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Prenatal exposure to maternal infection increases the risk of offspring

developing schizophrenia in adulthood. Current theories suggest that the

consequences of MIA on mBDNF secretion may underlie the increased risk

of cognitive disorder. There is little evidence for whether the expression of its

precursor, proBDNF, is changed and how proBDNF-mediated signaling may

involve in learning and memory. In this study, proBDNF levels were detected in

the hippocampal CA1 and CA3 regions of male adult rats following MIA by

prenatal polyI:C exposure. Behaviorally, learning and memory were assessed in

contextual fear conditioning tasks. Local field potentials were recorded in the

hippocampal CA3-CA1 pathway. The General Partial Directed Coherence

approach was utilized to identify the directional alternation of neural

information flow between CA3 and CA1 regions. EPSCs were recorded in

CA1 pyramidal neurons to explore a possible mechanism involving the

proBDNF-p75NTR signaling pathway. Results showed that the expression of

proBDNF in the polyI:C-treated offspring was abnormally enhanced in both

CA3 and CA1 regions. Meanwhile, the mBDNF expression was reduced in both

hippocampal regions. Intra-hippocampal CA1 but not CA3 injection with anti-

proBDNF antibody and p75NTR inhibitor TAT-Pep5 effectively mitigated the

contextual memory deficits. Meanwhile, reductions in the phase

synchronization between CA3 and CA1 and the coupling directional indexes

fromCA3 to CA1were enhanced by the intra-CA1 infusions. Moreover, blocking

proBDNF/p75NTR signaling could reverse the declined amplitude of EPSCs in

CA1 pyramidal neurons, indicating the changes in postsynaptic information

processing in the polyI:C-treated offspring. Therefore, the changes in

hippocampal proBDNF activity in prenatal polyI:C exposure represent a
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potential mechanism involved in NIF disruption leading to contextual memory

impairments.
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Introduction

Epidemiological and experimental evidence suggests that

adverse events occurring during the prenatal and early

postnatal periods are associated with the development of

psychiatric disorders (Brown and Derkits, 2010; Cannon et al.,

2014). Infections during pregnancy are widely reported to

increase the risk of a variety of psychiatric illnesses including

autism, depression and schizophrenia (Jiang et al., 2016; Brown

and Meyer, 2018; Gustafsson et al., 2018). Polyinosinic:

polycytidylic acid (PolyI:C), a synthetic analog of double-

stranded RNA (dsRNA) that targets and stimulates Toll-like

receptor 3, is a potent stimulator of the immune system. PolyI:C-

induced maternal immune activation (MIA) can initiate

inflammatory responses and results in a variety of dose-

dependent aberrant behavior responses in the offspring

(Cunningham et al., 2007; Lipina et al., 2013). Given that

polyI:C treatment leads to distinct behavioral and cognitive

pathological symptoms depending on the precise prenatal

timing, the animal polyI:C model provides a unique

opportunity to link specific neuronal and neurochemical

dysfunctions with different forms of psychosis-related

behavior. This may readily set the stage for specific

interventions targeting different neuronal and neurochemical

systems, attempting to normalize behavioral and cognitive

dysfunctions by symptomatic or preventive treatments (Meyer

and Feldon, 2012).

A variety of evidence shows that brain-derived neurotrophic

factor (BDNF) is crucial in the pathophysiology of mental

diseases (Nagahara and Tuszynski, 2011; Cattaneo et al., 2016;

Yang et al., 2017). Mature BDNF (mBDNF) is initially

synthesized as the precursor protein, preproBDNF, which is

processed to proBDNF. After cleavage of the signal peptide,

proBDNF is converted into mBDNF by intracellular and

extracellular proteases (Yang et al., 2017). A meta-analysis

demonstrates that decreased peripheral mBDNF level is

significantly linked to schizophrenia, thereby supporting the

neurotrophins hypothesis of schizophrenia psychosis

(Rodrigues-Amorim et al., 2018). Juvenile offspring of poly (I:

C)-treated pregnant animals displayed cognitive deficits and a

significant decrease in BDNF-TrkB (tyrosine kinase receptor)

signaling in mouse prefrontal cortex (Han et al., 2016).

Interestingly, oral treatment of the TrkB agonist 7,8-

dihydroxyflavone during adolescence led to the prevention of

behavioral abnormalities and enhanced BDNF-TrkB signaling

and PV immunoreactivity of the MIA offspring. It clearly

suggests that decreased BDNF-TrkB signaling is a key

pathway involved in the cognitive deficits of MIA offspring

(Han et al., 2016). A recent study found that compared with

those from the control group, mBDNF levels in the parietal

cortex of schizophrenia patients were significantly lower, whereas

in the same region, proBDNF expression levels were abnormally

higher. Differently, the cerebellar proBDNF levels of

schizophrenia showed to be significantly reduced (Yang et al.,

2017). ProBDNF exhibits the opposing effects to mBDNF on the

functioning of neuronal development and synaptic plasticity

(Yang et al., 2009; Yang et al., 2014), and these effects are

most pronounced in the pathogenesis of neurodegenerative

diseases (Buhusi et al., 2017; Wang et al., 2021). Moreover,

proBDNF binds to the neurotrophin receptor p75NTR, thereby

resulting in the activation of apoptosis pathway (Liu et al., 2018;

Yang et al., 2021). Our recent studies also indicate that proBDNF

is a neurotrophin that manifests its effects mainly during the

early prenatal period (Sun et al., 2018a; Sun et al., 2020; Sun et al.,

2021a). For example, the peak expression of proBDNF during

perinatal period can facilitate the NMDAR-dependent short-

lasting synaptic plasticity, which is accompanied by inhibiting

neuronal migration and axonal retraction (Sun et al., 2021a).

Therefore, the central role of proBDNF appears to be altered by

maternal infection and may be associated with abnormal brain

development. The dominance of proBDNF in both maternal and

fetal parts of the placenta in the hyperhomocysteinemia-induced

schizophrenia animal model suggests that the dynamic balance

between BDNF isoforms produced during the processing plays

an important role in neuronal plasticity and cognitive

development (Arutjunyan et al., 2020). Furthermore, the

interaction of proBDNF with the p75NTR initiates apoptosis

and causes epileptic seizure activity in the brain due to the

up-regulated production of IL-1β (Volosin et al., 2008;

Friedman, 2010; Patterson, 2015). The IL-1β activation of

neuronal IL-1R1 signaling can modulate intracellular Ca2+

(Srinivasan et al., 2004), activation of postsynaptic receptors

(Bertani et al., 2017) and BDNF-dependent synaptic signaling

and function (Tong et al., 2012; Cai et al., 2014; Patterson, 2015).

Thus, abnormal activation of these signaling pathways during

neuronal development by proBDNF may impinge on multiple

developmental mechanisms, resulting in the perturbation of

neuronal differentiation, dendritic and axonal growth,

myelination and synapse formation and undermining

cognitive and behavioral performance (Sun et al., 2018a; Sun

et al., 2021a; Sun et al., 2021b; Yang et al., 2021). However, little is

known about how proBDNF is regulated by maternal infection
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and how this increases the risk for neurodevelopmental

disorders.

Cerebral neurons have locally synchronous or oscillatory

patterns of activity, and the temporal dynamics reflect

different behavioral states (Salinas and Sejnowski, 2001;

Schnitzler and Gross, 2005). Studies ranging from single-unit

recordings in animals to electroencephalography studies in

humans have demonstrated that correlated fluctuations are

important for controlling the oscillation of information flow

in the brain (Salinas and Sejnowski, 2001). Significantly, the

specific cognitive impairments and psychotic features of

schizophrenia indicate the fundamental deficits in processing

information by neural circuits in the central nervous system

(CNS) (Kocsis et al., 2013; McNally and McCarley, 2016; Van

Derveer et al., 2021). Structural and functional abnormalities of

the hippocampal circuits are the feature of major

neuropsychiatric disorders with adult onsets and are

considered to underlie the cognitive impairments associated

with neurological diseases (Harrisberger et al., 2015; Ott et al.,

2019). It is well known that hippocampal activity provides a

powerful heterosynaptic learning rule for long-term gating of

information flow at the CA3-CA1 synapses (Colgin et al., 2009;

Jackson et al., 2014; Basu et al., 2016). Importantly, the functional

relevance of hippocampal oscillations in animals with

schizophrenia had been found to reproduce the stereotypic

structural damage obtained from the hippocampal circuit of

schizophrenic humans (Berretta et al., 2001; Keilhoff et al.,

2004; Berretta and Benes, 2006). Furthermore, BDNF

signaling is a key regulator of spatial cognition within these

circuits. For example, by affecting the firing of GABAergic

interneurons, BDNF plays an important role in regulating

network oscillations in the hippocampus (Holm et al., 2009).

Infusion of proBDNF is able to enhance neuronal correlate with

fear extinction behavior without affecting basal firing rate in the

infralimbic region of rodents (Sun et al., 2021b). Endogenous

mBDNF signaling is necessary for strategy set-shifting (D’Amore

et al., 2013), while both endogenous and exogenous proBDNF

infusions into the dorsal striatum facilitate flexible behavior (Sun

et al., 2020). However, recent research from our group found that

both endogenous and intra-hippocampal proBDNF could elevate

the spike frequency of pyramidal neurons, resulting in an

improvement of contextual fear memory formation (Sun

et al., 2019; Sun et al., 2021a). Therefore, it is needed to

examine the hypothesis of whether maternal infection

ultimately alters proBDNF-mediated neuronal function in the

offspring brain.

The present study was undertaken to examine the roles of

maternal polyI:C on the expression levels of proBDNF in

hippocampal CA3 and CA1 regions. To investigate cognitive

behavior associated with the positive symptoms of schizophrenia,

we tested memory for contextual fear conditioning and an anti-

proBDNF antibody was intra-infused into the CA3/CA1 of the

hippocampal area. Meanwhile, LFPs were recorded at

hippocampal CA3 to CA1 synapses and the phase

synchronization and the index of NIF coupling between

CA3 and CA1 over different frequency bands were

determined. The excitatory postsynaptic currents (EPSCs)

were recorded to evaluate the possible neural mechanism. Our

findings provide the first direct evidence that prenatal exposure

toMIA alters the expression of proBDNF and its mediated neural

function, which may have profound implications for revealing

the underlying neuropathology of neurodevelopmental disorders

related to maternal infection.

Experimental procedure

Experimental animals and the maternal
immune activation model of
schizophrenia

Experimental procedures were performed in accordance with

the Care and Use of Animals Committee of Guizhou University

of Traditional Chinese Medicine (SCXK-2013-0020) and the

practices outlined in the NIH Guide for the Care and Use of

Laboratory Animals. Sprague-Dawley rats (Laboratory Animal

Center, Academy of Military Medical Science of People’s

Liberation Army) were reared in standard polypropylene

ventilated cages in a colony room (12-h light-dark cycle; lights

on at 7 a.m., 21 ± 2°C; 45 ± 5% humidity) with free access to tap

water and standard pellet diet. Nulliparous time-mated rats (n =

35) were left undisturbed until treatment on the gestational day

(GD) 15. Experiments were conducted during the light phase

(between 1 p.m. and 5 p.m.)

Maternal treatment generally followed previously established

protocols (Gibney et al., 2013; Lins et al., 2018; Lins et al., 2019). On

GD15, dams were anesthetized with isoflurane (5% induction, 3%

maintenance) and received a single intravenous tail vein injection of

either 0.9% saline (n = 12) or polyI:C (4 mg/kg, high molecular

weight, InVivoGen; n = 20). Care was taken to ensure the saline-

treated dams were anesthetized for the same length of time as the

polyI:C-treated dams. Body weight and rectal temperature

measurements were taken again from the dams 8, 24, and 48 h

after treatment. Dams were then left undisturbed until the day after

the parturition. Experimenters were blind to the treatment of the

animals and all experiments were conducted at about postnatal day

(PND) 56 (range from 54 to 61).

