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ORIGINAL ARTICLE

Calcium dysregulation and Cdk5-ATM pathway
involved in a mouse model of fragile X-associated
tremor/ataxia syndrome
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Abstract

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurological disorder that affects premutation carriers with 55-
200 CGG-expansion repeats (preCGG) in FMR1, presenting with early alterations in neuronal network formation and function
that precede neurodegeneration. Whether intranuclear inclusions containing DNA damage response (DDR) proteins are caus-
ally linked to abnormal synaptic function, neuronal growth and survival are unknown. In a mouse that harbors a premuta-
tion CGG expansion (preCGG), cortical and hippocampal FMRP expression is moderately reduced from birth through adult-
hood, with greater FMRP reductions in the soma than in the neurite, despite several-fold elevation of Fmrl mRNA levels.
Resting cytoplasmic calcium concentration ([Ca®'];) in cultured preCGG hippocampal neurons is chronically elevated, 3-fold
compared to Wt; elevated ROS and abnormal glutamatergic responses are detected at 14 DIV. Elevated p-calpain activity and
a higher p25/p35 ratio in the cortex of preCGG young adult mice indicate abnormal CdkS5 regulation. In support, the Cdk5 sub-
strate, ATM, is upregulated by 1.5- to 2-fold at P, and 6 months in preCGG brain, as is p-Ser'***-ATM. Bax:Bcl-2 is 30% higher
in preCGG brain, indicating a greater vulnerability to apoptotic activation. Elevated [Ca®'];, ROS, and DDR signals are normal-
ized with dantrolene. Chronic [Ca®"]; dysregulation amplifies Cdk5-ATM signaling, possibly linking impaired glutamatergic
signaling and DDR to neurodegeneration in preCGG brain.

Introduction syndrome (FXS), the most common inherited form of cognitive

Fragile X-associated tremor/ataxia syndrome (FXTAS), initially
described as a late-onset disorder, is a neurodegenerative dis-
ease that affects carriers of the premutation CGG-repeat allele
(preCGG; 55-200 repeats) of the fragile X mental retardation
1 (FMR1) gene (1). Larger expansions (>200 repeats; full muta-
tion) result in hypermethylation of the FMR1 gene in humans
and subsequent transcriptional silencing. The consequent
absence of the FMRI protein (FMRP) leads to the fragile X

disability and syndromic autism (2). Premutation alleles have
estimated frequencies of 1 in 250-810 males and 1 in 130-250 fe-
males (3,4), and carriers can present a range of clinical features
that include primary ovarian insufficiency (20%) and, later in
life, FXTAS in males and females (40% and 20%, respectively)
above 50years (5). FXTAS is characterized clinically by intention
tremor, gait ataxia, dementia, and peripheral neuropathy, and
neuropathologically by single inclusions in some of the nuclei
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of the brain and brain tissue loss (6). Although FXTAS is diag-
nosed as a late-adult-onset disorder, recent studies in young
premutation carriers demonstrated higher rates of autism and
attention deficit hyperactivity disorder in the absence of any
features of FXTAS, suggesting that the FMRI premutation af-
fects brain function much earlier in life (6-8). Indeed, premuta-
tion alleles of the FMRI gene are associated with defects in
developmental programs operating during the prenatal stage of
the brain formation of FMR1 premutation knock-in mice
(preCGG KI) (9). Moreover, abnormal neurite outgrowth and syn-
aptic architecture have been shown in hippocampal neurons
from preCGG KI as early as 7 days in vitro (DIV) (10), an in vitro
finding that recapitulates morphometric analyses in preCGG KI
brain (11,12). In addition, early abnormal Ca?" dynamics associ-
ated with impaired mGIluR1/5 signaling have been identified in
neuronal and astrocytic cells from preCGG KI mice (13-15), as
well as in older human premutation carriers with FXTAS (16)
and in induced pluripotent stem cell (iPSC)-derived neurons
prepared from a human premutation carrier (17).

Mouse and human premutation carriers display gene dysre-
gulation with increased levels of FMR1 mRNA and decreased
FMRP expression (11,18), suggesting that the disease is caused
by excess CGG-repeat-containing FMR1 mRNA (19-21).
Consistent with this mRNA toxicity hypothesis, intranuclear in-
clusions found in neuronal and glial cells of FXTAS patients
(22,23) and preCGG KI mice (19) contain both FMR1 mRNA (24)
and proteins of the DNA damage response (DDR) (22,24-27).
Recently, an alternative mechanism, repeat associated non-
AUG translation (RAN), has been proposed to play a role in
inclusion formation and cytotoxicity (28-31). The large number
of CGG repeats in the DNA can trigger RAN translation to pro-
duce a potentially toxic protein, FMRpolyG, which is thought to
accumulate in both cellular- and mouse-based disease models.
FMRpolyG has also been detected in ubiquitinated neuronal
intranuclear inclusions of FXTAS patients (28,31).

The links between the early-onset abnormalities in neuronal
morphology and synaptic activity and the late-onset mecha-
nisms leading to FXTAS are unknown. Based on our observa-
tions suggesting involvement of DDR in FXTAS pathogenesis,
we hypothesize a role for two key signaling kinases, ataxia
telangiectasia mutated (ATM) and cyclin-dependent kinase
5 (Cdk5), to be involved in both synaptic signaling and DNA
damage repair. Cdk5, a small Ser/Thr kinase regulated by the ac-
tivator p35, is critical for brain development and neuronal func-
tion, including neuronal migration, synaptic transmission, and
plasticity (32). Moreover, its subcellular localization and kinase
activity are tightly regulated by Ca®>* dynamics triggered by neu-
ronal activity, primarily through calpain-dependent cleavage of
Cdk5/p35 to Cdk5/p25 in the cytoplasm (33). Redistribution of
Cdk5/p25 to the nucleus can directly phosphorylate ATM, a
phosphatidylinositol-3-kinase-like kinase, at Ser 784, required
for auto-phosphorylation at Ser1981 (p-Ser'®’-ATM) (34-36).
Activation of nuclear ATM represents an early response to
double-stranded DNA breaks that initiates DDR and regulates
the balance between cell survival and apoptosis (37). p-Ser**®*-
ATM is also a cytoplasmic signaling mediator, phosphorylating
hundreds of protein substrates that activate and coordinate
cell-cycle checkpoints, nuclear localization, gene transcription,
and responses to ROS (38,39).

To assess the involvement of Cdk5 and ATM in the early
events of FXTAS pathogenesis, we investigated brains and pri-
mary cultured neurons isolated from preCGG KI mice (11). We
show that preCGG neurons have early dysregulation of Ca®* ho-
meostasis, resulting in an over-activation of u-calpain, skewing

of p35/p25, and hyperphosphorylation of ATM. Elevated
p-Ser'®®1-ATM in preCGG neurons is associated with enhanced
Bax/Bcl2 and higher vulnerability to ROS. Based on the results of
this study, we propose that in the presence of Fmrl expansion
repeats in the premutation range, chronic Ca?" dysregulation
amplifies the Cdk5-ATM signaling pathway, with this process
beginning early in postnatal development.

Results

FMRP is down-regulated in cortical and hippocampeal tis-
sue across postnatal stages

The Rotterdam knock-in preCGG mouse model (150-200 CGG ex-
pansion range) (11,19) was used to evaluate possible links
among abnormal Ca** dynamics, Cdk5/ATM signaling, and ROS.
Like human premutation patients, the expression of FMRP is
modestly to moderately downregulated at Py in both cortical
(32.1+6.2%, P<0.0001) and hippocampal (18.5*7.6%,
P =0.0004) tissue in male preCGG compared to Wt mice (Fig. 1A
and B). By 6 weeks, FMRP expression in preCGG cortical and hip-
pocampal tissues show a protein downregulation of 49.2 + 8%
(P=0.0342) and 64.5+9.5% (P=0.0257) compared to respective
Wt tissues. At 6 months, FMRP in both regions remains downre-
gulated at approximately 50% relative to Wt (cortex, P=0.0067;
hippocampus, P=0.0025) (Fig. 1A and B). We also measured
FMRP expression in hippocampal neurons in culture, finding
similar downregulation. Lysates from 7 DIV preCGG hippocam-
pal neuronal culture from male (preCGG M) and female
(preCGG F) Py pups exhibit reduced FMRP expression compared
to Wt male and female (Wt M and Wt F) cultures (preCGG M:
39.1 £ 8.7%, Wt M: 100.0 = 7.2%, P=0.0038; preCGG F: 45.0 = 4.7%,
Wt F: 104.1 = 3.2%, P=0.0013) (Fig. 1C and D). Furthermore, both
cortical and hippocampal tissues dissected from brains of
preCGG mice show persistent 2- to 4-fold elevation in Fmrl
mRNA compared to respective Wt as early as Py (cortical) and
through six months of age (Supplementary Material, Fig. S1),
consistent with previous reports (10,14,15). Also, consistent
with our previous report (17), FMRP levels are essentially identi-
cal for normal-active and premutation-active alleles in iPSC de-
rived neuronal subclones (Supplementary Material, Fig. S2)
despite several-fold elevation of Fmrl mRNA levels.

