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Abstract

Imbalanced neuronal excitability homeostasis is commonly observed in patients with fragile X
syndrome (FXS) and the animal model of FXS, the FmirZ KO. While alterations of neuronal
intrinsic excitability and synaptic activity at the steady state in FXS have been suggested to
contribute to such a deficit and ultimately the increased susceptibility to seizures in FXS, it
remains largely unclear whether and how the homeostatic response of neuronal excitability
following extrinsic challenges is disrupted in FXS. Our previous work has shown that the acute
response following induction of endoplasmic reticulum (ER) stress can reduce neural activity
and seizure susceptibility. Because many signaling pathways associated with ER stress response
are mediated by Fmrl1, we asked whether acute ER stress—induced reduction of neural activity
and seizure susceptibility are altered in FXS. Our results first revealed that acute ER stress can
trigger a protein synthesis—dependent prevention of neural network synchronization /n vitro and
a reduction of susceptibility to kainic acid—induced seizures /in vivo in wild-type but not in Fmr
KO mice. Mechanistically, we found that acute ER stress—induced activation of murine double
minute-2 (Mdm2), ubiquitination of p53, and the subsequent transient protein synthesis are all
impaired in Fmr1 KO neurons. Employing a p53 inhibitor, Pifithrin-a, to mimic p53 inactivation,
we were able to blunt the increase in neural network synchronization and reduce the seizure
susceptibility in £mrZ KO mice following ER stress induction. In summary, our data revealed a
novel cellular defect in FmrZ KO mice and suggest that an impaired response to common extrinsic
challenges may contribute to imbalanced neuronal excitability homeostasis in FXS.
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INTRODUCTION

The importance and dysregulation of neuronal excitability homeostasis has been described
in different autism spectrum disorders (Amaral et al., 2008; Levitt et al., 2004), and multiple
mechanisms underlying homeostatic control in neurons involve autism-linked genes (Beique
et al., 2011; Gao et al., 2010; Hu et al., 2010; Korb et al., 2013; Shepherd et al., 2006; Tian
etal., 2010; Zhong et al., 2012), including Fmr1 (Soden and Chen, 2010). Fmr1 is absent

in the most common cause of mental retardation and autism, FXS. Fmr1 encodes fragile

X mental retardation protein (FMRP), an RNA-binding protein that regulates translation of
its bound RNAs (~4% of brain mRNAS) (Ashley et al., 1993). In the absence of FMRP,
translation of the bound RNAs is misregulated, leading to FXS. FXS patients and the mouse
model of FXS, the Fmr1 KO, both show elevated neuronal and circuit excitability (Gross et
al., 2011; lacoangeli and Tiedge, 2013; Repicky and Broadie, 2009), with seizure diagnosed
in 15% of male individuals and 6-8% of female individuals (Berry-Kravis et al., 2010).

The hyperexcitability also affects sensory perception (Lovelace et al., 2016; Rotschafer and
Razak, 2014; Zhang et al., 2014) and potentially contributes to learning deficits in FXS
(Gongalves et al., 2013). While multiple mechanisms have been described to explain such
hyperexcitability in FXS (Gibson et al., 2008; Martin et al., 2014; Michalon et al., 2012;
Pfeiffer et al., 2010; Ronesi et al., 2012; Ronesi and Huber, 2008; Tsai et al., 2012a;

Vislay et al., 2013), our current knowledge has been mainly limited to intrinsic properties
and synaptic activity of £mr1 KO neurons at the steady states. Whether and how Fmr2

KO neurons and mice respond to extrinsic challenges to homeostatically modulate their
excitability remains largely unclear.

The cellular response to ER stress comprises a set of evolutionarily conserved mechanisms
that help the cell adapt to and remove disturbances. When attempts to cope with the
disturbances fail or when the disturbances last for an extended period of time, the ER stress
response can trigger cell degeneration and death. Although ER stress has been observed

in and suggested to contribute to cell death in both health and disease, its effects on
neuronal excitability was unclear until our recent study showing that ER stress response can
trigger a reduction of seizure susceptibility in mice (Liu et al., 2019). In the same study,

we also revealed that the effect was elicited by ubiquitination of tumor suppressor p53
mediated by ubiquitin E3 ligase murine double minute-2 (Mdm2), which ultimately led to
transient protein synthesis under ER stress. Because Fmr1 has been linked to many signaling
pathways associated with ER stress response (Coyne et al., 2015; Di Marco et al., 2021;
Taha et al., 2021; Utami et al., 2020), we asked whether ER stress—induced reduction of
neural activity and seizure activity are altered in ~mr1 KO mice, and if yes, whether we can
correct them.

