 0.25± 0.02, t(6)= 3.97,
p>0.001). We found no significant differences for theta, low and high gamma coherence
between CA1 and PFC (MK801, correct vs incorrect, theta, 4.34± 0.18 vs 4.30± 0.22,
t(6)= 0.36, p<0.05; low gamma, 15.6± 0.53 vs 14.38± 0.24, t(6)= 2.13, p<0.01; high
gamma, 27.13± 0.8 vs 28.35± 2.24, t(6)= -1.3, p<0.05). To complete our analysis, we
looked for changes in the long-range theta/gamma co-modulation between CA1 PFC.
We found that theta/gamma modulation was higher for the low and high gamma bands
in the correct vs incorrect alternations (correct vs incorrect, theta/low gamma, 0.31± 0.02
vs 0.17± 0.01, t(6)= 8.55, p<0.01; theta/high gamma, 0.23± 0.01 vs 0.13± 0.01, t t(6)= 5.33,
p<0.01).
Therefore, theta/gamma co-modulation index was consistently higher in the correct vs
incorrect trials. For this reason, we explored if the theta/gamma co-modulation obtained
for the complete y-maze recording session correlated with the performance of mice in
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the baseline and in the MK801 condition (see Fig 8). We observed that the CA1 theta/
low gamma co-modulation was positively correlated with the performance but in a nonsignificant manner. On the other hand, hippocampal theta/ high gamma co-modulation
did not correlate with mice performance (CA1 theta/low gamma, r=0.397, p>0.05;
theta/high gamma, r=-0.02, p>0.05). Then we looked at theta/gamma co-modulation in
the PFC. We found that both theta/gamma co-modulation values presented high and
significant correlation with the performance of mice (PFC theta/low gamma, r=0.83,
p<0.05; theta/high gamma, r=0.86, p<0.05). Long-range co-modulation between CA1
and PFC was also investigated. We observed that CA1-PFC theta/low gamma comodulation significantly correlated with the performance while the high gamma
presented a positive but not significant correlation (CA1PFC theta/low gamma, r=0.86,
p<0.05; theta/high gamma, r=0.593, p>0.05). Then we investigated the effects of NMDAr
blockade in the relationship between theta/gamma co-modulation and performance. We
found that all correlations disappeared or were attenuated. not reaching statistical
significance (CA1 theta/low gamma, r=-0.26, p>0.05; theta/high gamma, r=0.2, p>0.05;
(PFC theta/low gamma, r=0.45, p>0.05; theta/high gamma, r=0.04, p>0.05; CA1PFC
theta/low gamma, r=0.537, p>0.05; theta/high gamma, r=0.6, p>0.05). These results
indicate that local and long-range theta/gamma co-modulation might be relevant for
memory performance in the y-maze and that MK801 administration disrupts the
communication between the CA1 and the PFC. To investigate this further, we also
explored possible relations between the power spectrum and coherence values during
the complete y-maze session and the animal’s performance. No significant correlation
was found for any of the frequency bands, neither in power nor coherence
(supplementary figure S2).
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Figure 7. Theta/gamma modulation is consistently higher in the correct trials during the y

maze. A. No significant differences were found for the speed of movement in correct vs
incorrect alternations. This indicates that changes in the LFP might not be accounted for by
the speed of movement. B, C,D,E,F,G. Theta/gamma modulation for the different bands shows
consistently higher values for the correct vs the incorrect alternations. This was similar in CA1,
PFC, and in the long-range CA1-PFC, co-modulation.
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Figure 8. Theta/gamma modulation during the y maze. Theta-co-modulation correlated
with the performance of mice in the baseline. This correlation was attenuated after NMDAr
blockade. A., B, C, D, E, F correlation values for the theta-gamma co-modulation with the
performance.
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Discussion
NMDAr blockade induced positive-like symptoms and spatial working memory
deficits
Positive symptoms such as hallucinations, delusions, or hyperactivity are one of the
hallmarks of schizophrenia (Owen et al., 2016). Throughout our experiments, MK801
induced hyperlocomotion in mice, increasing the speed of movement, exploratory time
and the total number of entries in the y-maze. The augmentation of motor behavior was
consistent in the open field and the y-maze and can be interpreted as reproducing
schizophrenia’s positive symptoms. This hyperactivity could be related to increased
levels of dopamine release in the striatum, possibly mediated by MK801’s action on
NMDAr in PV+ interneurons (Belforte et al., 2010; Bygrave et al., 2016; Carlén et al.,
2012).
