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ABSTRACT

Objectives: Mutations in the human IQSEC2 gene are associated with drug-resistant epilepsy and
severe behavioral dysfunction. We have focused on understanding one human IQSEC2 missense muta-
tion (A350V) for which we have created a corresponding A350V IQSEC2 mouse model by CRISPR
which demonstrates seizures when the mice are 15-20days old and impaired social vocalizations in
adulthood. We observed that a child with the A350V mutation stops having seizures when experienc-
ing a fever of greater than 38°C. In this study, we first sought to determine if we could recapitulate
this phenomenon in A350V 15-20day old mice using a previously established protocol to raise body
temperature to 39°C achieved by housing the mice at 37 °C. We then sought to determine if mice in
whom seizure activity had been prevented as pups would develop social vocalization activity
in adulthood.

Methods: 15-20day old A350V male mice were housed either at 37°C or 22°C. Ultrasonic vocaliza-
tions of these mice were assessed at 8-10 weeks in response to a female stimulus.

Results: Housing of 15-20day old A350V mice at 37 °C resulted in a reduction in lethal seizures to 2%
(1/41) compared to 45% (48/108) in mice housed at 22°C, p=0.0001. Adult A350V mice who had
been housed at 37°C as pups displayed a significant improvement in the production of social
vocalizations.

Conclusion: Raising the body temperature by raising the ambient temperature might provide a means
to reduce seizures associated with the A350V IQSEC2 mutation and thereby allow for an improved
neurodevelopmental trajectory.
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Mutations in the X-linked human IQSEC2 gene are associated
with drug-resistant epilepsy as well as severe disturbances in
cognitive and social behavior [1-4]. Our laboratory has
focused on understanding one specific human IQSEC2 mis-
sense mutation (A350V) [5] for which we have created a cor-
responding A350V IQSEC2 mouse model by CRISPR which
demonstrates marked abnormalities in social behavior, cogni-
tion and seizures [6-8].

Over 20 different seizure medications and the ketogenic
diet have failed to reduce seizures in a child with the A350V
IQSEC2 mutation. The seizure burden in this child ranges
from 5 to 15 a day with both tonic clonic and drop attacks
seen [5]. A remarkable finding in this child repeatedly
observed beginning at 1 year of age is that when he has a
temperature of greater than 38°C lasting more than 1day
his seizures abruptly stop and then he has a seizure-free win-
dow of up to 3weeks after his temperature has returned
to normal.

In this study, we set out to determine if a previously
established method to raise the body temperature could

result in a cessation of seizures in A350V IQSEC2 mice.
Demonstrating that seizures could be reduced in the mice
using this approach allowed us to ask whether the heavy
seizure burden in A350V mice could play a major role in the
abnormal development of their social behavior

Methods
Animals

The generation of A350V IQSEC2 mice in a C57BL6/J back-
ground has previously been described [6]. All mice used in
this study were generated from a cross between a female
heterozygous for the A350V mutation and a wild-type
IQSEC2 male resulting in half of the offspring having the
mutation (hemizygous in males) and half being wild type for
IQSEC2. Only male mice were used for experiments to avoid
the confounding effects of X-inactivation in females. Mice
were housed in a specific pathogen-free (SPF) facility with
free access to water and food at 22 °C. All animals were kept
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on a 12-h light/12-h dark cycle, light on at 9.00pm, with ad
libitum access to food and water. Behavioral experiments
took place during the dark phase under dim red light. Mice
were genotyped when they were 12-13 days old by polymer-
ase chain reaction (PCR) from extracted tail DNA as previ-
ously described [6].

Protocol to generate fever range hyperthermia by
raising the ambient temperature to 37 °C

We used a previously published long-term fever range hyper-
thermia protocol in which mice were housed at a tempera-
ture of 37°C in order to achieve a core body temperature of
39-39.5°C for 5days [9,10]. 15-day old pups with their moth-
ers in their regular cages were placed in a neonatal tempera-
ture-controlled incubator set at 37°C for 5days (Draeger
model 8000IC, Lubeck, Germany). A new HydroGel non-wet-
ting water gel pouch (2279) (Envigo Gel Transit Kit HSD
Clear H,0 catalog# 70-01-1082) was placed on the floor of
the cage every day to help provide adequate hydration to
the pups. This protocol was approved by the Institutional
Animal Care and Use Committee of the Technion Israel
Institute of Technology (protocol #IL-114-09-20). At the com-
pletion of the 5-day period in the 37°C incubators the mice
were either sacrificed immediately for harvesting tissues or
returned to room temperature housing (22°C) for subse-
quent assessment of their vocalization behavior as adults.

