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Abstract

Disrupted-in-schizophrenia 1 (DISC1) gene represents an intracellular hub of developmental processes. When combined
with early environmental stressors, such as maternal immune activation, but not in the absence of thereof, whole-brain
DISC1 knock-down leads to memory and executive deficits as result of impaired prefrontal–hippocampal communication
throughout development. While synaptic dysfunction in neonatal prefrontal cortex (PFC) has been recently identified as
one source of abnormal long-range coupling, the contribution of hippocampus (HP) is still unknown. Here, we aim to fill this
knowledge gap by combining in vivo electrophysiology and optogenetics with morphological and behavioral assessment of
immune-challenged mice with DISC1 knock-down either in the whole brain (GE) or restricted to pyramidal neurons in
hippocampal CA1 area (GHPE). We found abnormal network activity, sharp-waves, and neuronal firing in CA1 that
complement the deficits in upper layer of PFC. Moreover, optogenetic activating CA1 pyramidal neurons fails to activate the
prefrontal local circuits. These deficits that persist till prejuvenile age relate to dendrite sparsification and loss of spines of
CA1 pyramidal neurons. As a long-term consequence, DISC1 knock-down in HP leads to poorer recognition memory at
prejuvenile age. Thus, DISC1-controlled developmental processes in HP in immune-challenged mice are critical for circuit
function and cognitive behavior.
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Introduction
Highly dynamic processes control the wiring of neural circuits
during development. At its end, reliable communication
between brain areas accounts for the complex behavioral
abilities of an adult. For example, the coactivation of prefrontal
and hippocampal networks in theta–gamma oscillatory rhythms
is critical for the precise information flow in mnemonic and
executive tasks (Siapas et al. 2005; Spellman et al. 2015; Backus
et al. 2016; Eichenbaum 2017). This prefrontal–hippocampal
coupling emerges early in life, and the unidirectional drive from
the CA1 pyramidal neurons boosts the initial entrainment of
local circuits across prefrontal layers (Brockmann et al. 2011;
Bitzenhofer et al. 2017b; Ahlbeck et al. 2018). The long-range
coupling during development has been proposed to critically
contribute to the adult function and cognitive abilities. On
the flip side, disease-related dysfunction and poor behavioral
performance might result from developmental miswiring (Chini
et al. 2020).

The maturation of connectivity and functional coupling
within the brain is controlled by numerous cell autonomous
processes as well as extracellular and environmental factors.
Disrupted-in-schizophrenia 1 (DISC1) is an intracellular scaffold
protein that has been identified as an intracellular hub of
developmental processes, in particular synapse regulation
(Narayan et al. 2013). Despite its name, DISC1 is unlikely to
be a “genetic” factor causing schizophrenia (Sullivan et al.
2012; Ripke et al. 2013). Instead, DISC1 has been proven to
illustrate the relevance of abnormal development for multiple
mental conditions, because it orchestrates molecular cascades
hypothesized to underlie disease-relevant physiological and
behavioral deficits (Cuthbert and Insel 2013). Mouse models
mimicking DISC1 dysfunction have impaired memory and
attention as results of disrupted prefrontal–hippocampal
circuits (Koike et al. 2006; Niwa et al. 2010; Kvajo et al. 2011;
Saito et al. 2016; Crabtree et al. 2017). These deficits are more
prominent when environmental stressors, such as maternal
immune activation (MIA) additionally disrupt the Disc1 locus
(Cash-Padgett et al. 2013a; Lipina et al. 2013). This might be
due to the fact that mutated DISC1 modulates the basal or
MIA-induced cytokine production by interfering with glycogen
synthase kinase-3 (Beurel et al. 2010).

Since DISC1 controls the developmental molecular cascades,
it is likely that its dysfunction decisively contributes to early
miswiring. Indeed, recent findings revealed that abnormal DISC1
expression perturbs the maturation of prefrontal–hippocampal
coupling (Hartung et al. 2016; Oberlander et al. 2019; Xu et al.
2019; Chini et al. 2020). Immune challenged mice with a whole-
brain truncated form of DISC1 (dual-hit GE mice) have disorga-
nized oscillatory activity as well as weaker coupling and directed
interactions between prefrontal cortex (PFC) and hippocampus
(HP) at neonatal age. In contrast, the activity patterns and com-
munication within prefrontal–hippocampal networks as well as
the early cognitive abilities were largely unaffected in single-hit
genetic (G) (only DISC1 knock-down) or environmental (E) (only
MIA) mouse models (Hartung et al. 2016; Oberlander et al. 2019).

The early dysfunction of dual-hit GE mice might result
from abnormal activity in either one or both brain areas
or from disrupted projections from HP to PFC. Recently, we
identified transient neonatal synaptic deficits of prefrontal
layer 2/3 pyramidal neurons as one mechanism underlying the
abnormal prefrontal–hippocampal communication throughout
development (Xu et al. 2019; Chini et al. 2020). However, it is

unknown whether developmental dysfunction in HP and/or
abnormal prefrontal–hippocampal connectivity contributes to
the disrupted prefrontal–hippocampal communication. Here,
we address this open question by using in utero electroporation
(IUE) to knock down DISC1 in CA1 pyramidal neurons of
intermediate/ventral HP (i/vHP) during perinatal development in
mice exposed to MIA (dual-hit GHPE mice). We combined in vivo
electrophysiology with optogenetics to provide direct evidence
for the causal contribution of hippocampal pyramidal neurons
to the deficits of prefrontal-hippocampal coupling in GHPE mice
throughout development.

Materials and Methods
All experiments were performed in compliance with the German
laws and the guidelines of the European Community for the use
of animals in research and were approved by the local ethical
committee (015/17, 015/18). Timed-pregnant C57BL/6 J mice from
the animal facility of the University Medical Center Hamburg-
Eppendorf were used. The day of vaginal plug detection was
defined as gestational day(G) 0.5, whereas the day of birth was
defined as postnatal day(P) 0.

Experimental Design

Multisite extracellular recordings and behavioral testing were
performed on pups of both sexes during neonatal development
(i.e., P8–P10) as well as during prejuvenile development (i.e.,
P16–P23). None of the investigated parameters differed between
males and females, thus, data for both sexes were pooled. In
this study, we applied IUE with short-hairpin RNA (shRNA) to
DISC1 (5′-GGCAAACACTGTGAAGTGC-3′) under H1 promoter-
driven pSuper plasmid to knock down the DISC1 in CA1 of i/vHP.
A scrambled target sequence without homology to any known
messenger RNA (5′-ATCTCGCTTGGGCGAGAGT-3′) was used as
control shRNA. Two genetically engineered mutant mouse mod-
els were investigated. First, heterozygous genetically engineered
mutant DISC1 mice carrying a Disc1 allele (Disc1Tm1Kara) on
a C57BL6/J background were used. Due to two termination
codons and a premature polyadenylation site, the allele
produces a truncated transcript (Kvajo et al. 2008). Genotypes
were determined using genomic DNA and following primer
sequences: forward primer 5′-TAGCCACTCTCATTGTCAGC-3′,
reverse primer 5′-CCTCATCCCTTCCACTCAGC-3′. DISC1 whole-
brain knock-down mice were transfected by IUE with control
shRNA+ pAAVCAG-tDimer2 or control shRNA+ pAAV-CAG-
ChR2(E123T/T159C)-2A-tDimer2 at G15.5. Control shRNA had
no effects on the network activity and prefrontal–hippocampal
coupling at neonatal and prejuvenile ages. The resulting
offspring mimicking the dual genetic-environmental etiology of
mental disorders were classified in GE mice (whole-brain DISC1
knock-down + MIA). Second, C57BL/6J mice with DISC1 knock-
down confined to HP were engineered through transfection
with DISC1 shRNA. Mice were transfected by IUE with DISC1
shRNA+ pAAVCAG-tDimer2 or DISC1 shRNA+ pAAV-CAG-
ChR2(E123T/T159C)-2A-tDimer2 at G15.5. The resulting offspring
mimicking the dual genetic-environmental etiology of mental
disorders were classified in GHPE mice (hippocampal DISC1
knock-down + MIA). Both two mouse models were challenged
by MIA, using the viral mimetic polyinosinic:polycytidylic acid
(poly I:C, 5 mg/kg) injected intravenous (i.v.) into the pregnant
dams at gestational day G9.5. The offspring of wild-type C57BL/6J
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dams injected at G9.5 with saline (0.9%, i.v.) were transfected
with control shRNA+pAAV-CAG-tDimer2 or control shRNA+
pAAV-CAG-ChR2(E123T/T159C)-2A-tDimer2 and were classified
in control mice (CON).

In Utero Electroporation
Starting 1 day before and until 2 days after surgery, timed-
pregnant C57BL/6J mice received on a daily basis additional
wet food supplemented with 2–4 drops Metacam (0.5 mg/ml,
Boehringer-Ingelheim, Germany). At G15.5, pregnant mice were
injected subcutaneously with buprenorphine (0.05 mg/kg body
weight) 30 min before surgery. The surgery was performed
on a heating blanket and toe pinch and breathing were
monitored throughout. Under isoflurane anesthesia (induction:
5%, maintenance: 3.5%), the eyes of the dam were covered
with eye ointment to prevent damage before the uterine horns
were exposed and moistened with warm sterile phosphate
buffered saline (PBS, 37◦C). Solution containing 1.25 μg/μL
DNA [pAAV-CAG-ChR2(E123T/T159C)-2A-tDimer2, or pAAV-
CAG-tDimer2, or shRNA to DISC1 together with pAAV-CAG-
tDimer2 (molar ratio = 3:1)] and 0.1% fast green dye at a volume
of 0.75–1.25 μL were injected into the right lateral ventricle of
individual embryos using pulled borosilicate glass capillaries
with a sharp and long tip. Plasmid DNA was purified with
NucleoBond (Macherey-Nagel). The 2A encodes for a ribosomal
skip sentence, splitting the fluorescent protein tDimer2 from
the opsin during gene translation. To target i/vHP, a tri-polar
approach was used (Szczurkowska et al. 2016). Each embryo
within the uterus was placed between the electroporation
tweezer-type paddles (5 mm diameter, both positive poles,
Protech) that were oriented at 90◦ leftward angle from the
midline and a 0◦ angle downward from anterior to posterior.
A third custom build negative pole was positioned on top of the
head roughly between the eyes. Electrode pulses (30 V, 50 ms)
were applied six times at intervals of 950 ms controlled by an
electroporator (CU21EX, BEX). By these means, neural precursor
cells from the subventricular zone, which radially migrate into
the i/vHP CA1 area, were transfected. The expression was
confined to HP and no neighboring neocortical areas were
transfected. Uterine horns were placed back into the abdominal
cavity after electroporation. The abdominal cavity was filled
with warm sterile PBS (37◦C) and abdominal muscles and skin
were sutured individually with absorbable and nonabsorbable
suture thread, respectively. After recovery, pregnant mice were
returned to their home cages, which were half placed on a
heating blanket for 2 days after surgery.