Another of the hallmarks of schizophrenia is its associated cognitive deficits, especially
those related to executive function, which are accompanied by aberrant oscillatory
activity (Lewis, 2012; Uhlhaas & Singer, 2010). In agreement with previous work
(Bygrave et al., 2016), MK801 blockade impaired spatial working memory, a form of
executive function, in the y-maze memory test (Callicott et al., 2000; Miedel et al., 2017).
Therefore, NMDAr hypofunction might be at the heart of different positive and cognitive
symptoms observed in schizophrenia either directly or indirectly, e.g. mediating the
activity of dopamine levels.

NMDAr blockade altered the relationship between hippocampal oscillations and
locomotion
In physiological conditions, the power and the frequency of theta and gamma oscillations
correlate with the speed and the acceleration of movement, mediating spatial cognition
(Chen et al., 2011; Kropff et al., 2021; Long et al., 2014; Whishaw & Vanderwolf, 1973).
This is further supported by the fact that the association strength between theta and
speed predicts the performance in spatial tasks (Richard et al., n.d.; Young et al., 2020).
We observed that MK801 disturbed the normal association between movement speed
and theta and gamma activity. By changing the relationship between oscillatory activity
and motor behaviour, NMDAr hypofunction might cause the loss of spatial information in
neurons, the impairment of the internal odometer and the integration of egocentric and
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allocentric information as well as the functional disconnection between different brain
regions (Housh et al., 2014; Inostroza et al., 2013; Jackson et al., 2004; Terrazas et al.,
2005).
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, MK801 produced different oscillatory
profiles in the hippocampus and PFC. While oscillatory changes in the CA1 were
characterized by an increase in theta frequency and gamma power, oscillatory activity
under MK801 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
oscillations, including theta, gamma, HFO, etc. were maintained after bipolar derivation.
Reductions of hippocampal theta have been described in previous work ((Hargreaves et
al., 1997; Kiss et al., 2013; Kittelberger et al., 2012) and to our knowledge, there is no
previous evidence of theta power augmentation after NMDAr blockade. The differential
effect in hippocampal theta vs PFC, indicates that the increase of theta power in the PFC
region is most probably not propagated but locally generated.
The emergence of HFO in the PFC following NMDAr blockade is an intriguing
phenomenon, possibly produced by the alteration of the firing frequency of interneurons
and pyramidal neurons (Homayoun & Moghaddam, 2007) and the desynchronization of
different clusters of neurons (Ibarz et al., 2010). On the other hand, the strong
relationship between theta activity and high HFO oscillations suggests that higher
frequency phenomena are dependent on lower frequency events.
Our results indicate that MK801 produced a moderate effect in the coherence between
hippocampus and PFC involving Delta and Alpha frequency bands. We further observed
that the theta/gamma co-modulation between the hippocampus and PFC was diminished
after MK801 administration. 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 from hippocampal
activity. The alteration of long-range modulation and the local disruption of theta and
gamma activity might be generated by shared mechanisms.
The circuits connecting the hippocampus and the PFC are complex. The PFC receives
direct inputs from the intermediate and ventral hippocampus and indirect inputs from the
dorsal hippocampus through the thalamic nucleus. This complexity should be taken into
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account, and future work should aim to record from the dorsal and ventral hippocampus
and the PFC simultaneously (Adhikari et al., 2009; Hoover & Vertes, 2007; Tamura et
al., 2017).
NMDAr blockade diminished theta/gamma.
The co-modulation of different oscillations, especially theta/gamma, is key for the
successful organization of neuronal ensemble activity and information processing in local
and long-range networks (György Buzsáki & Watson, 2012; Lopez-Pigozzi et al., 2016;
Navas-Olive et al., 2020; Sigurdsson & Duvarci, 2016). MK801 administration reduced
theta/gamma 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 hippocampal theta and gamma activity might be
associated with modifications in neuron activity involving the firing rate, spike train
organization, and network/neuron loss of coherence (Homayoun & Moghaddam, 2007).