Protocol to generate fever using
lipopolysaccharide (LPS)

We used a previously published protocol in which intraperi-
toneal injection of LPS in mice housed at 30°C was demon-
strated to result in a prolonged rise in the core temperature
up to 39°C [11,12]. 15days old pups were injected intraperi-
toneally with 2.5mg/kg of LPS (Sigma lipopolysaccharide E.
coli 0111: B4 catalog # 2630). The pups with their mothers in
their regular cages were then placed in a Draeger incubator
(see above) at 30°C for 5days. The injection of LPS for these
studies was approved by the Institutional Animal Care and
Use Committee of the Technion Israel Institute of
Technology (protocol #IL-025-0220).

Assessment of male-female ultrasonic vocalizations

Ultrasonic vocalizations were recorded using a condenser
ultrasound microphone (Polaroid/CMPA, Avisoft). The micro-
phone was connected to an ultrasound recording interface
(UltrasoundGate 116Hme, Avisoft), which was plugged into a
computer equipped with the recording software Avi-soft
Recorder USG (sampling frequency: 250 kHz; FFT-length 1024
points; 16-bit format). Vocalizations were recorded in
8-10week old male wild type or A350V mice during a 5min
interaction with a female C57BI/6 stimulus, which was pre-
ceded by 15min of habituation to the arena. Ultrasonic
vocalizations were analyzed using our TrackUSF custom-
made software as described in https://www.biorxiv.org/con-
tent/10.1101/575191v1.

RNA isolation and qRT-PCR

Quantitative real-time-polymerase chain reaction (qRT-PCR)
was performed on RNA isolated from hippocampal tissue.
RNA was isolated using RNAeasy mini kit (Qiagen). RNA was
converted to cDNA using the high capacity ¢cDNA reverse
transcriptase kit with RNase inhibitor (Applied Biosystems
AB4374966) and qRT-PCR was performed with Fast SYBR
Green master mix (Applied Biosystems AB-4385612) using
the StepOnePlus Real-Time PCR system (ThermoFisher
4376600). Signals for HspA1A, IL-6, TNFo, and IL-17a were
normalized to the housekeeping genes HPRT or PGK1 [13].

RTPCR primers

Hspala - F: GTGTTTGGACTCTCCCCTGG; R: GGAGAAGCA
GCAGAGTCTCC

HPRT - F: CAGTCCAGCGTCGTGATTA; R: TGGCCTCCC
ATCTCCTTCAT

PGK1 - F: CACCGAGCCCATAGCTCCAT; R: CTGCAACTT
TAGCGCCTCCC

IL-6 - F: TAGTCCTTCCTACCCCAATTTCC; R: TTGGTCCTTA
GCCACTCCTTC

TNFa — F: CAGGCGGTGCCTATGTCTC; R: CGATCACCCCG
AAGTTCAGTAG

IL-1700 - F: CCAGGGAGAGCTTCATCTGT; R: AGGAAGTCC
TTGGCCTCAGT

Statistical analysis

For the analysis of vocalizations between the four groups
(data from WT or A350V mice housed between days 15-20
at 22°C (RT) or 37°C (HS)) statistical tests were performed
using SPSS 21.0. Data normality was tested using the
Kolmogorov-Smirnov and Shapiro-Wilk tests. Two out of the
four data sets were distributed normally. For comparison
between multiple groups or parameters, a classical analysis
of variance (ANOVA) was applied to the data. The ANOVA
test was followed by post hoc Student’s t-test with
Bonferroni’s correction for prespecified relevant comparisons
(WT-RT vs WT-HS and A350V-RT vs A350V-HS). We addition-
ally performed statistical analysis of the vocalizations using a
non-parametric test (Mann-Whitney) and obtained a signifi-
cance of p <0.05 for both comparisons (WT-RT vs WT-HS and
A350V-RT vs A350V-HS).