Surgery for In Vivo Electrophysiological Recordings
and Light Stimulation
For neonatal (P8–10) recordings in nonanesthetized state, 0.5%
bupivacain/1% lidocaine was locally applied on the neck mus-
cles. For prejuvenile (P20–23) recordings under anesthesia, mice
were injected intraperitoneally (i.p.) with urethane (1 mg/g body
weight; Sigma-Aldrich) prior to surgery. For both age groups,
under isoflurane anesthesia (induction: 5%, maintenance: 2.5%),
the head of the pup was fixed into a stereotaxic apparatus using
two plastic bars mounted on the nasal and occipital bones with
dental cement. The bone above the PFC (0.5 mm anterior to
bregma, 0.1–0.5 mm right to the midline), HP (3.5 mm posterior to
bregma, 3.5 mm right to the midline) was carefully removed by
drilling a hole of <0.5 mm in diameter. After a 10 min recovery
period on a heating blanket, mouse was placed into the setup

for electrophysiological recording. Throughout the surgery and
recording session the mouse was positioned on a heating pad
with the temperature kept at 37◦C.

Electrophysiological Recordings
A four-shank electrode (NeuroNexus) containing 4 x 4 recording
sites (0.4–0.8 MΩ impedance, 100 μm spacing, 125 μm inter-
shank spacing) was inserted into the prelimbic (PL) subdivision
of PFC. A one-shank optoelectrode (NeuroNexus) containing 1
x 16 recordings sites (0.4–0.8 MΩ impedance, 50 μm spacing)
aligned with an optical fiber (105 mm diameter) ending 200 μm
above the top recording site was inserted into CA1 area. A silver
wire was inserted into the cerebellum and served as ground
and reference electrode. Extracellular signals were band-pass
filtered (0.1–9000 Hz) and digitized (32 kHz) with a multichannel
extracellular amplifier (Digital Lynx SX; Neuralynx) and the
Cheetah acquisition software (Neuralynx). Spontaneous (i.e., not
induced by light stimulation) activity was recorded for 20 min at
the beginning of each recording session as baseline activity. The
position of recording electrodes in the PL and CA1 area of i/vHP
was confirmed post mortem. Wide field fluorescence images
were acquired to reconstruct the recording electrode position
in brain slices of electrophysiologically investigated pups and to
localize tDimer2 expression in pups after IUE. Only pups with
correct electrode and transfection position were considered for
further analysis. In PL, the most medial shank was inserted to
target layer 2/3, whereas the most lateral shank was located into
layer 5/6. For the analysis of hippocampal local field potential
(LFP), the recording site located in the pyramidal layer, where
sharp waves (SPWs) reverse (Bitzenhofer and Hanganu-Opatz
2014) was selected to minimize any nonstationary effects of
large amplitude events. For the analysis of hippocampal firing,
two channels above and two channels below the site used for
LFP analysis were additionally considered.

Light Stimulation
Pulsatile (laser on–off, 3 ms-long, 8 Hz) or ramp (linearly increas-
ing power, 3 s-long) light stimulations were performed with
an arduino uno (Arduino) controlled diode laser (473 nm; Omi-
cron). Laser power was adjusted to trigger neuronal spiking in
response to >25% of 3 ms-long light pulses at 8 Hz. Resulting
light power was in the range of 20–40 mW/mm2 at the fiber tip.

Behavioral Experiments
The exploratory behavior and recognition memory of CON,
GHPE, and GE mice were tested at prejuvenile age (P16–20)
using previously established experimental protocols (Kruger
et al. 2012). Briefly, all behavioral tests were conducted in a
custom-made circular white arena, the size of which (D: 34 cm,
H: 30 cm) maximized exploratory behavior, while minimizing
incidental contact with testing objects (Heyser and Ferris 2013).
The objects used for testing of novelty recognition were six
differently shaped, textured and colored, easy to clean items
that were provided with magnets to fix them to the bottom
of the arena. Object sizes (H: 3 cm, diameter: 1.5–3 cm) were
smaller than twice the size of the mouse and did not resemble
living stimuli (no eye spots, predator shape). The objects were
positioned at 10 cm from the borders and 8 cm from the center
of the arena. After every trial the objects and arena were cleaned
with 0.1% acetic acid to remove all odors. A black and white CCD
camera (VIDEOR TECHNICAL E. Hartig GmbH) was mounted
100 cm above the arena and connected to a PC via PCI interface
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serving as frame grabber for video tracking software (Video Mot2
software, TSE Systems GmbH).

Exploratory Behavior in the Open Field
Mice (P15) were habituated to the arena by freely exploring the
arena during two 10-min sessions 1 day before the OF task. The
next day, mice (P16) were allowed to freely explore the testing
arena for 10 min. Additionally, the floor area of the arena was
digitally subdivided in 8 zones (4 center zones and 4 border
zones) using the zone monitor mode of the VideoMot 2 analysis
software (VideoMot 2, TSE Systems GmbH). The time spent by
pups in center and border zones, as well as the running distance
and velocity were quantified.

Novelty Recognition Paradigms
All protocols for assessing item recognition memory in P17
mice consisted of familiarization and testing trials (Ennaceur
and Delacour 1988). In the novel object recognition (NOR) task,
during the familiarization trial each mouse was placed into
the arena containing two identical objects and released against
the center of the opposite wall with the back to the objects.
After 10 min of free exploration of objects, the mouse was
returned to a temporary holding cage. Subsequently, the test
trial was performed after a delay of 5 min postfamiliarization.
The mice were allowed to investigate one familiar and one novel
object with a different shape and texture for 5 min. Since some
mice lost interest to achieve the tasks even before the end of
investigation time, object interaction during the first 3 min was
analyzed and compared between the groups. Discrimination
ratio was calculated as (time spent interacting with novel object
– time spent interacting with the familiar object)/(time spent
interacting with novel object + time spent interacting with the
familiar object).

In the recency recognition (RR) task, tested at P19–20, mice
experienced two 10 min-long familiarization trials with two dif-
ferent sets of identical objects that were separated by a delay of
30 min. The second familiarization trial was followed after 5 min
by a test trial in which one object used in the first and one object
used in the second more recent familiarization trial were placed
in the arena at the same positions as during the familiarization
trials. Object interaction during the first 3 min was analyzed
and compared between the groups. All trials were video-tracked
and the analysis was performed using the Video Mot2 analysis
software. The object recognition module of the software was
used and a three-point tracking method identified the head,
the rear end and the center of gravity of the mouse. Digitally,
a circular zone of 1.5 cm was created around each object and
every entry of the head point into this area was considered as
object interaction. Climbing or sitting on the object, mirrored by
the presence of both head and center of gravity points within
the circular zone, were not counted as interactions. Discrim-
ination ratios were calculated as (time spent interacting with
more recent object – time spent interacting with less recent
object)/(time spent interacting with more recent object + time
spent interacting with less recent object).

Histology and Immunohistochemistry
Histological procedures were performed as previously described
(Bitzenhofer et al. 2017b; Oberlander et al. 2019; Xu et al.
2019). Briefly, P8–10 and P20–23 mice were anesthetized with
10% ketamine (aniMedica)/2% xylazine (WDT) in 0.9% NaCl
solution (10 μg/g body weight, i.p.) and transcardially perfused

with Histofix (Carl Roth) containing 4% paraformaldehyde.
Brains were postfixed in Histofix for 24 h and sectioned
coronally at 50 mm (immunohistochemistry) or 100 mm (Sholl
and spine analysis). Free-floating slices were permeabilized
and blocked with PBS containing 0.8% Triton X 100 (Sigma-
Aldrich), 5% normal bovine serum (Jackson Immuno Research)
and 0.05% sodium azide. Subsequently, slices were incubated
with mouse monoclonal Alexa Fluor-488 conjugated antibody
against NeuN (1:200, MAB377X, Merck Millipore) or the rabbit
polyclonal primary antibody against DISC1 (1:250, 40–6800,
Thermo Fisher Scientific), followed by 2 h incubation with
Alexa Fluor-488 goat anti-rabbit IgG secondary antibody (1:500,
A11008, Merck Millipore). Slices were transferred to glass slides
and covered with Fluoromount (Sigma-Aldrich). Wide-field
fluorescence images were acquired to reconstruct the recording
electrode position and the location of tDimer2 expression. High-
magnification images were acquired by confocal microscopy
(DM IRBE, Leica) to quantify DISC1 expression. For this, the
fluorescence intensity of DISC1 in tDimer2-positive neurons
was calculated. All images were similarly processed and
analyzed using ImageJ software.

