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Abstract

Synaptic plasticity is the neural basis of physiological processes involved in learning and memory. Tripartite
motif-containing 32 (TRIM32) has been found to play many important roles in the brain such as neural stem cell
proliferation, neurogenesis, inhibition of nerve proliferation, and apoptosis. TRIM32 has been linked to several nervous
system diseases including autism spectrum disorder, depression, anxiety, and Alzheimer’s disease. However, the role of
TRIM32 in regulating the mechanism of synaptic plasticity is still unknown. Our electrophysiological studies using
hippocampal slices revealed that long-term potentiation of CA1 synapses was impaired in TRIM32 deficient (KO) mice.
Further research found that dendritic spines density, AMPA receptors, and synaptic plasticity-related proteins were also
reduced. NMDA receptors were upregulated whereas GABA receptors were downregulated in TRIM32 deficient mice,
explaining the imbalance in excitatory and inhibitory neurotransmission. This caused overexcitation leading to decreased
neuronal numbers in the hippocampus and cortex. In summary, this study provides this maiden evidence on the synaptic
plasticity changes of TRIM32 deficiency in the brain and proposes that TRIM32 relates the notch signaling pathway and its
related mechanisms contribute to this deficit.
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Introduction inhibitory protein as well as a transcription factor. Reports show

Tripartite motif-containing protein 32 (TRIM32) is a member that TRIM32 possesses an E3 ubiquitin ligase activity (Liu et al.
of the tripartite motif protein family, a neural stem cell (NSC) 2014). The presence of a RING domain gives most members of
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the TRIM family and their E3 ligase activity, and this makes them
undergo ubiquitination of specific substrates, one of how they
exert their biological functions (Meroni and Diez-Roux 2005).
Physiologically, E3 ubiquitin ligases control homeostasis, cell
cycle, as well as several DNA repair pathways. The E3 ubiquitin
ligases are engaged mainly in modifying their targets posttrans-
lationally through a myriad of ubiquitin-modifying reactions
which eventually produces a conjugation of a ubiquitin moiety
onto a target substrate (Pickart and Eddins 2004). Nicklas et al.
observed that TRIM32 initiates the differentiation of neurons
and self-renewal is suppressed by the ubiquitination of the
c-Myc transcription factor and certain microRNAs activation
(Nicklas et al. 2012). TRIM32 protein was reported to be almost
absent in NSCs both in the SVZ and in the DG. The NSCs that
are found in the inner zone of the DG show higher nuclear
expression of TRIM32 as soon as they become neuroblasts or
immature neurons and come to the outer layer of the DG. This
is an indication that TRIM32 is upregulated upon differentiation
of the NSC (Hillje et al. 2015).

TRIM32 plays other important roles including neurogenesis,
inhibition of nerve cell proliferation, and restriction of apoptosis
(Hillje et al. 2013). Many abnormalities in some protein expres-
sions in the brain have been linked to TRIM32 overexpression or
downregulation. There has been a strong association between
TRIM32 regulation and the development of certain neurological
disorders such as depression (Snyder et al. 2011), anxiety (Lionel
et al. 2013), Alzheimer’s Disease (Yokota et al. 2006), autism
spectrum disorder (ASD) (Ruan et al. 2014), and attention deficit
hyperactivity disorder (ADHD) (Lionel et al. 2011). Many of these
neurological disorders have been suggested by numerous stud-
ies to have synaptic plasticity deficits as one of their resultant
outcomes. Though there has not been a direct study on the effect
of TRIM32 deficiency on synaptic plasticity, it has been specu-
lated that the absence of TRIM32 does alter synaptic plasticity
because of its links to these neurological disorders.

With the numerous research advances on the functions of
TRIM32, it remains unclear the effect of TRIM32 on synaptic
plasticity. We, therefore, proposed that TRIM32 could influence
changes in synaptic plasticity. Using the TRIM32 knockout (KO)
mice model, we studied long-term potentiation (LTP) using elec-
trophysiology, various staining techniques, and western blotting
to ascertain receptor expressions and neuron numbers as well as
electroencephalogram (EEG) to establish that TRIM32 deficiency
impairs synaptic plasticity and leads to increase in the notch
and its related pathway elements. This study also provides the
maiden evidence that TRIM32 relates to the notch signaling
pathway and reports that an inhibition of notch could rescue
synaptic plasticity deficits in vitro.

Experimental Methods
Experimental Animals

TRIM32 KO (TRIM32~/~) mice of reproductive ages were given
to us by Prof. Melitta Schachner from Universitdt Hamburg,
Germany and bred in the Specific Pathogen Free (SPF) Model
Animal Center of Dalian Medical University, China. Adult mice
(male and female) were housed in groups with the temperature-
controlled at 25 °C, with an adequate supply of feed and water.
Animals had a 12-h day light and night cycle. TRIM32 KO mice
and their wild-type (WT) littermate (control) were raised in the
same conditions and were used for the experiments. All animal
experiments were carried out following the Institutional Animal

Care and Use Committee guidelines of NIH, USA (NIH publica-
tion no. 86-23, revised 1987) and approved by the Institutional
Ethics Committee of the Dalian Medical University.

Genotyping of TRIM32 Mice

The genotype of TRIM32 mice was confirmed before the animals
were used for the various experiments. Genotyping was done
using the following primer sequences:

TRIM32 WT1 (5-3'): GGAGAGACACTATTTCCTAAGTCA
TRIM32 WT2 (5'-3'): GTTCAGGTGAGAAGCTGCTGCA
TRIM32 Mu (5'-3'): GGGACAGGATAAGTATGACATCA

The primer-pairs WT1 and WT2, as well as WT1 and Mu, were

used to determine WT and knockout mice, respectively. The
PCR reaction conditions were set at 95 °C (5 min) for enzyme
activation, 40 cycles of denaturation at 95 °C for 30 s, annealing
at 55 °C for 35 s, extension at 72 °C for 60 s, then 72 °C for 5 min,
and finally at 4 °C infinitely. The amplified DNA was separated
on a 2% agarose gel by electrophoresis using a current of 120 mA
for 60 min. WT and knockout bands were detected at 250 and
300 bp, respectively, compared with the standard DNA ladder.