Results

A350V IQSEC2 mice have lethal seizures between 15
and 20days after birth

Male A350V IQSEC2 mice have frequent seizures manifested
as irregular clonic movements frequently associated with the
mouse falling on its side and exhibiting tonic clonic move-
ments of all extremities. Mice viewed to have seizures typic-
ally died within a few hours of the onset of seizures. The
A350V IQSEC2 mice housed at 22°C have visible seizures
only between 15 and 20days after birth with approximately
45% of all male mutant mice (48/108) dying during this
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Figure 1. Increasing the ambient temperature to 37 °C prevents lethal seizures in A350V mice. A350V IQSEC2 mice were placed in a 37 °C incubator between 15
and 20 days of age and mortality compared to A350V IQSEC2 mice followed in parallel under routine animal facility temperature housing conditions (22 °C). No
mortality was observed in wild type IQSEC2 mice at 22 °C or 37 °C under these conditions. Fever range hyperthermia resulted in a dramatic reduction in mortality
in the A350V mice (1/41 vs 48/108; p log rank = 0.0001). No deaths occurred after 21 days up to at least 9 months of age.

period with a peak incidence of mortality between post-natal
days 17-18 (over 70% of all deaths) (Figure 1). No seizures or
mortality have been observed in A350V IQSEC2 mice after
21 days of age.

Prevention of lethal seizures in A350V IQSEC2 mice by
environmentally induced thermal stress

In order to test whether raising the body temperature in
A350V IQSEC2 mice could reduce seizures, we sought an
established protocol to sustain an elevated body tempera-
ture during the age window when the A350V mice normally
have seizures (age 15-20days as shown in Figure 1). Hasday
and colleagues [9,10] previously demonstrated that when
mice are housed at a temperature of 37°C, due to a limited
capacity to eliminate heat, they develop an increase in core
body temperature of approximately 39°C that is well toler-
ated for 5days. In a consecutive series of 41 A350V IQSEC2
mice from 20 different litters housed in a 37°C chamber
starting at age 15days until age 20days we observed only
one death in the A350V mice (2%) while during this same
15-20day age window in A350V mice housed at 22°C the
mortality rate was approximately 45% (p <0.0001 by log-
rank) (Figure 1). No mortality was found in wild-type litter-
mates during this treatment. We also assessed the survival of
A350V mice at an intermediate chamber temperature of
30°C, which is thought to be thermoneutral for mice [14], at
which we observed no protection from lethal seizures (mor-
tality rate from days 15-20 of 62%, n=28). The housing of
the mice for only 1day at 37°C (starting at day 15) instead
of 5days did not provide significant protection against lethal

seizures over the 15-20day period (mortality rate of 5/16
(31%) with a 1day 37°C exposure vs 48/108 (44%) with a
5day 37°C exposure, p=0.31).

Induction of heat shock chaperone Hspala in the brain
of mice housed for 5 days at 37°C

In order to demonstrate that the housing of 15-20day old
mice at an ambient temperature of 37 °C induced a physiolo-
gically relevant increase in temperature in brain tissue, we
measured the production of heat shock Hspala mRNA in the
hippocampus after this exposure. Hspala is the major Hsp70
in mice and is known to be induced by an increase in tem-
perature in vitro and in vivo [15]. We assessed if the fever
range hyperthermia protocol was associated with an increase
in Hspala in the hippocampus which is the major site of pro-
duction of IQSEC2 in the brain [16,17] and where IQSEC2
mutation mediated pathology has been shown to be prom-
inent [6,18-20]. Compared to A350V IQSEC2 mice housed at
room temperature (22°C), we observed that A350V mice
housed for 5days at 37°C demonstrated a significant induc-
tion of Hspala mRNA by gRT-PCR (2.7-fold increase 3.9+ 0.6
vs 1.5+£0.2 normalized to HPRT, p=0.007, n=5 for each
group) (Figure 2).