Neuronal Morphological Analysis
Microscopic stacks were examined on a confocal microscopy
(DM IRBE, Leica Microsystems, Zeiss LSN700). Stacks were
acquired as 2048 × 2048 pixel images (pixel size, 78 nm; Z-step,
500 nm). Sholl analysis and spine density quantification were
carried out in the ImageJ environment. For Sholl analysis, images
were binarized (auto threshold) and dendrites were traced using
the semiautomatical plugin Simple Neurite Tracer. The traced
dendritic tree was analyzed with the plugin Sholl Analysis, after
the geometric center was identified using the blow/lasso tool.
For spine density quantification, the length (line) and number
of spines (point picker) on the dendrite of interest (apical, basal,
proximal oblique, or secondary apical) were quantified.

Data Analysis
Data were imported and analyzed offline using custom-written
tools in MATLAB software version 7.7 (Mathworks). The data
were processed as following: (i) band-pass filtered (500–5000 Hz)
to detect multiple-unit activity (MUA) as negative deflections
exceeding five times the standard deviation of the filtered sig-
nals and (ii) low-pass filtered (<1500 Hz) using a third-order
Butterworth filter before downsampling to 1000 Hz to analyze
the LFP. All filtering procedures were performed in a phase-
preserving manner. The position of Dil-stained recording elec-
trodes in PL (most medial shank confined to layer 2/3, most tem-
poral shank confined to layer 5/6) and CA1 was confirmed post-
mortem by histological evaluation. Additionally, electrophysio-
logical features (i.e., reversal of LFP and high MUA frequency over
stratum pyramidale of CA1) were used for confirmation of the
exact recording position in HP.

Detection of neonatal oscillatory activity. Discontinuous oscilla-
tory events were detected using a previously developed unsu-
pervised algorithm (Cichon et al. 2014) and confirmed by visual
inspection. Briefly, deflections of the root-mean-square of band-
pass (3–100 Hz) filtered signals exceeding a variance-depending
threshold were assigned as network oscillations. The threshold
was determined by a Gaussian fit to the values ranging from 0 to
the global maximum of the root-mean-square histogram. Only
oscillatory events > 1 s were considered for further analysis.
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Time–frequency plots were calculated by transforming the data
using the Morlet continuous wavelet.

Power Spectral Density
For power spectral density analysis, 1 s-long windows of network
oscillations were concatenated and the power was calculated
using Welch’s method with nonoverlapping windows. For optical
stimulation, we compared the average power during the 1.5 s-
long time window preceding the stimulation to the last 1.5 s-
long time window of light-evoked activity.

Single Unit Activity
Single unit activity (SUA) was detected and clustered using
klusta (Rossant et al. 2016) and manually curated using phy
(https://github.com/cortex-lab/phy). Data were imported and
analyzed using custom-written tools in the MATLAB.

Firing Rate
The firing rate was computed by dividing the total number of
spikes by the duration of the analyzed time window.

Interspike Interval
ISI was calculated at 1 ms resolution in the range of 10–200 ms.

Spike-Triggered LFP Power
Excitatory inputs arriving from a presynaptic cell generate exci-
tatory postsynaptic potentials (EPSPs) in the postsynaptic cell.
The spike-triggered LFP power was calculated to estimate the
effects of the EPSPs on the LFP. Spike-triggered LFP spectra were
calculated as

(
Powerspike − Powerbaseline

)
/Powerbaseline

where the spike-triggered power spectrum (Powerspike) was cal-
culated using Welch’s method for a 200 ms-long time window
centered on each spike, and the power spectrum of baseline LFP
(Powerbaseline) was averaged for two time windows, 100–300 ms
and 200–400 ms before each spike.

Detection of SPWs in HP
The filtered signal (1–300 Hz) was subtracted from the signal
recorded 100 μm above and 100 μm below stratum pyramidale.
SPWs were detected as peaks above five times the standard
deviation of the subtracted signal.

Phase Locking Value
Phase locking value (PLV) is developed to analyze the strength of
phase synchronization. The analytic phase has a clear meaning
only at a narrow frequency band. Therefore, the signal was
first filtered into a narrow frequency band (bandwidth = 1 Hz,
step = 1 Hz, for example 1–2 Hz, 2–3 Hz, . . . , 49–50 Hz) in a
phase preserving manner. Then, Hilbert transform was applied
to extract the phase of the two signals. PLV was defined as
following,

PLV = ∣∣mean
(
exp

(
i ∗ �∅t

))∣∣
with �∅t stands for phase difference between the two signals at
time point t. The value of PLV ranged between 0 (no synchrony)
and 1 (max synchrony).

Spectral Coherence
Coherence was calculated using the coherency method. Briefly,
the coherence was calculated (using Matlab build-in functions
cpsd.m and pwelch.m) by cross-spectral density between the
two signals and normalized by the power spectral density of
each. The computation of the coherence C over frequency (f ) for
the power spectral density P of signal X and Y was performed
according to the formula:

CXY(f ) =
∣∣∣∣∣
(

PXY(f )√
PXX(f )PYY(f )

)∣∣∣∣∣
Directionality Methods
To investigate the directionality of functional connectivity
between PFC and HP, generalized partial directed coherence
(gPDC) was used. gPDC is based on linear Granger causality
measure in the frequency domain. The method attempts to
describe the causal relationship between multivariate time
series based on the decomposition of multivariate partial
coherence computed from multivariate autoregressive models.
The LFP signal was divided into 1 s-long segments containing
the oscillatory activity. After de-noising using MATLAB wavelet
toolbox, gPDC was calculated using a previously described
algorithm (Baccala and Sameshima 2001; Baccala et al. 2007).

Estimation of Light Propagation
The spatial pattern of light propagation in vivo was estimated
using a previously developed model (Stujenske et al. 2015) based
on Monte Carlo simulation (probe parameters: light fiber diam-
eter: 50 μm, numerical aperture: 0.22, light parameters: 594 nm,
0.6 mW).

Pearson’s correlation
For correlation between gPDC and NOR/RR, we computed Pear-
son’s correlation using corrplot.m in MATLAB.

Generalized Linear Model
GLM was performed to predict the animals’ behavioral per-
formance in NOR and RR tasks by gPDC. Group comparisons
were performed with GLM by including the factor of group as
predictor variable.

Statistical Analysis
Statistical analyses were performed in MATLAB environment.
Significant differences were detected by paired t-test or one-
way ANOVA followed by Bonferroni-corrected post hoc analy-
sis. For Sholl analysis, one-way repeated-measures ANOVA was
used. Investigators were blinded to the group allocation when
Sholl and spine analyses were performed. Data are presented
as mean ± sem. Significance levels of P < 0.05 (∗), P < 0.01 (∗∗), or
P < 0.001 (∗∗∗) were tested. Statistical parameters can be found
in the main text, tables, and/or in the figure legends.

Results
Whole-Brain DISC1 Knock-Down in
Immune-Challenged Mice Perturbs the Patterns
of Network and Spiking Activity in Neonatal
Intermediate/Ventral HP

Developing prefrontal–hippocampal circuits have been shown
to be highly sensitive to the detrimental impact of combined

https://github.com/cortex-lab/phy
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genetic defects and environmental stressors, whereas single-hit
that have been previously characterized in detail at neonatal
and juvenile age had no abnormal phenotype (Hartung et al.
2016; Oberlander et al. 2019). These results contrast with the
prominent effects of DISC1- and MIA-only in adult mice that
have network dysfunction and cognitive deficits (Kvajo et al.
2008, 2011; Abazyan et al. 2010; Cash-Padgett and Jaaro-Peled
2013b; Lipina et al. 2013; Sauer et al. 2015).

The mechanisms of abnormal long-range communication
and wiring in dual-hit mice are still largely unknown. One pos-
sibility is that the maturation of PFC is impaired and therefore,
the excitatory drive from the HP does not succeed to entrain the
local circuits in beta–gamma frequencies. Indeed, we recently
proved that this is a mechanism of developmental dysfunction
(Xu et al. 2019; Chini et al. 2020). A second mechanism might
be that the hippocampal driving force is decreased as result
of abnormal function of developing hippocampal circuits in
dual-hit mice.

To test the second hypothesis, we firstly characterized in
detail the hippocampal patterns of network and firing activity in
immune-challenged mice with whole-brain DISC1 knock-down.
For this, we performed extracellular recordings of LFP and MUA
from the CA1 area of i/vHP of awake P8–10 CON (n = 22) and GE
(n = 19) mice (Fig. 1A). As previously reported (Brockmann et al.
2011), discontinuous spindle-shaped oscillations with frequency
components peaking in theta band (4–12 Hz) intermixed with
irregular low amplitude beta–gamma band components (12–
50 Hz) are the dominant pattern of network activity in the CA1
area of both mouse groups (Fig. 1B). However, their properties
significantly differed between CON and GE mice, conferring
a highly fragmented appearance of hippocampal oscillations
in GE mice (Fig. 1C,D). Their duration of oscillatory events
was significantly shorter in GE mice (CON: 4.46 ± 0.24 s, GE:
3.38 ± 0.18 s, F(1,39) = 13.31, P = 7.7∗10–4, one-way ANOVA) at a
comparable occurrence (CON: 8.7 ± 0.30 oscillations/min, GE:
9.47 ± 0.38 oscillations/min, F(1,39) = 2.44, P = 0.126, one-way
ANOVA) (Fig. 1C). Their spectral composition (4–50 Hz) differed
between groups, the GE mice having hippocampal events with
weaker power when compared to CON (4–50 Hz, F(1,39) = 4.29,
P = 0.045, one-way ANOVA) (Fig. 1D). The overall firing of single
neurons in the hippocampal CA1 area of CON and GE was
similar both in its rate (log of firing rate, CON: −0.53 ± 0.29;
GE: −0.48 ± 0.39; F(1,39) = 0.009, P = 0.924, one-way ANOVA) and
temporal organization (i.e., preferred interspike interval [ISI] of
125 ms, corresponding to 8 Hz) (Fig. 1E,F).