LTP Measurements

Adult TRIM32 KO and WT mice were deeply anesthetized with
4% chloral hydrate intraperitoneal to ease pain and quickly
decapitated at the neck. Electrophysiological recordings were
carried out as previously described by Li et al. (2019). Stimulation
intensity was set to evoke 40-50% of the maximal response
of fEPSP amplitudes. LTP was induced using high-frequency
stimulation (HFS) (four 100 Hz and 1-s trains delivered 20 s
apart).

Input-Output Curves Analysis

Input-output (I/O) experiments were established by single-pulse
stimulation of the Schaffer collaterals region to evaluate synap-
tic potency by increasing the stimulus current intensity by steps
of 0.1 mA (0.05-1.0 mA). This was done to examine whether the
properties of basic synaptic transmission at Schaffer collateral-
CA1l synapses are altered. Stimulus pulses were delivered at
a frequency of 0.033 Hz, and five responses at each current
intensity were averaged.

Paired-Pulse Facilitation Analysis

Paired-pulse facilitation (PPF), presynaptic facilitation, was con-
ducted immediately after the I/O tests using a frequency of
0.033 Hz. Pairs of identical stimuli were delivered in closely
spaced interstimulus intervals of 25, 50, 75, 100, 125, 150, and
200 ms, and the average value of five independent recordings
in each interval was used. Facilitation was measured as a ratio
of the second pulse-evoked EPSP slope to the first evoked. The
data were acquired with an Axon multiclamp 700 B amplifier,
filtered at 10000 kHz, digitized at 10 kHz, and analyzed offline
using pClamp10.3 software (Molecular Devices Corp.).

Nissl Staining

Brains of 12-week-old mice were harvested and sectioned as
described above and mounted on charged glass slides, rehy-
drated, and stained with 0.1% Cresyl violet dye (Sigma). The
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slides were dehydrated with 70%, 90%, 100% ethanol, and xylene
and mounted with a cover glass. Images were taken with a
Panoramic fluorescence scanner (3DHISTECH Ltd.). The number
of stained neurons was estimated per unit square area using
Image] software (NIH). Images were captured from different
sections of the stained tissues, and at least, three images from
each group were used for the analysis.

Golgi Staining and Analysis

Adult TRIM32 KO mice and WT littermate control mice were
anesthetized with 4% chloral hydrate intraperitoneal and
rapidly decapitated. One brain hemisphere was used for Golgi
staining. The brains were incubated in Golgi solution A+B
for 14 days (FD Rapid GolgiStain Kit; FD NeuroTechnologies)
according to the manufacturer’s protocol. The brains were
sliced using a Vibratome (VT1200S; Leica) at a thickness of
200 pm and mounted on glass slides coated with 3% gelatin.
The sections were air-dried for 24 h in the dark at room
temperature. Staining procedures were followed as described
in the manufacturer’s protocols. Dendritic images were taken
from CA1 pyramidal neurons by microscope under bright-
field using a Panoramic fluorescence scanner (3DHISTECH
Ltd.). Dendritic spines were then counted in a blinded manner
using Image] software (NIH). Further analysis of spine number
and morphological characteristics was done using Reconstruct
software as described by Risher et al. (2014).

Primary Neuron Culture and Inhibitor Treatments

Primary neurons were prepared from brains of 1-day-old C57
mice (SPF of Dalian Medical University). Briefly, mice were
quickly decapitated after freezing with an ice pack to cause
minimum pain. The meninges were removed, the cortex and
hippocampus were mechanically dissected and digested with
0.125% trypsin in DMEM medium cell culture incubator for
20 min, and then the cell suspension was centrifuged at
1500 rpm for 5 min. The supernatant was discarded, and
the cell aggregation was resolved to a single-cell suspension.
Primary neurons were plated into a 24-well culture plate
(NEST Biotechnology) with 10% FBS-DMEM (Neurons plant
medium) after 4 h replaced 10% FBS-DMEM with neurons
maintenance medium which contains 95% Neurobasal, 2%
B27, 1% penicillin/streptomycin, 1% L-glutamine (ThermoFisher
scientific). Cells were cultured at 5% CO,, 37 °C and half of the
medium changed every 2 days. A gamma-secretase inhibitor,
DAPT (Macklin), was dissolved in DMSO and administered at a
concentration of 1, 5, and 10 uM with an equal concentration
of DMSO administered every other day. Protein and RNA were
harvested on the 12th day.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from the hippocampus with Trizol
reagent (ThermoFisher Scientific) according to the manufac-
turer’s protocol. Complementary DNA (cDNA) was synthesized
from 1 pg total RNA using the first-strand ¢cDNA synthesis kit
(TransGen Biotech). The expression levels of targeted genes in
three or four cohort littermates of mice were performed using
the TransStart Top Green gPCR SuperMix (TransGen Biotech) on
CFX96 real-time system (BIO-RAD). Threshold cycle (CT) values
for the genes were calculated, and changes were assessed using
the formula 2-42¢T where ACT represents the difference in

CT values between the target and housekeeping gene (GAPDH)
mRNA. The forward and reverse primer sequences used are
listed below

NR1 5 -AGTGGAACGGAATGATGGGAG - 3/
5’ -CCGAACCCATGTCTTATCCAG - 3/
NR2A 5 -AGCCCCCTTCGTCATCGTAGA - 3

5" -ACCCCTTGCAGCACTTCTTCAC - 3’
NR2B 5 -GCCATGAACGAGACTGACCC - 3/
5 -GCTTCCTGGTCCGTGTCATC - 3
GluA1l 5’ -GAGCAACGAAAGCCCTGTGA - 3
5 -CCCTTGGGTGTCGCAATG - 3/
GABAj 5'-GCATGTATGTCTGCAGGA- 3/
5-CTGACACCTACTTCCTGA- 3/
PSD95 5" -TGAGATCAGTCATAGCAGCTACT-3’
5 -CTTCCTCCCCTAGCAGGTCC - 3’
SYP 5 -CAGTTCCGGGTGGTCAAGG - 3/
5 -ACTCTCCGTCTTGTTGGCAC - 3/
SYN1 5 -AGCTCAACA AATCCCAGTCTCT- 3/