Failure to prevent lethal seizures in A350V IQSEC2 mice
by LPS

Having demonstrated that we could reduce seizures by rais-
ing the body core temperature using an environmental
stimulus we sought to determine if a protocol reported to
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Figure 2. Induction of Hspala in the hippocampus of mice housed at an ambi-
ent temperature of 37 °C. qRT-PCR for Hspala from the hippocampus of 20-day
old wild type (wt) mice (n=4) and A350V (mt) mice (n=5) housed at 22°C
and 20day old A350V (mt) mice housed at 37°C between 15 and 20 days of
age (n=>5). There was a significant increase in Hspala in the A350V mice
housed at 37°C (one way ANOVA across all groups F(2, 11) = 11.78,
p=0.0018; Student’s t-test comparing A350V mice housed at 37 °C compared
to A350V mice housed at 22 °C, p =0.007).

raise the body core temperature using a pyrogen (LPS) could
also provide protection against lethal seizures in the A350V
mice [11,12]. Previous work has established that in rodents
endotoxin only induces a rise in body core temperature if
the mice are housed at thermoneutrality (30°C) [11,12]. We
injected LPS intraperitoneally at a dose (2.5mg/kg) at day 15
and housed the mice at 30°C which has been shown to
result in a rise in the body core temperature to 39°C [12].
We found that LPS had no effect on the incidence of lethal
seizures (8/18; 44%) compared to mice that had not been
injected with endotoxin (48/108; 44%). Injection with LPS
was not associated with a significant change in hippocampal
Hspala 18 h after the 15-day old mice were injected (1-way
ANOVA; F(3, 20)=1.83; p=0.17) suggesting that in the 15-
day old mice LPS does not appear to have produced a rise
in body core temperature. In order to verify that the LPS we
used was biologically active we measured hippocampal TNFa
[21] by gRT-PCR in the LPS injected mice 18h after they
were injected and found an approximately 10- to 20-fold
induction of TNFa compared to mice that had not been
injected with LPS (1-way ANOVA; F(3, 20) = 3.83; p =0.026).

Housing mice at 37 °C between 15 and 20 days after
birth permits the development of contextually
appropriate social vocalizations in adult A350V mice

After having demonstrated that we could prevent seizures in
A350V mice as pups by housing them at an ambient tem-
perature of 37°C we sought to determine what consequen-
ces this would have on the behavior of these mice when
they were adults. We have previously reported that mating
calls toward a female mouse are essentially absent in adult
male A350V mice [8]. We hypothesized that preventing seiz-
ures in A350V mice during a critical period of their develop-
ment might allow the A350V mice to develop more normal
context-appropriate social behavior such as vocalizations in

response to a female stimulus. We tested this hypothesis in
wild-type and A350V mice which had either been housed at
37°C or 22°C between 15 and 20days of age. Vocalizations
and their analysis were performed as described in methods
and are shown in Figure 3(A-D). As shown in Figure 3(E), we
found that the number of vocalizations was significantly
increased in adult A350V mice if they had previously been
housed at 37°C (HS) as compared to 22°C (RT) between 15
and 20days of age. On the other hand, in WT mice which
were housed with HS during this period, there was a signifi-
cant decrease in the number of vocalizations which they
exhibited as adults as compared to WT mice housed at RT
(2-way ANOVA, interaction genotype x treatment, F(1, 123) =
15.486, p <0.001; post hoc t-test with Bonferroni’ s correc-
tions following the main effect, *p=0.02 comparing
A350V £ HS, **p=0.01 comparing WT £ HS).

Interleukin 17a which has been causally linked to the
beneficial effect of fever on the social behavioral
deficits of autism is induced in the hippocampus of
mice housed at 37 °C from days 15 to 20

Recently Reed and colleagues have provided evidence that
the benefit of fever on social behavioral dysfunction is medi-
ated by the inflammatory cytokine, Interleukin 17-a (IL-17a)
[22]. As II-17a is known to be induced by heat stress [23] we
investigated the induction of IL-17a in the hippocampus of
A350V mice by qRTPCR and found an approximately 3 fold
statistically significant induction in A350V mice housed for
5days at 37°C as compared to A350V mice housed at 22°C
(20+0.4 vs 0.7+0.1, p=0.01, n=5 for both groups) (Figure
4(A)). We also assessed the induction of two other inflamma-
tory cytokines which have been associated with the heat
shock response, IL-6 and TNFa [24], and found that TNFa was
significantly induced by the 5-day treatment at 37°C
(Figure 4(B,Q)).