FMRP distribution is changed in preCGG
hippocampal neurons

FMRP is an RNA binding protein that not only interacts with a
range of mRNA targets but also a variety of intracellular protein
partners in the nucleus, cytoplasm, and synapse of neurons.
To examine the relationship between overall FMRP expression
and its sub-cellular distribution, preCGG and Wt hippocampal
neurons were probed with anti-FMRP antibody and imaged us-
ing immunofluorescence microscopy at 7 DIV and 14 DIV. To
only score neuronal FMRP, cellular MAP2B staining was used to
create a "filter mask", which was applied to quantify neuronal
FMRP staining intensity. Thus, the FMRP intensity was mea-
sured only within the mask co-localized with MAP2B positive
neurons (Fig. 2A). FMRP expression was assessed in somatic (in-
cluding the nucleus) and dendritic/axonal processes (Fig. 2A
and B). Consistent with our western blot data, total FMRP ex-
pression was moderately reduced, by 10.2 + 1.1% in preCGG M
(P<0.0001) and 18.7 +1.6% in preCGG F neurons (P<0.05) at
7 DIV; and later by 9.0+1.2% in preCGG M (P<0.0001) and
9.0 +£3.0% in preCGG F (P<0.001) neurons 14 DIV, respectively
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Figure 1. Fragile X mental retardation protein (FMRP) is decreased in preCGG mice across postnatal stages. (A) Quantification of FMRP expression level relative to p-actin
in cortical and hippocampal tissues from preCGG (Cortex: Po, n=7; 6 week, n=8; 6 months, n=7. Hippocampus: Py, n=4; 6 week, n=7; and 6 months, n=_8) and age-
matched Wt mice (Cortex: Po&6 week, n =8; 6 months, n=7, Hippocampus: Py, n = 3; 6 weeks and 6 months, n = 8), normalized to Wt FMRP expression. (B) Representative
western blot of FMRP (70kDa) and B-actin (45kDa) from cortical and hippocampal tissues from indicated genotype and age. (C) Quantification of FMRP expression levels
relative to B-actin in paired Wt (n=3) and preCGG (n=4) male (M) and Wt (n=3) and preCGG (n=4) female (F) cultures of hippocampal neurons at 7 DIV.
(D) Representative western blot in paired culture of Wt and preCGG hippocampal neurons. Significance was determined using t-test *P < 0.05; **P < 0.01; ***P < 0.001.

Error bars indicate mean + SEM.

compared to Wt. The sub-cellular analysis revealed a surprising
finding that, despite the overall decrease in FMRP in preCGG
neurons, the FMRP intensities in the neurites were not signifi-
cantly different between preCCG and Wt; the decrease in FMRP
in the somas of preCGG hippocampal neurons was responsible
for the bulk of the overall FMRP decrease (Fig. 2B). This result
was true at both time points studied and with male and female
derived cultures.

Abnormal glutamatergic responses in preCGG
hippocampal neurons

Glutamate (Glu) is the most abundant excitatory neurotransmit-
ter in the vertebrate CNS and has been implicated in FMR1-re-
lated disorders, so we used the intracellular Ca®" response to
Glu as a functional assay of 14 DIV hippocampal neurons (40).
The Ca®" transient triggered by the addition of 3 uM Glu (Fig. 3A)
was longer lasting in preCGG M compared to Wt M (Area under
the Curve, 204.8+22.8%, P<0.001; FWHM, 180.8 +20.3%,
P <0.001) (Fig. 3C and D) without affecting the amplitude of the
response (Fig. 3B). Neuronal exposure to Glu induces an increase
in the concentration of cytoplasmic Ca?" by directly activating o-
amino-3-hydroxy-5-methylisoxazole-4-propionate acid (AMPA)
and N-methyl-D-aspartate (NMDA) receptor channels and by indi-
rectly activating voltage-dependent Ca®" channels. Glu also medi-
ates mGluR1/5 signaling by mobilizing Ca>" from Ins(1,4,5)P3-
sensitive intracellular Ca®" stores, shown to be dysfunctional in
fragile X and other autism spectrum disorders (41). Abnormal
mGluR1/5 activities were previously suggested from neuronal cell
population measurements in the FMR1 premutation range (14,16).

Single cell imaging recordings of spontaneous synchronous
Ca®" oscillations (SCOs) were made before and after application
of the selective mGIuR5 agonist DHPG (dihydroxyphenylgly-
cine). Indeed, primary hippocampal neurons of both Wt and
preCGG cultures exhibit SCOs, which are physiological signals
essential for normal neuronal network development and

maturation (42). Spatial and temporal abnormalities in SCO pat-
terns not only impact physiological processes of individual neu-
rons, but also pathophysiological sequelae (43). Figure 3E
displays the frequency distribution of the spontaneous synchro-
nous Ca”" oscillation amplitudes of the 4 genotypes at baseline
and the frequency distribution 5min after addition of 50 pM
DHPG. Under the basal experimental condition used, neurons
cultured separately from male and female mice significantly dif-
fer in SCO amplitude distribution for both genotypes (Distribution
Wt M vs Wt F: P<0.0001; Distribution preCGG M vs preCGG F:
P <0.0001), with female neuronal networks having smaller mean
amplitude peaks and a narrower distribution (Fig. 3E). PreCGG M
neurons display a SCO distribution significantly different from Wt
M, with a wider distribution of SCO amplitudes, including in-
creased incidence of both higher and smaller peak amplitudes
compared to Wt M neurons (i.e., width of the distribution (WD) of
0.41 + 0.04 for Wt M versus 0.8 + 0.13 for preCGG M; height for Wt
M: 14.8 = 1.1% versus preCGG M: 10.9 = 0.9%, P=0.0022). In con-
trast, preCGG F neurons have a baseline SCO amplitude distribu-
tion and mean amplitude that are comparable to those of Wt F
(WD: 0.2+ 0.03, height: 22.7 + 2.3%, for preCGG F; WD: 0.28 + 0.03
height: 20.1 + 1.5%, for Wt F) (Fig. 3E).

A sharp contrast between preCGG and Wt neurons was re-
vealed by the mGluR5 agonist. DHPG did not induce any signifi-
cant changes in the distribution of the SCO amplitude in either
preCGG M or preCGG F neurons, whereas in the Wt M and F neu-
rons the distributions shifted to the right and became wider rel-
ative to the basal distributions, while the height decreased
significantly (AF/F, value at the center of the distribution, Wt M:
0.56 = 0.04 versus Wt M + DHPG: 0.93 = 0.15, Wt F: 0.48 = 0.02 ver-
sus Wt F+DHPG: 0.86 = 0.043; WD, Wt M+ DHPG: 1.2 +0.2, Wt
F+DHPG: 0.57 +0.047, P < 0.0001, compared to baseline distribu-
tion) (Fig. 3E). Consistent with these findings, we also observed
a smaller response to direct electrical stimulation in the pres-
ence of DHPG in preCGG M neurons compared to Wt
(Supplementary Material, Fig. S3).
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Figure 2. Reduced FMRP is redistributed throughout the neurites in cultured preCGG hippocampal neurons. (A) 7 DIV Wt and preCGG cultured hippocampal neurons
stained for FMRP (red) and MAP2b (green). (B) FMRP fluorescence intensity was quantified in the entire neuron (total), in the soma, and in the neurites of Wt and
preCGG male (M) and female (F) hippocampal neurons at 7 DIV and 14 DIV. At 7DIV: 51 Wt M, 11 Wt F, 60 preCGG M and 11 preCGG F hippocampal neurons were mea-
sured from 3 differente cultures; For 14DIV: 10 Wt M, 14 Wt F, 8 preCGG M and 15 preCGG F hippocampal neurons were measured from 3 different cultures. Significance
was determined using an ANOVA followed by Tukey’s multiple comparison test *P < 0.05; **P < 0.01; **P < 0.001. Error bars indicate mean * SEM.

Elevated resting cytosolic Ca?* in preCGG
hippocampal neurons

To examine whether the dysregulated glutamatergic responses
observed above could be associated with chronic perturbations
in Ca?" homeostasis, we performed simultaneous measure-
ments of the resting cytoplasmic calcium concentration
([Ca®*]i) and membrane potential (Vm) with double-barreled mi-
croelectrodes. Typical records of Ca®" potential (V¢,) obtained
from Wt and preCGG male and females hippocampal neurons,
are presented Fig. 4A. As seen from these traces, preCGG neu-
rons exhibited a less negative Ca®" potential than Wt neurons,
which corresponds to greater [Ca”']; after electrode calibration.
Indeed, by culture day 7, preCGG M and F hippocampal neurons
already have 2.5- to 3-fold elevation in [Ca®*]; compared to Wt M
and F hippocampal neurons ([Ca®']; preCGG M: 317.8 + 28.7 nM,
preCGG F: 272.8+28.1nM, Wt M: 102.7 +3.2nM, and Wt F:
108.7 +4.1nM, P <0.0001) (Fig. 4B). Elevated [Ca®']; in preCGG
neurons persists with development. At 14 and 21 DIV, preCGG M
and F hippocampal neurons had ~2-fold higher [Ca®']; com-
pared to Wt M and F neurons (respectively, 14DIV [Ca®'];:
preCGG M: 259.8 £9.6nM, preCGG F: 238.5*+23.0nM, Wt M:
106.7 =1.9nM, Wt F: 108.4 =2.5nM, P <0.0001; 21 DIV [Ca“]i:
preCGG M: 310.3 = 21.1nM, preCGG F: 326.8 =30.0nM, Wt M:
120.1 =3.3nM, and Wt F: 126.5 = 2.4 nM, P < 0.0001) (Fig. 4B).