5 -CGGATGGTCTCAGCTTTCAC -3’
NGF 5 -GCCCACTGGACTAAACTTCAGC - 3

5" -CCGTGGCTGTGGTCTTATCTC - 3/
NGN3 5" -CAATCGAATGCACAACCTCA - 3/

5 -GGGAGACTGGGGAGTAGAGG - 3/
HES1 5 -GACGGCCAATTTGCCTTTCTCATC-3'

5" -TCAGTTCCGCCACGGTCTCCACA -3
Notchl 5 -GCTACAACTGCGTGTGTGTC - 3’
5 -GTTGGTGTCGCAGTTGGAGC - 3/
Mash1 5 -AGGCCCTACTGGGAATGGA- 3
5 -CCCTGTTGCTGAGAACATTGA - 3/
GAPDH 5 -CACTGGCATGGCCTTCCGT - 3/

5" -CTTACTCCTTGGAGGCCAT - 3/

Western Blotting

Western blotting was carried out as previously reported by
Wang et al. (2019). The primary antibodies used were GluAl
(1: 1000, Abcam ab31232), GABA, (1:1000, Abcam ab10098), NR1
(1:500, BD Pharmingen 556 308), NR2A (1:500, Millipore MAB5216),
NR2B (1:1000, Abcam ab93610), Synaptophysin (1:1000, Millipore
MAB5258), GAP-43 (1:1000, Millipore MAB5220), PSD95 (1:1000,
Abcam ab2723), Synapsin 1 (1:1000, Abcam ab64581), Notch1l
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(1:1000, Abcam ab8925), Hes1 (1:1000, Abcam ab108937), Neuro-
genin3 (1:1000, Abcam ab176124), NGF (1:1000, Abcam ab52918),
EAAT2 (1:1000, Millipore MAB2262), SLC32A1 (1:1000, Abcam
ab42939), and gB-actin (1:2000, Abcam ab8227). The membranes
were incubated with the appropriate species-specific HRP-
conjugated secondary antibody (15000, Thermofisher). The
bands were detected using enhanced chemiluminescence (ECL,
Thermofisher). A ChemiDoc MP imaging system (BioRad) was
used to capture images, and protein bands were quantified and
analyzed with ImageJ software (NIH).

Immunohistochemistry

Immunostaining was conducted as previously reported by Wang
et al. (2019). Primary antibodies applied were: GluAl (1:200,
Abcam ab31232), GABAA (1:200, Abcam ab10098), NR1 (1:500, BD
Pharmingen 556 308), NR2B (1:1000, Abcam ab93610), SLC32A1
(1:200, Abcam), and EAAT?2 (1:200, Millipore). Slices were incu-
bated in Alexa Fluor conjugated secondary antibody (1:500, Invit-
rogen). DAPI staining followed. The slices were imaged with
a Panoramic fluorescence scanner (3DHISTECH Ltd, Hungary).
Mean fluorescence intensities were determined blindly using
Image] software (NIH).

Surgery and Electrophysiological Neural Data
acquisition

TRIM32 WT and KO transgenic mice (10-12 weeks old) were
acutely anesthetized with volatilized isoflurane to keep mice
alive during the period of recording. The mouse was quickly
fixed on stereotaxic apparatus (David Kopf Instruments, Model
902) and mounted with a mask that supplied 2.5% of volatilized
Isoflurane throughout the surgery and recording time. Tail or toe
pinching was done before the surgery to inspect the depth of
anesthesia. The scalp was incised on the midline about 10 mm
to expose the skull. Any debris on the skull was wiped off with
saline-soaked cotton tips. The bregma and lambda points were
marked and set in the same horizontal plane. Three screws were
placed in the skull (two frontal areas and one parietal area) to
touch the dura mater over the surface of the cortex. An area
of the skull (about 2 mm x 2 mm) on the other parietal area
was also removed to receive the recording electrodes. The blood-
brain barrier was carefully removed to enable the electrodes to
have access to the brain. The multichannel recording electrode
was directed to that area and lowered to penetrate the cortex at
about 500 pm from the surface of the cortex using the stereotaxic
apparatus.

Neural signals were recorded in a wide frequency band (0.01-
40000 Hz) and amplified 1000-2000 times before digitization
using Plexon Recorder System (Plexon) under isoflurane-
induced anesthetic conditions.

Sorting and Analysis of Neural Data

Neural data recorded were sorted into unit(s) (usually 1-
2 units/channel) using Offline Sorter software (version 4.1.0,
Plexon Inc). All the recordings per animal were autosorted
with a batched command file for consistency. A threshold
of —5 sigmas from the mean was used during the sorting.
Manual checking was then performed to ensure that spike
waveforms were consistent and that the cluster boundaries
were distinct. All isolated units showed recognizable refractory
periods (>1 ms) in the interspike histograms. The units that
were included in the analysis had an L-ratio less than 0.5 and an

isolated distance greater than 15. Using NeuroExplorer (version
5.030, Nex Technologies), the spike frequency per animal using
instant frequency analysis was obtained and the mean spike
frequencies were computed per group. To obtain the spectral
power for the various bandwidth, the spectrogram analysis was
performed.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism
7 (GraphPad Software), and data are presented as mean =+ SEM.
Unpaired t-test was used to analyze differences between two
groups, and one-way ANOVA was used to analyze more than two
groups (Turkey’s post hoc analysis was used to compare differ-
ences). P-value < 0.05 was considered statistically significant for
all analyses.