To answer these questions, we present data in this study to show that ER stress, through
a protein synthesis—dependent mechanism, can prevent an increase in neural network
synchronization /n vitro and reduce susceptibility to seizures /7 vivo in wild-type but not
in £Fmr1 KO mice. Mechanistically, we found that Mdm2 is abnormally inactivated while
ubiquitination of p53 is impaired in Fmr1 KO neurons upon induction of ER stress. By
using a p53 inhibitor, Pifithrin-a., the prevention of neural network synchronization and
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reduction of seizure susceptibility in £mr1 KO mice can both be restored upon the induction
of ER stress. Because ER stress can be induced following many physiological and also
pathological stimuli, including reduced mitochondrial respiration and aberrant translational
control that were previously seen in FXS (Guo et al., 2016; Shen et al., 2019), our data
suggest that an impaired response to common cellular stress challenges may contribute to
imbalanced neuronal excitability homeostasis in FXS.

MATERIALS AND METHODS

Mice

Reagents

The Fmr1 KO, Mdm2oX and Emx1-Cre mice in C57BL/6J background were obtained from
The Jackson Laboratory. Trio breeding was conducted throughout the study. Both male and
female mice were used to prepare mixed sex cultures. All animal procedures were performed
in accordance with our institutional animal care committee’s regulations. For genotyping,
the primers used to detect Mdm?2 loxPallele are: 5°- TGT GGA GAA ACA GTT ACT TC
-3’,and 5’- GAA ACT CGG GAC TCC AAA CA -3’. The primers used to differentiate
Wild type and Emx1 alleles are 5’-CGG TCT GGC AGT AAA AAC TAT C-3’ (EmxI-Cre),
5’-GTG AAA CAG CAT TGC TGT CAC TT-3’ (EmxI-Cre); 5-AAG GTG TGG TTC
CAG AAT CG-3’ (Wild type), and 5°-CTC TCC ACC AGA AGG CTG AG-3’ (Wild type).

Dimethyl sulfoxide (DMSO) and MG132 were from Fisher Scientific. DMSO was used

as a vehicle in this study. Kainic acid was from Alomone Labs. Saline was from

Hanna Pharmaceutical Supply Co., Inc. Pifithrin and Thapsigargin were from AdipoGen.
Cycloheximide was from Sigma. The antibodies used in this study were purchased from
Santa Cruz Biotechnology (anti-Mdmz2), GenScript Corporation (anti-Gapdh), and Cell
Signaling (anti-p-Mdmz2, anti-p53 and anti-ubiquitin). HRP-conjugated secondary antibodies
were from Jackson Immunoresearch and Cell Signaling.

Primary neuron cultures

Primary neuron cultures were made from mice aged at p0—p1 and maintained in Neural
Basal A medium (Invitrogen) supplemented with B27 supplement (Invitrogen), GlutaMax
(final concentration at 2 mM; Invitrogen), and Cytosine B-D-arabinofuranoside (AraC, final
concentration at 2 uM; Sigma). The culture medium was changed 50% on DIV 2 and every
3-4 days thereafter until the experiments on DIV 14.

MEA recording

The multi-electrode array recordings were conducted using an Axion Muse 64-channel
system in single-well MEAs (M64-GL1-30Pt200, Axion Biosystems) inside a humidified
incubator with 5% CO», at 37°C. Field potentials (voltage) at each electrode relative to the
ground electrode were recorded with a sampling rate of 25 kHz. After 30 min of recording
the baseline (before treatment), drug(s) or vehicles indicated in each experiment were added,
and the MEA dish was put back into the incubator for one hour before another 30 min

of recording (after treatment). To eliminate changes in network activity caused by physical
movement of the MEA, only the last 15 min of each recording were used in data analyses
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(Jewett et al., 2016; Zhu et al., 2017). AxIS software (Axion Biosystems) was used for the
extraction of spikes (i.e. action potentials) from the raw electrical signal. After filtering,

a threshold of +6 standard deviations was independently set for each channel; activity
exceeding this threshold was counted as a spike. Synchrony index was computed through
AXIS software, based on a published algorithm (Eggermont, 2006), by taking the cross-
correlation between any two spike trains, removing the portions of the cross-correlogram
that are contributed by the auto-correlations of each spike train, and reducing the distribution
to a single metric. For all the drug treatment comparisons, to minimize the influence caused
by variability between cultures, the recording from each MEA dish after treatment was only
compared to the baseline recording from that same culture.