To verify that basal [Ca®']; measurements are not influenced
by differences in spontaneous Ca®" oscillations and electrical
patterns of activity previously shown to occur in these cultures

(14), [Ca®']; were repeated in the presence of the Na?' channel
blocker tetrodotoxin (TTX, 1 pM) in the recording medium
(Fig. 4C). Although the dispersion of the data was reduced, si-
lencing both spontaneous electrical activity and Ca®" oscilla-
tions with TTX neither alters the mean of [Ca®']; nor the resting
membrane potential (Supplementary Material, Fig. S4) in Wt or
preCGG hippocampal neurons, as would be predicted from the
slow response time of the double-barreled electrodes. Despite
chronic elevation of [Ca®']; in preCGG neurons, the resting
membrane potential (V,,) of premutation neurons was not sig-
nificantly different from that of Wt neurons for all DIVs mea-
sured in control experimental solution (Fig. 4D) or in the
solution containing dantrolene (10uM) (Supplementary
Material, Fig. S4).

To investigate the possible role of intracellular Ca®" release
from ER stores, specifically the leak mediated by ryanodine re-
ceptors (RyRs) that could contribute to elevated [Ca®']; observed
in preCGG, neurons were exposed to dantrolene (10 pM), an in-
hibitor of RyRs, 10min prior to recording [Ca®']; (Fig. 4B).
Cytosolic calcium from Wt M and F neurons showed a modest
yet non-significant decrease in presence after 10 min of dantro-
lene treatment ([Ca®']; Wt M + dantrolene: 79.6 = 2.4nM, [Ca®"];
Wt F + dantrolene: 81.0 + 4.6nM). However [Ca®']; in preCGG M
and F neurons at 7 DIV in the presence of dantrolene decreased
substantially ([Ca®']; preCGG M +dantrolene: 116.9 +7.2nM,
[Ca?*]; preCGG F+dantrolene: 120.2 + 8.7 nM), achieving basal
(without dantrolene) Wt M and F levels at 7 DIV. At 14 DIV,
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Figure 3. Altered glutamatergic responses in preCGG hippocampal neurons at 14 DIV. (A) Representative traces of the Ca®* transient recording in the soma of the neu-
rons in response to the addition of 3 pM glutamate in Wt and preCGG M hippocampal neurons. (B) Dot plots with mean and SEM of the maximal amplitude, (C) Area un-
der the curve, and (D) full width half maximum (FWHM) normalized to Wt M (% of Wt M) measured on the glutamate-induced Ca®" transients of Wt M (black, n =65),
WtF (grey, n=34), preCGG M (blue, n=70), and preCGG F (pink, n = 20) hippocampal neurons. (E) Non-linear fit of the percentage of frequency distribution of SCO ampli-
tudes during baseline recording (solid line) and after 5 min of incubation with 50 uM DHPG (dotted line) in Wt M (n=17), Wt F (n=10), preCGG M (n=17), and preCGG F
(n=10). Significance was determined using an ANOVA followed by Tukey’s multiple comparison test for the glutamate-induced Ca*' transient parameters and a
Kolmogorov-Smirnov test to compare distribution. **P < 0.001. Error bars indicate mean * SEM.

dantrolene treatments induced a decrease in [Ca®']; of the
preCGG M and F neurons without reaching Wt [Ca®*]; levels. By
21 DIV, preCGG M and F [Ca’']; were reduced substantially by
dantrolene ([Ca®']; preCGG M+dantrolene: 145.4 +15.9nM,
[Ca®']; preCGG F+dantrolene: 140.2 *16.3nM), approaching
basal Wt M and F levels.

Amplified p-calpain activity in preCGG cortical and
hippocampal tissues depresses Cdk5 activation

In order to examine whether the chronic elevated [Ca®"]; ob-
served in preCGG neurons could influence the p-calpain signal-
ing pathway, we first measured the expression of this protein in
cortical and hippocampal tissues obtained at 3 ages from Wt
and preCGG male mice: Py, 6 weeks old (6 week), and 6 months
old (6months) (Fig. 5A). p-Calpain expression did not differ
among the ages tested nor between genotypes in cortical and
hippocampal tissues. p-Calpain can mediate the degradation of
all-spectrin, a 280kDa cytoskeletal protein found on the intra-
cellular side of the plasmalemmal membrane, resulting in the
formation of two unique and highly stable spectrin breakdown
products of 150 and 130kDa (SBDP150 and 130). Therefore, we
used SBDPs as biomarkers for calpain activity and neurodegen-
eration (44). Although at P, preCGG brains show a non-
significant trend toward increased SBDP150, by 6 weeks, preCGG
cortex and hippocampus, respectively, have 31% and 51% higher
SBD150 levels compared to Wt (Fig. 5B). Moreover, elevated
SDBP150 further increases by 6 months in preCGG cortical and

hippocampal tissues compared to respective Wt (cortex:
206.1 +44.5% of Wt control, P=0.0377; hippocampus, preCGG:
209.7 +=46.7% of Wt control, P=0.0379), implying that preCGG
neurons have higher p-calpain activity.

To verify this conclusion, we performed a direct measure-
ment of p-calpain activity in cortical and hippocampal lysates
from 6 months Wt and preCGG mice (Fig. 5C). Consistent with
SDBP150 expression, preCGG cortex and hippocampus had sig-
nificantly enhanced p-calpain activity compared to Wt in
6 months M mice (cortex: 151.1 + 13.7% of Wt control, P=0.0032;
hippocampus: 116.8 +6.1% of Wt control, P=0.0292). As the
over-activation of p-calpain in preCGG might lead to changes on
one of its downstream effector pathways, Cdk5, we measured
the conversion of the Cdk5 activator p35 to a pathogenic p25
form, which is dependent on calpain activity in vivo (45).
Without detectable changes in Cdk5 protein expression
(Fig. 6A), 6 week preCGG cortex and hippocampus show an in-
creased p25/p35 ratio compared to Wt, indicating a lower ex-
pression of p35 and/or a higher expression of p25 in
premutation brains at this age (cortex: 125.4 + 11.63% of Wt con-
trol, P=0.0362; hippocampus: 143.6 = 14.54% of Wt control,
P=0.0228) (Fig. 6B). By 6 months of age, the p25/p35 ratio is 2-
fold higher in preCGG cortical and hippocampal tissues than Wt
(cortex: 208.3 +38.67% of Wt control, P=0.0191; hippocampus:
220.2 = 64.32% of Wt control, P =0.0363).

A similar trend was observed in 7 DIV cultured hippocampal
neurons in which preCGG neurons had increased SDBP150 ex-
pression and higher p25/p35 ratio, which could partially be res-
cued by treatment of the neurons with 10 pM dantrolene
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Figure 4. Cytosolic resting calcium concentration ([Ca®*];) is elevated in preCGG hippocampal neurons. (A) Representatives Ca’"

multiple comparison test. **P < 0.001; ##P < 0.01, compared to Wt values without dantrolene treatment. Error bars indicate mean + SEM.