Besides spindle-shaped oscillations, prominent SPWs revers-
ing across the pyramidal layer have been recorded in the neona-
tal CA1 area of CON and GE mice (Fig. 1G). They were accom-
panied by ripples (100–250 Hz) and prominent firing. GE mice
had fewer SPWs (0.36 ± 0.02 Hz, F(1,39) = 4.38, P = 0.043, one-way
ANOVA) when compared with CON mice (0.41 ± 0.02 Hz) (Fig. 1H).
The SPW-related spiking also decreased (CON: 0.76 ± 0.08 Hz,
GE: 0.47 ± 0.09, F(1,37) = 6.02, P = 0.019, one-way ANOVA) (Fig. 1I,J).
The rather moderate perturbation of theta oscillations, which
have been shown to mainly originate outside CA1 area (Buzsaki
2002; Janiesch et al. 2011), and the prominent deficits of locally
generated SPWs and related spiking suggest that the i/vHP is
compromised in GE mice. Analysis of the position and density
of pyramidal neurons suggests that delayed migration of these
neurons and correspondingly, perturbed wiring of local circuits,
account for the hippocampal dysfunction (Fig. 1K).

These data indicate that neonatal HP is impaired in dual-hit
genetic-environmental models of disease.

DISC1 Knock-Down in Hippocampal Pyramidal
Neurons Disturbs the Prefrontal Oscillatory Activity
and Prefrontal–Hippocampal Coupling of Neonatal
Immune-Challenged Mice

When brain-wide expressed, genetic abnormalities, such as
DISC1 knock-down in immune-challenged mice may affect
many-fold the communication between limbic areas. To
selectively pinpoint their role for hippocampal function, we
generated GHPE mice in which the DISC1 knock-down was
restricted to a lineage of pyramidal neurons in hippocampal
CA1 area. For this, we expressed a DISC1 targeting shRNA
in the CA1 of the i/vHP by using IUE protocols previously
described (Ahlbeck et al. 2018). CON and GE mice received
a scrambled/control shRNA instead (Fig. 2A). The immune
challenge in GHPE and GE mice, which has been identified as
critical cofactor of impairment (Hartung et al. 2016; Oberlander
et al. 2019), was mimicked by MIA with the viral mimetic poly I:C
injected at gestational day 9.5. In contrast, CON mice received
saline injections at the same age. Staining for NeuN showed
that a similar fraction of neurons was transfected in CON
(21.89 ± 0.02%; n = 6), GHPE (20.80 ± 0.01%; n = 6) and GE mice
(20.59 ± 0.02%; n = 6) (Fig. 2B). The shape of tDimer2-positive
neurons and the orientation of primary dendrites confirmed
previous findings (Ahlbeck et al. 2018) that the transfection was
restricted to cell lineages of pyramidal neurons. In GHPE, DISC1
was efficiently suppressed by shRNA (Fig. 2C). The relative DISC1
intensity in CA1 area was significantly weaker (F(1,142) = 321.51,
P = 1.06∗e-10, one-way ANOVA) in neonatal GHPE (40.98 ± 2.56)
when compared with CON (101.74 ± 2.14) mice (Fig. 2C).

To monitor the effects of DISC1 knock-down in the i/vHP,
we performed extracellular recordings of LFP and MUA from
HP of P8–P10 awake CON (n = 22), GHPE (n = 15), and GE mice
(n = 19). Similar to GE mice, GHPE mice showed disorganized
oscillatory activity in CA1 area with decreased duration and
theta–beta band power (4–50 Hz) but unchanged occurrence
of spindle-shaped oscillations (Table 1, Fig. 2D,E). HP-confined
DISC1 knock-down caused reduced SPWs occurrence and SPW-
related neuronal firing, similarly to the deficits described for GE
mice (Table 1, Fig. 2F,G).

In light of these findings, the question arises, whether the
hippocampal dysfunction in GHPE mice is sufficient to affect
downstream brain areas with normal DISC1 expression, such as
PL. To answer this question, we performed extracellular record-
ings of LFP and MUA from PL of P8–P10 awake CON (n = 22),
GHPE (n = 15), and GE mice (n = 19) using four shanks recording
electrodes spanning the prelimbic layers 2/3 and 5/6 (Fig. 2H).
In line with previous investigations (Hartung et al. 2016; Chini
et al. 2020), the PL of all investigated mice showed discontinuous
spindle-shape oscillations with frequencies ranging from theta
to beta-low gamma range (20–40 Hz). While the occurrence of
these events was similar across the three groups, their duration
and power were decreased in GE and GHPE mice when compared
with CON mice (Table 1, Fig. 2I,J). As previously reported (Chini
et al. 2020), brain-wide DISC1 knock-down in combination with
MIA significantly lowered the neuronal firing in prelimbic layer
2/3. In contrast, GHPE mice showed normal firing in both layers
2/3 and 5/6 (Table 1, Fig. 2K) that might result from the sparse
hippocampal innervation targeting the PFC. The decreased net-
work entrainment and unchanged firing in PL of GHPE mice
suggest that the local prelimbic circuits are indirectly impaired,
most likely through a weaker drive from HP, which at this age is
the main source of PL activation (Brockmann et al. 2011; Ahlbeck
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Figure 1. Patterns of network activity and neuronal firing in the CA1 area of i/vHP from neonatal GE mice. (A) Digital photomontage reconstructing the location of the
Dil-labeled 1 × 16-site recording electrode (orange) in a 100 μm-thick coronal section containing the CA1 from a P9 mouse. Inset, the position of recording sites (black
dots) over the pyramidal layers displayed at higher magnification. (B) Extracellular LFP recordings of discontinuous oscillatory activity in the CA1 area from a P9 CON

(i) and a P9 GE (ii) mouse displayed after bandpass (2–100 Hz) filtering (top) and the corresponding MUA after bandpass (500–5000 Hz) filtering (bottom). Traces are
accompanied by the color-coded wavelet spectra of the LFP at identical time scale. (C) Violin plots displaying the occurrence (i) and the duration (ii) of hippocampal
oscillatory activity recorded in CON and GE mice. (D) Averaged power spectra P(f ) of discontinuous oscillatory activity normalized to the baseline power P0(f ) of time
windows lacking oscillatory activity in CON (black) and GE (red) mice. (E) Violin plots displaying the firing activity of CA1 neurons in CON and GE mice. (F) Histograms of

ISI for CON (black) and GE (red) mice. Note the prominent ISI peak at ∼125 ms interval, which corresponds to ∼8 Hz. (G) Characteristic SPWs and ripple events recorded in
the CA1 area. (H) Violin plots displaying the occurrence of SPWs in CON and GE mice. (I) Examples of spike trains from CA1 neurons aligned to SPWs in CON and GE mice.
(J) Histograms of spiking activity aligned to SPWs (i) and violin plots displaying peak firing rate at SPWs (ii) in CON (black) and GE (red) mice. (K) (i) Photomicrographs
depicting tDimer2-expressing pyramidal neurons (red dots) in the CA1 area of a P9 CON mouse and a P9 GE mouse. The yellow dotted line indicates the

pyramidal layer of CA1. The three white blocks with width of 80 μm and length of 200 μm centered on the pyramidal layers correspond to the regions of interest
for the quantification of tDimer-transfected neurons. Inset, the tDimer2-expressing cells over the pyramidal layers displayed at higher magnification. (ii) Bar diagram
of the distribution of the tDimer-transfected neurons in the three blocks defined in (i) in CON and GE mice. Single data points are represented as dots. Single data

points are represented as dots and the red horizontal bars in violin plots correspond to the median and the 25th and 75th percentiles. ∗P < 0.05, ∗∗∗P < 0.001.
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Figure 2. Patterns of network activity and neuronal firing in HP and PFC from neonatal immune challenged mice with HP-confined DISC1 suppression. (A) Timeline
of experimental protocol and description of the three investigated groups of mice: CON mice, immune-challenged mice with suppression of DISC1 confined to HP

(GHPE), and immune-challenged mice with brain-wide DISC1 knock-down (GE). For each group the constructs used for IUE to target hippocampal CA1 pyramidal
neurons is specified. (B) Photomicrographs depicting tDimer2-expressing pyramidal neurons (red) in the CA1 area when stained for NeuN (green) from a P9 mouse.
Inset, photograph displaying the tDimer2-expressing cells at a higher magnification. (C) (i) Photographs displaying the DISC1 immunoreactivity (green) in relationship
with the tDimer2-expression (red) in the CA1 area of i/vHP from P9 GHPE and CON mice. (ii) Violin plots displaying the relative DISC1 immunoreactivity averaged for

GHPE and CON mice at P8-P10. (D) Violin plots displaying the occurrence (i) and the duration (ii) of hippocampal oscillatory activity recorded in CON, GHPE and GE mice.
(E) Averaged power spectra P(f ) of discontinuous oscillatory activity normalized to the baseline power P0(f ) of time windows lacking oscillatory activity in CON (black),
GHPE (green), and GE (magenta) mice. Insert, violin plots displaying the relative power averaged for 4–50 Hz in CON, GHPE, and GE mice. (F) Violin plots displaying the
occurrence of SPWs in the CA1 area of CON, GHPE, and GE mice. (G) Histograms of spiking activity aligned to SPWs (i) and violin plots displaying the peak SPW-related

firing in CON (black), GHPE (green), and GE (magenta) mice (ii). (H) Left, digital photomontage reconstructing the location of the Dil-labeled 4 × 4-site recording electrode
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et al. 2018). To test this hypothesis, we firstly assessed the
synchrony between PL and HP in CON (n = 22), GHPE (n = 15), and
GE mice (n = 19) by calculating PLV that, relying on oscillatory
phase information, are not biased by different amplitudes of
activity in PFC and HP. In line with previous data (Hartung et al.
2016; Xu et al. 2019), a tight theta–beta band (4–30 Hz) coupling of
spindle-bursts between PL and HP has been detected in neonatal
CON mice. In contrast, the PLV was significantly lower in GHPE
and GE mice (F(2, 51) = 4.20, P = 0.021, one-way ANOVA) (Table 1,
Fig. 2L). The directionality of interactions between PL and HP
was also affected by both brain-wide and HP-confined DISC1
knock-down in immune-challenged mice. Calculation of gPDC, a
measure that reflects the directionality of network interactions
in different frequency bands, confirmed the prominent drive
from HP to PL. In both GE and GHPE, this drive decreased within
4–30 Hz frequencies (Table 1, Fig. 2M). These results give first
evidence that the suppression of DISC1 restricted to HP has
detrimental effects on the function of downstream PL. This
dysfunction is the result of combined genetic and environmen-
tal stressors, since neither DISC- nor MIA-only causes major
impairment of prefrontal–hippocampal circuits at neonatal age
(Hartung et al. 2016; Oberlander et al. 2019).