Immunoprecipitation and western blotting

For immunoprecipitation (IP), cell lysates were obtained by sonicating pelleted cells in a
IP buffer (50 mM Tris, pH 7.4, 120 mM NaCl, 0.5% Nonidet P-40). Eighty pg of total
protein lysates was incubated for one hour at 4 °C with 0.5 pg primary antibodies. Protein
AJG agarose beads (Santa Cruz Biotechnology) were added for another hour followed by
three 10-min washings with IP buffer. For western blotting, after SDS-PAGE, the gel was
transferred onto a polyvinylidene fluoride (PVDF) membrane (Santa Cruz Biotechnology).
After blocking with 1% Bovine Serum Albumin in TBST buffer (20 mM Tris pH 7.5, 150
mM NacCl, 0.1% Tween-20), the membrane was incubated with primary antibody overnight
at 4 °C, followed by three 10-min washings with TBST buffer. The membrane was then
incubated with an HRP-conjugated secondary antibody for 1 hour at room temperature,
followed by another three 10-min washings. Finally, the membrane was developed with an
ECL Chemiluminescent Susbtrate (Pierce).

Seizure induction and scoring

Male mice at age 3-weeks old were intraperitoneally injected with kainic acid, prepared
in saline solution at doses of 30 mg/kg. The total injection volume was kept close to 0.15
ml. After injection, mice were closely observed in real time for 1 hour. The intensity of
seizures was assessed by Racine’s scoring system (Racine, 1972). To clearly determine
seizure activity, only stage 4 (rearing and falling) and stage 5 (tonic-clonic activity) were
considered positive for seizures, as previously performed (Jewett et al., 2016; Keith et al.,
2012; Zhu et al., 2017).

Whole-cell patch-clamp recording

Dissociated cortical neurons, visually identified using an upright microscope (Olympus,
BX51WI), were used for recordings. Recording pipettes, pulled from glass capillaries

with an outer diameter of 1.5 mm on micropipette puller (P-97; Sutter Instruments),

had a resistance of 4-6 MQ when filled with internal solution containing (in mM): 130
K-gluconate, 6 KCI, 3 NaCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.4 Na-GTP, 14 Tris-
phosphocreatine (pH 7.25, 285 mOsm. All recordings were carried out at room temperature
(23-25°C) in external solution containing (in mM): 119 NaCl, 2.5 KCl, 4 CaCl,, 4 MgCl,,
1 NaH,POQy4, 26 NaHCO3 and 11 D-Glucose, saturated with 95% O,/5% CO, (pH 7.4,

310 mOsm), and were performed in the presence of fast synaptic transmission blockers:
CNQX (20 uM), DL-APV (200 uM) and PTX (100 uM). For current-clamp, neurons were
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held at =60 mV. Action potential firing rates measured upon delivering constant current
pulses of 500 ms in the range 0-200 pA, and the number of action potentials was averaged
from 3 to 5 individual sweeps for current intensity. Neurons were omitted if the resting
membrane potential was >-50 mV, if no action potentials were discharged. No series
resistance compensation was used. The action potential firing rate at each current pulse
was calculated as a reciprocal of the interspike intervals, measured as the time between the
first and second action potential peaks (i.e. 1/interspike interval). Whole-cell current-clamp
recordings were made using a Multiclamp 700B amplifier (Molecular Devices). Records
were filtered at 2 kHz and digitized at 10 kHz. Data was acquired and analyzed with a
Digidata 1550B interface (Molecular Devices) and the pClamp suite of software (version
10.6; Molecular Devices). Analysis of recordings was performed using Clampfit software
(version 10.6; Molecular Devices).

Statistical Analysis

RESULTS

Statistical methods to determine significance along with sample numbers were indicated

in each figure legend. In brief, ANOVA with post-hoc Tukey HSD (Honest Significant
Differences) test was used for multiple comparisons between treatments or genotypes.
Student’s #test was used for analyzing spontaneous neuronal activity and paired western
blotting results as indicated in each figure legend. Each “n” indicates an independent culture.
Differences are considered significant at the level of p < 0.05.