Figure 5. Elevated p-calpain activity in preCGG cortical and hippocampal tissue lysates. Quantification of (A) p-calpain and (B) « II spectrin breakdown products (or
SBDP150) expression level relative to GAPDH in cortical and hippocampal tissues of preCGG and age-matched Wt mice, normalized to Wt. Representative western blots
from indicated genotype, brain region, and age are shown below. (C) Dot plot of p-calpain activity using a fluorometric assay in 6-month-old Wt (n=8) and preCGG
male (n=8) cortical and hippocampal tissue lysates. Cortical lysates incubated with the calpain inhibitor Z-LLY-FMK are showing in the middle. Controls (calpain) with
0.5 pl of calpain are represented at the right of the graphic with or without calpain inhibitor Z-LLY-FMK. The numbers of animals tested is at least, for preCGG cortex:
Py, n=7, 6 weeks, n=5, 6 months, n=7; preCGG hippocampus: Py, n =4, 6 weeks and 6 months, n=5) and for Wt cortex: Py, 6 weeks and 6 months, n=7; Hippocampus:
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Py, n=3, 6 weeks, n=7 and 6 months, n=6). Significance was determined using t-test, *P < 0.05; **P < 0.01. Error bars indicate mean * SEM.
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potential recording (Vc,) from Wt male
(Wt M), Wt female (Wt F), preCGG male (preCGG M) and preCGG female (preCGG F) hippocampal neurons. The initial portion of each trace was obtained prior to impale-
ment of the cells. Penetration and removal of microelectrode was accompanied by immediate downward and upward deflection, respectively. (B) Dot plot with mean
and SEM of [Ca*']; values from all Wt M and F (respectively for 7, 14 and 21 DIV: n=23, 13, 9 Wt M and n= 14, 12, 9 Wt F) and preCGG M and F (respectively for 7, 14 and
21 DIV n=16, 17,9 preCGG M and n= 16, 16, 9 preCGG F) neurons in Lockes’ solution or in presence of dantrolene 10uM (respectively for 7, 14 and 21 DIV: n=13, 9, 5 Wt
M and n=16, 10, 5 Wt F, n=15, 9, 5 preCGG M and n=14, 9, 5 preCGG F). (C) Dot plot with mean and SEM of [Ca®']; measurement in paired F and M neuronal cultures
from preCGG and Wt pups in control (CT) or in the presence of 1 uM TTX at 7 DIV (Wt M, n=7, Wt F, n=8, preGG M, n= 10, preCGG F, n=8). (D) Dot plot of membrane po-
tential (Vi) values of paired F and M neuronal cultures from preCGG and Wt pups in Lockes’ buffer. Significance was determined using an ANOVA followed by Tukey’s
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Figure 6. Elevated p25/p35 ratio in preCGG cortical and hippocampal tissue lysates. Quantification of (A) Cdk-5 to B-actin and (B) the ratio p25/p35 level in cortex and
hippocampus of preCGG and age-matched Wt mice, normalized to Wt expression. Representative western blots from indicated genotype, brain region, and age are
shown below. Gels separated by a grey line were run on the same gel but were noncontiguous. The numbers of animals tested is at least, for preCGG cortex: Po, n=7,
6 weeks, n=5, 6 months, n=7; preCGG Hippocampus: Py, n=4, 6 weeks and 6 months, n=5) and for Wt cortex: Po, 6 weeks and 6 months n=7; Hippocampus: Py, n=3,
6 weeks, n=7 and 6 months, n=6). Significance was determined using t-test, *P < 0.05; Error bars indicate mean * SEM.

(Supplementary Material, Fig. S5A and B). In addition, the ratio
p25/p35 is significantly enhanced in human premutation iPSC
derived neurons compared to congenic normal iPSC at 7 DIV
(P=0.0023) (Supplementary Material, Fig. S6A). Several attempts
were made with commercially available antibodies to detect p-
Ser™-Cdks, the activated form of Cdk5, but they failed to show
specificity with western blot (data not shown).

ATM and p-Ser*®®'-ATM upregulation and redistribution
in preCGG neurons

Elevated Cdk5/p25 can redistribute to the nucleus, where it
phosphorylates several proteins, including the kinase ATM
(34-36). We therefore measured the expression level of
ATM and its phosphorylated form p-Ser'*®!-ATM, pointing out
ATM activation, in preCGG and Wt cortices and hippocampi of
male mice (Fig. 7A-D). For all time points, ATM was significantly
upregulated, by 1.9-fold and 1.8-fold respectively, in preCGG
cortices and hippocampi compared to Wt (cortex: 192.9 + 20.0%
of Wt control, P=0.0040; hippocampus: 183.1 =+ 36.8% of Wt con-
trol, P=0.0372) (Fig. 7A and D). The same trends were observed
for p-Ser'®®1-ATM at P, with a 1.6-fold increase in preCGG corti-
ces compared to Wt (P =0.0184); no significant changes were ob-
served, however, in preCGG hippocampi (Fig. 7B and D).
At 6weeks, the upregulation of ATM and its phosphorylated
form were attenuated or even absent in the cortex of preCGG
mice. However, in the hippocampus of 6-week preCGG animals,
the expression of ATM and p-Ser’®®'-ATM were consistently in-
creased by ~50% compared to Wt (ATM: 150.5 * 16.9% of Wt con-
trol, P=0.0480; p-Ser'*®-ATM: 145.8+13.1% of Wt control,
P =0.0282). Finally, the oldest preCGG mice (6 months) exhibited
a ~50% increase in ATM (cortex: 153.6 = 16% of Wt control,
P =0.0141; hippocampus: 150.5 + 16.9% of Wt control, P =0.0460)
as well as a ~30-70% increase of p-Ser’*®**-ATM in both cortical
and hippocampal tissue lysates (cortex: 127.2 = 11% of Wt con-
trol, P=0.0311; hippocampus: 171.7 =23.8% of Wt control,
P=0.0391) (Fig. 7A-D). In addition, the ratio of p-ATM to total
ATM was significantly elevated in preCGG cortical neuronal cul-
tures at Py and 6months (Py: 140.2 = 13.1% of Wt, P=0.0280;
6 months: 157.9 = 19.8% of Wt, P=0.0249) and at all the ages
tested in preCGG hippocampal lysates (Po: 147.2 + 11.4% of Wt,
P=0.0099; 6week: 150.0+16% of Wt, P=0.0235; 6months:
143.3 + 13.8% of Wt, P = 0.0230) (Fig. 7C).

A similar trend was observed in 7 DIV cultured hippocampal
neurons, with an increase in ATM and p-Ser'**!-ATM, which could
be partially rescued by treatment of the neurons with 10 pM

dantrolene (Supplementary Material, Fig. S5C and D).
Furthermore, ATM expression is significantly increased in hu-
man premutation iPSC-derived neurons compared to normal
iPSC (P = 0.0423), and p-Ser'*®'-ATM expression exhibits a trend to
an increase in premutation iPSC-derived neurons compared to
normal iPSC (Supplementary Material, Fig. S6B and C).

Phosphorylation of ATM also induces its redistribution from
the nucleus to the cytoplasm and, later, to the synaptic
terminals (38). Therefore, we studied the localization of
p-Ser’®®-ATM in 7 DIV preCGG and Wt hippocampal neurons
using confocal microscopy. p-Ser'*®*-ATM presents a pattern of
intense foci within nuclear vesicles (Fig. 7E, white arrows), with
a higher number of foci per cell in cultured preCGG neurons
compared to Wt (Fig. 7E and F, P=0.0362); p-Ser’**'-ATM stain-
ing was also found spread along the soma and the neuronal ar-
borization in preCGG neurons. The ratio between the mean
intensity of p-Ser'®®'-ATM measured in the cytoplasm of the
neurons (soma -+ neurites) versus that measured in the nucleus
was higher in preCGG hippocampal neurons (Fig. 7E and F,
P=0.0224), indicating a clear distribution in favor of the cyto-
plasm in premutation neurons.

Imbalance of pro-apoptotic/pro-survival markers in
preCGG neurons

The Cdk5-ATM signaling pathway involves the regulation of p53
(34), known to activate the expression of many essential down-
stream target genes related to cell death, including the pro-
apoptotic protein Bax (46). We measured the expression of Bax
and compared it to the expression of the pro-survival protein,
Bcl-2, in Wt and preCGG cortical and hippocampal tissues
(Fig. 8A and B). At the early developmental stages (P, and
6 week), preCGG and Wt cortices and hippocampi showed no
significant differences in the pro-apoptotic/pro-survival bal-
ance. Interestingly, at 6months old, preCGG animals had a
higher Bax/Bcl-2 ratio in the cortex (~25% increase; P =0.0305)
and hippocampus (~30% increase; P =0.0298) compared to Wt
animals. This suggests that preCGG brains have an upregulation
of Bax and/or a downregulation of Bcl-2 proteins, indicating a
greater vulnerability to apoptosis, as a late-onset component of
the CGG-repeat-mediated disorder. A similar trend was ob-
served in 7 DIV cultured hippocampal neurons with an increase
in the Bax/Bcl-2 ratio, which could be partially rescued by treat-
ment of the neurons with 10 pM dantrolene (Supplementary
Material, Fig. SSE).
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Figure 7. ATM and p-Ser1981-ATM upregulation and redistribution in preCGG neurons. Quantification of ATM (A) and p-Ser1981-ATM (B) expression level relative to
B-actin in cortical and hippocampal lysates of preCGG (Cortex: Po, n=8, 6 weeks and 6 months, n="7; Hippocampus: Po, n=6, 6 weeks, n=7 and 6 months, n=5) and
age-matched Wt mice (Cortex: Po, n=6, 6 weeks and 6 months, n=>5; Hippocampus: Py, n=6, 6 weeks, n=8 and 6 months, n=5), normalized to Wt. (C) Quantification of
the ratio of p-Ser1981-ATM to ATM in cortical and hippocampal lysates of preCGG (Cortex: Py, n=8, 6 weeks and 6 months, n=7; Hippocampus: Po, n=6, 6 weeks, n=7
and 6 months, n=5) and age-matched Wt mice (Cortex: Py, n=6, 6 weeks and 6 months, n=>5; Hippocampus: Py, n =6, 6 weeks, n=8 and 6 months, n=>5) normalized to
Wt. (D) Representative ATM (upper row), p-Ser1981-ATM (middle row), and p-actin (lower row) western blots from indicated genotype, brain region, and age. Gels sepa-
rated by a grey line were run on the same gel but were noncontiguous. (E) Immunolocalization of p-Ser1981-ATM (red) forming foci (indicated by white arrows) in the
nucleus (DAPI, blue) in hippocampal neurons labeled with MAP2b (green) in Wt (upper panel) and preCGG (lower panel) hippocampal neurons at 7 DIV. Bar =6 pm. (F)
Dot plot with mean and SEM of the average intensity of p-Ser1981-ATM in the cytoplasm relative to the intensity in the nucleus (left side of the figure) in Wt (n=12)
and preCGG (n = 13) hippocampal neurons; number of p-Ser1981-ATM foci per nucleus in each cell (right side of the figure) in Wt (n=12) and preCGG (n= 13) hippocam-
pal neurons. Significance was determined using t-test *P < 0.05; *P < 0.01. Error bars indicate mean * SEM.