Discussion

We have demonstrated here in a mouse model of the human
A350V IQSEC2 mutation that by increasing the ambient tem-
perature to 37°C between 15 and 20days of age that we
can prevent spontaneous lethal seizures and permit the
development of contextually appropriate social vocalizations.
As alleviation of symptoms of autism spectrum disorder by
fever has been described by several groups [25,26], this find-
ing is potentially of major pathophysiological, mechanistic,
and translational importance that may extend far beyond the
model used in this study.

An important limitation of this study was our inability to
measure the body core temperature in 15-20day old mice
housed at 37°C due to their small size (5g) with there being
no commercially available means to monitor the core tem-
perature of unrestrained mice of this size [27]. However, the
use of a 37 °C ambient temperature for a 5-day duration has
previously been shown to result in a rise in body core tem-
perature to 39-39.5°C in mice [9,10]. Furthermore, our dem-
onstration that hippocampal Hsp70 mRNA is induced by
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Figure 3. Prevention of seizures in A350V pups by housing at 37 °C ambient temperature allows for the development of social vocalizations in A350V adults. (A)
3D t-SNE analysis of all ultrasonic fragments (USFs) emitted by 8-10 week old wild type (WT) IQSEC2 and A350V IQSEC2 male mice who had been housed between
15 and 20 days of age either at room temperature (RT) (RT n =38 for WT and n =40 for A350V) or 37 °C (HS) (HS n =24 for WT and n =25 for A350V), during an
encounter with a female C57BL/6J mouse. Each dot represents a USF, color-coded according to genotype and housing temperature. (B) Similar to A, showing the
distinct manually-defined clusters color coded and numbered. (C) Examples of USFs, denoted by their cluster numbers, superimposed on the spectrograms of their
respective audio signals. Note that cluster-1 represents non-vocal (noise) signals while all other clusters represent genuine vocalizations. (D) Power Spectral Density
(PSD) analysis of all USFs recorded from all animals, calculated separately for each cluster, color coded according to B. Note the PSD profile of cluster-1 (noise)
which shows a wide range of frequencies, mainly at the lower range. (E) Violin plot of the total number of USFs from all vocalizations clusters (excluding cluster-1)
for 8-10 week old wild type or A350V mice housed as pups (day 15-20) at RT or 37 °C. A350V adult mice treated with heat stress as pups exhibited increased
social vocalizations while adult WT animals exhibited fewer vocalizations if they had been treated with heat stress as pups (2-way ANOVA, interaction genotype x -
treatment, F(1, 123) = 15.486, p < 0.001; post hoc t-test with Bonferroni’ s corrections following main effect, *p =0.02 comparing A350V + HS, **p =0.01 compar-
ing WT £ HS).