Samples and Western blotting

PolyI:C-treated offspring were anesthetized and bilaterally

hippocampal CA3 and CA1 tissues were micro-dissected under a

dissection microscope as previously described (An and Sun,

2018; Sun et al., 2021c; Sun et al., 2021d). As previously

reported (Kosalkova et al., 2012; Brombacher et al., 2020), the
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tissues were homogenized in cold 0.32 M sucrose containing

1 mM HEPES solution, 0.1 mM EGTA and 0.1 mM

phenylmethylsulphonyl fluoride, pH 7.4, in the presence of a

complete set of protease inhibitors and a phosphatase inhibitor

cocktail. The homogenized tissue was pushed through nylon cell

strainers (Falcon, Corning Incorporated, NY) and centrifuged

twice (3,900 rpm for 5 min and 13,200 rpm for 5 min) at 4°C and

filtered through 0.45 μm filters (Millipore, Billerica, MA). The

supernatant fluid was collected for determining the extracellular

proBDNF concentration. Nuclear/cytoplasmic proteins were

purified using a Nuclear and Cytoplasmic Protein Extraction

Kit (Beyotime Biotechnology). Briefly, 100 mg of tissue was

homogenized with ice-cold phosphate buffer (0.05 M; 25 mg/

100 µl) containing extraction reagents A and B in 20:1 ratio (for

cytoplasmic protein extraction) and phenylmethylsulfonyl

fluoride (1 mM) using glass tissue homogenizers. Cytoplasmic

and nuclear proteins were extracted using respective kits

according to the manufacturer’s instructions. The proteins

were quantified using bicinchoninic acid assay (Bio-Rad Lab)

and resolved by 10%–15% SDS-PAGE. Then they were

transferred onto PVDF membranes (Pall, Florida,

United States) for immunoblotting. The membranes were

blocked with 5% non-fat skimmed milk for 1 hour and

incubated with the primary mouse anti-proBDNF (1:500;

Cat#sc-65514, Santa Cruz Biotechnology) and mouse anti-β-
actin (1:20,000; Cat#A5316, Sigma) overnight at 4°C. Then the

membranes were incubated with horseradish-peroxidase (HRP)-

conjugated secondary goat anti-mouse IgG (1:2500; Cat#31430,

Thermo Fisher Scientific) incubated for 2 hours. After three

washes with TBST buffer, immunoreactivity was detected by

ECL Detection Kit (CWBIO, China) as our previous reports (Sun

et al., 2018b; Sun et al., 2021e; Sun et al., 2022a).

Enzyme-linked immunosorbent assay

The levels of mBDNF in the hippocampal CA1 and

CA3 regions were determined using the BDNF ELISA kit

(Cat#ERBDNF, Thermo Fisher Scientific) according to the

manufacturer’s instructions. Briefly, the samples were

incubated with pre-coated 96-well plate for 2.5 h at room

temperature. Then biotin conjugate (for 60 min), Streptavidin-

HRP (for 45 min), TMB substrate (for 30 min) and stop solution

(for 30 min) were added and incubated at room temperature.

Optical absorbance was measured using a microplate reader

(Bio-Rad, United States) at 450 nm, and the concentration

was calculated according to the standard curve.

Stereotaxic surgery and microinjection

For surgery preparation, animals were anesthetized with

isoflurane and fixed in a custom-made stereotaxic apparatus

(SN-3, Narishige, Japan) (An et al., 2012; An et al., 2019; Sun

et al., 2021f). Body temperature was maintained with a heated gel

pad. Guide cannulae (22 Ga) were bilaterally implanted into the

CA1 (AP: −3.3 mm, ML: ±2.2 mm, DV: 2.4–2.8 mm) or CA3

(AP: 4.2 mm, ML: 3.5 mm, DV: 2.3–2.6 mm) region. Gauge

dummy cannulae (30-Ga, Plastics One Inc.), which extended

0.5 mm beyond the guide cannulae, were inserted to prevent

clogging. Rats were given at least 7 days to recover from the

surgery.

Infusions were performed by inserting custom needles

(30 Ga) connected through PE-50 tube into an infusion pump

(Harvard Apparatus), extended 1.0 mm pass the end of the

cannulae. One week before the treatment, the infusion

procedure was habituated on two separate days. The cleavage-

resistant proBDNF (2 ng/ml; Cat#B257 Alomone Labs), TAT-

Pep5 (4 ng/μl; Cat#506181, EMD Millipore), or artificial CSF

(ACSF) was infused bilaterally at a rate of 0.5 μl/min/side for

2 min. The infusions were conducted 30 min prior to the

detection of proBDNF expression. For fear learning, the

infusions were performed 30 min before conditioning; for the

memory test, the infusions were performed immediately

following the conditioning. The cannulae were left for an

additional 5 min to allow drug diffusion. Dose and route were

chosen based on the previous studies (An et al., 2018; Sun et al.,

2020; Sun et al., 2022b).

Fear conditioning

A new cohort of 61 rats were contextual fear conditioned and

tested in standard operant chambers (Coulbourn Instruments)

inside sound-attenuating boxes (Med Associates) as previously

described (Sun et al., 2018a; Sun et al., 2021b). To rule out the

contribution of the infusions before the fear conditioning to

memory consolidation, rats were separated into two subgroups

(Fear learning: 24 polyI:C-treated and 6 saline-treated offspring;

Memory test: 25 polyI:C-treated and 6 saline-treated offspring).

For the conditioning stage, the conditioned stimulus (CS) was a

tone (4 kHz, 30 s, 77 dB), which was co-terminated with a foot-

shock (0.5 s, 0.5 mA) as the unconditioned stimulus

(United States ). The protocol consisted of five habituation

tones, followed by six tone-shock pairings. The intertrial

interval varied around 2 min to prevent any association with

time. The chambers were cleaned between each testing with 70%

ethanol and wiped with paper towels. The memory test was

conducted in the same context used for conditioning 24 h

following the conditioning. Fear behavior was assessed offline

from videos by measuring freezing with the exception of

respiration-related movement and non-awake or rest body

posture (Blanchard and Blanchard, 1969). Percentage freezing

was measured during each tone presentation. Behavior was

videotaped and later scored offline with a digital stopwatch by

an experimenter blind to the experimental conditions as
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previously described (Sun et al., 2018a; Sun et al., 2019; Sun et al.,

2021b) and the average percentage of freezing was calculated.

Local field potential recordings

Independently microelectrodes were arranged in two 2 by

2 matrix using 17 μm polyimide-coated platinum-iridium (90%/

10%; California Fine Wire) in a 16-gauge silica tube (World

Precision Instruments). The tips of electrodes were plated with

platinum to reduce impedances to 150–500 kΩ. A cannula was

attached to a silica tube and its proximal open end was parallel to

electrode tips. Two electrode arrays were chronically implanted:

one was located at the CA1 region (AP: 3.5 mm, ML: 2.5 mm,

DV: 2.0 mm) and the other one was located at the CA3 (AP:

4.2 mm, ML: 3.5 mm, DV: 2.5 mm) of the hippocampus in the

ipsilateral hemisphere using previously reported procedures (An

et al., 2013; An and Zhang, 2015; An and Sun, 2017a).

The recording was conducted 10 min before the behavioral

test in their home-cage and during the whole behavioral test

using a Digital Lynx system and Cheetah recording software

(Neuralynx Inc.). LFPs were continuously sampled at 2 kHz and

filtered at 0.1–1,000 Hz from each electrode. The animals’

behavior was monitored by a digital ceiling camera

(Neuralynx Inc.) and sand the CCD camera’s signal was fed

to a frame grabber (sampling rate, 1 MHz) with the experimental

time superimposed for offline analysis.

Phase locked value

PLV is defined to analyse the strength of phase

synchronization. Extracting the phase of two signals, ϕa and

ϕb were obtained. PLV is defined as following,

PLV �
∣∣∣∣∣∣∣∣∣∣ 1N∑N

j�1
exp(i[ϕa(jΔt) − ϕb(jΔt)])

∣∣∣∣∣∣∣∣∣∣
with N stands for the length of time series, 1

Δt is the sampling

frequency. The value of PLV is between 0 and 1, meaning that

1 indicates fully synch and 0 no syncing at all.

General partial directed Coherence
algorithm

PDC, whose definition is based on the notion of linear

Granger causality, is proposed to describe the causal

relationship between multivariate time series. Its core meaning

is based on the decomposition of multivariate partial coherences

computed from multivariate autoregressive models. 2-Variate

process PDC algorithm was introduced as follows.

Considering a two dimensional process

X(t): � [x1(t)x2(t)] (1)

Granger causality within a 2-variate process defined by X(t)
is assessed by modeling them through a vector autoregressive

(VAR) model of the form:

X(t) � ∑p
r�1
ArX(t − r) + E(t) (2)

with Ar � [ a11(r) a12(r)
a21(r) a22(r)]

Taking the Fourier Transformation of the VAR coefficients:

A(f) � ∑p
r�1
Ar· exp(−i2πfr) (3)

Yields a frequency-domain representation of the VARmodel.

Defining the matrix: A
− (f) � I − ∑p

r�1Ar· exp(−i2πfr) �
[a1− (f) a2

− (f)] as the difference between the identity matrix.

And then PDC from variable xj to xi is defined as:

πij(f) � a
−
ij(f)�����������

a
−H
j (f)a−j(f)√ (4)

It has been shown that large differences in the variances of

the modeled time series can lead to distortions in the resulting

PDC values (Winterhalder et al., 2005; Baccala et al., 2007; Sun

et al., 2021g). To avoid this, a variation of the original PDC which

is called generalized PDC (gPDC) (Baccala et al., 2007; Sun et al.,

2021h) is presented. In gPDC, the coefficients A
−
ij(f) are

normalized by the standard deviation of the E(t) model

residuals:

πg
ij(f) � 1

σ i
a
−
ij(f)�����������������������������

1
σ21
A
−
1j(f)A−H

1j(f) + 1
σ22
A
−
2j(f)A− H

2j(f)√ (5)

The denominator in (Gustafsson et al., 2018) is a

normalization that bounds the gPDC coefficients to values

from 0 to 1. The choice of scaling means that |πg
ij(f)|

measures the outflow of information from signal xj to signal

xi with respect to the total outflow of information from xj to all

signals.

Whole-cell patch clamp
electrophysiology

As previously described (An and Sun, 2017b; Li et al., 2018;

Sun et al., 2021e), animals were euthanized and the brains were

removed to an ice-cold solution containing 200 mM Sucrose,

1.9 mM KCl, 1.2 mM NaH2PO4, 33.0 mM NaHCO3, 10.0 mM

glucose, 4.0 mM MgCl2 and 0.7 mM CaCl2, pH 7.3 (with an

osmolarity of 300–305 mOsm). On a vibratome (VT1000S, Leica,

Germany), 300-μm-thick horizontal slices were prepared, since

horizontal preparations can preserve clearer layering than
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parasagittal or coronal ones and yield a slice attached with clear

fiber projections and multiple neurons (Van Hoeymissen et al.,

2020). After 60 min recovery, slices were recorded in a chamber,

which was placed on an upright microscope (Zeiss Axioscope II

FS plus) equipped with a ×40 water immersion objective and a

visualization system (Hamamatsu Photonics) consisting of an

infrared CCD camera (C7500) and the controller (C2741). The

slices were perfused with a continuous flow of ACSF (95%O2 and

5% CO2) that contained 120 mM NaCl, 3.5 mM KCl, 1.25 mM

NaH2PO4, 26.0 mM NaHCO3, 10.0 mM glucose, 1.3 mM MgCl2
and 2.5 mM CaCl2, pH 7.3. When it was necessary, the ACSF

which contained anti-proBDNF antibody (2 ng/ml, or 5 ng/ml)

or Pep5 inhibitor (4 ng/μl) was perfused.