Elevated reactive oxygen species (ROS) in
preCGG neurons

Reactive oxygen species (ROS), such as superoxide anion (03),
hydrogen peroxide (H,0,), and hydroxyl radical (HOs), consist of
radical and non-radical oxygen species formed by the partial re-
duction of oxygen. Additional cellular ROS can be generated en-
dogenously when the Bax/Bcl-2 balance is dysregulated or
when there is a chronic cytosolic Ca®>" overload observed in
many neurodegenerative disorders (43,47,48). Therefore, we in-
vestigated whether preCGG neurons exhibit alterations in ROS
levels. Using the ROS dye CellROX® Green, we assessed the ROS
levels in Wt and preCGG M and F hippocampal neurons at rest
without any external stress (Fig. 9A and B). As shown in Fig. 9A,
CellROX® Green primarily labels the nucleus and the soma of
the cells when it reacts with ROS; this can be quantified using
automated high-throughput imager software (ImagXpress) by
measuring the average fluorescence intensity per image, nor-
malized by the number of cells using nuclear DAPI staining. We
observed that even though resting Ca’?" overload was already

present at 7 DIV, there was no significant increase in basal ROS
in preCGG hippocampal neurons (Fig. 9A and B). However, at
14 DIV, basal ROS was ~30% higher in preCGG M neurons com-
pared to Wt M, while preCGG F basal ROS stress remained simi-
lar to Wt F. By culture day 21, basal ROS remained enhanced in
preCGG M by ~20% compared to Wt, and preCGG F showed a
trend toward higher ROS as well (Wt M: 100 +6.8%, Wt F:
95+2.9%, preCGG M: 116.9 +8.5%, preCGG F: 112.6 *4.8%).
Similar to the [Ca®']; recording experiments, we exposed the
neurons to dantrolene (10 pM) during 10 min in the culture me-
dia. The presence of dantrolene for all DIV time points induced
a general decrease in the level of ROS for all genotypes and was
sufficient to rescue basal ROS to Wt levels in preCGG M neurons
at 14 and 21 DIV.

We examined cells when challenged by 1,4-naphtoquinone to
generate ROS through redox cycling and depleting glutathione in
exposed cells and tissues (49). As shown in Fig. 9C, we were able to
follow in real time the level of CellROX® Green fluorescence and
its time-course in response to 1,4-naphthoquinone (1-100 pM) in
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Figure 8. Ratio of Bax to Bcl-2 is elevated at 6 months in preCGG cortices and hippocampi. (A) Quantification of the ratio Bax/Bcl-2 in cortical and hippocampal lysates
of preCGG (Cortex: Po, n=4, 6 weeks, n=3, 6 months, n=4; Hippocampus: Py, 6 weeks and 6 months, n=4) and age-matched Wt mice (Cortex: Py, n=4, 6 weeks and
6months, n=3; Hippocampus: Py, 6 weeks and 6 months, n=4), normalized to Wt. (B) Representative Bax (upper row), Bcl-2 (middle row), and B-actin (lower row) west-
ern blots from indicated genotype, brain region, and age. Significance was determined using t-test *P < 0.05. Error bars indicate mean + SEM.
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Figure 9. Elevated ROS level in preCGG hippocampal neurons. (A) Representative pictures of Wt and preCGG hippocampal neurons (HN) after 30 min CellROX® Green
(green staining) incubation under control conditions. Nuclei are labeled in blue. Bar =3uM. (B) Dot plot of the basal ROS level using CellROX® Green fluorescence mea-
surement in paired cultures of M and F Wt and preCGG HN under control conditions (plain bar) and in the presence of 10 pM dantrolene in the media (striped bar).
50 uM 1,4-naphthoquinone was used as a positive control (CT +) and 100 uM N-acetylcysteine as a negative control (CT -). N =3 separated cultures with 3 or 4 wells for
each experimental group. (C) Representative traces of the live measurement of CellROX® green fluorescence in Wt and preCGG HN at 7 DIV. Addition of 100 uM
1,4-naphthoquinone induced a faster increase in fluorescence in preCGG HN compared to Wt. (D) Quantification of the rate of increase (slope) in the first 60 s following
the addition of several 1,4-naphthoquinone concentrations to Wt and preCGG male and female HN. Vehicle was also added as a control (2% DMSO) without any
changes in fluorescence level (data not shown). N =3 separated cultures with 3 wells for each experimental group. Significance was determined using an ANOVA fol-
lowed by Tukey’s multiple comparison test *P < 0.05; **P < 0.01; **P < 0.001. Error bars indicate mean + SEM.
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7 DIV Wt and preCGG hippocampal neurons. 1,4-Naphthoquinone
less than 25 pM induced a similar initial rate of rise in fluorescence
signal with Wt and preCGG hippocampal neurons. However, >25
uM 1,4-naphthoquinone produced a nearly 2-fold higher initial
slope of fluorescence rise in preCGG M neurons compared to Wt
M. Similarly, the slope of fluorescence increase in preCGG F neu-
rons did not differ from Wt F at <25 uM 1,4-naphthoquinone but
was ~2-fold greater than Wt at the higher concentrations tested
(Fig. 9D).

Discussion

Results from the present study provide several mechanistic
chronological clues linking early abnormalities in Ca®" dynam-
ics with critical elements of the neuronal DDR in the Rotterdam
FMR1 preCGG mouse model (11) (Fig. 11). The earliest manifesta-
tion is aberrant neocortical neuronal migration detected as
early as embryonic day 16 (9), a Ca®'-regulated process (50).
Here we show that chronically elevated neuronal [Ca®']; is a
hallmark of preCGG neurons isolated from neonate mice as
early as 7 DIV in cells that are forming networks, an early win-
dow into their in vitro developmental trajectory before neuronal
connectivity has been fully established. In fact, preCGG cultured
neurons have been documented to exhibit reduced dendritic
complexity and abnormal synaptic architecture beginning in
early development at 7 DIV (10,12). As expected, abnormal neu-
ronal [Ca?']; dynamics have been associated with neuronal mi-
tochondrial dysfunction as early as 4 DIV, with significantly
reduced numbers and showing a greatly reduced mobility in
preCGG compared to Wt (51). Interestingly, this takes place be-
fore measurable evidence of increased ROS production, loss of
cell viability, or biomarkers of neurodegeneration. These early
abnormal indicators, consistent with neuronal [Ca®']; dysregu-
lation, are temporally coincident with sustained over-
expression of FMR1 mRNA and reduction in FMRP, two defining
hallmarks of human premutation (10,15,16, 20,52-55).

It is reasonable to hypothesize that chronically elevated
[Ca®']; commencing early in brain development would promote
adaptive and potentially injurious sequelae that would have im-
pacts on synaptic signaling once networks are consolidated and
mature, evidenced by abnormal mGluR1/5 responses, as well
as influences on regulation of the DDR. The possible link
between abnormal mGluR signaling and chronically elevated
cytoplasmic [Ca®']; observed in preCGG neurons is likely to in-
volve both transcriptional and post-transcriptional mecha-
nisms. Steady-state intracellular Ca®" levels, synchronous Ca®"
oscillations, and Ca®* signals elicited by excitatory neurotrans-
mission all play significant roles in transcriptional regulation
of synaptic proteins, metabolism, neuronal plasticity, and neu-
ronal survival (56).

An interesting observation is the sex differences in SCO pat-
terns observed within the same genotype. Such differences
could be explained by endocrine influences already manifest on
Po when cultures are established. For example, estrogen is
known to influence hippocampal function through multiple
mechanisms, with time courses ranging from minutes to days.
Hippocampal neurons express the E2-synthesizing enzyme
P450 aromatase, which could provide a source of locally gener-
ated E2 to modulate synaptic function during in vitro develop-
ment (57,58).