Results

LTP Is Impaired and Dendritic Spine Characteristics
Altered in TRIM32-Deficient Mice

To investigate the effect of TRIM32 on synaptic plasticity,
we used electrophysiology techniques to record the LTP of
TRIM32 KO mice and their WT littermates. The changes in
hippocampal synaptic plasticity (functional) were inferred
from the LTP recording. LTP recordings indicated changes
in fEPSPs slope before and after HFS in different groups of
mice (Fig. 1A[a]). The slope and peak amplitude of the EPSP
in the WT mice were significantly higher than those of the
TRIM32 KO mice: slope (173.8% +7.285% vs. 149.5% + 6.44%)
and amplitude (179.7% + 10.98% vs. 148.8% + 8.675%) in WT and
KO mice, respectively (Fig. 1A[b, c], P <0.05). The properties of
basic synaptic transmission at Schaffer collateral-CA1 synapses
were examined. I/O curves were analyzed by measuring the
postsynaptic potential slope with various stimulus intensities
(0.05-1.0 mA) before the induction of LTP. Data were normalized
with 100% as the highest amplitude (an average of five sweeps
were selected at each of the stimulation intensities) of fEPSP.
TRIM32 KO mice showed no significant change in the I/O curve
compared with WT littermates (Fig. 1A[d]), suggesting that the
absence of TRIM32 does not directly affect the basal synaptic
response. PPF was recorded after the I/O curve to determine
the probability of synaptic vesicle (SV) release at intervals
between 0 and 250 ms. As shown in Figure 1A(e), the obtained
PPF recordings showed no significant difference in the short-
term synaptic plasticity between TRIM32 KO mice and their WT
littermates. However, a slight decrease in the PPF ratio in the KO
mice was observed (Fig. 1A[e]).

A recent report has shown the relationship between LTP
(functional plasticity) and dendritic spines (structural plastic-
ity) (Kasai et al. 2010). Changes in dendritic spine densities
were quantified at the pyramidal neurons in the hippocampal
CA1 areas. Herein, a difference in dendritic spine morphology
and density was observed. The spine density was reduced in
the TRIM32 KO group in CA1 and CA3 (Fig. 1B[b, c], P <0.05).
The percentage of mushroom-type spines was lower in the
TRIM32 KO mice group in the CA1 and CA3 regions (Fig. 1B[d]).
Stubbiness of the spines was done using length to width ratio
(LWR) < 1. Herein, TRIM32 KO showed an increased percentage
of stubby spines (Table 1). Our results indicate that the average
LWR was significantly reduced in TRIM32KO in CAl and CA3
(Fig. 1BJe]). Likewise, the average protrusion from the dendrite
was decreased in TRIM32 KO mice with significance in the
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Figure 1. Synaptic plasticity is altered in TRIM32 KO mice. (A) Functional plasticity is altered in TRIM32 KO mice even though basic synaptic transmission is not altered
(a) Time course of the effects of HFS on the fEPSP initial slope. (b and c¢) Cumulative data showing mean fEPSP peak amplitude and mean fEPSP slope 60 min post-HFS.
(d) 1/0 plots of fEPSP slopes versus current input (pA) were similar in WT and TRIM32 KO mice (n=5 mice in each group), indicating lack of TRIM32 did not alter baseline
synaptic transmission. (e) PPF analysis showing the S1/S2 ratios for increasing stimulation interpulse intervals in slices from WT and TRIM32 KO mice (n=7 mice in
each group). (B) Structural plasticity is altered in TRIM32 KO mice. (a) Representative micrographs of dendritic spines in TRIM32 KO and WT mice (Scale bar: 10 pm).
(b) Bar graph showing CA1 pyramidal cell dendritic spine density in TRIM32 KO mice and WT littermates. (c) Bar graph showing CA3 pyramidal cell dendritic spine
density in TRIM32 KO and WT mice. (d-f) Bar graphs showing the percentage of mushroom-type spines (d), average LWR (e) and length of protrusions (f) in CAland
CA3 in TRIM32 KO and WT mice. Data were expressed as means + SEM. *P <0.05, **P < 0.01.

CA3 region. A greater percentage of the dendritic spines were
thinner at the stem and smaller in the head compared with their
WT littermates having a bulge-headed spine and thicker stems
(Fig. 1B[a], Table 1).

TRIM32 Deficiency Showed Decreased Synaptic
Plasticity Proteins

Synaptophysin, Synapsinl, Growth-associated protein-43 (GAP-
43) and Postsynaptic density-95 (PSD-95) genes are critical
for effective synaptic function and were analyzed for their
expression at the mRNA and protein levels. Considering
Synaptophysin, Synapsinl, and GAP-43 at the presynaptic side
and PSD-95 for the postsynaptic side, significant decreases in
protein expression levels for SYP, GAP-43, SYN1(Fig. 2A[a,b],
P <0.05, 0.01), and PSD-95 (Fig. 2B[a,b], P <0.05) were observed
in TRIM32 KO mice. Similarly, a significant decrease in psd95
mRNA (Fig. 2B][c], P <0.05) and a marginal decrease in syp and
synl mRNA (Fig. 2A[c]) were observed in TRIM32 KO mice.
These data suggest that TRIM32 KO impair synaptic plasticity

by downregulating these synaptic proteins. AMPA receptors
(AMPARs) are important mediators for synaptic plasticity.
AMPAR protein expression was declined in TRIM32 KO mice
(Fig. 2C[a,b], P <0.01). Treating coronal sections of brain slides
stained with antibodies reactive against AMPARs confirmed
this result (Fig. 2C[c]).

TRIM32 Deficiency Leads to Decreased GABA and
Increased NMDA Receptor Expression Resulting in an
Imbalance in Excitation and Inhibition

Examining the potential mechanism underlying the impairment
of synaptic plasticity in TRIM32 KO mice, enormous reports on
the important roles of the balance of GABA and NMDA play in
synaptic plasticity could not be overlooked. Hence, these recep-
tors’ expressions were investigated. GABAa protein expression
was significantly reduced in TRIM32 KO by western blot analysis
(Fig. 3A[a, b], P<0.05). Staining brain slides with antibody
immunoreactive against GABAa receptors confirmed the above
(Fig. 3A[c]). Messenger RNA (mRNA) expressions of NR1 and
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Table 1 Characteristics of dendritic spines in CA1 and CA3 regions of TRIM32 KO and WT mice

Morphology/Characteristics CA1l

CA3

TRIM32H/+ (n=218)

TRIM32~/~ (n=180)

TRIM32+/+ (n=140) TRIM327/~ (n=117)

Mushroom 203 (93.11%)
(width > 0.6 pm)

Filopodia (length > 2 pm) 55 (25.2%)
Stubby (LWR < 1) 41 (18.8%)

Long thin (length <1 pm)
Thin (length <2 pm)

64 (29.4%)
162 (70.6%)

159 (88.3%)

25 (13.9%)
44 (24.4%)
43 (23.9%)
154 (85.6%)