Hippocampal Dysfunction Through DISC1 Suppression
is Sufficient to Reduce the Oscillatory Entrainment of
PL and Prelimbic-Hippocampal Coupling in Neonatal
Immune-Challenged Mice

To add causal evidence to the hypothesis that the hippocampal
dysfunction is critical for the abnormal coupling between PL
and HP, we selectively transfected the hippocampal pyramidal
neurons in CON, GHPE and GE mice with a highly efficient fast-
kinetics double mutant ChR2E123T/T159C (ET/TC) (Berndt et al.
2011) and the red fluorescent protein tDimer2 by IUE (Fig. 3A).
For GHPE mice, constructs coding for ChR2E123T/T159C (ET/TC)
were transfected together with shRNA to DISC1. For targeting
i/vHP, a previously developed protocol for IUE using three
paddles was used (Szczurkowska et al. 2016; Ahlbeck et al. 2018).
This method enables stable area and cell type-specific transfec-
tion of hippocampal neurons already prenatally without the
need of cell-type specific promotors of a sufficiently small size
(Baumgart and Grebe 2015; Szczurkowska et al. 2016) (Fig. 3Bi).
The expression rate and distribution of tDimer2-positive neu-
rons within the iso-contour lines for light power of 1 mW/mm2

were similar in CON (0.134 ± 0.009/1000 μm2, n = 16), GHPE
(0.127 ± 0.008/1000 μm2, n = 15) and GE (0.126 ± 0.010/1000 μm2,
n = 18) (F(2, 46) = 0.224, P = 0.800, one-way ANOVA) (Fig. 3Bii). As
previously shown, the transfection procedure had no effects on
the overall development of mice (weight, somatic development,
reflexes) (Ahlbeck et al. 2018).

First, we assessed the efficiency of light stimulation in evok-
ing action potentials in hippocampal pyramidal neurons in vivo.

For this, we stimulated the i/vHP with pulsed blue light (473 nm,
20–40 mW/mm2) at 8 Hz, since this frequency has been shown to
optimally drive the PL (Ahlbeck et al. 2018). The used light power
did not cause local tissue heating that might interfere with
neuronal spiking (Stujenske et al. 2015; Bitzenhofer et al. 2017a).
In all three mouse groups, light stimulation induced precisely
timed firing (latency < 10 ms) of CA1 neurons (Fig. 3C).

Second, to investigate the effects of hippocampal activation
on downstream prelimbic circuits, we performed extracellular
recordings of LFP in the PL during pulsed light stimulation of CA1
area in CON (n = 15), GHPE (n = 18), and GE (n = 15) mice (Fig. 3D).
In CON mice, the light-induced hippocampal firing significantly
augmented the prefrontal oscillatory activity in all frequency
bands, as reflected by the higher power during stimulation when
compared with the time window before the train of pulses
(Table 2, Fig. 3D). In contrast, the light-induced hippocampal
firing failed to boost the prelimbic oscillatory activity in GHPE
and GE mice (Fig. 3D).

The weaker hippocampal drive to PL in GHPE mice might
result from abnormal network entrainment of the i/vHP. To test
this hypothesis, we applied ramp stimulations that, in contrast
to light pulses, trigger more physiological firing and do not
induce power contamination by repetitive and large voltage
deflections (Bitzenhofer et al. 2017a). Ramp stimulation (3 s
duration) of CA1 neurons led to sustained increase of spike
discharge and augmented theta–beta oscillatory power in the
HP of CON mice (Table 2, Fig. 3E). These effects were absent
in GE and GHPE mice. Moreover, despite similar hippocampal
firing responsiveness to light stimuli, the ability of CA1 neurons
contributing to network oscillations in beta–gamma frequen-
cies (20–40 Hz) dramatically decreased in GE and GHPE mice as
shown by the weaker spike-triggered LFP relative power (Table 2,
Fig. 3G).

Consistent with the excitatory drive from HP to PL during
neonatal development, ramp stimulation-induced CA1 firing
was relayed to PL and caused augmentation of prelimbic firing
across layers in all investigated mouse groups (Fig. 3H). Since
the axonal projections of CA1 neurons target prelimbic layer 5/6
neurons, the firing increase in these layers was stronger than in
the layer 2/3 (2.97 ± 0.31 vs. 1.52 ± 0.25, F(1, 16) = 14.75, P = 0.0014,
one-way ANOVA), yet lacked temporal coordination in all mice
(see Supplementary Fig. 1Ai,ii). In contrast, the firing within
prelimbic layer 2/3 in CON induced by ramp stimulation of CA1
pyramidal neurons had a preferred ISI of ∼60 ms, equivalent
to a population firing at 16.7 Hz (Fig. 3Ii). Correspondingly, the
HP spike-triggered prelimbic layer2/3 LFP relative power peaked
at similar frequencies (Fig. 3Iii). These peaks were absent in GE
and GHPE mice, reflecting abnormal entrainment of prelimbic
circuits. Significant power peak of spike-triggered LFP in pre-
limbic layer 5/6 was detected in none of the three groups (see
Supplementary Fig. 1Aiii). Moreover, ramp-induced activation
of CA1 pyramidal neurons boosted the synchrony between PL
and HP in CON mice in a frequency-specific manner (peak at

(orange) in a 100 μm-thick coronal section containing the PFC from a P9 mouse. Right, the position of recording sites (white dots) over the prelimbic layers displayed
at higher magnification. (I) Violin plots displaying the occurrence (i) and the duration (ii) of prefrontal oscillatory activity recorded in CON, GHPE, and GE mice. (J)
Averaged power spectra P(f ) of discontinuous oscillatory activity normalized to the baseline power P0(f ) of time windows lacking oscillatory activity in CON (black),

GHPE (green), and GE (magenta) mice. Inset, violin plots displaying the relative power averaged for 4–50 Hz in CON, GHPE and GE mice. (K) Violin plots displaying the
neuronal firing in prefrontal layer 2/3 and layer 5/6 of CON, GHPE, and GE mice. Each dot stands for one slice (3–4 slices per mouse). (L) Line plots of mean PLV for
oscillatory activity simultaneously recorded in PFC and HP of in CON (black), GHPE (green), and GE (magenta) mice. Inset, violin plots displaying the PLV when averaged

for 4–30 Hz. (M) Line plots of mean gPDC in relationship to frequency for HP→PFC in CON (black), GHPE (green), and GE (magenta) mice. Inset, violin plots displaying
gPDC when averaged for 4–30 Hz in CON, GHPE, and GE mice. Single data points are represented as dots and the red horizontal bars in violin plots correspond to the
median and the 25th and 75th percentiles. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Figure 3. Light-induced activation of i/vHP and prefrontal–hippocampal coupling in immune challenged mice with whole-brain and HP-confined DISC1 suppression.
(A) Timeline of experimental protocol and description of the three investigated groups of mice: CON, GHPE, and GE. For each group, the constructs used for IUE to

target hippocampal CA1 pyramidal neurons is specified. (B) (i) Left, ChR2(ET/TC)-tDimer2-expressing cells (red) in a 50 μm-thick Nissl-stained (green) coronal section
including CA1 area from a P9 mouse. Right, recording sites together with transfected neurons (white dots). Green lines correspond to the iso-contour lines for light
power of 1 and 10 mW/mm2, respectively. 3 s-long pulse (8 Hz) and ramp stimulation are applied to activate hippocampal pyramidal neurons. (ii) Violin plots displaying

the number of transfected neurons within the iso-contour lines for light power of 1 mW/mm2. (C) Top, representative raster plot of hippocampal SUA in response to
8 Hz pulse stimulation (3 ms-long pulse, 473 nm) in the CA1 area of P9 CON, GHPE, and GE mice. Bottom, Histograms of hippocampal firing activity during 8 Hz pulse
stimulation normalized to the activity before stimulation in CON (black), GHPE (blue), and GE (red) mice. (D) (i) Power of prefrontal oscillatory activity during pulse
stimulation of CA1 pyramidal neurons normalized to the activity before stimulation in CON (black), GHPE (green), and GE (magenta) mice. (ii) Violin plots displaying the

oscillatory power averaged for different frequency bands (4–12 Hz, 12–30 Hz, 30–50 Hz) in response to pulse stimulation for all investigated mice. (E) Top, representative
raster plot of hippocampal spiking in response to ramp stimulation (3 s duration, 473 nm) in CON, GHPE, and GE mice. Bottom, Histograms of hippocampal firing activity
during ramp stimulation normalized to the activity before stimulation in CON (black), GHPE (green), and GE (magenta) mice. (F) Power of hippocampal oscillatory activity
during ramp stimulation of CA1 pyramidal neurons normalized to the activity before stimulation in CON (black), GHPE (green), and GE (magenta) mice. (G) Line plots of

frequency-dependent relative power of spike-triggered LFP in HP of CON (black), GHPE (green), and GE (magenta) mice. (H) Top, representative raster plot of prefrontal
spiking in response to ramp stimulation (3 s duration, 473 nm) in HP in one CON, GHPE, and GE mouse. Bottom, histograms of prefrontal firing activity during ramp
stimulation normalized to the activity before stimulation in CON (black), GHPE (green), and GE (magenta) mice. (I) (i) Histograms of ISI for layer 2/3 prefrontal neurons
during ramp stimulation of hippocampal CA1 pyramidal neurons for CON (black), GHPE (green), and GE (magenta) mice. Note the prominent ISI peak at ∼16.7 Hz. (ii)

Line plots of frequency-dependent relative power of hippocampal spike-triggered LFP in prefrontal layer 2/3 of CON (black), GHPE (green), and GE (magenta) mice. (J)
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12–18 Hz), yet it did not induce a coherence increase in mice
with whole-brain DISC1 suppression (Table 1, Fig. 3J). Even when
the DISC1 suppression is confined to HP, the coherence did
not significantly increase during ramp stimulus and augmented
mainly after it, most likely as result of nonspecific network
boosting.