Whole-cell voltage-clamp recordings were performed in

pyramidal neurons of the hippocampal CA1 region using

pipettes with 3–7 M resistance after being filled with pipette

solution containing (in mM) 120 mM potassium

methanesulfonate, 10 mM NaCl, 10 mM EGTA, 1 mM CaCl2,

10 mM HEPES, 5 mM ATP-Mg at pH 7.3. The pipettes were

pulled using a P-97 electrode puller (Sutter Instruments).

Recordings were performed at -70 mV holding potential in

the presence of 10 μM bicuculline at room temperature (22 ±

1°C). Data of EPSC were recorded using an EPC-10 patch-clamp

amplifier (HEKA Instruments). Signals were digitized at 10 kHz

and low-pass filtered at 2 kHz and collected using Pulse software

(HEKA, Germany). The frequency and amplitude of individual

events were examined with Clampfit software (Molecular

Devices). The recording was initiated 30 min following the

drug perfusion. The recording time for the final analysis was

around 15 min. Only one slice including the entire hippocampus

from each rat was used for each animal because of the time

required to complete the treatment and the consequent

uncertainty regarding any alterations in tolerance in vitro

beyond the time.

Data and statistical analysis

Data were expressed as Mean ± SEM. All analyses were

performed with Neuroexplorer, Matlab (MathWorks) and

SPSS 17.0 software. One-Sample Student t-tests were used

to compare data from blotting tests. One-way ANOVA was

used to compare the data from LFP recordings and two-way

ANOVA was used to compare the data from EPSC

recordings. In the behavioral test, two-way repeated

measures ANOVA was applied to analyze freezing levels

during the conditioning and one-way ANOVA was applied

to analyze freezing levels in the memory test. Significant

ANOVA results were followed up using Tukey’s post hoc

test. p < 0.05 level of confidence was used in the analyses. The

number of animals in each group for each test can be found in

figure legends and results.

Results

Following polyI:C injection, two dams were euthanized

because they failed to recover from hypothermia and one dam

was not able to breed to produce viable litters. Of the original

35 dams, offspring from a total of 32 litters were included

(20 polyI:C-treated dams and 12 saline-treated dams).

Maternal polyI:C treatment increases the
expression of intracellular proBDNF in
hippocampus

In response to polyI:C treatment, the levels of extracellular

proBDNF in hippocampal CA3 (Figure 1A; t-test, t11 = 0.51, p =

0.626) and CA1 (Figure 1B; t-test, t11 = 0.26, p = 0.783) regions

were comparable between polyI:C-treated and control offspring.

However, the intracellular proBDNF in the CA3 area was

significantly enhanced (Figure 1A; t-test, t11 = 2.75, p =

0.019). A similar pattern of expression was found in the

CA1 area with statistically increased proBDNF level observed

(Figure 1B; t-test, t11 = 2.98, p = 0.012). Meanwhile, the

expression levels of mBDNF were declined in both CA3

(Figure 1C; t-test, t11 = 2.26, p = 0.045) and CA1 (Figure 1D;

t-test, t11 = 2.39, p = 0.038) regions.

Maternal polyI:C treatment compromises
fear memory formation

To identify the regional effects of the enhanced proBDNF on

fear learning and memory, anti-proBDNF antibodies were

injected into the CA1 or CA3 regions of PolyI:C offspring. As

shown in Figure 2A, a two-way repeated measures ANOVA

revealed a significant treatment effect on freezing levels during

the fear acquisition (effect of treatment, F (4, 25) = 4.81, p =

0.005). The differences were found between control and ployI:C

groups (Control + ACSFCA1 vs. PolyI:C + ACSFCA1, PolyI:C +

AntiCA1, PolyI:C + AntiCA3 and PolyI:C + Pep5CA1, all p <
0.05), but no effect was found following the antibody or

Pep5 infusion as the evidence by lack of difference between

ployI:C groups (PolyI:C + ACSFCA1 vs. PolyI:C + AntiCA1,

PolyI:C + AntiCA3 and PolyI:C + Pep5CA1, all p < 0.05). When

the performance was compared in the memory test, the freezing

level of polyI:C-treated offspring was significantly lower

compared to control offspring (Figure 2B; one-way ANOVA,

effect of treatment, F (4, 26) = 4.22, p = 0.009; Control +

ACSFCA1 vs. PolyI:C + ACSFCA1, p < 0.05). Infusion anti-

proBDNF antibody into CA1 (Control + ACSFCA1 vs. PolyI:C +

AntiCA1, p < 0.05) but not CA3 (Control + ACSFCA1 vs. PolyI:C

+ AntiCA3, p < 0.05) region effectively enhanced the declined

freezing level. To further determine whether p75NTR served as the
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FIGURE 1
The expression of proBDNF in hippocampal CA3 and CA1 regions. Western blot analysis shows the proBDNF expression in CA3. (A) and CA1. (B)
regions are abnormal increased. ELISA analysis of mBDNF concentration in CA3 (C) and CA1 (D) regions. Data are presented as mean ± SEM. *p <
0.05. Control: n = 6; PolyI:C: n = 7.

FIGURE 2
The performance in the conditioning and fear memory test. PolyI:C-treated offspring were intra -CA1 or -CA3 infused with anti-proBDNF
antibody or p75NTR inhibitor TAT-Pep5 30 min before the testing. The freezing levels of polyI:C-treated offspring during the training (A) and the
memory test (B) are lower while blocking the activation of proBDNF/p75NTR signaling can effectively reversed the impaired memory behavior. Data
are presented as mean ± SEM. *p < 0.05, Control + ACSFCA1 vs. other groups in A and the group vs. Control + ACSFCA1, PolyI:C + AntiCA1 and
PolyI:C + Pep5CA1 in B. Training phase: Control + ACSFCA1: n = 6; PolyI:C + ACSFCA1: n = 6; PolyI:C + AntiCA1: n = 6; PolyI:C + AntiCA3: n = 6;
PolyI:C + Pep5CA1: n=6. Memory test: Control + ACSFCA1: n= 6; PolyI:C + ACSFCA1: n= 4; PolyI:C + AntiCA1: n= 7; PolyI:C + AntiCA3: n= 7; PolyI:
C + Pep5CA1: n = 7.
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receptor for the proBDNF to disrupt fear memory formation,

p75NTR inhibitor TAT-Pep5 was infused into the CA1 region. As

shown in Figure 2B, blocking the proBDNF/p75NTR signaling

pathway by TAT-Pep5 inhibitor could also prevent the markedly

reduced freezing behavior (Control + ACSFCA1 vs. PolyI:C +

Pep5CA1, p < 0.05).

Maternal polyI:C treatment weakened the
strength of phase synchronization and
neural information flow from
hippocampal CA3 to CA1 reigion

To assess whether there was an abnormal baseline

synchronized activity, the phase synchronization was firstly

compared in home-cages 10 min before moving into the

recording chambers. There was no statistical difference in the

basal values of PLV (Figure 3A; two-way ANOVA, effect of

treatment, F (4, 26) = 0.39, p = 0.813). Although the value of PLV

in the polyI:C-treated offspring was significantly reduced in theta

frequency bands compared to control group (Figure 3B; two-way

ANOVA, interaction effect between treatment and band, F (16,

104) = 2.02, p = 0.018; Control + ACSFCA1 vs. PolyI:C +

ACSFCA1, p < 0.05), intra-CA1 (PolyI:C + ACSFCA1 vs.

PolyI:C + AntiCA1, p < 0.05) but not intra-CA3 (PolyI:C +

ACSFCA1 vs. PolyI:C + AntiCA3, p > 0.05) infusion of anti-

proBDNF antibody obviously increased the value of PLV index.

Similar to abnormalities seen in phase synchronization, the

directionality index d of NIF in CA3-CA1 pathway was

decreased at theta frequency of the ployI:C-treated group

(Figure 3C; two-way ANOVA, interaction effect between

treatment and band, F (16, 104) = 2.13, p = 0.012; Control +

ACSFCA1 vs. PolyI:C + ACSFCA1, p < 0.05). Furthermore, the

strength of unidirectional coupling index c2, which reflects the

unidirectional coupling from CA3 to CA1 region, was

significantly diminished at theta frequency compared polyI:C

+ ACSFCA1 to Control + ACSFCA1 offspring (Figure 3D; two-

way ANOVA, interaction effect between treatment and band, F

(16, 104) = 2.09, p = 0.14; Control + ACSFCA1 vs. PolyI:C +

ACSFCA1, p < 0.05). Both microinfusion of anti-proBDNF

antibody and blocking proBDNF/p75NTR pathway in area

CA1 could effectively enhance the strength of NIF between

CA3 and CA1 regions (PolyI:C + ACSFCA1 vs. PolyI:C +

AntiCA1 and PolyI:C + Pep5CA1, both p < 0.05) and the

unidirectional coupling (PolyI:C + ACSFCA1 vs. PolyI:C +

AntiCA1 and PolyI:C + Pep5CA1, both p < 0.05). However,

the restorative effects were not found when the treatments were

performed in subfield CA3 (PolyI:C + ACSFCA1 vs. PolyI:C +

AntiCA3, both p > 0.05).

Ampllitude but not frequency of sEPSCs
was depressed in CA1 pyramidal neurons
of polyI:C-treated offspring

The mean frequency of sEPSCs was not influenced by

maternal polyI:C treatment (Figures 4A,B one-way ANOVA,

effect of treatment, F (4, 25) = 0.96, p = 0.447). Although an

enhanced effect on CA1 neurons of polyI:C-treated offspring was

found when anti-proBDNF antibody was incubated at the

concentration of 5 ng/ml, it failed to reach significance.

However, the amplitude was significantly suppressed in

maternal polyI:C treatment group (Figure 4C one-way

ANOVA, effect of treatment, F (4, 25) = 3.82, p = 0.015;

Control + ACSF vs. PolyI:C + Anti (0), p < 0.05). Moreover,

anti-proBDNF antibody obviously reversed the depressive effects

FIGURE 3
The values of PLV and the directional coupling index d and c2 between CA3 and CA1 regions. The basal value of PLV before behavioral test (A)
and the PLV value during the contextual memory test (B). The inset showing approximate locations of electrodes. Images are adapted from The rat
brain atlas in stereotaxic coordinates (122, 123). Coupling direction index d between CA1 and CA3 (C) and unidirectional influence index c2 (D). Data
are presented asmean ± SEM. *p < 0.05, vs. Control + ACSFCA1, PolyI:C + AntiCA1 and PolyI:C + Pep5CA1. Control + ACSFCA1: n= 6; PolyI:C +
ACSFCA1: n = 4; PolyI:C + AntiCA1: n = 7; PolyI:C + AntiCA3: n = 7; PolyI:C + Pep5CA1: n = 7.
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in a dose-response manner (PolyI:C + Anti (0) vs. PolyI:C + Anti

(2) and PolyI:C + Anti (5), both p < 0.05; PolyI:C + Anti (2) vs.

PolyI:C + Anti (5), p < 0.05). Meanwhile, TAT-Pep5 inhibitor

could also enhance the reduction in the amplitude of polyI:C-

treated offspring (PolyI:C + Anti (0) vs. PolyI:C + Pep5, p < 0.05).

Discussions

In this study, we found that MIA by prenatal polyI:C

treatment abnormal enhanced the expression of proBDNF in

both hippocampal CA1 and CA3 regions of adult offspring.