128 (91.4%) 9 (82.1%)
34 (24.3%)
8 (5.7%)
29 (20.7%)
106 (75.7%)

11 (9.4%)

19 (16.2%)
46 (39.3%)
106 (90.6%)

Branches (2 or more) 15 (6.9%) 5(2.8%) 9 (6.4%) 4 (3.4%)
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Figure 2. TRIM32 KO changes synaptic plasticity proteins. (A) Presynaptic proteins reduced in the hippocampal brain lysates of TRIM32 KO mice. (a) Representative
immunoblots (b) and densitometry analyses showing Synaptophysin, Synapsinil, and GAP-43 expressions (c) Relative mRNA expression of RT-qPCR showed that
expression levels of syp and syn1 decreased in the hippocampus of TRIM32 KO mice. (B) Postsynaptic protein (PSD95) was downregulated in hippocampal brain lysates of
TRIM32 KO mice. (a) Representative immunoblots (b) and densitometry analyses showed that PSD-95 is significantly downregulated in the hippocampus of the TRIM32
KO mice. (c) Relative mRNA expression of RT-qPCR showed that the expression level of psd95 is significantly downregulated in the hippocampus of TRIM32 KO mice. (C)
AMPARs were downregulated in TRIM32 KO mice. (a) Representative immunoblot and (b) densitometry analysis of the immunoblots showed that the expression levels
of AMPAR significantly decreased in hippocampal lysates of TRIM32 32 KO mice. (c) Coronal sections of the brain were immunohistochemically stained with an antibody
against AMPARs. Here, Synaptophysin, Synapsin1, GAP-43, PSD95, AMPAR, and their corresponding g-actin/GAPDH immunoblots were performed on different parts of
the PVDF membrane of different gels (obtained from at least 10 brain samples in each group) in the western blotting whereas syp, syn1, and psd95 were normalized
to gapdh. Data (means = SEM) are from at least three independent cohorts of mice littermates with a total of at least 10 mice (n=3). *P < 0.05, **P <0.01.

NR2B were marginally increased while NR2A significantly
increased in TRIM32 KO mice (Fig. 3B[c|, P <0.05). The mRNA
increases, commensurate their respective protein expressions
(Fig. 3B[a, b], P <0.05). More so, the expressions of NR1 and
NR2B were increased in immunostained coronal sections of
brain slides (Fig. 3B[d, e]). Having established that TRIM32 KO
reduced GABAa- and increased NMDA-receptor expressions,

the influence in the balance between excitatory and inhibitory
transmissions was investigated. Protein expression levels of
excitatory amino acid transporter 2 (EAAT2) and SLC32A1
(which are markers for excitatory and inhibitory transporters,
respectively) were analyzed by western blotting. A significant
upregulation in EAAT2 expression and a downregulated
SLC32A1 expression in hippocampal brain lysates were observed
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in TRIM32 KO mice (Fig. 3C[a, b], P <0.05, 0.01). Double immunos-
taining of the various regions of the hippocampus and cortex
for EAAT2 and SLC32A1 expressions confirmed the above results
(Fig. 3D[a-h]).

Overexcitation Is Associated with Decrease Neuronal
Numbers in TRIM32-Deficient Mice

The occurrence of imbalance in excitatory and inhibitory trans-
mission leads to overexcitation and is usually characterized
by an increased spike activity in the brain. EEG recorded and
analyzed, showed that the number and frequency of spikes
occurring during an estimated period of 4000 s were signifi-
cantly increased in the TRIM32 KO mice (Fig. 4A[c], P <0.05). The
same was also observed in the trace of spike activity recorded
(representative in Fig. 4A[a, b]). This further confirms that the
overexcitation that is depicted in the imbalance is real in the
neural activities of the brain. Volatilized anesthesia reduces
the frequency of spikes and this was confirmed throughout
the entire period of recording in TRIM32 WT and KO mice.
This observation is documented in a previous study (Antkowiak
1999).

Neurons are the structural and functional units of the ner-
vous system, and Nissl bodies are one of the characteristic
structures of neurons. As a measure of neuron integrity after
observing overexcitation, whole coronal sections of brain slides
stained with Nissl stain estimated the numerical differences of
Nissl bodies in the cortex, CA1, CA3, and DG regions of the brain
in TRIM32 KO and their WT littermates. There was a significant
decrease in neuron numbers in TRIM32 KO mice in all the four
brain regions stained (Fig. 4B[a—¢], P < 0.05, 0.01), and this could
result from excitotoxicity.

The importance of local field potentials (LFPs) has recently
surfaced due to the belief that they are linked with certain
neural happenings or underpinnings such as visual neurons in
the frontal eye field picking signals from distractors as if they
were the actual targets (Heitz et al. 2010). Neurons are believed
to give off some transmembrane currents which are believed to
be LFPs (Destexhe and Bédard 2015). Hence, separating and ana-
lyzing frequency oscillations (from 0.1 to 300 Hz) could provide
information on whether TRIM32 affects LFPs. The overall LFP is
a representative recording from synapses that are formed. The
filtering showed a significant reduction of LFPs in the TRIM32 KO
mice (Fig. 4C[a—c], P < 0.01), an observation that corroborates the
reduction in the number of neurons as stained by Nissl bodies
above.

The Network Activity at Specific Oscillatory Frequency
Bands Are Impaired in TRIM32 KO

Neural data recorded and analyzed from specific bandwidth
were analyzed to know the effect of TRIM32 KO on the various
wave classifications. Bandpass analyzed was classified within
the following range of oscillations: Delta waves (0-4 Hz), Theta
waves (4-7 Hz), Alpha waves (7-13 Hz), Beta waves (14-30 Hz),
and Gamma waves (30-80 Hz). Power spectra of Delta and Beta
waves were significantly increased in TRIM32 KO mice, whereas
power spectra of Theta and Gamma waves were significantly
reduced in TRIM32 KO mice (Fig. 5[a—c], P <0.01, 0.001). The
decrease in Theta and Gamma waves in this study implies
learning and memory deficits (impaired synaptic plasticity).
An observation, consistent with the LTP results in our study

(Fig. 1A[a—]), suggesting reduced synaptic function in TRIM32
KO mice.