Dantrolene is an antagonist of the RyR-mediated Ca®" sig-
naling (59), which has been used to protect against neuronal
damage in spinocerebellar ataxia (60) and Huntington’s disease
(61). Considering its noted inhibitory effects on RyRs, glutamate

excitotoxicity (62), and ROS (63), it is not surprising to see that
incubation of preCGG neurons with 10uM dantrolene for 10 min
was sufficient to recover resting [Ca?']; to levels comparable to
Wt, suggesting a dysfunction of the intracellular Ca®>" homeo-
stasis, particularly at the level of RyRs channels. Although dantro-
lene caused a trend towards normalization of key proteins
regulating the Cdk5-ATM pathway in cultured hippocampal neu-
rons, the difference was not statistically significant, which may be
explained, at least in part, by the short exposure time to the drug,
or the irreversible nature of Cdk5-ATM dysregulation, once
changes in the pathway have already manifested. It is also reason-
able to speculate that a more prolonged exposure to dantrolene
before the initiation of pathological features in preCGG neurons
could more significantly normalize the Cdk5-ATM pathway.

A complete loss of FMRP in fragile X syndrome clearly indi-
cates this protein is an essential regulator of both local synaptic
protein synthesis within dendrites and activity-dependent
changes in synaptic plasticity mediated by Group 1 mGluR
(15,64-66). However, partial downregulation of FMRP in specific
regions of the developing brain cannot fully explain the early
onset of biomarkers of neuronal dysfunction and cognitive im-
pairments (7) and their slow progression to the neurodegenera-
tive features of FXTAS. Importantly, the absence of the
neurodegenerative phenotype in adults with fragile X syndrome
(and absence of FMRP and its mRNA) indicates that partial loss
of FMRP cannot be a primary effector of FXTAS. In support of
this, our in vitro results with iPSC-derived neuronal lines, de-
rived from a chimeric premutation female having expanded
(premutation) or normal CGG repeats, show indistinguishable
levels of FMRP (Supplementary Material, Fig. S2), but the human
premutation neurons exhibit several abnormal growth (e.g., re-
duced neurite growth) and signaling deficits (e.g., abnormal glu-
tamatergic responses), consistent with the mouse preCGG
model (16,17). Moreover, our sub-cellular localization data show
that FMRP in cultured preCGG neurons is downregulated in the
soma but not significantly different in the neurites (axon, proxi-
mal and distal dendrites). The fact that FMRP is measurably
lower in soma but not dendrites of preCGG neurons could reflect
a compensatory mechanism by which preCGG neurons reba-
lance the mild downregulation of FMRP by redistributing it from
soma to dendritic regions where it plays a crucial role for neuro-
nal plasticity and activity. Indeed, FMRP is an RNA-binding pro-
tein and a repressor of translation, regulating dendritic mRNA
translation, required for multiple forms of plasticity (64,66,67).
FMRP itself is dynamically regulated by activity: experience and
synaptic activation can trigger its local translation and rapid
degradation, in addition to the posttranslational regulation
mentioned above. Also, in hippocampal cultures, activity- and
mGluR-dependent increases in dendritic FMRP may result from
increased trafficking of existing FMRP, rather than de novo FMRP
synthesis (67). FMRP participates in receptor localization/inter-
nalization by regulating the translation of receptor-binding pro-
teins, such as PSD-95 (68), and Homer scaffolds within the
postsynaptic density (65). Therefore, relocalization of FMRP is
an essential homeostatic control point for maintaining appro-
priate synaptic activity. Finally, as GGGGCC repeat RNA has
been suggested to disrupt FMRP-mediated translational repres-
sion or increase FMRP-mRNA target stability (69), we can also
hypothesize that CGG repeat overexpression could influence
FMRP localization to neurites within preCGG neurons.

Collectively, these data suggest that elevated Fmrl mRNA
and/or co-transcriptional events such as R-loop formation (70),
rather than reductions in FMRP, may be etiologically more im-
portant in promoting early signaling and morphometric defects

Downl oaded from https://academ c. oup. coml hng/ articl e-abstract/ 26/ 14/ 2649/ 3746881/ Cal ci um dysr egul ati on- and- Cdk5- ATM pat hway
by University OF California user
on 03 September 2017


Deleted Text: Figure 
Deleted Text: D
Deleted Text: Figure 
Deleted Text: s

observed with FMR1 premutations. The elevated Fmrl mRNA
measured could lead to an increase in R-loop formation and
RNA-binding proteins, resulting in activation of DDR as early as
Po, consistent with the upregulation of ATM and it is phosphory-
lated form at this time point, despite the lack of intranuclear in-
clusions formation in cultured hippocampal neurons at this
stage of development (21,27,70,71).

In addition to the evidence for a role of Fmrl mRNA gain of
function toxicity (19-21), recently, a repeat associated non-ATG
(RAN) translation sequence has been implicated in preCGG neu-
ropathology. In this model, a CGG repeat expansion triggers the
RAN translation of a cryptic polyglycine-containing protein,
FMRpolyG; the RAN product is reported to be present in ubiqui-
tinated neuronal intranuclear inclusions in FXTAS patient
brains (28,31). Whether one or both of the above mechanisms
are necessary and sufficient for promoting chronically elevated
neuronal [Ca®?']; remains to be determined. However, it should
be noted that low but detectable levels of FMRpolyG can be de-
tected in brain regions of Wt mice, and levels are only elevated
in aged (18 mo) preCGG mice (28).

Here we provide the first evidence, from primary neuronal
cultures in in vitro and in vivo cortical and hippocampal tissues
from preCGG mice, of chronically elevated p-calpain activity and
a downstream consequence of enhanced Cdk5-ATM signaling
factors that are critical for regulating both neuronal DDR and
synaptic plasticity. Indeed, our data points to the conclusion
that the Ca®" overload in preCGG neurons significantly contrib-
utes to neuronal dysfunction through activation of p-calpains,
localized in the cytoplasm as an inactive proenzyme. p-calpain
is activated in the presence of high levels of Ca®" (0.2-80 uM),
which is in the range of the resting [Ca®']; measured in preCGG
hippocampal neurons. Indeed, preCGG cortices and hippocampi
display at 6 weeks of age an over-activity of p-calpain without
any changes in the expression of the enzyme. The activity of cal-
pain is widely implicated in a broad range of pathologies such as
Alzheimer’s (72), Parkinson’s (73), and Huntington’s diseases
(74). Reinforcing this idea, we also found an increase of the con-
version of p35 to p25 in 6-week-old preCGG mice, a process con-
trolled by p-calpain. This cleavage of p35 to p25 increases the
kinase activity of Cdk5 while relocating the complex to the
nucleus, common to other neurodegenerative processes (33).
The Cdk5/p25 complex has numerous functions, among them
the phosphorylation of lamin A/C, which has been found in the
intranuclear inclusions of FXTAS cases (55-26). Neural cells
transfected with expanded CGG-repeat plasmids have shown a
disruption of the nuclear lamin ring architecture and the forma-
tion of inclusions containing lamin A/C (31-55).

More recently, a new target emerged whereby Cdk5/p25 di-
rectly phosphorylates ATM at Ser’®, a process required for
auto-phosphorylation at Ser'*®! and subsequent activation of
ATM kinase activity (34-36). In the current context, the upregu-
lation of ATM, and particularly of its phosphorylated form at
Ser’®®! at 6 weeks and 6 months of age, matches with the ele-
vated p25/p35 ratio observed in preCGG brain at the same devel-
opment period. However, at Py, p-Ser'®®!-ATM is upregulated
while the p25/p35 ratio in preCGG mice is unchanged. Those ob-
servations suggest that, at this point of development, DNA dam-
age, a possible consequence of the greater propensity of R-loop
formation on premutation alleles (26,27,70,75), may be a major
activator of the ATM signaling pathway. In addition, there are
several non-DDR functions of ATM that converge to regulate the
cellular response to ROS, suggesting that elevated [Ca®']; and
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increased production of ROS observed in preCGG neurons as
early as 7DIV also directly influence ATM activity (39,76) at this
early period of the brain development.

Although ATM is a predominantly nuclear protein, it plays
an important role as a cytoplasmic protein in neurons and spe-
cifically in synaptic function (38). Interestingly, p-Ser'**’-ATM
has a higher density in the cytoplasm of the preCGG neurons
compared to Wt as early as 7DIV. Bicuculline-induced synaptic
activation can produce a similar increase of p-Ser'**>-ATM in
the cytoplasm in neurons, suggesting that ATM redistribution
could be linked to the abnormal synaptic activity observed in
preCGG neurons (77). Moreover, activity-dependent redistribu-
tion of p-Ser**®*-ATM to the cytoplasm has been recently shown
to phosphorylate a subset of serine/threonine-glutamine (SQ)
neuronal proteins that include receptors and channels (77).
Thus, in the current context, ATM kinase might SQ-
phosphorylate several channels and/or receptors reinforcing
the Ca®* dysregulation observed in our study. Therefore, early
upregulation of p-Ser’®®'-ATM associated with a more cytoplas-
mic distribution in premutation KI neurons could be involved in
the glutamatergic dysregulation observed. Moreover, the contri-
bution of the Cdk5-ATM pathway in early neuronal dysfunction
in premutation carriers is strengthened by the elevated p25/p35
ratio and ATM level found at 7DIV in iPSC-derived from a mo-
saic human premutation carrier, previously reported to exhibit
aberrant Ca®' activity (17). The key proteins of the Cdk5/ATM
pathway observed in our preCGG KI mouse model can be trans-
lated to human cells.