Behavioral results found the polyI:C-treated offspring

displayed learning and contextual memory deficits. Intra-

hippocampal infusions of anti-proBDNF antibody and p75NTR

inhibitor into the CA1 area could obviously mitigate phase

synchronization and the directional index of NIF of polyI:C-

treated offspring leading to the improvement of memory

formation. Furthermore, the elevation of proBDNF induced a

reduction of the amplitude of EPSCs in the CA1 pyramidal

neurons, implying the alternations in postsynaptic information

processing. Our findings identify the first time proBDNF

signaling involved in prenatal polyI:C-induced cognitive

impairments and neural coupling dysfunction.

Although alterations in the expression of mBDNF in the

brain of patients with schizophrenia have been reported and

thought to play an important role in the pathophysiology of

major psychiatric disorders, the expression levels of mBDNF,

which are generated from the resulting enzymatic cleavage and

conversion of proBDNF, was varied reported. For example,

increased levels of mBDNF protein in the anterior cingulate

cortex and hippocampus of patients with schizophrenia were

previously found (Takahashi et al., 2000; Durany et al., 2001).

However, others reported a significant reduction in BDNF

mRNA and mBDNF levels in the hippocampus of suicide

victims (Weickert et al., 2003; Karege et al., 2005). Recently,

mBDNF in the placenta was insignificant and remained

unaffected following the activated maternal immune system

(Arutjunyan et al., 2020), suggesting that further studies are

needed to better understand the potential involvement of BDNF

and its signaling. Our results showed that polyI:C-induced MIA

resulted in an abnormal enhancement in the expression of

proBDNF in the hippocampal regions, including CA3 and

CA1. Similarly, the activation of its receptor p75NTR level was

found to be elevated on PND 20 (Lin andWang, 2014). Recently,

we found a peak expression of proBDNF in the hippocampus

during the postnatal period and a steady lower level in adulthood

rats (Sun et al., 2021a). Anatomical and histological observation

also found that the up-regulation of proBDNF/mBDNF ratio

induced synaptic plasticity impairment, and cognitive decline in

depressive episodes and aged (Diniz et al., 2018; Wang et al.,

2021), indicating BDNF has bidirectional effects on neuronal

function depending on the cleavage of proBDNF (Barnes and

Thomas, 2008; Menshanov et al., 2015; Wang et al., 2021).

Our behavioural findings showed that MIA, following polyI:

C administration, impaired contextual fear memory

consolidation processes. It was consistent with previously

published research utilizing bacterial endotoxin

lipopolysaccharide and the viral mimetic polyI:C (Huang

et al., 2010; Kranjac et al., 2012a; Kranjac et al., 2012b; Bao

et al., 2022). Furthermore, treatment of p75NTR inhibitor TAT-

Pep5 and anti-proBDNF antibody in the CA1 but not CA3 area

FIGURE 4
(A) The changes in EPSC of prymidal CA1 neurons. Typical consecutive sample traces of sEPSCs from each group (Top). The frequency of sEPSC
(B) is not altered but the amplitude of sEPSC (C) is decreased in polyI:C-treated offspring. Incubation with anti-proBDNF antibody or TAT-Pep5
inhibitor can significantly enhance the declined amplitude. Data are presented as mean ± SEM. *p < 0.05, vs. Control + ACSFCA1, PolyI:C +
AntiCA1 and PolyI:C + Pep5CA1. Control + ACSFCA1: n= 5; PolyI:C + ACSFCA1: n= 5; PolyI:C + AntiCA1: n= 7; PolyI:C + AntiCA3: n= 7; PolyI:C
+ Pep5CA1: n = 6.
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could prevent memory deficits of MIA adult offspring. Our study

confirms that the activation of proBDNF-p75NTR pathway in the

hippocampus is involved in schizophrenia-like behavior

abnormalities in offspring after MIA. Thus, proBDNF-p75NTR

signaling would represent a potential therapeutic and preventive

target for schizophrenia. Somewhat of a surprise to us, we did not

observe significant reversal effects of anti-proBDNF antibody on

fear learning after MIA exposure. An explanation of our findings

would be that activation of proBDNF/p75NTR signaling improves

correct responses and reduce error rates during the early phase of

reversal training, with no effect on memory acquisition (Sun

et al., 2020). Indeed, this conclusion is consistent with our prior

data that infusions of anti-proBDNF antibodies did not affect

animals’ performance during the training stage but had trouble in

the adaption and acquisition of learning flexible behavior (An

et al., 2018). Moreover, the antibody and p75NTR inhibitor had no

effect on memory retrieval when they were administered beyond

the time window for memory consolidation and reconsolidation

(Leutgeb et al., 2004; Huang et al., 2010), rendering the

impossibility that the improved memory attributed to their

effects on memory retrieval. Therefore, our results indicate

that the deleterious impacts of prenatal polyI:C treatment on

memory consolidation of contextual fear memory are mediated

by abnormally increased proBDNF in the hippocampus.

Hippocampal place cells, located in the CA1 region, are

the neurons with spatially localized activities (Henriksen et al.,

2010; Koh et al., 2016). We found that the abnormal elevation

of the proBDNF level in the CA1 but not the CA3 region

contribute to memory deficits. Consistently, the reduction in

inhibitory effects specifically in the CA1 of the hippocampus

could impact trace fear memory (Brigman et al., 2010).

Molecular signaling in the CA1 has also been found to be

important for trace fear memory (Huang and Morozov, 2011;

Soltesz and Losonczy, 2018). Interestingly, although

pyramidal neurons in the hippocampal CA3 express high

levels of BDNF, this BDNF does not affect hippocampal

oscillations but the oscillation power can be facilitated in

the CA1 area by attenuating the expression of 5-

Hydroxytryptamine type 3 receptors (Schobel et al., 2009).

Our results coincided that hippocampal CA1, but not other

regions, is differentially targeted by schizophrenia and related

psychotic disorders (Knuesel et al., 2014). Thus, it is

interesting to postulate that CA1 hypermetabolism may be

driving dysfunction in other brain regions in the established

illness.

The inflammatory response in the developing

hippocampus following maternal infection may influence

the formation and development of neural circuits (Maynard

et al., 2001; Je et al., 2013). Actually, proBDNF and its high-

affinity receptor p75NTR signaling negatively regulate

neurodevelopment, regulating neuronal apoptosis and

remodeling, including axonal retraction and synaptic

elimination (Yang et al., 2009; Yang et al., 2014; Hill et al.,

2016). Therefore, the increased proBDNF alters the

connectivity of functional circuits underlying the cognitive

deficits related to schizophrenia and other

neurodevelopmental disorders. Specifically, BDNF is

thought to influence neuronal network activities, such as

theta oscillations (Ducharme et al., 2012), that are critical

for ongoing information processing and modification of

synaptic efficacy (Mascetti et al., 2013; Park and Poo,

2013). For example, Bdnf-e4 mice with an exaggerated

enhancement in hippocampal low theta power were shown

to impair freezing behavior (Ducharme et al., 2012). It was in

agreement with the observation of hippocampal

hyperactivation in individuals with the BDNF rs6265

(Val66Met) polymorphism (Nagappan et al., 2009). Our

previous studies suggest that proBDNF-mediated low-

frequency oscillations play a prominent role in preventing

fear memory processing, with special emphasis on the

facilitation of memory extinction (Sun et al., 2018a; Sun

et al., 2019). It is worth noting that theta burst stimulation,

which can mimic continuous theta-burst firing during

learning, is preferred to induce predominant cleavage of

proBDNF (Edelmann et al., 2015). Furthermore, theta

bursts of postsynaptic action potentials (APs) preceding

presynaptic stimulation trigger BDNF-dependent

postsynaptic timing-dependent potentiation (Lynch, 2004),

which is essential for memory formation (Crabtree and

Gogos, 2014). Synaptic plasticity alters the strength of

information flow between presynaptic and postsynaptic

neurons, thereby regulating the likelihood that APs in

presynaptic neurons lead to APs in postsynaptic neurons

(Kallupi et al., 2014). Consistently, our results showed that

the amplitude of EPSCs in the CA1 region declined in MIA

offspring, suggesting the disruption of postsynaptic

information processing (An and Sun, 2017b; Speers and

Bilkey, 2021). It has been demonstrated that NMDAR-

dependent intrinsic excitability in CA1 pyramidal neurons

from MIA offspring was markedly reduced, which caused the

detrimental effect on spatial memory impairments (Escobar

et al., 2011; Zeraati et al., 2021). Further investigation

demonstrated the possible mechanism by which

environmental enrichment relieves the symptoms of

cognitive deficits. Environmental enrichment dampens the

activity of the HPA axis and enriched at postsynaptic sites

of excitatory synapses, including postsynaptic density protein

95 (PSD95) and NMDAR-GluN2B (Zhao et al., 2020; Ma et al.,

2022). Moreover, LTD was unchanged by acute block of

mBDNF signaling while GluN2B-mediated synaptic

depression was suppressed by blocking proBDNF/p75NTR

signaling (Ramser et al., 2013; Sun et al., 2021a).

Meanwhile, local inhibition of p75NTR signaling in the

amygdala during or after fear extinction training resulted in

memory extinction impairments (Ramser et al., 2013),

suggesting that proBDNF/p75NTR-mediated neuronal
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excitability plays a pivotal role in memory decay. Additionally,

the hypofunction of calcineurin in schizophrenia animals,

which displayed dysfunction in BDNF trafficking (Pineda

et al., 2009; Suh et al., 2013), had the potential to alter

synaptic plasticity and memory behavior and result in

profound disruptions of information processing (Miyakawa

et al., 2003; Cottrell et al., 2013; Tamura et al., 2018). Although

we found that polyI:C offspring displayed a reduction in the

direction of information flow at the theta oscillations, gamma

oscillations, which have previously been found to be involved

in spatial memory processes (Nyhus and Curran, 2010;

McNally and McCarley, 2016), were not markedly changed

in the CA3-CA1 pathway. Indeed, gamma oscillations are

shown to nest within the overlying theta oscillations during

memory tasks (Lega et al., 2016; Kight and McCarthy, 2017).

Possibly, the disparities found here represent disruptions of

this cross-frequency coupling. The mechanisms underlying

this effect needed to be further determined.

In summary, our findings clearly demonstrate that the

abnormal enhancement in hippocampal proBDNF secretion

disrupts proBDNF/p75NTR signaling mediated neural

information processing leading to impairing long-term

contextual memories in offspring following maternal

polyI:C exposure. Further studies are required to testify if

changes in proBDNF expression occur in other brain areas

relevant to spatial cognition. Moreover, given the

characteristic relationship between neurotrophins and

estrogen (Paxinos and Watson, 1997; Paxinos and

Watson, 1998; Srivastava et al., 2013), additional

experiments are needed to elucidate whether similar

alterations observe in females.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found in the article/

supplementary material.

Ethics statement

The animal study was reviewed and approved by the ethics

Committee on the Care and Use of Animals Committee of

Guizhou University of Traditional Chinese Medicine.

Author contributions

Conceived and designed the experiments: WS, YY, and LA;

performed the experiments: WS, YM, and XL; analyzed the data:

WS, YM, and XL; wrote the manuscript: WS, YM, XL, and LA.