TRIM32 Deficiency Leads to Notch Activation, and
Inhibition with DAPT Reverses This Observation

Notch is a regulator of cell cycle exit and it is also a cell’s
fate determinant just like TRIM32. Studies have suggested that
when notch is genetically manipulated, plasticity (functional
and structural), as well as behavior, is influenced (Ables et al.
2011). Other roles of notch such as its involvement in the
development of the cerebral cortex have been reported (Breunig
et al. 2007). Notch is also involved in neurite development
(Sestan et al. 1999). Herein, we investigated the possible link
between TRIM32 expression and some notch signaling pathway
elements concerning the synaptic alterations observed. Notch-
related genes such as Notch1, Hes1, and Ngn3 at the mRNA and
protein expression levels were examined. Protein and mRNA
expressions of these genes were upregulated in TRIM32 KO
mice (Fig. 6A[a—c], P <0.05, 0.01, 0.0001). In contrast, the general
inverse relationship reported between Hesl and Ngn3 in the
canonical Notch pathway in a review by Ables and colleagues
was not observed in our study. A probe for a possible reason
for this observation revealed that there exists a relationship
between Ngn3 and the neurotrophic factor NGF in the brain
(Salama-Cohen et al. 2006). mRNA and protein expressions
of NGF were significantly downregulated in TRIM32 KO mice
in our study (Fig. 6A[a—c]). To investigate the expression of
mashl in TRIM32, our results indicate that mRNA expression
of mashl was significantly downregulated in TRIM32 KO
(Fig. 6A[d, e]).

The upregulation of notch signaling genes in TRIM32 KO
mice suggested a mechanistic relationship between TRIM32
and notch. This mechanism could result in the observed phe-
notype in our study. DAPT (a gamma-secretase inhibitor) is
well-known to inhibit notch. Treating primary cultured neu-
rons with DAPT revealed a concentration-dependent downreg-
ulation of notchi, hesl, ngn3 mRNA, and protein expressions
(Fig. 6B and C). Neurotrophic factor, NGF, however, remained
unchanged after treatment with DAPT (in all concentrations)
(Fig. 6B). A proneural basic helix-loop-helix transcription factor,
mash1, was also found to be upregulated in a concentration-
dependent manner (Fig. 6B).

Inhibition with DAPT Reduces the Glutamatergic
Phenotypes in Primary Neuron Culture

Glutamatergic factors or receptors, one of the hallmarks of
overexcitation, were determined. AMPA and NMDA (NR1, NR2A,
and NR2B) receptors were significantly downregulated in DAPT-
treated neurons. GABA, receptors were also downregulated but
could not be compared with the decrease in the AMPA and
NMDA receptors (Fig. 7A[a, b]). In contrast, mRNA expressions
remained unchanged (no significant difference) in all the
groups after treatment with DAPT (Fig. 7A[c, d]. The overall
effect of these on the excitatory and inhibitory transporters
was also determined. EAAT2 and SLC32A1 were downregulated
and upregulated, respectively, after treatment with DAPT
(Fig. 7B[a, b]. Immunostaining with antibodies reactive against
these transporters produced similar outcomes after treatment
(Fig. 7B[c-€]).
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Discussion

TRIM32 is a kind of NSC-related protein that plays an important
role in the development of rat neocortex. It has also been found
to regulate NSC proliferation and neuronal differentiation (Hillje
et al. 2013). The expression of TRIM32 protein can induce NSCs
to produce neurons. The uncertainty about the effect of TRIM32
on synaptic plasticity and the mechanism involved needs to
be unraveled. This study, therefore, demonstrates for the first
time that TRIM32 directly or indirectly alters synaptic plasticity
and has proposed possible mechanisms involved. In the process
of evolution, animals, especially humans, have survived and
adapted to environmental changes using their learning ability.
The body can produce certain adaptive responses that make
the brain form neural circuits during the adaptation process
and this is known as plasticity (Sherwood et al. 2008). Synaptic
plasticity plays an important role in many physiological and
pathological processes such as the development of the ner-
vous system, learning and memory, and nerve damage and

repair. The changes that occur in the synaptic connections
tend to become the structural basis for learning and mem-
ory functions. LTP has been widely accepted as an experimen-
tal model of synaptic plasticity and has been widely used by
neuroscientists.

In this current study, the long-term synaptic plasticity
(as recorded by LTP experiment) was impaired in TRIM32
KO mice, whereas the short-term synaptic plasticity did not
change according to the PPF curve. This is an indication that
the release of the SVs remained unchanged. The I/O curve
depicts synaptic transmission efficiency, and our results also
confirm that the basal synaptic transmission of neurons is
efficient. This implies that knockout of TRIM32 does not
affect the synaptic transmission efficiency. Dendritic spines
tend to receive synaptic contacts that usually change when
new experiences are encountered. This is a necessity for the
processes of structural plasticity. It had been previously held
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that spine density matches with synaptic plasticity. However,
recent findings have proposed that morphological changes
that occur within the spine are of much importance for new
learning and memory formation than total spine number or
density (van der Zee 2015). Dendritic spine density in TRIM32
KO mice decreased particularly in the CA1 and CA3 areas
of the hippocampus (Fig. 1B[a—]), and this may contribute
to the impaired LTP we observed. The mushroom type of
spines is typical of neuronal networks undergoing significant
restructuring and maturation (Risher et al. 2014). In this study,
a significant reduction in the number of mushroom spines is
observed in the CAl and CA3 areas of the hippocampus in
the absence of TRIM32. A study reported that AMPA type of
glutamate receptors is abundant in the mushroom spines and
could be sparsely distributed in the spines or Filopodia (Bourne
and Harris 2008). This observation is consistent with our reduced
AMPAR expression in TRIM32 KO mice reported in this study.
It has been reported several times that smaller thin spines may
generally be considered weaker in function especially due to
their lower density of glutamate receptors (Yan et al. 2019). It
is noteworthy that the dendrite morphology of the TRIM32 KO

mice had a slender and long neck and the bulbs were much
smaller. Conversely, the WT dendrite spines were more clustered
and had some branches, consistent with reports that clusters
of dendritic spines are essential for strengthening synapses
(Gipson and Olive 2017).