The later alteration of the pro-apoptotic/pro-survival bal-
ance toward apoptosis, measured by the ratio of Bax to Bcl-2 in
preCGG brain, reveals a higher vulnerability to apoptosis of
those cells. In agreement with our findings, glutamate-
mediated cell death leads to a significant decrease in Bcl-2 lev-
els alongside an upregulation of Bax in a neuronal cell line (78).
In addition, p53, well known to be activated by ATM, can influ-
ence the expression and/or the activity of Bax (46). Ca®" over-
load in neuronal cells that exceeds the buffering capacity of the
mitochondria can interfere with electron transport yielding
ROS, and thus impair the activities of transcription factors and,
ultimately, induce the downregulation of Bcl-2 combined with
an increase in Bax and apoptosis via mitochondrial-mediated
mechanisms (48). The late changes in Bax/Bcl2 ratio suggest
that elevated ROS production observed from 7 DIV in preCGG
neurons followed by an elevated basal ROS level can be ex-
plained by mitochondrial dysregulation caused by the early
chronic cytosolic Ca®* overload observed in preCGG neurons. In
addition, our observations are consistent with several studies
from cultured dermal fibroblasts and brain samples from pre-
mutation carriers, showing a lower expression of mitochondrial
proteins, a lower oxidative phosphorylation capacity, and a
higher production of ROS (79-81).

Although the Ca?' overload associated with the activation of
Cdk5-ATM pathway is clearly involved in early abnormal neuro-
nal growth and synaptic function in FMR1 premutation, we can-
not exclude the possible involvement of FMRpolyG at CGG
repeats later in life. FMRpolyG can be subsequently accumu-
lated in FMR1 premutation cells and alter neuronal proteostasis
that contributes to pathogenesis in FXTAS (28-30). For instance,
accumulation of RAN translation products has been linked to
dysfunction in Ca®" homeostasis and reduced levels of the anti-
apoptotic protein Bcl-2 in iPSCs derived from fibroblasts of pa-
tients carrying Amyotrophic Lateral Sclerosis mutation (82,83).
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Figure 10. Working model for early events occurring in premutation neurons. Premutation neurons exhibit an early chronic elevated [Ca®*]; associated with Ca®* sig-
naling dysregulation. This early Ca" overload leads to mitochondrial dysfunction yielding to an excessive ROS production that can activate ATM. Around 6 weeks of
age, elevated [Ca®"]; increases the activity of the p-calpain, inducing a degradation of spectrins at the inner membrane and a activation of Cdk5 through the cleavage of
p35 in p25. Cdk5 migrates then in the nucleus to phosphorylate substrates and among them, ATM. P-ATM redistributes in the cytosol where it can act on channels am-
plifying the Ca®*. Later on, P-ATM activates p53 which induces the recruitment and increase in Bax and ultimately induces the downregulation of Bcl-2, causing apo-
ptosis via mitochondrial-mediated mechanisms. Not shown in this figure are late stages of the neurodegenerative process that include the formation of intranuclear

inclusions, and the possible participation of RAN-mediated events.

Finally, the novelty of the study is a direct measurement of a
[Ca*']; overload in preCGG neurons, which occurs early, well be-
fore any evidence of neuropathology, unlike other degenerative
disorders as in Alzheimer’s disease (84), Huntington’s disease
(85), or in neurons from Duchenne muscular dystrophy mouse
models (86), where the Ca®" overload is concomitant with the
neuropathology.

In conclusion, our findings show that early chronic Ca®" dys-
regulation amplifies Cdk5-ATM signaling pathway activity,
possibly linking abnormal synaptogenesis with impaired DDR
associated with mitochondrial dysfunction in premutation car-
riers (Fig. 10). We propose that chronic Ca®' dysregulation
amplifies the Cdk5-ATM signaling pathway, possibly linking
early abnormal [Ca®']; with abnormal mGluR1/5 synaptic signal-
ing and DDR that could drive neurodegenerative sequelae that
promote clinical FXTAS. This pathway is involved in early neu-
ronal network abnormalities and could serve as new targets for
the prevention or retardation of neurodegenerative sequelae of
FMR1-expansion disorders. A direct causality link between the
mechanisms identified here and the pathogenesis of FXTAS de-
serves further investigation.

Materials and Methods

PreCGG mouse model

All preCGG KI and wild type (Wt) mice in the C57BL/6 back-
ground were housed under standard vivarium conditions.
PreCGG hemizygous male and homozygous female pups
(115-205 CGG repeats, average 172) were obtained by breeding
homozygous preCGG females with preCGG hemizygous males.
Unlike humans, mice with more than 200 CGG repeats do not
have hypermethylated FMR1 alleles and continue to produce
FMRP. Male and female Wt pups delivered on the same day as
preCGG pups were used separately for paired control cultures,
pooling pups of the same sex and genotype, to investigate

possible differences. All animal use protocols were approved by
the IACUC at the University of California, Davis.

Genotyping

DNA was extracted from the ear punch or tail of individual mice
and genotyping of Fmrl expansion size was performed by
GenoTyping Center of America (GTCA, Ellsworth, ME). The Fmrl
locus was detected utilizing PCR (Forward: GCTCAGCTCCG
TTTCGGTTTCACTTCCGGT, Reverse: CAGGCGCTTGAGGCCCA)
followed by gel electrophoresis. The reaction was run on a
Roche LightCycler 480 with conditions suggested for Accustart II
tag (QuantaBio, Beverly, MA). Analysis was performed after run-
ning the amplicons on a 2% agarose gel. Band sizes were esti-
mated based upon the migration of a known DNA Ladder.

Primary cultures of mouse hippocampal neurons

Hippocampal neuron cultures were obtained from postnatal
day 0-1 (Po-P;) Wt or preCGG KI male and female pups.
Dissected hippocampi were incubated for 30 min at 37 °Cin a so-
lution of 0.25% Trypsin-EDTA (Gibco™, Thermo Fisher,
Waltham, MA) and then washed in a Krebs solution containing
0.6 mg/ml of trypsin inhibitor and 80 pug/ml DNAse (Sigma, St.
Louis, MO) before dissociating the cells with a fire-polished
Pasteur pipette. Cells in the supernatant were spun down
(7min, 1400rpm) and resuspended in growth medium
(Neurobasal Medium (Gibco™, Thermo Fisher) containing
GS21™ neural supplement (MTI-GlobalStem, Gaithersburg,
MD), and 0.5 mM Glutamax (Gibco™, Thermo Fisher) with 5% fe-
tal bovine serum (Gibco™, Thermo Fisher), counted and plated
onto a 1% (w/v) poly-L-lysine-coated 6- or 24-well plates (TPP
Techno Plastic Products®, Trasadingen, Switzerland) or clear-
bottom, black well, 96-well imaging plates (Falcon, Corning in-
corporated, Tewksbury, MA) with 1 x 10° cells/well, 2 x 10° cells/
well or 5 x 10* cells/well, respectively. For immunofluorescence
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Figure 11. Chronology of Fmrl premutation neuropathology in vivo and in vitro using the Dutch preCGG KI mouse, including the literature and our findings (bold). The
left panel summarizes the chronological events occurring in vivo in preCGG KI mouse model reported in the literature and in our study (bold). The right panel summa-
rizes the chronological events occurring in vitro in cultured neurons from preCGG KI mouse reported in the literature and in our study (bold). Additional citations, not

mentioned in the text have been added: (88-97).

experiments, cells were seeded on a sterile glass coverslip pre-
treated with nitric acid before coating with PLL. Two hours after
seeding, the serum level was diluted by half with the addition of
serum-free growth medium. 5 pM of cytosine p-D-arabinofura-
noside (Ara-C, Sigma) was added at DIV 2 to stop the prolifera-
tion of astrocytes. The cells were maintained in an incubator at
37°C with 5% CO,.

Western blot

Flash-frozen cortex and hippocampus tissues from Py, 6-week-,
and 6-month-old male preCGG and age matched Wt mice were
homogenized with an electric homogenizer in modified RIPA
buffer (150 mM NacCl, 50mM Tris pH: 7.4, 1% Triton X-100, 0.5%
Na deoxycholate, 0.1% SDS, 5mM EDTA, 2mM EGTA, 1X Roche
Complete Protease and 1X Roche phosphatase inhibitors).
Hippocampal neurons in culture were collected in modified
RIPA. Lysates were incubated for 30 min on ice and then spun
down by centrifugation at 20,000 rpm for 20 min at 4°C. Protein
concentrations were determined by BCA method (Thermo
Scientific, Waltham, MA). Proteins (50 ug per lane for brain and
15 ug for cell culture) were separated using SDS-PAGE 4-15% gra-
dient gels (Bio-Rad, Hercules, CA) and transferred to PVDF or ni-
trocellulose membranes. Membranes were then blocked with
Odyssey blocking buffer (Li-Cor Biosciences, Lincoln, NE) with
0.2% Tween-20 and incubated overnight at 4°C with primary
antibodies: monoclonal FMRP 1/500 (clone 1C3) (Millipore,
Billerica, MA), polyclonal p-calpain large subunit 1/1000 (#2556,
Cell Signaling, Danvers, MA), monoclonal « fodrin 1/2000 (AAS,
Enzo Life Sciences, Farmingdale, NY), monoclonal Cdk5 1/500
(-3, Santa Cruz Biotechnology, Dallas, TX), polyclonal p25/p351/
500 (C-19, Santa Cruz Biotechnology), monoclonal ATM 1/1000
([2C1 (1A1)]), (Abcam, Cambridge, United Kingdom), polyclonal
ATM 1/2000 (phospho Ser1981[EP1890Y]) (Abcam), polyclonal

Bax 1/1000 (D3R2M) (Cell signaling), monoclonal Bcl-2 1/500 (BD
Biosciences, San Jose, CA), polyclonal B-actin 1/2500 (D6A8, Cell
Signaling) and monoclonal GAPDH 1/2500 (Santa Cruz
Biotechnology) in blocking buffer and then washed with TBS
with 0.2% Tween-20. After washing, membranes were incubated
with secondary antibodies in blocking buffer (IRDye 680 nm and
800nm, 1/10000, Li-Cor Biosciences) for 1h, then washed again
and quantified with the Odyssey Imaging System (Li-Cor
Biosciences).