Funding

This work was supported by Grants from the National

Natural Science Foundation of China (32160196; 31700929) to

LA.; the findings had no further role in study design; in the

collection, analysis and interpretation of data; in the writing of

the report; and in the decision to submit the paper for

publication.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

An, L., Li, J., Luo, L., Huang, P., Liu, P., Tang, C., et al. (2019). Prenatal melamine
exposure impairs cognitive flexibility and hippocampal synaptic plasticity in
adolescent and adult female rats. Pharmacol. Biochem. Behav. 186, 172791.
doi:10.1016/j.pbb.2019.172791

An, L., Li, X., Tang, C., Xu, N., and Sun, W. (2018). Hippocampal proBDNF
facilitates place learning strategy associated with neural activity in rats. Brain Struct.
Funct. 223 (9), 4099–4113. doi:10.1007/s00429-018-1742-x

An, L., Liu, S., Yang, Z., and Zhang, T. (2012). Cognitive impairment in rats
induced by nano-CuO and its possible mechanisms. Toxicol. Lett. 213 (2), 220–227.
doi:10.1016/j.toxlet.2012.07.007

An, L., and Sun, W. (2018). Acute melamine affects spatial memory consolidation
via inhibiting hippocampal NMDAR-dependent LTD in rats. Toxicol. Sci. 163 (2),
385–396. doi:10.1093/toxsci/kfx039

An, L., and Sun, W. (2017). Prenatal melamine exposure impairs spatial cognition
and hippocampal synaptic plasticity by presynaptic and postsynaptic inhibition of
glutamatergic transmission in adolescent offspring. Toxicol. Lett. 269, 55–64. doi:10.
1016/j.toxlet.2017.02.005

An, L., and Sun, W. (2017). Prenatal melamine exposure induces impairments of
spatial cognition and hippocampal synaptic plasticity in female adolescent rats.
Neurotoxicology 62, 56–63. doi:10.1016/j.neuro.2017.05.008

An, L., Yang, Z., and Zhang, T. (2013). Melamine induced spatial cognitive
deficits associated with impairments of hippocampal long-term depression and
cholinergic system inWistar rats.Neurobiol. Learn. Mem. 100, 18–24. doi:10.1016/j.
nlm.2012.12.003

An, L., and Zhang, T. (2015). Prenatal ethanol exposure impairs spatial cognition and
synaptic plasticity in female rats.Alcohol 49 (6), 581–588. doi:10.1016/j.alcohol.2015.05.004

Frontiers in Cell and Developmental Biology frontiersin.org11

Sun et al. 10.3389/fcell.2022.1018586

https://doi.org/10.1016/j.pbb.2019.172791
https://doi.org/10.1007/s00429-018-1742-x
https://doi.org/10.1016/j.toxlet.2012.07.007
https://doi.org/10.1093/toxsci/kfx039
https://doi.org/10.1016/j.toxlet.2017.02.005
https://doi.org/10.1016/j.toxlet.2017.02.005
https://doi.org/10.1016/j.neuro.2017.05.008
https://doi.org/10.1016/j.nlm.2012.12.003
https://doi.org/10.1016/j.nlm.2012.12.003
https://doi.org/10.1016/j.alcohol.2015.05.004
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1018586


Arutjunyan, A. V., Milyutina, Y. P., Shcherbitskaia, A. D., Kerkeshko, G. O.,
Zalozniaia, I. V., and Mikhel, A. V. (2020). Neurotrophins of the fetal brain and
placenta in prenatal hyperhomocysteinemia. Biochemistry. 85 (2), 213–223. doi:10.
1134/S000629792002008X

Baccala, L. A., Sameshima, K., and Takahashi, D. Y. Generalized partial directed
coherence. Proceedings of the 2007 15th International Conference on Digital Signal
Processing (2007):163–166.

Bao, M., Hofsink, N., and Plosch, T. (2022). LPS versus poly I:C model:
Comparison of long-term effects of bacterial and viral maternal immune
activation on the offspring85. Thomson LM, sutherland RJ. Systemic
administration of lipopolysaccharide and interleukin-1beta have different effects
on memory consolidation. Brain Res. Bull.Brain Res. Bull. 32267 (21-2),
R9924–R1119. doi:10.1016/j.brainresbull.2005.05.024

Barnes, P., and Thomas, K. L. (2008). Proteolysis of proBDNF is a key regulator in
the formation of memory. PLoS One 3 (9), e3248. doi:10.1371/journal.pone.
0003248

Basu, J., Zaremba, J. D., Cheung, S. K., Hitti, F. L., Zemelman, B. V., Losonczy, A.,
et al. (2016). Gating of hippocampal activity, plasticity, and memory by entorhinal
cortex long-range inhibition. Science 351 (6269), aaa5694. doi:10.1126/science.
aaa5694

Berretta, S., and Benes, F. M. (2006). A rat model for neural circuitry
abnormalities in schizophrenia. Nat. Protoc. 1 (2), 833–839. doi:10.1038/nprot.
2006.110

Berretta, S., Munno, D. W., and Benes, F. M. (2001). Amygdalar activation alters
the hippocampal GABA system: "partial" modelling for postmortem changes in
schizophrenia. J. Comp. Neurol. 431 (2), 129–138. doi:10.1002/1096-
9861(20010305)431:2<129::aid-cne1060>3.0.co;2-6
Bertani, I., Iori, V., Trusel, M., Maroso, M., Foray, C., Mantovani, S., et al. (2017).

Inhibition of IL-1β signaling normalizes NMDA-dependent neurotransmission and
reduces seizure susceptibility in a mouse model of creutzfeldt-jakob disease.
J. Neurosci. 37 (43), 10278–10289. doi:10.1523/JNEUROSCI.1301-17.2017

Blanchard, R. J., and Blanchard, D. C. (1969). Crouching as an index of fear.
J. Comp. Physiol. Psychol. 67 (3), 370–375. doi:10.1037/h0026779

Brigman, J. L., Wright, T., Talani, G., Prasad-Mulcare, S., Jinde, S., Seabold, G. K.,
et al. (2010). Loss of GluN2B-containing NMDA receptors in CA1 hippocampus
and cortex impairs long-term depression, reduces dendritic spine density, and
disrupts learning. J. Neurosci. 30 (13), 4590–4600. doi:10.1523/JNEUROSCI.0640-
10.2010

Brombacher, T. M., Berkiks, I., Pillay, S., Scibiorek, M., Moses, B. O., and
Brombacher, F. (2020). IL-4R alpha deficiency influences hippocampal-BDNF
signaling pathway to impair reference memory. Sci. Rep. 10 (1), 16506. doi:10.
1038/s41598-020-73574-3

Brown, A. S., and Derkits, E. J. (2010). Prenatal infection and schizophrenia: A
review of epidemiologic and translational studies. Am. J. Psychiatry 167 (3),
261–280. doi:10.1176/appi.ajp.2009.09030361

Brown, A. S., and Meyer, U. (2018). Maternal immune activation and
neuropsychiatric illness: A translational research perspective. Am. J. Psychiatry
175 (11), 1073–1083. doi:10.1176/appi.ajp.2018.17121311

Buhusi, M., Etheredge, C., Granholm, A. C., and Buhusi, C. V. (2017). Increased
hippocampal ProBDNF contributes to memory impairments in aged mice. Front.
Aging Neurosci. 9, 284. doi:10.3389/fnagi.2017.00284

Cai, Z., Zhang, X., Wang, G., Wang, H., Liu, Z., Guo, X., et al. (2014). BDNF
attenuates IL-1β-induced F-actin remodeling by inhibiting NF-κB signaling in
hippocampal neurons. Neuro Endocrinol. Lett. 35 (1), 13–19.

Cannon, M., Clarke, M. C., and Cotter, D. R. (2014). Priming the brain for
psychosis: Maternal inflammation during fetal development and the risk of later
psychiatric disorder. Am. J. Psychiatry 171 (9), 901–905. doi:10.1176/appi.ajp.2014.
14060749

Cattaneo, A., Cattane, N., Begni, V., Pariante, C. M., and Riva, M. A. (2016). The
human BDNF gene: Peripheral gene expression and protein levels as biomarkers for
psychiatric disorders. Transl. Psychiatry 6 (11), e958. doi:10.1038/tp.2016.214

Colgin, L. L., Denninger, T., Fyhn, M., Hafting, T., Bonnevie, T., Jensen, O., et al.
(2009). Frequency of gamma oscillations routes flow of information in the
hippocampus. Nature 462 (7271), 353–357. doi:10.1038/nature08573

Cottrell, J. R., Levenson, J. M., Kim, S. H., Gibson, H. E., Richardson, K. A., Sivula,
M., et al. (2013). Working memory impairment in calcineurin knock-out mice is
associated with alterations in synaptic vesicle cycling and disruption of high-
frequency synaptic and network activity in prefrontal cortex. J. Neurosci. 33
(27), 10938–10949. doi:10.1523/JNEUROSCI.5362-12.2013

Crabtree, G. W., and Gogos, J. A. (2014). Synaptic plasticity, neural circuits, and
the emerging role of altered short-term information processing in schizophrenia.
Front. Synaptic Neurosci. 6, 28. doi:10.3389/fnsyn.2014.00028

Cunningham, C., Campion, S., Teeling, J., Felton, L., and Perry, V. H. (2007). The
sickness behaviour and CNS inflammatory mediator profile induced by systemic
challenge of mice with synthetic double-stranded RNA (poly I:C). Brain Behav.
Immun. 21 (4), 490–502. doi:10.1016/j.bbi.2006.12.007

D’Amore, D. E., Tracy, B. A., and Parikh, V. (2013). Exogenous BDNF facilitates
strategy set-shifting by modulating glutamate dynamics in the dorsal striatum.
Neuropharmacology 75, 312–323. doi:10.1016/j.neuropharm.2013.07.033

Diniz, C., Casarotto, P. C., Resstel, L., and Joca, S. R. L. (2018). Beyond good and
evil: A putative continuum-sorting hypothesis for the functional role of proBDNF/
BDNF-propeptide/mBDNF in antidepressant treatment. Neurosci. Biobehav. Rev.
90, 70–83. doi:10.1016/j.neubiorev.2018.04.001

Ducharme, G., Lowe, G. C., Goutagny, R., and Williams, S. (2012). Early
alterations in hippocampal circuitry and theta rhythm generation in a mouse
model of prenatal infection: Implications for schizophrenia. PLoS One 7 (1), e29754.
doi:10.1371/journal.pone.0029754

Durany, N., Michel, T., Zochling, R., Boissl, K. W., Cruz-Sanchez, F. F., Riederer,
P., et al. (2001). Brain-derived neurotrophic factor and neurotrophin 3 in
schizophrenic psychoses. Schizophr. Res. 52 (1-2), 79–86. doi:10.1016/s0920-
9964(00)00084-0

Edelmann, E., Cepeda-Prado, E., Franck, M., Lichtenecker, P., Brigadski, T., and
Lessmann, V. (2015). Theta burst firing recruits BDNF release and signaling in
postsynaptic CA1 neurons in spike-timing-dependent LTP. Neuron 86 (4),
1041–1054. doi:10.1016/j.neuron.2015.04.007

Escobar, M., Crouzin, N., Cavalier, M., Quentin, J., Roussel, J., Lante, F., et al.
(2011). Early, time-dependent disturbances of hippocampal synaptic transmission
and plasticity after in utero immune challenge. Biol. Psychiatry 70 (10), 992–999.
doi:10.1016/j.biopsych.2011.01.009

Friedman, W. J. (2010). Proneurotrophins, seizures, and neuronal apoptosis.
Neuroscientist 16 (3), 244–252. doi:10.1177/1073858409349903

Gibney, S. M., McGuinness, B., Prendergast, C., Harkin, A., and Connor, T. J.
(2013). Poly I:C-induced activation of the immune response is accompanied by
depression and anxiety-like behaviours, kynurenine pathway activation and
reduced BDNF expression. Brain Behav. Immun. 28, 170–181. doi:10.1016/j.bbi.
2012.11.010

Gustafsson, H. C., Sullivan, E. L., Nousen, E. K., Sullivan, C. A., Huang, E.,
Rincon, M., et al. (2018). Maternal prenatal depression predicts infant negative
affect via maternal inflammatory cytokine levels. Brain Behav. Immun. 73, 470–481.
doi:10.1016/j.bbi.2018.06.011

Han, M., Zhang, J. C., Yao, W., Yang, C., Ishima, T., Ren, Q., et al. (2016). Intake
of 7, 8-dihydroxyflavone during juvenile and adolescent stages prevents onset of
psychosis in adult offspring after maternal immune activation. Sci. Rep. 6, 36087.
doi:10.1038/srep36087