Previous work indicates that hippocampal theta power, the coherence between the
hippocampus and the PFC, and theta/gamma co-modulation is necessary for spatial
working memory (Sigurdsson et al., 2010; Tamura et al., 2017). We found no significant
changes in theta and gamma coherence between CA1 and PFC during correct vs
incorrect trials in the baseline and MK801 conditions. On the other hand, theta-gamma
co-modulation was significantly higher in the LFP recorded in the CA1 and PFC for
correct trials, in the baseline and the MK801 conditions. We observed that this increase
was also present in the CA1-PFC long-range theta-gamma co-modulation, again, in both
conditions. We could also observe that theta/gamma co-modulation in PFC and between
CA1 and the PFC predicted animal performance in the y-maze. However, we found no
significant changes in theta and gamma coherence between CA1 and the PFC during
correct vs incorrect trials. Therefore, theta/gamma modulation might be necessary for
spatial working memory, helping the coordination of local and long-range networks and,
the reduction of theta/gamma PFC and CA1 co-modulation could reflect the
disorganization of local and distal circuit interaction, altering information processing that
in turn disrupts normal behavior and cognition.

The effects of NMDAr hypofunction might be mediated by different factors
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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 are not well understood. It is likely that different
cell types bear different roles in NMDAr hypofunction’s pathophysiology. While the
expression of NMDAr on pyramidal neurons seems necessary for MK801’s alteration of
the interaction between the hippocampus and PFC, NMDAr expression in interneurons
appears to mediate the motor effects of MK801 (Belforte et al., 2010; Bygrave et al.,
2016; Carlén et al., 2012; Hudson et al, 2020).
With respect to interneurons, previous work demonstrated that partial disconnection of
PV+ interneurons in excitatory-inhibitory circuits specifically affected gamma rhythms
and executive function, generating a schizophrenia-like phenotype. On the other hand,
a similar manipulation of cholecystokinin (CCK+) interneurons specifically affected theta
oscillations and spatial cognition (Del Pino et al., 2017; delPino et al., 2013). Scrutinizing
the role of different interneuron types by means of opto-tagging and manipulating NMDAr
activity during different conditions would help unveil the micro and macro circuits involved
in oscillatory activity, cognition, and the link between both(Antonoudiou et al., 2020;
Royer et al., 2012).
The dynamic expression of NMDAr subtypes during neurodevelopment, across brain
regions (Monyer et al., 1994; Murillo et al., 2021) and across neuronal types (Engelhardt
et al., 2015) may explain how distinct neurons are responsible for schizophrenia’s
symptoms. Therefore, investigating the role of unconventional receptors, e.g. NMDAr
containing the GluN3A subunit, might help us understand the different roles of NMDAr
subunits in schizophrenia. The differential expression of these receptors in the adult brain
with high levels of GluN3A subunits preserved in the PFC and the ventral hippocampus
might indicate a relevant role of these subunits in the dialog between the hippocampus
and PFC (Murillo et al., 2021; Otaño et al, 2016).
To conclude, we showed that NMDAr blockade by MK801 induced positive and cognitive
symptoms, altering the relationship between oscillations and locomotion and impairing
theta/gamma co-modulation. We also found that changes in oscillatory activity were brain
area-specific. NMDAr’s effect on different neuronal populations, and these neuronal
population’s specific roles in different brain areas, might explain the heterogeneity of the
changes we observe under MK801. Therefore, further investigating how aberrant
oscillatory activity, other neuronal populations, and different NMDAr subtypes contribute
to schizophrenia’s behavioral and cognitive deficits will be crucial to fully understand the
mechanisms underlying this disorder and discover new therapies.
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Supplementary

Figure S1. A. Hippocampal theta activity was significantly higher during right vs wrong trials
in the baseline condition. B and C. No changes in low and high gamma were found. D, E, and
F. No changes in oscillatory power were found in the PFC. E, F, and G. Similarly, no changes
in coherence were found.
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Figure S2. Mean power values for the different oscillatory bands and coherence were not
correlated with performance in the y-maze.
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Figure S3. Approximated location of electrode positions. Electrodes were implanted in CA1
(AP: -2-2.5, M-L:1.2 V: 0.6 mm) and PFC (AP: 1-2, M-L:0.5-1, V: 1.2-1.9 mm). Electrode
recording sites were obtained from anatomical analysis and implanting coordinates. In the
case of two animals, the electrode location was inferred uniquely from implant coordinates.
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