Immunofluorescence of FMRP and p-Ser'*®'-ATM

Hippocampal neurons were fixed with 4% paraformaldehyde for
15min and then permeabilized with 0.1% Triton X-100 for 10 min.
Following blocking with 10% Normal Goat Serum (Life
Technology) for 1h, cells were incubated with either the mono-
clonal anti-FMRP antibody (1/200, Millipore) or the polyclonal
anti-ATM antibody (phospho Ser1981[EP1890Y], 1/200, Abcam)
and the polyclonal anti-MAP2b (1/500, Cell Signaling) overnight at
4°C. After washing with PBS with 0.1% Tween-20, cells were incu-
bated with goat anti-mouse Alexa 555 (1/500, Life technology)
and goat anti-rabbit Oregon Green 488 (ThermoFisher Scientific),
and with 2 drops per ml of NucBlue® Fixed Cell ReadyProbes®
Reagent (Molecular Probes, Life Technology) for nuclei staining,
all in 10% normal goat serum for 1h at RT. The cells were washed
and mounted in Prolong Gold antifade mounting medium and
dried at RT for 48 hr, protected from light. Hippocampal neurons
were then imaged using a Leica TCS SP8 STED 3X microscope in
the super resolution mode for FMRP staining and using the reso-
nant scanner for p-ATM labeled neurons in order to perform high
speed scanning stack images through entire neurons. Images
were then quantified using Fiji software (87) for FMRP staining
and Bitplane Imaris (v.8.3, Bitplane AG, Zurich, Switzerland) for
p-ATM stacks pictures.
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Measurement of basal reactive oxygen species (ROS)
level and production in live cell

After washing cells cultured in clear-bottom 96-well plates with
PBS, they were incubated with 5 pM CellROX® Green (Life
Technology) and NucBlue™ Live Cell Stain diluted in Locke’s
buffer (8.6 mM HEPES, 5.6 mM KCl, 154 mM NaCl, 5.6 mM glucose,
1.0mM MgCl,, 2.3mM CaCl,, and 0.1 uM glycine, pH 7.4) for
30min at 37°C. The cells were then washed 3 times and an ad-
ditional 5min incubation with 1,4-naphthoquinone (Acros
Organics, Geel, Belgium) at 100 uM was used as a positive con-
trol while 200 pM N-acetylcysteine (NAC) (Sigma) was used as a
negative control. Images of Wt and preCGG neurons were taken
with a 20x objective in an automated high-throughput imager
(ImageXpress Micro XLS; Molecular Devices, Sunnyvale, CA) un-
der identical conditions.

For measurements of ROS production, cells were loaded as
described above. Neurons loaded with CellROX® Green were
transferred to a Fluorescence Laser Plate Reader (FLIPR,
Molecular Devices) incubation chamber. FLIPR operates by illu-
minating the bottom of a 96-well microplate with LED light and
measuring the fluorescence emissions with a cooled CCD cam-
era in all 96 wells simultaneously, with the ability to add solu-
tions with a 96-well robotic pipette while recording. The
intracellular CellROX® Green was excited by 470-495nm light,
and emission in the 515-575nm range was recorded during an
exposure time of 0.4s. After a 5-min baseline recording, 1,4-
naphthoquinone or controls were added to wells at a 1:7 dilu-
tion. Fluorescence readings were taken every 2s over a 15-min
experimental time period. There were 5 wells of the same con-
dition on each plate and the experiment was done in 5 repeats

Cytosolic Ca®* imaging

At 14D1V, cultured hippocampal neurons were incubated with
dye-loading buffer containing 4uM Fluo-4 (Invitrogen) and
0.5mg/ml BSA in Locke’s (see above) for 30 min at 37°C. After
washing with Locke’s buffer, the cells were excited at 488 nm
and collected through a 515-575nm (FITC) filter; the fluores-
cence signals were recorded at 33frames/s using a charge-
coupled device camera (model 512B; Photometrics, Tucson, AZ)
under a 40x objective lens attached to an IX-71 inverted micro-
scope (Olympus, Center Valley, PA) controlled by EasyRatioPro
software (Photon Technologies International, Birmingham, NJ).
Glu was added by pipetting 50ul of a 4X solution in each well
containing 150ul of Locke’s. The amplitude of fluorescence sig-
nals for each cell was presented as relative fluorescence
changes (AF/F) after background subtraction. A fluorescence
change (AF/F) exceeding 10% of baseline was considered a posi-
tive Ca®" transient. The Ca®" transient frequency and amplitude
over a 10-min period were analyzed using Origin 8.5 software
(OriginLab Corporation, Northampton, MA).

Cytosolic resting calcium measurement

Microelectrode recordings were performed as described previ-
ously (84). Briefly, resting [Ca®']; and resting plasma membrane
potential (Vm) were recorded simultaneously using double-
barreled Ca®*-selective microelectrodes, prepared from 4-inch
piggyback glass capillaries with outer/inner diameters of
1.51/0.75mm and 0.84/0.35mm (PB150F-4) (World Precision
Instrument, Sarasota, FL). Capillaries were pulled to make
short-taper microelectrodes with submicron diameter tip. The
larger barrel, the "Ca®' barrel", was silanized by exposure to

dimethyldichlorosilane (Sigma) vapor. Twenty-four hours later,
the tip was backfilled with calcium neutral liquid ion exchanger
(IE200) (World Precision Instrument, Sarasota, FL) and the re-
mainder of the barrel was backfilled with pCa7 solution 24h
later. The smaller barrel was backfilled with 3 mol/L KCl in order
to measure V,, of the cells. Microelectrodes were calibrated be-
fore and after each experiment by recording the voltage re-
sponse to Ca®' solutions detected using a high impedance
amplifier (Duo 773 Electrometer, World Precision Instruments).
Only electrodes that produced a linear relationship between
pCa 3 and pCa 7 with a Nernstian response (slope of ~29.5mV
per decade change in [Ca®'] at 25°C) were used experimentally.
Every impalement of the microelectrode in the soma of the neu-
ron provided two simultaneous signals: a Ca®" electrode poten-
tial (Veag) and Vy. The V,, potential was subtracted
electronically from Vg, potential, to produce a differential
Ca®"-specific potential (Vc,, Fig. 4A) that represents the [Ca®'];
concentration. Vy, and V¢, were filtered (30-50kHz) to improve
the signal-to-noise ratio. For some recordings, Tetrodotoxin
(TTX) 1 pM (Tocris Bioscience, Bristol, United Kingdom) was
added in the Lockes’ buffer to silence the firing of the neurons.
After one set of recordings, dantrolene 10 pM (Sigma) was added
in the solution and incubated 10 min in the dark before starting
a subsequent set of recordings.

p-calpain activity assay

Calpain activity was measured using a calpain activity assay kit
(Ab65308) (Abcam) according to the manufacturer’s protocol.
Briefly, cortical and hippocampal lysates were incubated with
substrate (Ac-LLY-AFC, where AFC indicates 7-amino-4-trifluor-
omethyl coumarin) and 1x reaction buffer from the manufac-
turer for 1h at 37°C in the dark. Upon cleavage of substrate by
calpain, the fluorogenic portion of AFC was detected at a wave-
length of 505nm following excitation at 400nm. Fluorescence
emission was measured using a SpectraMax MS
Spectrofluorometer (Molecular Devices). Several concentrations
of active calpain were used as a positive control and the addi-
tion of calpain inhibitor was used as a negative control. Each
sample was measured in duplicate.

Statistical analysis

Graphing and statistical analyses were performed using
GraphPad Prism software, Version 6.0, (GraphPad Software, Inc.,
San Diego, CA, USA). All values were expressed as mean + SEM.
Statistical significance between different groups was calculated
using Student’s t-test or by ANOVA followed by Tukey’s multi-
ple comparison test, as specified in each figure legend.

Supplementary Material

Supplementary Material is available at HMG online.
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