Acute ER stress—induced reduction of seizure activity is impaired in Fmrl KO mice

Our previous work has demonstrated that acute ER stress can reduce seizure susceptibility in
mice (Liu et al., 2019). To begin determining whether such an effect can also be seen in the
mouse model of FXS, the Fmr1 KO mice, we employed a kainic acid—induced seizure model
in wild-type and Fmr1 KO mice, both in C57BL/6 background. To induce a preconditioning
to ER stress, we intraperitoneally injected mice with saline or Thapsigargin (Tg), an ER
stress inducer that acts through inhibition of Ca2* ATPase in ER, at 2 mg/kg for three hours.
Our previous work has validated the successful induction of ER stress in the brain through
this approach (Eagleman et al., 2020; Liu et al., 2019). Three hours after the injections

of saline or Tg, the mice received a second injection with kainic acid at 30 mg/kg. This
relatively high dosage of kainic acid was used based on previous studies from others and our
showing higher resistance to kainic acid—induced seizures in mice in C57BL/6 background
(Ferraro et al., 2001; Liu et al., 2019). Immediately following the second injections, seizure
behavior was closely monitored and scored. As shown (Fig. 1A), the wild-type mice that
received Tg showed a significantly enhanced latency to the stage 4 seizures (rearing and
falling) and a delayed onset of stage 5 seizures (tonic-clonic seizures), as compared to the
mice receiving only saline. When we scored the seizures in Fmr1 KO mice (Fig. 1B), we
observed no significant difference in the latency to the stage 4 seizures and surprisingly
even a slightly quicker onset of stage 5 seizures. These results indicate that acute ER stress—
induced reduction of seizure susceptibility is impaired in Fmrl KO mice.
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Acute ER stress does not alter neuronal intrinsic excitability

To study the mechanism by which ER stress differentially modulates seizure activity in
wild-type and FmrZ KO mice, we asked whether ER stress is able to modulate neuronal
intrinsic excitability, which is known to be critical to overall brain excitability. To this end,
we performed a whole-cell patch-clamp recording in dissociated wild-type or Fmri KO
cortical neurons treated with vehicle (DMSO) or Tg (1 uM) for 1 hour, the dosage and
duration that we used previously (Liu et al., 2019), starting at days-in-vitro (DIV) 13-14.
We employed a current-clamp recording to measure the action potential firing rate after
delivering constant somatic current pulses for durations of 500 ms in the range of 0-200
pA (Lee and Chung, 2014; Lee et al., 2015). As shown (Figs. 2A and 2B), we did not
observe any significant differences in the firing rates of action potentials between vehicle-
and Tg-treated groups in either wild-type or FmrZ KO neurons. These data suggest that,
although previous studies have reported basally altered intrinsic properties and excitability in
Fmr1 KO neurons, these cells do not exhibit different responses in the intrinsic excitability
to acute ER stress induction.

Acute ER stress induces protein synthesis- and Fmrl-dependent modulation of neural
network synchronization

Since acute ER stress does not affect the neuronal excitability at the single-cell level,

we asked whether ER stress can affect the synchronicity of neuronal firing at the
populational level, a known factor in contributing to seizure susceptibility (Bui et al.,

2015; Di Cristo et al., 2018). To answer this question, we employed a multi-electrode

array (MEA) system to record the extracellular spontaneous spikes (action potentials) of
primary mouse cortical neuron cultures, prepared from wild-type or Fmr1 KO mice, at
DIV 13-14. To study the synchronicity of neuronal firing, we measured the cross-electrode
synchronization in cultures treated with vehicle (DMSO) or Tg (1 uM) for 1 hour. As
shown (Fig. 3), while Tg did not significantly alter the synchronization in wild-type cultures,
it significantly elevated the synchronization in £mrZ KO cultures. This may explain the
elevated seizure susceptibility in Fmr1 KO mice following preconditioning of ER stress
(Fig. 1B). Noticeably, treatment of a protein synthesis inhibitor cycloheximide (60 uM)
caused a significant elevation of the synchronization in wild-type cultures while no further
elevation of synchronization was seen in Fmr1 KO cultures. These results suggest that
Fmr1 functions to prevent the increase of neural network synchronization through a protein
synthesis—dependent manner, following acute induction of ER stress.