Besides the reduced efficient activation of CA1 pyramidal
neurons, abnormal connectivity might lead to dysfunction
within prefrontal–hippocampal circuits in neonatal GHPE and GE
mice. To test this hypothesis, we examined the evoked response
in PFC by pulsed light stimulation of HP (see Supplementary Fig.
1B). In line with the larger density of hippocampal projections
targeting prelimbic layer 5/6 than layer 2/3 neurons (Parent
et al. 2010; Padilla-Coreano et al. 2016), the evoked response in
layer 5/6 was stronger than in the layer 2/3 (see Supplementary
Fig. 1Bi). Pulsed light stimulation in HP ensured that the
activation of hippocampal neurons was timed. The delay of
evoked responses in prelimbic layer 2/3 was significantly longer
in GHPE (24.20 ± 0.79 ms, P = 0.0029) and GE (27.11 ± 1.65 ms,
P = 0.0008) mice compared with CON (20.41 ± 0.18 ms, F(2,
38) = 5.37, P = 0.008, one-way ANOVA) mice (see Supplementary
Fig. 1Bii). This result suggests that the connectivity between PFC
and HP in GHPE and GE mice is impaired. Of note, no significant
differences of the delay were observed for evoked responses in
layer 5/6 of PFC in all three groups (see Supplementary Fig. 1Biii).

Taken together, these results indicate that hippocampal
DISC1 suppression in combination with MIA lead to CA1
dysfunction that, on its turn, causes abnormal coupling within
neonatal prefrontal–hippocampal networks.

DISC1 Knock-Down Causes Major Morphological and
Synaptic Deficits of Pyramidal Neurons in CA1 Area

The abnormal firing and oscillatory entrainment of HP and
consequently, the weaker prelimbic-hippocampal coupling in
GE and GHPE mice might relate to abnormal morphology and
connectivity of CA1 pyramidal neurons. To test this hypothesis,
we undertook a detailed histological examination of the cytoar-
chitecture of tDimer-labeled hippocampal pyramidal neurons
of P10 CON, GHPE and GE mice (n = 17–19 neurons from three
mice in each group). The complexity of dendritic branching
was assessed by Sholl analysis of three-dimensionally recon-
structed hippocampal pyramidal neurons. When compared with
CON mice, both GHPE and GE mice showed a highly signifi-
cant reduction of dendritic branching of hippocampal pyramidal
neurons (condition effect, P < 1 × 10−9) (Fig. 4A). These deficits
were particularly prominent within a radius of 20–150 μm from
the cell soma center. Next, we examined the spine density
along the dendrites of hippocampal pyramidal neurons. In GHPE
and GE mice, the density of dendritic spines was significantly
lower when compared with CON mice (Fig. 4B,C). The magnitude
of reduction was similar for basal dendrites (F(2, 49) = 10.21,
P = 1.96 × 10−4, one-way ANOVA), proximal oblique dendrites
(F(2, 50) = 9.31, P = 3.66 × 10−4, one-way ANOVA), and secondary
apical dendrites (F(2, 48) = 8.14, P = 9.03 × 10−4, one-way ANOVA).
Thus, CA1 pyramidal neurons in GHPE and GE mice show sim-
plified dendritic arborization and decreased spine density. As a

consequence, the hippocampal activity, especially the excitabil-
ity of individual neurons and the locally generated SPWs, might
be perturbed and the coupling with downstream prelimbic neu-
rons, diminished.

Hippocampal DISC1 Knock-Down in
Immune-Challenged Mice Causes Neuronal
and Network Deficits as well as Cognitive Impairment
at Prejuvenile Age

To test the long-term consequences of hippocampal dysfunc-
tion and abnormal prefrontal–hippocampal coupling, we inves-
tigated CON, GE, and GHPE mice at prejuvenile age (P20–P23)
(Fig. 5A).

The DISC1 suppression persisted, yet at a lower magnitude,
until this age, as revealed by the significantly (F(1,146) = 25.323,
P = 4.85∗10−7, one-way ANOVA) lower DISC1 expression in GHPE
(n = 73 neurons) when compared with CON (n = 75 neurons) mice
(Fig. 5B). Of note, CA1 pyramidal neurons seem to respond to IUE
shRNA suppression differently compared with prelimbic neu-
rons, where the DISC1 knock-down was temporally restricted to
the neonatal period (Xu et al. 2019).

First, we performed multisite extracellular recordings of LFP
from PL and hippocampal CA1 area of urethane-anesthetized
P20–23 CON (n = 12), GHPE (n = 9), and GE (n = 15) mice. All
investigated mice showed continuous large-amplitude slow
rhythms that were superimposed with oscillatory activity in
theta (4–12 Hz) and gamma (30–100 Hz) frequencies. These
patterns of network activity correspond to the sleep-like
rhythms mimicked by urethane anesthesia (Wolansky et al.
2006; Clement et al. 2008). While the impairment of neuronal
firing, SPW, and network oscillations was less pronounced at
prejuvenile age when compared with the deficits at neonatal
age, the directed interactions between PFC and HP were
still compromised (Fig. 5C). Both GE (0.123 ± 0.003, P = 0.016,
ANOVA followed by Bonferroni-corrected post hoc test) and
GHPE (0.127 ± 0.004, P = 0.002, ANOVA followed by Bonferroni-
corrected post hoc test) mice had smaller gPDC peaks within
theta band (4–8 Hz) and thus, weaker drive from HP to PFC,
when compared with CON mice (0.147 ± 0.007) mice. Light
stimulation of ChR2(ET/TC)-expressing CA1 neurons augmented
the power of network oscillations in theta-beta range for CON
(theta: 0.404 ± 0.096; beta: 0.283 ± 0.061), but not GE and GHPE
mice (Fig. 5Di). Mirroring the weaker hippocampal drive, the
light stimulation of HP augmented the power of prefrontal
oscillations in theta (0.373 ± 0.094) and beta (0.269 ± 0.052) range
only in CON, whereas the increase was smaller, if any, for GE
(4–12 Hz: 0.061 ± 0.0750, P = 0.0009; 12–30 Hz: 0.0640 ± 0.048,
P = 0.0009, one-way ANOVA followed by Bonferroni-corrected
post hoc test) and GHPE (4–12 Hz: 0.160 ± 0.044, P = 0.007; 12–
30 Hz: 0.144 ± 0.040, P = 0.003, one-way ANOVA followed by
Bonferroni-corrected post hoc test) mice (Fig. 5Dii). Similar to
neonatal age, these functional deficits were related to abnormal
morphology and connectivity of CA1 neurons. Detailed histolog-
ical examination of the cytoarchitecture revealed that at P20 the
dendritic branching of hippocampal pyramidal neurons in GE
and GHPE mice was still significantly reduced when compared
with CON (n = 17–19 neurons from three mice in each group)

Line plots of coherence between PFC and HP during ramp stimulation of hippocampal CA1 pyramidal neurons normalized to coherence values before stimulation.
Single data points are represented as dots and the red horizontal bars in violin plots correspond to the median and the 25th and 75th percentiles. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001. Magenta stars correspond to the comparison between GE and CON mice. Green stars correspond to the comparison between GHPE and CON mice.

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa291#supplementary-data
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Figure 4. Morphology of hippocampal pyramidal neurons in neonatal GHPE and GE mice. (A) (i) Heatmap displaying an overlay of all traced dendrites of transfected
CA1 pyramidal neurons in CON, GHPE, and GE mice. (ii) Graph displaying the average number of dendritic intersections within a 150 μm radius from the soma center
of CA1 pyramidal neurons in CON (black, n = 21 neurons from three mice), GHPE (blue, n = 21 neurons from three mice) and GE (red, n = 21 neurons from three mice)
mice. Green and magenta bars indicate significant difference (∗∗∗P < 0.001) between CON and GHPE mice and between CON and GE mice, respectively. (B) Photograph

displaying representative basal (i), proximal oblique (ii) and second apical dendrites (iii) of CA1 pyramidal neurons from a P9 CON, a P9 GHPE, and a P9 GE mouse. (C)
Violin plots displaying the spine density on basal (i), proximal oblique (ii), and second apical dendrites (iii) of CA1 pyramidal neurons from CON (20 neurons from three
mice), GHPE (20 neurons from three mice), and GE (21 neurons from three mice) mice. Single data points are represented as dots and the red horizontal bars in violin
plots correspond to the median and the 25th and 75th percentiles. ∗∗∗P < 0.001.

mice (condition effect, P = 7.30 × 10−9) (Fig. 5E). These deficits
were particularly prominent within a radius of 40–150 μm from
the cell soma center. The sparsification of dendritic projections
was accompanied by lower density of the dendritic spines in
GHPE and GE mice when compared with CON mice (Fig. 5F). The
magnitude of density reduction was similar for basal dendrites
(F(2, 52) = 46.36, P = 2.77 × 10−12, one-way ANOVA), proximal
oblique dendrites (F(2, 54) = 31.81, P = 7.44 × 10−10, one-way
ANOVA), and secondary apical dendrites (F(2, 53) = 20.22, P = 2.97
× 10−7, one-way ANOVA).