Many proteins are found in the presynaptic or postsynaptic
site of neurons and mostly involved in either the generation or
release of neurotransmitters by interacting with each other and
may form complex networks that take part in synapse forma-
tion, their maintenance, and function. In this study, synaptic
proteins (synaptophysin, Synapsinl, GAP-43, and PSD95) were
all downregulated in the TRIM32 KO mice hippocampus. Numer-
ous reports have suggested that tyrosine phosphorylation of
synaptophysin (syp) is a requirement for LTP formation (Evans
and Cousin 2005), whereas other reports have suggested that syp
is not the only requirements for SV cycle; hence, its function in
determining synaptic strength cannot be overlooked (Schmitt
et al. 2009). Synapsin has been extensively studied concern-
ing their function in the SV life cycle (Mirza and Zahid 2018).
Recently, researchers have suggested that they affect SV pools
and lead to inhibition and slowing of neurotransmitter release
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kinetics (Baldelli et al. 2007). They have also been reported to
result in an imbalance between excitatory and inhibitory activ-
ities of neurons (Chiappalone et al. 2008). This observation is
also reported in our study. Many studies have also reported the
effect of GAP-43 on the release of neurotransmitters and synap-
tic plasticity (Holahan and Routtenberg 2008; Holahan 2015).
In a study where PSD-95 was overexpressed in hippocampal
neurons, synaptic maturation was enhanced and the converse
also resulted in a reduction in synaptic strength and spine
density (Hu et al. 2011). Our results of downregulated synaptic
proteins in the wake of reduced LTP are consistent with all these
studies, as the state of these synaptic proteins in TRIM32 KO
mice directly or indirectly leads to impaired LTP. A significant
decrease in the expression of the AMPAR (Fig. 2C[a—c]) observed
supports the impaired LTP reported in this study. The mech-
anism of LTP activation involves the release of glutamic acid
from the presynaptic neuron which first binds to an AMPAR

on the postsynaptic neuron membrane and the NMDA receptor.
The AMPAR activates the depolarization of the cell membrane
and causes the removal of Mg?" obstructing the NMDA receptor
channel. The release of Mg?* causes Ca?* to enter the postsy-
naptic neurons, and the influx of Ca?" determines the strength
of LTP. Therefore, when AMPARSs are less, the formation of LTP is
presumed weakened. It has been reported that the recruitment
of calcium-permeable (GluA2-lacking) AMPARs is profound in
mushroom-type spines in hippocampal CA1 neurons (Matsuo
et al. 2008). This explains the decrease in AMPARs in the TRIM32
KO mice and the corresponding impaired LTP observed in this
study.

GABA receptors can inhibit neuronal hyperexcitability. Neu-
ronal inhibitory GABAA receptors mediate two different electro-
physiological effects: the phasic and tonic inhibitions (Chang
et al. 2018). In the course of pathological development, GABA
receptors do not act alone but interact with other receptors.
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Therefore, the decreased expression of the GABA, receptor in
TRIM32 KO mice could also be a major factor contributing to LTP
decline. Glutamic acid released from the presynaptic membrane
triggers a role in the receptor on the postsynaptic membrane
which participates in synaptic plasticity, long-term potentiation
as well as signal transduction. The increase in NR1, NR2A, and
NR2B (NMDA Receptor subunits) in TRIM32 KO mice and the
impaired LTP seem to support the detrimental effect of over-
expressed NMDARs on synaptic plasticity in this study. Even
though many studies have reported that synaptic NMDARs are
important for LTP; extrasynaptic NMDARs can trigger de novo
long-term depression (LTD) under certain conditions (Massey
et al. 2004). Okamoto and his group reported that increased
extrasynaptic NMDA activity has a deleterious effect in mouse
models of Huntington’s disease and other neurological disorders
(Okamoto et al. 2009; Milnerwood et al. 2010). The observed
increase in NMDARSs is indicative of increased excitation which

possibly affected neuronal stability, resulting in reduced neu-
ronal number, and subsequently causing a deficit in synaptic
plasticity in TRIM32 KO mice (Xu et al. 2019). Li et al. reported that
soluble Ag oligomers at the pathophysiological levels present
in the AD brain facilitate hippocampal LTD (impaired learning
and memory) by increasing the activation of NR2B-containing
extrasynaptic NMDARs (Li et al. 2009).

One of the most widely accepted hypotheses regarding
autism is the proposal that there is an excitatory-inhibitory (E-I)
imbalance in the brain neural circuits. This imbalance has been
the cause of social, behavioral, emotional, cognitive, sensory, and
motor control deficits. Some studies have used optogenetics and
have reported that increased E-I ratio in the prefrontal cortex
results in social and behavioral impairment that is observed in
ASD (Yizhar et al. 2011). TRIM32 gene mutation has been highly
linked to Autism (Zhu et al. 2019). There is difficulty in studying
E-I imbalance in humans; hence, most of the knowledge about
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this are mainly from animal models which are believed to
mainly overlap with humans. E-Iimbalance has been reported to
occur when there is an increase in glutamatergic or a decrease in
GABAergic signaling (Opris and Casanova 2014). Glutamatergic
transmission higher than GABAergic transmission is revealed by
the expressions of EAAT2 and SLC32A1 proteins (Fig. 3C and D)
in our study. This imbalance has been reported to alter synaptic
plasticity (Bateup et al. 2013). This corroborates the impaired
LTP in TRIM32 KO mice. The decrease in GABA receptor earlier
reported confirms this observation and can lead to neuronal
hyperexcitability.

The imbalance or overexcitation could also be confirmed by
the results obtained from this study, in which the spiking fre-
quency was observed to be higher in the TRIM32 KO mice. Even
though the number of spikes was typically low, the difference
was significantly clear and confirms the observation that results
from animals under volatile anesthetics generally have reduced
neural and synaptic activities in the CNS (Antkowiak 1999).
With the reduced neuronal numbers in the various parts of the
brain of TRIM32 KO mice (Fig. 4B[a-e]) and the neuronal hyperex-
citability explained above, a decrease in neuronal number is not
farfetched. The importance of LFPs has recently surfaced due to
the belief that they are linked with certain neural happenings or
underpinnings (Heitz et al. 2010). Neurons give off some trans-
membrane currents which are known to be LFPs (Destexhe and
Bédard 2015). This reduced neuronal numbers could indicate
TRIM32 effects on LFPs. LFP has been proposed to be a reflection
of local synaptic activities (Kaur et al. 2004). Hence, the results
from this study showing reduced LFP in the TRIM32 KO mice
(Fig. 2F-H) are consistent with the reduced synaptic activities
that are expected to affect synaptic plasticity.