Acute ER stress induces Fmrl-dependent activation of Mdm2 to maintain neural network
synchronization

Because our previous work has shown that acute ER stress—induced reduction of seizure
response is regulated by the ubiquitin E3 ligase Mdm2, we asked whether Mdm2 is
differentially regulated upon acute ER stress induction in wild-type and Fmri KO cultures.
As shown (Fig. 4A), treatment of Tg for 1 hour led to a significantly elevation of Mdm2 in
wild-type cultures. Despite no elevated activation of Mdm2 (the levels of p-Mdm2 to total
Mdmz2 is similar between vehicle- and Tg-treatment groups), due to the elevated Mdm2, the
total amount of phosphorylated Mdm2 (p-Mdm2 to Gapdh) is elevated in wild-type cultures
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treated with Tg. In Fmr1 KO cultures (Fig. 4B), however, despite an elevation of total Mdm2
as seen in wild-type cultures, Mdm2 is abnormally dephosphorylated, leading to a slight
reduction of total amount of phosphorylated Mdm2. We conclude from these data that acute
ER stress induction elevates the levels of active, phosphorylated Mdm2 in wild-type cultures
but not in £Fmr1 KO cultures.

To test whether impaired Mdm2 signaling is crucial to acute ER stress—induced maintenance
of neural network synchronization that we observed in Fig. 3, we obtained a conditional
Mdm2 knockdown mouse model by crossing Mdm2 floxed mice (MdmZ'f) with Emx1-

Cre mice to obtain Mdm27-Emx-Cret (Mam2-cKD) and Mdm27-Emx-Cre= (Mam2-WT)
mice. EmxI-Cre can confer Mdm2 reduction in the cortex and hippocampus, primarily in
excitatory neurons, beginning as early as embryonic day 10.5 (E10.5) (Gorski et al., 2002;
Young et al., 2007). We used heterozygous mice (Mdm2™) to avoid potential apoptosis
caused by complete Mdm2 knockout (Jones et al., 1995; Montes de Oca Luna et al., 1995).
The knockdown efficiency of Mdm2 in Mdm2-cKD in cortical neuron cultures at DIV 14

is approximately 45% in comparison to the MadmZ2-WT cultures, when cultures are prepared
on postnatal day 0, as we have shown previously (Liu et al., 2017). We then measured

the cross-electrode synchronization in Mdm2-WT and MdmZ2-cKD cultures at DIV 13-14
treated with vehicle (DMSO) or Tg (1 uM) for 1 hour. As shown (Fig. 5), whereas MdmZ2-
WT cultures exhibited maintained synchronization following the Tg treatment, similar to
what we have observed in wild-type cultures (Fig. 3A), MdmZ2-cKD cultures exhibited a
significant elevation of synchronization following the Tg treatment that is similar to what we
have observed in Fmri1 KO cultures (Fig. 3B). These results indicate that impaired Mdm2
signaling likely contributes to abnormally elevated synchronization in £mr1 KO cultures
following the induction of acute ER stress.

Acute ER stress induces Fmril-dependent p53 ubiquitination and transient protein

synthesis

Activated, phosphorylated, Mdm2 is known to trigger ubiquitination and inactivation of
tumor suppressor p53. Our previous work has demonstrated that acute ER stress—induced
p53 ubiquitination is necessary for a transient protein synthesis. To this end, we aim to test
whether this phenomenon is impaired in £mr1 KO neurons. As shown (Fig. 6), Tg treatment
successfully induced ubiquitination of p53 (Fig 6A), downregulation of p53 (Fig. 6B), as
well as transient protein synthesis, measured by puromycin labeling (Fig. 6C), in wild-type
cultures, as we have previously observed (Liu et al., 2019). However, in FmrZ KO cultures,
Tg treatment abnormally reduced ubiquitination of p53 (Fig 6D). While the total level of
p53 was not significantly affected (Fig. 6E), the transient protein synthesis was abnormally
reduced in Fmrl KO cultures following Tg treatment (Fig. 6F). These data further confirm
our observation of an impaired response to acute ER stress in ~mr1 KO cultures.