Harrisberger, F., Smieskova, R., Schmidt, A., Lenz, C., Walter, A., Wittfeld, K.,
et al. (2015). BDNF Val66Met polymorphism and hippocampal volume in
neuropsychiatric disorders: A systematic review and meta-analysis. Neurosci.
Biobehav. Rev. 55, 107–118. doi:10.1016/j.neubiorev.2015.04.017

Henriksen, E. J., Colgin, L. L., Barnes, C. A., Witter, M. P., Moser, M. B., and
Moser, E. I. (2010). Spatial representation along the proximodistal axis of CA1.
Neuron 68 (1), 127–137. doi:10.1016/j.neuron.2010.08.042

Hill, J. L., Hardy, N. F., Jimenez, D. V., Maynard, K. R., Kardian, A. S., Pollock, C.
J., et al. (2016). Loss of promoter IV-driven BDNF expression impacts oscillatory
activity during sleep, sensory information processing and fear regulation. Transl.
Psychiatry 6 (8), e873. doi:10.1038/tp.2016.153

Holm, M. M., Nieto-Gonzalez, J. L., Vardya, I., Vaegter, C. B., Nykjaer, A., and
Jensen, K. (2009). Mature BDNF, but not proBDNF, reduces excitability of fast-
spiking interneurons in mouse dentate gyrus. J. Neurosci. 29 (40), 12412–12418.
doi:10.1523/JNEUROSCI.2978-09.2009

Huang, Y., and Morozov, A. (2011). Hippocampal deletion of BDNF gene
attenuates gamma oscillations in area CA1 by up-regulating 5-HT3 receptor.
PLoS One 6 (1), e16480. doi:10.1371/journal.pone.0016480

Huang, Z. B., Wang, H., Rao, X. R., Liang, T., Xu, J., Cai, X. S., et al. (2010). Effects
of immune activation on the retrieval of spatial memory. Neurosci. Bull. 26 (5),
355–364. doi:10.1007/s12264-010-0622-z

Jackson, J., Amilhon, B., Goutagny, R., Bott, J. B., Manseau, F., Kortleven, C., et al.
(2014). Reversal of theta rhythm flow through intact hippocampal circuits. Nat.
Neurosci. 17 (10), 1362–1370. doi:10.1038/nn.3803

Je, H. S., Yang, F., Ji, Y., Potluri, S., Fu, X. Q., Luo, Z. G., et al. (2013). ProBDNF
and mature BDNF as punishment and reward signals for synapse elimination at
mouse neuromuscular junctions. J. Neurosci. 33 (24), 9957–9962. doi:10.1523/
JNEUROSCI.0163-13.2013

Jiang, H. Y., Xu, L. L., Shao, L., Xia, R. M., Yu, Z. H., Ling, Z. X., et al. (2016).
Maternal infection during pregnancy and risk of autism spectrum disorders: A

Frontiers in Cell and Developmental Biology frontiersin.org12

Sun et al. 10.3389/fcell.2022.1018586

https://doi.org/10.1134/S000629792002008X
https://doi.org/10.1134/S000629792002008X
https://doi.org/10.1016/j.brainresbull.2005.05.024
https://doi.org/10.1371/journal.pone.0003248
https://doi.org/10.1371/journal.pone.0003248
https://doi.org/10.1126/science.aaa5694
https://doi.org/10.1126/science.aaa5694
https://doi.org/10.1038/nprot.2006.110
https://doi.org/10.1038/nprot.2006.110
https://doi.org/10.1002/1096-9861(20010305)431:2<129::aid-cne1060>3.0.co;2-6
https://doi.org/10.1002/1096-9861(20010305)431:2<129::aid-cne1060>3.0.co;2-6
https://doi.org/10.1523/JNEUROSCI.1301-17.2017
https://doi.org/10.1037/h0026779
https://doi.org/10.1523/JNEUROSCI.0640-10.2010
https://doi.org/10.1523/JNEUROSCI.0640-10.2010
https://doi.org/10.1038/s41598-020-73574-3
https://doi.org/10.1038/s41598-020-73574-3
https://doi.org/10.1176/appi.ajp.2009.09030361
https://doi.org/10.1176/appi.ajp.2018.17121311
https://doi.org/10.3389/fnagi.2017.00284
https://doi.org/10.1176/appi.ajp.2014.14060749
https://doi.org/10.1176/appi.ajp.2014.14060749
https://doi.org/10.1038/tp.2016.214
https://doi.org/10.1038/nature08573
https://doi.org/10.1523/JNEUROSCI.5362-12.2013
https://doi.org/10.3389/fnsyn.2014.00028
https://doi.org/10.1016/j.bbi.2006.12.007
https://doi.org/10.1016/j.neuropharm.2013.07.033
https://doi.org/10.1016/j.neubiorev.2018.04.001
https://doi.org/10.1371/journal.pone.0029754
https://doi.org/10.1016/s0920-9964(00)00084-0
https://doi.org/10.1016/s0920-9964(00)00084-0
https://doi.org/10.1016/j.neuron.2015.04.007
https://doi.org/10.1016/j.biopsych.2011.01.009
https://doi.org/10.1177/1073858409349903
https://doi.org/10.1016/j.bbi.2012.11.010
https://doi.org/10.1016/j.bbi.2012.11.010
https://doi.org/10.1016/j.bbi.2018.06.011
https://doi.org/10.1038/srep36087
https://doi.org/10.1016/j.neubiorev.2015.04.017
https://doi.org/10.1016/j.neuron.2010.08.042
https://doi.org/10.1038/tp.2016.153
https://doi.org/10.1523/JNEUROSCI.2978-09.2009
https://doi.org/10.1371/journal.pone.0016480
https://doi.org/10.1007/s12264-010-0622-z
https://doi.org/10.1038/nn.3803
https://doi.org/10.1523/JNEUROSCI.0163-13.2013
https://doi.org/10.1523/JNEUROSCI.0163-13.2013
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1018586


systematic review and meta-analysis. Brain Behav. Immun. 58, 165–172. doi:10.
1016/j.bbi.2016.06.005

Kallupi, M., Varodayan, F. P., Oleata, C. S., Correia, D., Luu, G., and Roberto, M.
(2014). Nociceptin/orphanin FQ decreases glutamate transmission and blocks
ethanol-induced effects in the central amygdala of naive and ethanol-dependent
rats. Neuropsychopharmacology 39 (5), 1081–1092. doi:10.1038/npp.2013.308

Karege, F., Vaudan, G., Schwald, M., Perroud, N., and La Harpe, R. (2005).
Neurotrophin levels in postmortem brains of suicide victims and the effects of
antemortem diagnosis and psychotropic drugs. Brain Res. Mol. Brain Res. 136 (1-2),
29–37. doi:10.1016/j.molbrainres.2004.12.020

Keilhoff, G., Becker, A., Grecksch, G., Wolf, G., and Bernstein, H. G. (2004).
Repeated application of ketamine to rats induces changes in the hippocampal
expression of parvalbumin, neuronal nitric oxide synthase and cFOS similar to
those found in human schizophrenia. Neuroscience 126 (3), 591–598. doi:10.1016/j.
neuroscience.2004.03.039

Kight, K. E., andMcCarthy, M. M. (2017). Sex differences and estrogen regulation
of BDNF gene expression, but not propeptide content, in the developing
hippocampus. J. Neurosci. Res. 95 (1-2), 345–354. doi:10.1002/jnr.23920

Knuesel, I., Chicha, L., Britschgi, M., Schobel, S. A., Bodmer, M., Hellings, J. A.,
et al. (2014). Maternal immune activation and abnormal brain development across
CNS disorders. Nat. Rev. Neurol. 10 (11), 643–660. doi:10.1038/nrneurol.2014.187

Kocsis, B., Brown, R. E., McCarley, R. W., and Hajos, M. (2013). Impact of
ketamine on neuronal network dynamics: Translational modeling of schizophrenia-
relevant deficits. CNS Neurosci. Ther. 19 (6), 437–447. doi:10.1111/cns.12081

Koh, M. T., Shao, Y., Sherwood, A., and Smith, D. R. (2016). Impaired
hippocampal-dependent memory and reduced parvalbumin-positive
interneurons in a ketamine mouse model of schizophrenia. Schizophr. Res. 171
(1-3), 187–194. doi:10.1016/j.schres.2016.01.023

Kosalkova, K., Garcia-Estrada, C., Barreiro, C., Florez, M. G., Jami, M. S., Paniagua, M.
A., et al. (2012). Casein phosphopeptides drastically increase the secretion of extracellular
proteins in Aspergillus awamori. Proteomics studies reveal changes in the secretory
pathway. Microb. Cell Fact. 11, 5. doi:10.1186/1475-2859-11-5

Kranjac, D., McLinden, K. A., Deodati, L. E., Papini, M. R., Chumley, M. J., and
Boehm, G. W. (2012). Peripheral bacterial endotoxin administration triggers both
memory consolidation and reconsolidation deficits in mice. Brain Behav. Immun.
26 (1), 109–121. doi:10.1016/j.bbi.2011.08.005

Kranjac, D., McLinden, K. A., Koster, K. M., Kaldenbach, D. L., Chumley, M. J.,
and Boehm, G. W. (2012). Peripheral administration of poly I:C disrupts contextual
fear memory consolidation and BDNF expression in mice. Behav. Brain Res. 228
(2), 452–457. doi:10.1016/j.bbr.2011.12.031

Lega, B., Burke, J., Jacobs, J., and Kahana, M. J. (2016). Slow-Theta-to-Gamma
phase-amplitude coupling in human Hippocampus supports the formation of new
episodic memories. Cereb. Cortex 26 (1), 268–278. doi:10.1093/cercor/bhu232

Leutgeb, S., Leutgeb, J. K., Treves, A., Moser, M. B., and Moser, E. I. (2004).
Distinct ensemble codes in hippocampal areas CA3 and CA1. Science 305 (5688),
1295–1298. doi:10.1126/science.1100265

Li, X., Sun, W., and An, L. (2018). Nano-CuO impairs spatial cognition associated
with inhibiting hippocampal long-term potentiation via affecting glutamatergic
neurotransmission in rats. Toxicol. Ind. Health 34 (6), 409–421. doi:10.1177/
0748233718758233

Lin, Y. L., and Wang, S. (2014). Prenatal lipopolysaccharide exposure increases
depression-like behaviors and reduces hippocampal neurogenesis in adult rats.
Behav. Brain Res. 259, 24–34. doi:10.1016/j.bbr.2013.10.034

Lins, B. R., Hurtubise, J. L., Roebuck, A. J., Marks, W. N., Zabder, N. K., Scott, G. A.,
et al. (2018). Prospective analysis of the effects of maternal immune activation on rat
cytokines during pregnancy and behavior of themale offspring relevant to schizophrenia.
eNeuro 5 (4), ENEURO.0249–18.2018. doi:10.1523/ENEURO.0249-18.2018

Lins, B. R., Marks, W. N., Zabder, N. K., Greba, Q., and Howland, J. G. (2019).
Maternal immune activation during pregnancy alters the behavior profile of female
offspring of sprague dawley rats. eNeuro 6 (2), ENEURO.0437–18.2019. doi:10.
1523/ENEURO.0437-18.2019

Lipina, T. V., Zai, C., Hlousek, D., Roder, J. C., andWong, A. H. (2013). Maternal
immune activation during gestation interacts with Disc1 point mutation to
exacerbate schizophrenia-related behaviors in mice. J. Neurosci. 33 (18),
7654–7666. doi:10.1523/JNEUROSCI.0091-13.2013