housing the mice at 37°C ambient temperature provides evi- A350V mice allows for the development of context-appropri-
dence that these conditions produced a physiologically rele- ate social vocalizations offers hope that with aggressive
vant increase in temperature in brain tissue. learning techniques such as applied behavioral analysis (ABA)
The very high frequency of seizures associated with the [31] it may be possible for the child with the A350V muta-
A350V IQSEC2 in infancy and early childhood suggests that tion to learn some speech if his seizures are prevented.
the cognitive and behavioral abnormalities seen in the child We can only speculate at this time as to the mechanism
with the mutation are due to an epileptic encephalopathy whereby elevated body temperature in the child or housing
[28,29]. We have shown here that A350V IQSEC2 mice in of 15-20day old A350V mice at an ambient temperature of
whom seizures were prevented showed improved vocaliza- 37°C prevents seizures. One possible mechanism by which
tion capacity as adults. This result suggests that aggressive elevated temperature or fever may provide protection is via
seizure control in the child with the A350V IQSEC2 mutation induction of the heat shock protein response. Heat shock
might allow for an improved neurodevelopmental trajectory. proteins function as molecular chaperones for improperly
In as much as mouse ultrasonic vocalizations differ from folded proteins [32-34] and promote the restoration of pro-
human speech, several genes linked to human speech disor- tein folding and normal protein function and may have the
ders have been recapitulated in transgenic mice models [30]. capacity to rescue and allow a tolerance of specific missense
Therefore, as the child with the A350V mutation is aphasic mutations [34]. We have shown that the heat shock response
with no spoken words, the finding that stopping seizures in is induced in mice housed at an ambient temperature of
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Figure 4. Induction of inflammatory cytokines in the hippocampus of mice housed at an ambient temperature of 37 °C. gqRT-PCR for II-6, TNFa and II-17a from the
hippocampus of 20-day old wild type (wt) mice (n=4) and A350V (mt) mice (n =5) housed at 22 °C and 20 day old A350V (mt) mice housed at 37 °C between 15
and 20 days of age (n=>5). (A) There was a significant change in Il-17a in the A350V mice housed at 37 °C (one way ANOVA across all groups F(2, 11) = 6.53,
p=0.01; *Student's t-test comparing A350V mice housed at 37 °C compared to A350V mice housed at 22 °C, p = 0.01). (B) There was no significant change in II-6
in the A350V mice housed at 37 °C (one way ANOVA across all groups F(2, 11) = 0.80, p=0.47). (C) There was a significant increase in TNFa in the A350V mice
housed at 37°C (one way ANOVA across all groups F(2, 11) = 28.0; p < 0.0001; Student’s t-test comparing A350V mice housed at 37 °C compared to A350V mice

housed at 22 °C; ***p < 0.0001).

37°C which has been shown previously to result in a core
body temperature of 39-39.5°C. We have observed changes
in the electrophoretic mobility of the A350V IQSEC2 protein
suggesting that the protein is misfolded. The A350V muta-
tion results in the generation of a valine residue which is
modeled to be exposed on the surface of the A350V protein
representing a potential binding site for heat shock protein
chaperones which are thought to recognize hydrophobic
epitopes [32,33]. We are currently investigating the effect of
heat shock on the folding of the A350V IQSEC2 protein as
well as the interaction of A350V with specific heat
shock proteins.

We were not able to demonstrate the prevention of seiz-
ures in the A350V IQSEC2 mice by LPS which had previously
been shown to induce an increase in core temperature in
adult mice. One explanation for this may be that the thermo-
regulatory center mediating the response to pyrogens in
older rodents is not mature in 15-day old mouse pups analo-
gous to what is found in many species [35-38] including
human newborns less than 2 weeks of age (as well as in the
very old) which frequently do not mount a fever response to
infection [37]. Indirect evidence for the lack of a fever
response in the 15-20day old pups exposed to LPS is pro-
vided by a failure to see a significant increase in Hspala
with LPS treatment.

The ability of environmentally induced hyperthermia to
reduce seizures in the A350V IQSEC2 mouse model has
important potential translational applications in man.
Inspired by the current study showing protection by environ-
mentally induced hyperthermia in A350V IQSEC2 mice we
have recently assessed the effect of raising the body tem-
perature of a child with the A350V IQSEC2 mutation using a
Jacuzzi set at 40°C for periods of 15min twice a day and
have found a profound 90% reduction in seizure activity
([39]. We hope that this will inspire others to investigate the
possible beneficial role of moderate environmentally induced
hyperthermia to other protein folding disorders.

While the curative power of fever and raising body tem-
perature dates back to antiquity with Hippocrates describing
the beneficial effect of fever on epilepsy [40] we are unable
to find any reference in the modern literature of the use of
fever therapy in any patient to prevent seizures. We are not
suggesting that raising the body temperature should be tried
for the vast majority of children with seizures, and our find-
ing regarding A350V is contrary to current clinical experience
showing that an elevated body temperature is a frequent
cause of seizures in children [41]. We are proposing here
that raising the body core temperature may be beneficial in
some settings, particularly those due to a protein folding
abnormality, and is worthy of additional investigation.
Unraveling the mechanism responsible for the protection by
environmentally induced hyperthermia in the A350V model
may provide new treatments for many neurodevelopmental
and neurodegenerative disorders [42,43].
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