Inhibition of p53 restores acute ER stress—induced maintenance of neural network
synchronicity and reduction of seizure activity

To this point, our results suggest that ~mrZ functions to prevent an elevation of neural
network synchronization and to reduce seizure susceptibility. To confirm that these defects
are caused by a failure in activation of Mdm2-p53 signaling, we employed a widely used
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p53 transcriptional inhibitor, Pifithrin-a (1 pM), to mimic inactivation of p53 when p53 is
ubiquitinated and downregulated in wild-type cultures (Fig. 6). We first applied Pifithrin-a
in MdmZ2-cKD cultures and performed MEA recordings as we had done for Fig. 3. As
shown (Fig. 7A), Pifithrin-a. was able to blunt the abnormally elevated neural network
synchronization induced by the Tg treatment. Most importantly, when we performed the
same experiment in Fmr1 KO cultures, we were also able to correct the abnormally elevated
neural network synchronization induced by the Tg treatment. These results indicate the
possibility that Pifithrin-a. may be able to reduce abnormally elevated seizure activity in
Fmr1 KO mice following preconditioning to acute ER stress that we have observed (Fig.
1). To test this possibility, we intraperitoneally injected Fmr1 KO mice with saline, Tg

(2 mg/kg), Pifithrin-a. (2 mg/kg), or Tg + Pifithrin-a.. Three hours after the injection, the
mice were injected again with kainic acid (30 mg/kg). Immediately following the second
injection, seizure behavior was closely monitored and scored. As shown (Fig. 8), the Fmr1
KO mice that received Tg exhibited a significantly enhanced latency to stage 4 seizures
and a significantly delayed onset of stage 5 seizures, as we had observed in WT mice (Fig.
1). Pifithrin-a alone slightly delayed the seizure activity, as we observed previously (Jewett
et al., 2016). Altogether, our data demonstrated that ~mrZ functions to prevent an increase
in neural network synchronization and reduce the seizure susceptibility through Mdm2-p53
signaling. These findings also suggest an impaired response to cellular stress in Fmr1 KO
and a novel deficit potentially contributing to the imbalanced neuronal excitability in FXS.

DISCUSSION

Our study reveals that the animal model of FXS, the FmrI KO, exhibits impaired response
to acute ER stress that ultimately contributes to abnormally elevated neural network
synchronization and seizure susceptibility. Because our previous work has shown that
seizure itself can induce ER stress and that the induced Mdm2-p53 signaling following

a seizure functions to homeostatically reduce neuronal excitability (Liu et al., 2019), our
current data indicate a possibility that £777 KO may have difficulty in homeostatically
reducing excitability following a seizure attack. This is consistent with the literature showing
epileptic discharges in patients and animal models of FXS (Chuang et al., 2005; Heard

et al., 2014). Because Fmrl is an autism spectrum disorder (ASD) gene that functionally
interacts with many other ASD-linked genes, and because imbalanced neuronal excitability
and elevated seizure activity are also seen in other ASDs, we aim to understand, as a future
direction, whether altered ER stress response and excitability regulation are common and
similarly impaired in different ASDs. One of the other ASDs that could be investigated is
tuberous sclerosis complex (TSC). TSC results from a mutation of either 7SC1 or 7SC2,
which leads to a dysregulated mammalian target of rapamycin (mTOR) signaling (Tsai et
al., 2012b). Patients with TSC exhibit hyperexcitability (Zhao and Yoshii, 2019) and 75C1/2
functionally interacts with p53 to regulate cell differentiation and survival (Armstrong et al.,
2017). In addition, mTOR signaling is highly associated with ER stress response (Novotna
et al., 2016; Yang et al., 2018). These connections indicate that ER stress response and
Mdm2-p53 signaling may be common neuronal excitability regulators that are similarly
dysregulated in different psychiatric and neurological disorders. We expect continuous work
in the future to address this question.
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Imbalanced neuronal excitability has also been linked to cognitive deficits and memory
impairment in FXS and other ASDs (Brennan et al., 2006). This is particularly pertinent to
hippocampal synaptic plasticity mediated by multiple activity-dependent proteins, such as
metabotropic glutamate receptors (mGIuRs) and myocyte enhancer factor 2 (MEF2), with
which Mdmz2 is known to functionally interact. For example, Mdm2 can be downregulated
upon activation of group 1 mGIuRs and such downregulation contributes to mGIuR-
dependent de novo protein synthesis through reduced association of Mdm2 in the ribosomes
(Liu et al., 2017). On the other hand, Mdm2 can be dephosphorylated upon activation