Liu, S., Guo, W., Zhou, H., Tang, L., Feng, S., Zhong, J. H., et al. (2018). proBDNF
inhibits the proliferation andmigration of OLN93 oligodendrocytes.Mol. Med. Rep.
18 (4), 3809–3817. doi:10.3892/mmr.2018.9407

Lynch, M. A. (2004). Long-term potentiation and memory. Physiol. Rev. 84 (1),
87–136. doi:10.1152/physrev.00014.2003

Ma, X., Vuyyuru, H., Munsch, T., Endres, T., Lessmann, V., and Meis, S. (2022).
ProBDNF dependence of LTD and fear extinction learning in the amygdala of adult
mice. Cereb. Cortex 32 (7), 1350–1364. doi:10.1093/cercor/bhab265

Mascetti, L., Foret, A., Schrouff, J., Muto, V., Dideberg, V., Balteau, E., et al.
(2013). Concurrent synaptic and systems memory consolidation during sleep.
J. Neurosci. 33 (24), 10182–10190. doi:10.1523/JNEUROSCI.0284-13.2013

Maynard, T. M., Sikich, L., Lieberman, J. A., and LaMantia, A. S. (2001). Neural
development, cell-cell signaling, and the "two-hit" hypothesis of schizophrenia.
Schizophr. Bull. 27 (3), 457–476. doi:10.1093/oxfordjournals.schbul.a006887

McNally, J. M., and McCarley, R. W. (2016). Gamma band oscillations: A key to
understanding schizophrenia symptoms and neural circuit abnormalities. Curr.
Opin. Psychiatry 29 (3), 202–210. doi:10.1097/YCO.0000000000000244

Menshanov, P. N., Lanshakov, D. A., and Dygalo, N. N. (2015). proBDNF is a
major product of bdnf gene expressed in the perinatal rat cortex. Physiol. Res. 64 (6),
925–934. doi:10.33549/physiolres.932996

Meyer, U., and Feldon, J. (2012). To poly(I:C) or not to poly(I:C): Advancing
preclinical schizophrenia research through the use of prenatal immune activation
models. Neuropharmacology 62 (3), 1308–1321. doi:10.1016/j.neuropharm.2011.
01.009

Miyakawa, T., Leiter, L. M., Gerber, D. J., Gainetdinov, R. R., Sotnikova, T. D.,
Zeng, H., et al. (2003). Conditional calcineurin knockout mice exhibit multiple
abnormal behaviors related to schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 100 (15),
8987–8992. doi:10.1073/pnas.1432926100

Nagahara, A. H., and Tuszynski, M. H. (2011). Potential therapeutic uses of
BDNF in neurological and psychiatric disorders. Nat. Rev. Drug Discov. 10 (3),
209–219. doi:10.1038/nrd3366

Nagappan, G., Zaitsev, E., Senatorov, V. V., Jr., Yang, J., Hempstead, B. L., and Lu,
B. (2009). Control of extracellular cleavage of ProBDNF by high frequency neuronal
activity. Proc. Natl. Acad. Sci. U. S. A. 106 (4), 1267–1272. doi:10.1073/pnas.
0807322106

Nyhus, E., and Curran, T. (2010). Functional role of gamma and theta oscillations
in episodic memory. Neurosci. Biobehav. Rev. 34 (7), 1023–1035. doi:10.1016/j.
neubiorev.2009.12.014

Ott, C. V., Johnson, C. B., Macoveanu, J., and Miskowiak, K. (2019). Structural
changes in the hippocampus as a biomarker for cognitive improvements in
neuropsychiatric disorders: A systematic review. Eur. Neuropsychopharmacol. 29
(3), 319–329. doi:10.1016/j.euroneuro.2019.01.105

Park, H., and Poo, M. M. (2013). Neurotrophin regulation of neural circuit
development and function. Nat. Rev. Neurosci. 14 (1), 7–23. doi:10.1038/nrn3379

Patterson, S. L. (2015). Immune dysregulation and cognitive vulnerability in the
aging brain: Interactions of microglia, IL-1β, BDNF and synaptic plasticity.
Neuropharmacology 96, 11–18. doi:10.1016/j.neuropharm.2014.12.020

Paxinos, G., and Watson, C. (1998). The rat brain atlas in stereotaxic coordinates.
San Diego: Academic.

Paxinos, G., and Watson, C. (1997). The rat brain in stereotaxic coordinates. New
YorkAmsterdam: Academic Press.

Pineda, J. R., Pardo, R., Zala, D., Yu, H., Humbert, S., and Saudou, F. (2009).
Genetic and pharmacological inhibition of calcineurin corrects the BDNF transport
defect in Huntington’s disease. Mol. Brain 2, 33. doi:10.1186/1756-6606-2-33

Ramser, E. M., Gan, K. J., Decker, H., Fan, E. Y., Suzuki, M. M., Ferreira, S. T.,
et al. (2013). Amyloid-beta oligomers induce tau-independent disruption of BDNF
axonal transport via calcineurin activation in cultured hippocampal neurons. Mol.
Biol. Cell 24 (16), 2494–2505. doi:10.1091/mbc.E12-12-0858

Rodrigues-Amorim, D., Rivera-Baltanas, T., Bessa, J., Sousa, N., Vallejo-Curto,
M. C., Rodriguez-Jamardo, C., et al. (2018). The neurobiological hypothesis of
neurotrophins in the pathophysiology of schizophrenia: A meta-analysis.
J. Psychiatr. Res. 106, 43–53. doi:10.1016/j.jpsychires.2018.09.007

Salinas, E., and Sejnowski, T. J. (2001). Correlated neuronal activity and the flow
of neural information. Nat. Rev. Neurosci. 2 (8), 539–550. doi:10.1038/35086012

Schnitzler, A., and Gross, J. (2005). Normal and pathological oscillatory
communication in the brain. Nat. Rev. Neurosci. 6 (4), 285–296. doi:10.1038/
nrn1650

Schobel, S. A., Lewandowski, N. M., Corcoran, C. M., Moore, H., Brown, T.,
Malaspina, D., et al. (2009). Differential targeting of the CA1 subfield of the
hippocampal formation by schizophrenia and related psychotic disorders. Arch.
Gen. Psychiatry 66 (9), 938–946. doi:10.1001/archgenpsychiatry.2009.115

Soltesz, I., and Losonczy, A. (2018). CA1 pyramidal cell diversity enabling parallel
information processing in the hippocampus. Nat. Neurosci. 21 (4), 484–493. doi:10.
1038/s41593-018-0118-0

Frontiers in Cell and Developmental Biology frontiersin.org13

Sun et al. 10.3389/fcell.2022.1018586

https://doi.org/10.1016/j.bbi.2016.06.005
https://doi.org/10.1016/j.bbi.2016.06.005
https://doi.org/10.1038/npp.2013.308
https://doi.org/10.1016/j.molbrainres.2004.12.020
https://doi.org/10.1016/j.neuroscience.2004.03.039
https://doi.org/10.1016/j.neuroscience.2004.03.039
https://doi.org/10.1002/jnr.23920
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1111/cns.12081
https://doi.org/10.1016/j.schres.2016.01.023
https://doi.org/10.1186/1475-2859-11-5
https://doi.org/10.1016/j.bbi.2011.08.005
https://doi.org/10.1016/j.bbr.2011.12.031
https://doi.org/10.1093/cercor/bhu232
https://doi.org/10.1126/science.1100265
https://doi.org/10.1177/0748233718758233
https://doi.org/10.1177/0748233718758233
https://doi.org/10.1016/j.bbr.2013.10.034
https://doi.org/10.1523/ENEURO.0249-18.2018
https://doi.org/10.1523/ENEURO.0437-18.2019
https://doi.org/10.1523/ENEURO.0437-18.2019
https://doi.org/10.1523/JNEUROSCI.0091-13.2013
https://doi.org/10.3892/mmr.2018.9407
https://doi.org/10.1152/physrev.00014.2003
https://doi.org/10.1093/cercor/bhab265
https://doi.org/10.1523/JNEUROSCI.0284-13.2013
https://doi.org/10.1093/oxfordjournals.schbul.a006887
https://doi.org/10.1097/YCO.0000000000000244
https://doi.org/10.33549/physiolres.932996
https://doi.org/10.1016/j.neuropharm.2011.01.009
https://doi.org/10.1016/j.neuropharm.2011.01.009
https://doi.org/10.1073/pnas.1432926100
https://doi.org/10.1038/nrd3366
https://doi.org/10.1073/pnas.0807322106
https://doi.org/10.1073/pnas.0807322106
https://doi.org/10.1016/j.neubiorev.2009.12.014
https://doi.org/10.1016/j.neubiorev.2009.12.014
https://doi.org/10.1016/j.euroneuro.2019.01.105
https://doi.org/10.1038/nrn3379
https://doi.org/10.1016/j.neuropharm.2014.12.020
https://doi.org/10.1186/1756-6606-2-33
https://doi.org/10.1091/mbc.E12-12-0858
https://doi.org/10.1016/j.jpsychires.2018.09.007
https://doi.org/10.1038/35086012
https://doi.org/10.1038/nrn1650
https://doi.org/10.1038/nrn1650
https://doi.org/10.1001/archgenpsychiatry.2009.115
https://doi.org/10.1038/s41593-018-0118-0
https://doi.org/10.1038/s41593-018-0118-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1018586


Speers, L. J., and Bilkey, D. K. (2021). Disorganization of oscillatory activity in
animal models of schizophrenia. Front. Neural Circuits 15, 741767. doi:10.3389/
fncir.2021.741767

Srinivasan, D., Yen, J. H., Joseph, D. J., and Friedman, W. (2004). Cell type-
specific interleukin-1beta signaling in the CNS. J. Neurosci. 24 (29), 6482–6488.
doi:10.1523/JNEUROSCI.5712-03.2004

Srivastava, D. P., Woolfrey, K. M., and Evans, P. D. (2013). Mechanisms
underlying the interactions between rapid estrogenic and BDNF control of
synaptic connectivity. Neuroscience 239, 17–33. doi:10.1016/j.neuroscience.2012.
12.004

Suh, J., Foster, D. J., Davoudi, H., Wilson, M. A., and Tonegawa, S. (2013).
Impaired hippocampal ripple-associated replay in a mouse model of schizophrenia.
Neuron 80 (2), 484–493. doi:10.1016/j.neuron.2013.09.014

Sun,W., Che, H., Li, J., Tang, D., Liu, X., Liu, W., et al. (2020). Dorsolateral striatal
proBDNF improves reversal learning by enhancing coordination of neural activity
in rats. Mol. Neurobiol. 57 (11), 4642–4656. doi:10.1007/s12035-020-02051-9

Sun, W., Cheng, H., Yang, Y., Tang, D., Li, X., and An, L. (2021). Requirements of
postnatal proBDNF in the Hippocampus for spatial memory consolidation and
neural function. Front. Cell Dev. Biol. 9, 678182. doi:10.3389/fcell.2021.678182

Sun, W., Li, J., Cui, S., Luo, L., Huang, P., Tang, C., et al. (2019). Sleep deprivation
disrupts acquisition of contextual fear extinction by affecting circadian oscillation of
hippocampal-infralimbic proBDNF. eNeuro 6 (5), ENEURO.0165–19.2019. doi:10.
1523/ENEURO.0165-19.2019

Sun, W., Li, J., Li, X., Chen, X., Mei, Y., Yang, Y., et al. (2022). Aluminium oxide
nanoparticles compromise spatial memory performance and proBDNF-mediated
neuronal function in the hippocampus of rats. Part. Fibre Toxicol. 19 (1), 34. doi:10.
1186/s12989-022-00477-8

Sun, W., Li, X., and An, L. (2018). Distinct roles of prelimbic and infralimbic
proBDNF in extinction of conditioned fear. Neuropharmacology 131, 11–19. doi:10.
1016/j.neuropharm.2017.12.018