The overall outcome of modifications in synaptic plasticity
needed to be looked at in the light of possible effects on the
brain function. In this study, Delta waves were found to increase
in TRIM32 KO mice. This result is consistent with numerous
studies that have associated disruptions in delta waves found
in diseases such as Ischemic brain diseases (Inui et al. 1994),
dementia (Yudofsky et al. 2002), sleep disorders (Pilon et al. 2006),
schizophrenia (Alfimova and Uvarova 2007), and Parkinson’s
disease (Yudofsky et al. 2002). The results obtained also showed
reduced Theta and gamma waves in the TRIM32 KO mice, indi-
cating impaired synaptic plasticity. There have been reports that
increased theta-related firing, which helps to strengthen the
connections between spatially distributed neurons and thereby
improving memory (Paz et al. 2008), a result that can explain
the observation that was made during this study. Gamma oscil-
lations have for a long time been thought to be very crucial
for advance cognitive functions as well as sensory responses
(Buzsaki et al. 2003; Fries et al. 2007). These observations may
be associated with the altered synaptic plasticity in TRIM32 KO
mice.

In normal brain development, differentiation mechanisms
require a very accurate timing, and Notch signaling has been
studied as one of the master regulators of NSCs and neurogene-
sis (Qi etal. 1999; Louvi and Artavanis-Tsakonas 2006). Mutations
in some Notch elements have been linked to diseases such as
Down’s syndrome and Alzheimer’s disease, and these confer
synaptic plasticity impairment. This impairment in synaptic
plasticity has been supported by our results. While high levels
of notch keep cells in a quiescent state, a decrease in Notch
activity leads to an increase in the net number of adult neurons
(Chapouton et al. 2010). Our results showed an upregulation in
Notch-1 in TRIM32 KO mice (Fig. 6) and a decrease in the number

of neurons (Fig. 4). It has been reported that an increase in Notch
induces the overexpression of Hesl or Hes5 and this, in turn,
inhibits neurogenesis and promotes astrogliogenesis (Wu et al.
2003; Kageyama et al. 2008, 2009). This finding agrees with the
results we obtained where upregulation in Notch-1 in TRIM32
KO also led to an increase in Hes1 in both the mRNA and the
protein expression levels as well as mRNA expression levels
mash1 in TRIM32 KO were downregulated. A similar observation
has also been reported by Salama-Cohen et al. 2005, where they
concluded that the activation of Notch increased the expression
of Hes1/5 genes. Another research by the same group reported
that strong activation of Notch by high cell density reduced the
expression of Ngn3, which agrees with the report that Ngn3
and Mash1 are negatively controlled by Notch, and its nuclear
targets, Hesl and Hes5 (Kageyama and Nakanishi 1997). Our
results, however, reveal a contrary opinion where the upregu-
lation of Notch-1 and Hes1 in TRIM32 KO led to an increase
in Ngn3 both at the mRNA and protein expression levels. This
necessitated the search for a reason for this observation. A study
by Salama-Cohen et al. 2006 reported that NGF downregulates
Ngn3. This indicated that NGF can control the expression of
Ngn3 through other pathways. This is what led us to determine
the expression levels of NGF at the mRNA levels and the results
showed a decrease in ngf mRNA in TRIM32 KO mice. This was
further confirmed at the protein expression levels where NGF
was significantly downregulated in TRIM32 KO mice. Our find-
ings suggest that NGF is antagonistic to Ngn3 in the absence
of TRIM32. A study reported that the overexpression of Ngn3
led to a decrease in the number of synaptic contacts thereby
suppressing the number of inhibitory terminals. A finding is
also confirmed by this study where inhibitory contacts marker
SLC32A1 (Fig. 3C and D) was markedly reduced in TRIM32 KO
(which had increased Ngn3) (Salama-Cohen et al. 2006). Over-
expression of Ngn3 leads to the downregulation of Mash1 and
in turn leads to the reduced number of GABAergic synaptic
terminals (Roybon et al. 2010) to about half of the control levels,
whereas the glutamatergic synaptic terminals increased. This
observation is confirmed by our experiment where the inhibi-
tion of notch downregulated downstream genes leading to the
upregulation of mash1. A couple of studies has shown that the
loss of GABAergic phenotype specification is mash1-dependent
(Parras et al. 2002; Roybon et al. 2010). In as much, neurogenins
and mash1 are believed to be expressed in ways complementary
to each other in the dorsal and ventral telencephalon and this
contributes to the generation of glutamatergic and GABAer-
gic neurons (Parras et al. 2002). Therefore, the conclusion that
higher levels of Ngn3 (leading to lower levels of mash1) will
increase the network activity in developing neuronal circuits
and the distortions in the E/I balance could be supported by our
results (which showed higher excitatory transmission and lower
inhibitory transmission) (Fig. 3C and D). All these observations
have been linked to decreased synaptic plasticity (Fig. 8).

In summary, this study demonstrates the effects of TRIM32
on synaptic function and reports on changes in hippocampal
synaptic plasticity. LTP impairment, reduced dendritic spines,
downregulation of synaptic plasticity-related proteins, imbal-
ance in excitation and inhibition phenotypes leading to reduced
neuronal number, as well as changes in EEG waves have been
explored. Finally, there is evidence that the expression of notch
and its related elements may be responsible for impaired
synaptic plasticity in TRIM32 KO mice and that notch inhibition
with DAPT could improve synaptic plasticity outcomes. A study
showed that notch inhibition with DAPT improved learning and
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Figure 8. Proposed pathway representing the mechanistic relationship between TRIM32 and notch signaling and its resultant effects on synaptic plasticity.

memory abilities in craniocerebral injured rats (Zhang et al.
2018). Further studies are required to ascertain a conclusive
relationship between TRIM32 and the notch pathway by
inhibiting notch in vivo to see the effects on functional learning
and memory outcomes.
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