of MEF2, and that leads to activity-dependent synapse elimination through ubiquitination
of the post-synaptic density protein 95 (PSD-95) (Tsai et al., 2017; Tsai et al., 2012a).
Importantly, both mechanisms mentioned above are impaired in Fmr1 KO mice, indicating
a general deficit of activity-dependent regulation in FXS through Mdm2. However, given
the multifunctional, substrate-dependent, role of Mdmz2 in the brain and the phosphorylation
state of Mdm2 that is differentially regulated during different plasticity mechanisms, Mdm2
is unlikely an ideal therapeutic target for FXS. Nevertheless, despite this limitation, it

does not change the fact that Mdmz2 is a massive regulator in FMRP-dependent neuronal
plasticity. Because FMRP interconnects with many other ASD-linked genes to regulate
neurodevelopment, continuous study of Mdm2 in the nervous system is crucial and could
help us better understand other ASDs.

In the field of cancer biology, p53 is a well-characterized transcription factor (Devine and
Dai, 2013). The ubiquitination of p53 by Mdm2 leads to inactivation of p53-dependent
transcriptional regulation and ultimately alters the cell cycle (Goldberg et al., 2002; Vazquez
et al., 2008; Zhang and Zhang, 2008). Unbiased screening of direct p53 target mMRNAS has
revealed many brain-enriched genes (Li et al., 2015; Wei et al., 2006). However, the function
and regulation of Mdm2-p53 signaling was largely unclear in terminally differentiated
neuronal cells before our previous work to demonstrate the roles of p53 in neuronal
excitability regulation (Jewett et al., 2018; Lee et al., 2018; Liu et al., 2020). Specifically, we
have shown that chronic activity stimulation triggers ubiquitination of p53 and a reduction of
that contributes to an impairment in homeostatic downscaling in FmrZ KO neurons (Jewett
etal., 2018; Lee et al., 2018). Together with our current study, our research suggests that

an altered transcriptional program involving p53 is crucial to imbalanced neuronal plasticity
in FXS. However, because elevated p53 ubiquitination and reduced expression of p53 have
been observed in adult mouse neural stem cells (NSCs) of Fmr1 KO mice (Li et al., 2016),
inhibiting p53 activity through the use of Pifithrin-a., as we have done in the current study,
may dampen the production of new neurons in FXS if the treatment is prolonged. This

also reflects on the complexity of cell type—specific alterations in FXS and many other
neurodevelopmental disorders. Identifying the differentially regulated target genes of p53 in
different cell population in the nervous system of FXS will improve our understanding about
p53 and potential therapeutic development for FXS.
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Figure 1. Acute ER stress reduces seizure severity in wild-type but not Fmrl KO mice.
(A, B) Quantification of latency to stage 4 seizures and the time spent between stage 4 to

5 seizures from 3-weeks old wild-type (A) or Fmr1 KO (B) mice intraperitoneally injected
with saline or Thapsigargin (Tg; 2 mg/kg) for 3 hours followed by injections with KA (30
mg/kg). n = 8-10 mice per group. Student’s #test was used. Data are represented as mean +
SEM with *P<0.05, ns: non-significant.
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Figure 2. Acute ER stress does not alter the neuronal intrinsic excitability.
Left: Representative traces of action potentials induced by 50, 100, 150, and 200 pA from

wild-type (A) or Fmrl KO (B) neurons treated with DMSO or Thapsigargin (1 uM) for 1
hour. Right: Average action potential firing rates (Hz) evoked by 0-200 pA injection from
wild-type (A) or Fmr1 KO (B) neurons treated with DMSO or Thapsigargin. n = 9-12
neurons per treatment group. The data were analyzed using a one-way ANOVA. Data are
represented as mean + SEM with ns: non-significant.
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Figure 3. A protein translation-dependent maintenance of neural network synchronization
following acute ER stress induction in wild-type but not Fmr1 KO neurons.