Sun, W., Li, X., Tang, C., and An, L. (2018). Acute low alcohol disrupts hippocampus-
striatumneural correlate of learning strategy by inhibition of PKA/CREBpathway in rats.
Front. Pharmacol. 9, 1439. doi:10.3389/fphar.2018.01439

Sun, W., Li, X., Tang, D., Wu, Y., and An, L. (2021). Subacute melamine exposure
disrupts task-based hippocampal information flow via inhibiting the subunits 2 and
3 of AMPA glutamate receptors expression. Hum. Exp. Toxicol. 40 (6), 928–939.
doi:10.1177/0960327120975821

Sun, W., Liu, P., Tang, C., and An, L. (2021). Melamine disrupts acetylcholine-
mediated neural information flow in the hippocampal CA3-CA1 pathway. Front.
Behav. Neurosci. 15, 594907. doi:10.3389/fnbeh.2021.594907

Sun, W., Tang, D., Yang, Y., Wu, Z., Li, X., and An, L. (2021). Melamine impairs
working memory and reduces prefrontal activity associated with inhibition of
AMPA receptor GluR2/3 subunit expression. Toxicol. Lett. 350, 171–184. doi:10.
1016/j.toxlet.2021.07.009

Sun, W., Wu, Y., Tang, D., Li, X., and An, L. (2021). Melamine disrupts spatial
reversal learning and learning strategy via inhibiting hippocampal BDNF-mediated
neural activity. PLoS One 16 (1), e0245326. doi:10.1371/journal.pone.0245326

Sun, W., Yang, Y., Chen, X., Cheng, Y., Li, X., and An, L. (2021). Light promotes
neural correlates of fear memory via enhancing brain-derived neurotrophic factor
(BDNF) expression in the prelimbic cortex. ACS Chem. Neurosci. 12 (10),
1802–1810. doi:10.1021/acschemneuro.1c00081

Sun, W., Yang, Y., Chen, X., Mei, Y., Li, X., and An, L. (2022). Prenatal cyanuric acid
exposure disrupts cognitive flexibility and mGluR1-mediated hippocampal long-term
depression in male rats. Toxicol. Lett. 370, 74–84. doi:10.1016/j.toxlet.2022.09.012

Sun,W., Yang, Y., Mei, Y., Wu, Y., Chen, X., and An, L. (2021). Prenatal cyanuric acid
exposure depresses hippocampal synaptic plasticity and induces spatial learning and
memory deficits. Toxicol. Lett. 354, 24–32. doi:10.1016/j.toxlet.2021.10.012

Sun, W., Yang, Y., Wu, Z., Chen, X., Li, W., and An, L. (2021). Chronic cyanuric
acid exposure depresses hippocampal LTP but does not disrupt spatial learning or

memory in the morris water maze. Neurotox. Res. 39 (4), 1148–1159. doi:10.1007/
s12640-021-00355-9

Takahashi, M., Shirakawa, O., Toyooka, K., Kitamura, N., Hashimoto, T., Maeda,
K., et al. (2000). Abnormal expression of brain-derived neurotrophic factor and its
receptor in the corticolimbic system of schizophrenic patients.Mol. Psychiatry 5 (3),
293–300. doi:10.1038/sj.mp.4000718

Tamura, H., Shiosaka, S., and Morikawa, S. (2018). Trophic modulation of
gamma oscillations: The key role of processing protease for Neuregulin-1 and
BDNF precursors. Neurochem. Int. 119, 2–10. doi:10.1016/j.neuint.2017.12.002

Tong, L., Prieto, G. A., Kramar, E. A., Smith, E. D., Cribbs, D. H., Lynch, G., et al.
(2012). Brain-derived neurotrophic factor-dependent synaptic plasticity is
suppressed by interleukin-1β via p38 mitogen-activated protein kinase.
J. Neurosci. 32 (49), 17714–17724. doi:10.1523/JNEUROSCI.1253-12.2012

Van Derveer, A. B., Bastos, G., Ferrell, A. D., Gallimore, C. G., Greene, M. L.,
Holmes, J. T., et al. (2021). A role for somatostatin-positive interneurons in neuro-
oscillatory and information processing deficits in schizophrenia. Schizophr. Bull. 47
(5), 1385–1398. doi:10.1093/schbul/sbaa184

Van Hoeymissen, E., Philippaert, K., Vennekens, R., Vriens, J., and Held, K.
(2020). Horizontal hippocampal slices of the mouse brain. J. Vis. Exp. (163), e61753.
doi:10.3791/61753

Volosin, M., Trotter, C., Cragnolini, A., Kenchappa, R. S., Light, M., Hempstead,
B. L., et al. (2008). Induction of proneurotrophins and activation of p75NTR-
mediated apoptosis via neurotrophin receptor-interacting factor in hippocampal
neurons after seizures. J. Neurosci. 28 (39), 9870–9879. doi:10.1523/JNEUROSCI.
2841-08.2008

Wang, M., Xie, Y., and Qin, D. (2021). Proteolytic cleavage of proBDNF to
mBDNF in neuropsychiatric and neurodegenerative diseases. Brain Res. Bull. 166,
172–184. doi:10.1016/j.brainresbull.2020.11.005

Weickert, C. S., Hyde, T. M., Lipska, B. K., Herman, M. M., Weinberger, D. R.,
and Kleinman, J. E. (2003). Reduced brain-derived neurotrophic factor in prefrontal
cortex of patients with schizophrenia. Mol. Psychiatry 8 (6), 592–610. doi:10.1038/
sj.mp.4001308

Winterhalder, M., Schelter, B., Hesse, W., Schwab, K., Leistritz, L., Klan, D., et al.
(2005). Comparison of linear signal processing techniques to infer directed
interactions in multivariate neural systems. Signal Process. 85 (11), 2137–2160.
doi:10.1016/j.sigpro.2005.07.011

Yang, B., Ren, Q., Zhang, J. C., Chen, Q. X., and Hashimoto, K. (2017). Altered
expression of BDNF, BDNF pro-peptide and their precursor proBDNF in brain and
liver tissues from psychiatric disorders: Rethinking the brain-liver axis. Transl.
Psychiatry 7 (5), e1128. doi:10.1038/tp.2017.95

Yang, B., Wang, L., Nie, Y., Wei, W., and Xiong, W. (2021). proBDNF expression
induces apoptosis and inhibits synaptic regeneration by regulating the RhoA-JNK
pathway in an in vitro post-stroke depression model. Transl. Psychiatry 11 (1), 578.
doi:10.1038/s41398-021-01667-2

Yang, F., Je, H. S., Ji, Y., Nagappan, G., Hempstead, B., and Lu, B. (2009). Pro-
BDNF-induced synaptic depression and retraction at developing neuromuscular
synapses. J. Cell Biol. 185 (4), 727–741. doi:10.1083/jcb.200811147

Yang, J., Harte-Hargrove, L. C., Siao, C. J., Marinic, T., Clarke, R., Ma, Q., et al.
(2014). proBDNF negatively regulates neuronal remodeling, synaptic transmission,
and synaptic plasticity in hippocampus. Cell Rep. 7 (3), 796–806. doi:10.1016/j.
celrep.2014.03.040

Zeraati, M., Najdi, N., Mosaferi, B., and Salari, A. A. (2021). Environmental
enrichment alters neurobehavioral development following maternal immune
activation in mice offspring with epilepsy. Behav. Brain Res. 399, 112998.
doi:10.1016/j.bbr.2020.112998

Zhao, X., Rondón-Ortiz, A. N., Lima, E. P., Puracchio, M., Roderick, R. C., and
Kentner, A. C. (2020). Therapeutic efficacy of environmental enrichment on
behavioral, endocrine, and synaptic alterations in an animal model of maternal
immune activation. Brain Behav. Immun. Health 3, 100043. doi:10.1016/j.bbih.
2020.100043

Frontiers in Cell and Developmental Biology frontiersin.org14

Sun et al. 10.3389/fcell.2022.1018586

https://doi.org/10.3389/fncir.2021.741767
https://doi.org/10.3389/fncir.2021.741767
https://doi.org/10.1523/JNEUROSCI.5712-03.2004
https://doi.org/10.1016/j.neuroscience.2012.12.004
https://doi.org/10.1016/j.neuroscience.2012.12.004
https://doi.org/10.1016/j.neuron.2013.09.014
https://doi.org/10.1007/s12035-020-02051-9
https://doi.org/10.3389/fcell.2021.678182
https://doi.org/10.1523/ENEURO.0165-19.2019
https://doi.org/10.1523/ENEURO.0165-19.2019
https://doi.org/10.1186/s12989-022-00477-8
https://doi.org/10.1186/s12989-022-00477-8
https://doi.org/10.1016/j.neuropharm.2017.12.018
https://doi.org/10.1016/j.neuropharm.2017.12.018
https://doi.org/10.3389/fphar.2018.01439
https://doi.org/10.1177/0960327120975821
https://doi.org/10.3389/fnbeh.2021.594907
https://doi.org/10.1016/j.toxlet.2021.07.009
https://doi.org/10.1016/j.toxlet.2021.07.009
https://doi.org/10.1371/journal.pone.0245326
https://doi.org/10.1021/acschemneuro.1c00081
https://doi.org/10.1016/j.toxlet.2022.09.012
https://doi.org/10.1016/j.toxlet.2021.10.012
https://doi.org/10.1007/s12640-021-00355-9
https://doi.org/10.1007/s12640-021-00355-9
https://doi.org/10.1038/sj.mp.4000718
https://doi.org/10.1016/j.neuint.2017.12.002
https://doi.org/10.1523/JNEUROSCI.1253-12.2012
https://doi.org/10.1093/schbul/sbaa184
https://doi.org/10.3791/61753
https://doi.org/10.1523/JNEUROSCI.2841-08.2008
https://doi.org/10.1523/JNEUROSCI.2841-08.2008
https://doi.org/10.1016/j.brainresbull.2020.11.005
https://doi.org/10.1038/sj.mp.4001308
https://doi.org/10.1038/sj.mp.4001308
https://doi.org/10.1016/j.sigpro.2005.07.011
https://doi.org/10.1038/tp.2017.95
https://doi.org/10.1038/s41398-021-01667-2
https://doi.org/10.1083/jcb.200811147
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.1016/j.bbr.2020.112998
https://doi.org/10.1016/j.bbih.2020.100043
https://doi.org/10.1016/j.bbih.2020.100043
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1018586


Glossary

ACSF artificial cerebrospinal fluid

AP action potential

BBB blood-brain barrier

CA1 Cornus Ammonis 1

CA3 Cornus Ammonis 3

CCD charge-coupled device

CNS Central nervous system

CS conditioned stimulus

DG dentate gyrus

dsRNA double-stranded RNA

EEG electroencephalogram

EPSC Excitatory postsynaptic current

NMDAR-GluN2B glutamate receptor NMDA-type subunit 2B

gPDC general partial directed coherence

HRP horseradish-peroxidase

IL-1β Interleukin-1β
IL-1R1 IL-1β receptor type 1

LFP local field potential

LTD long-term depression

LTP long-term potentiation

mBDNF mature brain-derived neurotrophic factor

MIA maternal immune activation

NIF neural information flow

NMDAR N-methyl-D-aspartate receptor

p75NTR p75 neurotrophin receptor

PDC partial directed coherence

PLV phase locked value

PND postnatal day

PolyI:C Polyinosinic:polycytidylic acid

proBDNF precursor of brain-derived neurotrophic factor

PSD95 postsynaptic density protein 95

PVDF polyvinylidene difluoride

PV immunoreactivity parvalbumin immunoreactivity

TBST Tris buffered saline Tween

TrkB tyrosine kinase receptor B

US unconditioned stimulus

VAR vector autoregressive
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