Taken together, these data show that the prefrontal–
hippocampal dysfunction resulting from synaptic and projec-
tion deficits of CA1 pyramidal neurons in GE and GHPE mice
persists until prejuvenile age.

The developmental prefrontal–hippocampal dysfunction
as result of hippocampal DISC1 suppression in immune-
challenged mice might cause behavioral disabilities. Already at
juvenile age, rodents have reliable novelty detection and recog-
nition memory that rely on the mouse’s intrinsic exploratory
drive and require no prior training or deprivation (Kruger
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Figure 5. Patterns of prejuvenile network and neuronal firing in the CA1 area of i/vHP of immune challenged mice with whole-brain or HP-confined DISC1 suppression.
(A) Timeline of experimental protocol and description of the three investigated groups of mice: CON, GHPE, and GE. For each group the constructs used for IUE to target
hippocampal CA1 pyramidal neurons is specified. (B) (i) Photographs displaying the DISC1 immunoreactivity (green) in relationship with the tDimer2-expression (red)
in the CA1 area of i/vHP of P21 GHPE and CON mice. (ii) Violin plots displaying the relative DISC1 immunoreactivity averaged for GHPE and CON mice at P20–P23. (C) Line

plots of mean gPDC in relationship to frequency for HP→PFC in CON (black), GHPE (green) and GE (magenta) mice. Inset, violin plots displaying gPDC when averaged for
4–8 Hz in CON, GHPE, and GE mice. (D) Violin plots displaying the hippocampal (i) and prefrontal (ii) oscillatory power averaged for different frequency bands (4–12 Hz,
12–30 Hz, 30–50 Hz) in response to ramp stimulation in HP for all investigated mice. (E) (i) Heatmap displaying an overlay of all traced dendrites of transfected CA1

pyramidal neurons in CON, GHPE, and GE mice. (ii) Graph displaying the average number of dendritic intersections within a 150 μm radius from the soma center of CA1
pyramidal neurons in CON (black, n = 21 neurons from three mice), GHPE (blue, n = 21 neurons from three mice) and GE (red, n = 21 neurons from three mice) mice. Green
and magenta bars indicate significant difference (∗∗∗P < 0.001) between CON and GHPE mice and between CON and GE mice, respectively. (F) Violin plots displaying
the spine density on basal, proximal oblique, and second apical dendrites of CA1 pyramidal neurons from CON, GHPE, and GE mice. Single data points are represented

as dots and the red horizontal bars in violin plots correspond to the median and the 25th and 75th percentiles. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

et al. 2012). These abilities have been shown to involve
communication within a circuit centered on PFC and HP
(Warburton and Brown 2015). Both GE mice and immune-
challenged mice with DISC1 suppression confined to PFC have
been reported to have poor recognition memory (Hartung et al.
2016; Xu et al. 2019). To identify the consequences of perinatal
HP-restricted DISC1 knock-down on cognitive abilities, we tested
NOR and RR in CON (n = 11), GHPE (n = 13), and GE (n = 12)
mice using a custom-designed arena (Fig. 6A) and previously
established protocols (Fig. 6Bi and Ci). During the familiarization
trials of these tests, all mice spent equal time investigating
the two objects placed in the arena. During the NOR test trial
protocols, CON mice spent significantly (P = 2.38 × 10−5, paired t-
test) longer time interacting with the novel object (79.12 ± 4.49%)
than with the familiar one (20.88 ± 4.49%) (Fig. 6Bii). In line
with previous results, GE mice did not show a preference for
the novel object (familiar: 47.46 ± 7.90%; novel: 52.54 ± 7.90%,
P = 0.372, paired t-test) (Fig. 6Bii). Similarly, prejuvenile GHPE

mice also did not show a preference for the novel object during
test trial (familiar: 39.23 ± 1.29%; novel: 60.77 ± 2.19%, P = 0.07,
paired t-test) (Fig. 6Bii). Correspondingly, the discrimination
ratio between the familiar and the novel object significantly
decreased in GE (0.0501 ± 0.158, P = 0.02, one-way ANOVA
followed by Bonferroni-corrected post hoc test) and GHPE mice
(−0.215 ± 0.142, P = 0.02, one-way ANOVA followed by Bonferroni-
corrected post hoc test) compared with CON mice (0.582 ± 0.090)
(Fig. 6Biii).

During RR task, mice process temporal information by recog-
nizing the object with which they most recently interacted. The
CON mice spent more time with the object they explored during
the first familiarization trial and less time with the more recent
object from the second familiarization trial (old: 67.52 ± 4.72%,
recent: 32.48 ± 4.72%, P = 0.0015, paired t-test) (Fig. 6Cii). Both
GHPE and GE mice did not show a preference for the object in the
first familiarization trial and spent equal time with both objects
(GE, old: 50.88 ± 3.92%, recent: 49.12 ± 3.92%, P = 0.409, paired
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Figure 6. Novelty recognition of immune challenged mice with whole-brain and HP-confined DISC1 suppression. (A) Photograph of the arena used for NOR and RR

tasks. (B) (i) Schematic diagrams of the protocol for NOR task. (ii) Violin plots displaying the relative interaction time spent by CON, GHPE, and GE mice with the objects
during the NOR test trial. The dotted line indicates chance level. (iii) Violin plots displaying the NOR discrimination ratio when averaged for CON, GHPE and GE mice. (C)
(i) Schematic diagrams of the protocol for RR task. (ii) Violin plots displaying the relative interaction time spent by CON, GHPE, and GE mice with the objects during the
RR test trial. The dotted line indicates chance level. (iii) Violin plots displaying the RR discrimination ratio when averaged for CON, GHPE, and GE mice. (D) (i) Schematic

diagrams of the protocol for OF task. (ii) Violin plots displaying the distance covered in 10 min by CON, GHPE, and GE mice during the OF task. (iii) Violin plots displaying
the distance covered in the outer circle and the inner circle by CON, GHPE, and GE mice during OF task. (E) (i) The Pearson’s correlation between gPDC and discrimination
ratio in NOR task. (ii) Same as (i) for Pearson’s correlation between gPDC and RR. Single data points are represented as dots and the red horizontal bars in violin plots
represent the median and the 25th and 75th percentiles. ∗P < 0.05, ∗∗∗P < 0.001.

t-test; GHPE, old: 50.86 ± 5.93%, recent: 49.14 ± 5.93%, P = 0.441,
paired t-test) (Fig. 6Cii). Correspondingly, the discrimination ratio
significantly decreased in GE (0.001 ± 0.075, P = 0.04, one-way
ANOVA followed by Bonferroni-corrected post hoc test) and
GHPE (−0.0053 ± 0.1133, P = 0.03, one-way ANOVA followed by
Bonferroni-corrected post hoc test) compared with the values
for CON mice (0.335 ± 0.087) (Fig. 6Ciii).

The poor performance in NOR and RR tasks may result from
poor motor abilities and/or enhanced anxiety when interacting
with the objects. To test this hypothesis, we analyzed the
exploratory behavior of P16 mice from all three groups during
OF task (Fig. 6Di). The distance covered in 10 min was similar
in all groups (CON: 69.176 ± 10.70 cm; GE: 77.41 ± 12.11 cm;
GHPE: 92.25 ± 7.86 cm, F(2, 33) = 1.437, P = 0.252, one-way
ANOVA) (Fig. 6Dii). Moreover, the distance covered in the outer
circle was much larger than in the inner circle of the arena
(CON: 64.67 ± 10.18 cm vs. 4.50 ± 1.18 cm; GE: 72.62 ± 10.81 cm
vs. 4.78 ± 1.51 cm; GHPE: 79.23 ± 7.00 cm vs. 5.02 ± 0.73 cm)
(Fig. 6Diii). During the sample trial of NOR task, mice from all
groups covered a similar distance as well (see Supplementary
Fig. 2). These results indicate that exploratory and anxiety

abilities were similar in CON, GHPE, and GE mice and thus, did
not affect the recognition memory in NOR and RR tasks.

To better link the behavioral deficits in GE and GHPE mice with
the abnormal prefrontal–hippocampal coupling, we performed
the Pearson’s correlation between gPDC and discrimination ratio
in NOR and RR task (Fig. 6E). There was strong positive correla-
tion between gPDC and NOR (R = 0.61, P = 0.0003, Pearson’s cor-
relation) and between gPDC and RR (R = 0.55, P = 0.002, Pearson’s
correlation). Given the prior group differences, a generalized
linear model (GLM) with group comparisons was used to predict
the animals’ behavioral performance in NOR and RR tasks by the
factor of prefrontal–hippocampal coupling measured with gPDC.
Group comparisons were performed with GLM by including
the factor of group as predictor variable. Significant positive
correlation was found in gPDC-NOR (R = 11.23, P = 0.027) with
significant group effect (P = 0.014). There was also a significant
positive correlation in gPDC-RR (R = 11.14, P = 0.011), yet with-
out significant group effect (P = 0.75). These results confirmed
that abnormal prefrontal–hippocampal coupling as results of
HP-restricted DISC1 suppression in immune challenged mice
correlates to the poorer recognition memory at prejuvenile age.