(A, B) Top: Representative raster plots of spontaneous spikes from wild-type (A) and Fmr1
KO (B) cortical neuron cultures treated with vehicle (DMSO), Thapsigargin (Tg, 1 uM),
cycloheximide (CHX, 60 uM) or CHX+Tg, for 1 h at DIV14. Bottom: Quantification of
synchrony index by comparing ‘after treatment’ to ‘before treatment” of the same cultures
(n = 8-11 independent cultures). A two-way ANOVA with Tukey test were used. Data are
represented as mean + SEM with *P<0.05, ns: non-significant.
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Figure 4. Acute ER stress-induced activation of Mdm2 is impaired in Fmrl KO neurons.
(A, B) Representative western blots and quantification of Mdm2, p-Mdm2 and Gapdh from

wild-type (A) and Fmr1 KO (B) cortical neuron cultures treated with vehicle (DMSO) or
Thapsigargin (Tg, 1 uM) for 1 h at DIV14. (n = 3-6). Student’s #test was used. Data are
represented as mean + SEM with *P<0.05, ns: non-significant.
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Figure 5. The maintenance of neural network synchronization following acute ER stress

induction requires Mdm2.

Tg

(A, B) Top: Representative raster plots of spontaneous spikes from Mdm2-WT (A) and
Mdm?2-cKD (B) cortical neuron cultures treated with vehicle (DMSO) or Thapsigargin (Tg,
1 uM) for 1 h at DIV14. Bottom: Quantification of synchrony index by comparing ‘after
treatment’ to ‘before treatment’ of the same cultures (n = 6 independent cultures). Student’s
ttest was used. Data are represented as mean £ SEM with *P<0.05, ns: non-significant.
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Figure 6. Acute ER stress-induced ubiquitination of p53, down-regulation of p53 as well as
transient protein synthesis are impaired in Fmr1 KO neurons.

(A, D) Representative western blots of Ubiquitin and p53 after immunoprecipitation with
anti-p53 antibody using lysates from wild-type (A) and Fmr KO (D) cortical neuron
cultures treated with vehicle (DMSO) or Tg for 1 hour. Quantification is performed by first
normalizing ubiquitinated p53 (IP:p53, 1B:Ub) to immunoprecipitated p53 (IP:p53, 1B:p53),
followed by normalizing Tg-treated group to DMSO-treated group within the same genotype
(n =5 for both wild-type and Fmr1 KO). (B, E) Representative western blots of p53 and
Gapdh from wild-type (B) and FmrI KO (E) cortical neuron cultures treated with vehicle
(DMSO) or Tg for 1 hour. Quantification is shown on the right (n = 4 and 5 for wild-type
and Fmr1 KO, respectively). (C, F) Representative western blots of puromycin and Gapdh,
and quantification after 1-hour labeling of puromycin in wild-type (C) and Fmr1 KO (F)
cortical neuron cultures treated with vehicle (DMSO) or Tg for 1 hour (n =6 and 9 for
wild-type and Fmr1 KO, respectively). Student’s #test was used. Data are represented as
meant SEM with *P<0.05, **P<0.01, ns: non-significant.
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Figure 7. Pharmacological inhibition of p53 restores the maintenance of neural network
synchronization following acute ER stress induction in Mdm2-cKD and Fmr1 KO cultures.

(A, B) Top: Representative raster plots of spontaneous spikes from MdmZ2-cKD (A) and
Fmr1 KO (B) cortical neuron cultures treated with vehicle (DMSO), Thapsigargin (Tg, 1
uM), Pifithrin-a (Pifithrin, 1 uM) or Pifithrin+Tg, for 1 h at DIV14. Bottom: Quantification
of synchrony index by comparing “after treatment’ to ‘before treatment’ of the same cultures
(n = 9-10 independent cultures). A two-way ANOVA with Tukey test were used. Data are
represented as mean £ SEM with *P<0.05, ns: non-significant.
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Figure 8. Pharmacological inhibition of p53 restores the sensitivity of seizure severity to acute
ER stress in Fmrl KO mice.

Quantification of latency to stage 4 seizures and the time spent between stage 4 to 5 seizures
from 3-weeks old Fmr1 KO mice intraperitoneally injected with saline, Thapsigargin (Tg; 2
mg/kg), Pifithrin-a. (Pifithrin; 2 mg/kg) or Tg+Pifithrin for 3 hours followed by injections
with KA (30 mg/kg). n = 7-8 mice per group. A two-way ANOVA with Tukey test were
used. Data are represented as mean = SEM with *P<0.05, ns: non-significant.
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