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa291#supplementary-data
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Discussion

Developmental miswiring of the brain has been hypothesized
to account for cognitive impairment in mental disorders.
Previous studies provided first experimental evidence that the
communication between PFC and HP, the core of a complex
network underlying mnemonic and executive processing, is
substantial impaired in mouse models of disease already at
neonatal age (Hartung et al. 2016; Oberlander et al. 2019).
The mechanisms causing diminished communication within
prefrontal–hippocampal networks during development remain
largely unknown. We recently identified spine loss and sparsi-
fication of dendritic projections in layer 2/3 pyramidal neurons
of neonatal PFC as one mechanism of disorganized network
activity and reduced coupling with HP (Xu et al. 2019; Chini et al.
2020). These findings were consistent with the previous data
from adult mice, which demonstrated that specific prefrontal
DISC1 knock-down induced abnormal neuronal development
and cognitive behaviors (Niwa et al. 2010; Saito et al. 2016). It is
still unclear whether hippocampal dysfunction contributes to
the early miswiring as well. Here, we combine electrophysiology
and optogenetics in vivo with neuroanatomy and behavioral
testing of immune challenged mice with either brain-wide
or HP-confined suppression of DISC1. We provide evidence
that (i) highly fragmented oscillatory activity with reduced
power, fewer SPWs and decreased SPW-related firing of CA1
neurons in the i/vHP are present in both GE and GHPE mice; (ii)
confinement of DISC1 knock-down to HP of immune challenged
mice causes weaker hippocampal drive to PFC and consequently,
abnormal prefrontal network activity, despite nonaffected firing
rates over cortical layers; (iii) HP-confined or brain-wide DISC1
suppression similarly impairs the morphology of CA1 neurons,
reducing the dendritic branching and the density of spines;
(iv) the morphological and functional deficits in the HP of
GE and GHPE mice persist until prejuvenile age leading to
cognitive impairment and long-lasting disruption of underlying
prefrontal–hippocampal communication.

The severe morphological and functional impairment of the
developing HP when DISC1 is suppressed goes in line with pre-
vious studies that identified this gene as a hub of maturational
processes (Miyoshi et al. 2003; Duan et al. 2007). Especially DISC1
knock-down in HP has been associated with long-lasting deficits
and behavioral impairment related to mental disorders (Calli-
cott et al. 2005; Meyer and Morris 2008). DISC1 controls neurite
growth, neuronal migration, and differentiation as well as axon
targeting (Niwa et al. 2010; Narayan et al. 2013; Saito et al. 2016).
In line with this function, the hippocampal structure and neu-
ronal distribution across layers in the i/vHP was disturbed in GE
mice when compared with controls. This result was consistent
with the previous report by Tomita et al. (2011), which showed
that knockdown of DISC1 in the HP of developing mouse resulted
in impaired migration of dorsal CA1 pyramidal neurons. Intrigu-
ingly, it was also reported that HP-confined DISC1 suppression
did not perturb the migration of CA1 pyramidal neurons in the
dorsal HP but hindered the migration of dentate gyrus granule
cells (Meyer and Morris 2009). The arborization and synaptic
interactions of CA1 pyramidal neurons seem to be profoundly
altered. The sparsification of their dendritic branching and the
low number of spines document major developmental deficits
of CA1 neurons when DISC1 was locally suppressed. These
might result from disorganized microtubule-associated dynein
motor complex (Ozeki et al. 2003; Kamiya et al. 2005). Moreover,
lower density of axonal projections might link HP to PFC, as

previously observed from GE mice. The abnormal morphology
is likely to underlie the early dysfunction of activity patterns
generated within CA1 (e.g., SPWs, beta–gamma oscillations) and
the diminishment of excitatory drive to PFC.

Suppression of DISC1 decreased the occurrence of SPWs and
the SPW-related neuronal firing. While SPWs have been exten-
sively characterized in the adult HP (Buzsaki 1986), their underly-
ing mechanisms during development are still largely unknown.
SPWs emerge early in life (Nowack et al. 1989; Brockmann et al.
2011; Valeeva et al. 2019). Similar to adult one, the neonatal SPWs
seem to be generated within HP following population bursts
in CA3 area. They correlate with increased firing rate of hip-
pocampal neurons. The decreased SPWs occurrence and related
neuronal discharge indicate that DISC1 suppression might cause
miswiring within HP and abnormal coupling between CA1 and
CA3. Accordingly, both pulse and ramp stimuli induced hip-
pocampal firing. However, the power of spike-triggered LFP in
CA1 dramatically decreased in GE and GHPE mice, reflecting a
weaker entrainment of local circuits in HP triggered by neu-
ronal firing. Correspondingly, the power of oscillations in beta
and gamma frequency range decreased in GE and GHPE mice
as well. In contrast, the theta bursts were less affected, their
occurrence being similar across all investigated mice. This might
be due to the fact that theta bursts have a multiple mostly
extra-hippocampal origin with the septum as one main gener-
ator (Janiesch et al. 2011). At adulthood, the SPW-ripple events
were still perturbed in different strains with suppressed DISC1,
yet their occurrence was higher when compared with con-
trols due to dysfunction of parvalbumin-positive interneurons
(Altimus et al. 2015). We propose that the abnormal maturation
of hippocampal circuits might have detrimental effects on the
interneuron function and cause overcompensation resulting in
hippocampal hyperexcitability.

Several lines of evidence show that DISC1 suppression per-
turbs not only the hippocampal activity and oscillatory entrain-
ment but also the prefrontal activity and the communication
within prefrontal–hippocampal networks. First, even when con-
fined to HP, DISC1 suppression led to disorganized prefrontal
activity with weaker power. In contrast, the overall firing of
neurons in the PL remained unaffected. In contrast, when the
DISC1 suppression was restricted to PFC, the firing of these
neurons was dramatically decreased (Xu et al. 2019). Second,
the timing of prelimbic firing in GHPE mice was disturbed by
the HP-confined DISC1 suppression, the characteristic beta band
peak of firing interval and HP-spike triggered LFP power in
layer 2/3 of PFC being absent in these mice. Third, the syn-
chrony over a wide frequency range and the directionality of
prefrontal–hippocampal interactions diminished in GE and GHPE
mice when compared with controls. Moreover, during ramp light
stimulation the coherence of prefrontal–hippocampal interac-
tions within beta-frequency range was significantly decreased
in both GE and GHPE mice, reflecting the weaker excitatory drive
from the HP to PFC.

We propose that two mechanisms contribute to the abnormal
prefrontal–hippocampal communication of GE and GHPE. On the
one hand, due to synaptic deficits and the sparsification of
dendritic branching, the CA1 pyramidal neurons lose to a large
extent the ability to fire in an oscillatory phase-coordinated
manner. Consequently, the excitatory drive reaching mainly
layer 5/6 of PFC (Parent et al. 2010; Padilla-Coreano et al. 2016)
decreases and the boosting of intracortical connectivity result-
ing in beta entrainment within layer 2/3 is weaker. On the other
hand, the sparsification of axonal projections might cause less
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dense connections to the PFC. Whether the glutamate release
of the hippocampal terminals targeting the PFC is also impaired
remains to be elucidated.

In contrast to the DISC1 suppression confined to the pyrami-
dal neurons in PFC, the DISC1 suppression in HP is not transient
during development but persisted until prejuvenile age. These
differences across areas might result from different regulation
of Disc1 gene by external cues. Over 50 proteins interact with
DISCI controlling different maturational processes (Camargo
et al. 2007; Ye et al. 2017). Despite similar DISC1 knock-down by
shRNA, these interactions may lead to major differences across
brain regions and over time. The interference of DISC1 with
immune-relevant signaling pathways is of particular relevance
(Beurel et al. 2010). The structural and functional deficits caused
by the combination of DISC1 suppression with MIA are by far
more pronounced than the effects induced by either of the two
factors. They persist throughout the life span, leading to altered
social and cognitive behavior (Abazyan et al. 2010; Ibi et al. 2010;
Lipina et al. 2013). In the present study, we identified morpho-
logical and functional deficits within prefrontal–hippocampal
networks of GHPE mice until prejuvenile age. This abnormal
communication between the two brain areas throughout
the development relates to impaired prejuvenile cognitive
performance, which requires the prefrontal–hippocampal
activation (Barker and Warburton 2011). The ability to recognize
new objects and their recency was absent in GE and GHPE
mice.

While comprehensive genome-wide association studies
showed that DISC1 is unlikely to be a “genetic” factor causing
schizophrenia (Schizophrenia Working Group of the Psychi-
atric Genomics Consortium 2014; Sullivan et al. 2012; Ripke
et al. 2013), a wealth of data documented its relevance for
psychiatric conditions (Tomoda et al. 2016, 2017; Trossbach
et al. 2016; Kakuda et al. 2019; Sawa 2019). Orchestrating
molecular cascades hypothesized to underlie disease-relevant
physiological and behavioral abnormalities (Cuthbert and
Insel 2013). DISC1 points out the contribution of abnormal
development for multiple mental conditions. The present
results provide first insight into the mechanisms by which
DISC1 suppression interferes with the circuit function and
cognitive abilities. They show that besides prefrontal deficits of
layer 2/3 pyramidal neurons, the dysfunction of hippocampal
CA1 neurons unable to drive the down-stream PFC during
early development causes impaired prefrontal–hippocampal
communication that relates to poor cognitive performance. HP
plays a key role for memory deficits in mental disorders (Chen
et al. 2018). Impairment of hippocampal recruitment during
memory tasks has been described for schizophrenia patients
and high-risks subjects (Di Giorgio et al. 2013; Rasetti et al.
2014). We provide experimental evidence that developmental
miswiring in HP might cause cognitive deficits at adulthood
and disrupt the prefrontal–hippocampal coupling. Weaker
coactivation of PFC and HP has been identified in schizophrenia
patients during cognitive tasks (Meyer-Lindenberg et al. 2001).
Thus, the present study supports the neurodevelopmental origin
of schizophrenia and highlights the hub function of HP during
early maturation for the functional and cognitive deficits at
adulthood.
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