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COGNITIVE NEUROSCIENCE
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There is growing evidence that prenatal immune activation contributes to neuropsychiatric disorders. Here, we
show that early postnatal immune activation resulted in profound impairments in social behavior, including in
social memory in adult male mice heterozygous for a gene responsible for tuberous sclerosis complex (Tsc2*"), a
genetic disorder with high prevalence of autism. Early postnatal immune activation did not affect either wild-type
or female Tsc2™~ mice. We demonstrate that these memory deficits are caused by abnormal mammalian target of
rapamycin—-dependent interferon signaling and impairments in microglia function. By mining the medical records
of more than 3 million children followed from birth, we show that the prevalence of hospitalizations due to infections
in males (but not in females) is associated with future development of autism spectrum disorders (ASD). Together,
our results suggest the importance of synergistic interactions between strong early postnatal immune activation

and mutations associated with ASD.

INTRODUCTION

There is growing evidence that prenatal viral infections constitute a
risk factor for neuropsychiatric disorders, including schizophrenia
and autism spectrum disorders (ASD) (1). Tuberous sclerosis (TSC)
is an autosomal dominant disorder caused by mutations in either
the TSC1 (9q34) or TSC2 (16p13.3) genes (2, 3). TSC is the second
most common neurocutaneous disorder, affecting 1 in 6000 people
worldwide. Most patients with TSC are affected by a neuropsy-
chiatric disorder (4), including ASD, which affects 40 to 61% of
these patients (5, 6).

Although previous results (7-17) showed that infections during
early prenatal development can increase the incidence of specific
neuropsychiatric phenotypes, little is known about the impact of
infections late (i.e., postnatally) during development (18-20). Here,
we reveal the molecular and cellular mechanisms of social memory
deficits in mice mutant for the Tsc2 gene with postnatal immune
activation. Our human studies also attest to the importance of im-
mune activation (strong enough to require hospitalization) late in
development in ASD.
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RESULTS

Early postnatal immune activation induces long-lasting
social memory deficits in adult Tsc2*/~ male mice

Male and female Tsc2"~ mice and their wild-type (WT) littermates
(WT mice) were injected with either polyinosinic:polycytidylic acid
(Poly I:C; 20 mg/kg) or saline (control) intraperitoneally at postnatal
day 3 (P3), P7, and P14 (Fig. 1A). We then tested the mice as adults
(4 to 6 months old) in the three-chamber social interaction test (SIT)
(21). Although all groups showed normal social interaction (Fig. 1B
and fig. S1B), only male (but not female; fig. S1C) Tsc2"~ mice
injected with Poly I:C early postnatally (Tsc2"~ Ep) showed social
memory deficits (no preference for the novel mouse versus the
familiar mouse in the social memory test; Fig. 1C). This social
memory deficit was independently confirmed by two scientists in
A.].S’s laboratory (fig. S2, A and B), as well as with an alternative
protocol for social memory test (fig. S2, C and D) (22), demonstrating
the robustness of this phenotype. All groups tested (fig. S3A) showed
equivalent performance in the object recognition memory task (fig.
S3B) (23), indicating that their social memory deficit is not due to
deficits in memory for objects (“object memory”). In addition, un-
like early postnatal injections, adult Poly I:C injections do not trigger
chronic deficits in social memory in Tsc2"~ male mice (fig. S4, A
and B). Together, these data indicate that in the first 2 weeks of life,
Tsc2"~ male mice are especially sensitive to immune activation.

Transcriptomic alterations point to microglial activation

and an elevated interferon response

To explore the mechanisms of social memory phenotypes described
above, we performed RNA sequencing (RNA-seq) studies in three
brain regions (prefrontal cortex, hippocampus, and cerebellum)
previously implicated in social phenotypes (24-26). Previous studies
have implicated the cerebellum (26-29) and prefrontal cortex
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Fig. 1. Early postnatal immune activation triggers social memory deficits in adult Tsc2*~ male mice. (A) Timeline of injections of Poly I:C or saline and behavior
approach. N, novel mouse; F, familiar mouse. (B) Graph shows the % of time that male mice spent actively exploring the empty and the social cups. WT/Poly I:C (n =22;
P <0.0001, t=24.72), WT/saline (n=13; P<0.0001, t=25.74), Tsc2+/'/Pon I:C (n=28; P<0.0001, t=18.75), and Tsc2™"/saline mice (n=21; P<0.0001, t=24.90) show
normal social interaction (they explore significantly more the social cup than the empty cup). Analyses of the data using two-way analysis of variance (ANOVA) revealed
no significant differences between groups. (C) Graph shows the % of time that male mice spent actively exploring the cups with the familiar mouse and the novel mouse.
WT/Poly I:C (n=22; P<0.0001, t=9.43), WT/saline (n=13; P<0.0001, t=10.35), and Tsc2™"/saline mice (n=13; P<0.0001, t=15.34) show normal social memory (they
explore significantly more the novel mouse than the familiar mouse), but Tsc2*~/Poly I:C (n = 28; P=0.715, t = 0.36) mice show social memory deficits (show no preference
for the novel mouse). Two-way ANOVA analyses using time spent exploring the novel mouse as the dependent variable revealed a significant treatment x genotype interaction
[F(1,80) =8.68, P=0.0042], and Sidak post hoc test revealed a simple main effect of genotype on the Poly I:C group (P < 0.0001, t=5.33). Data represent means + SEM as

well as values for individual mice.

(24, 30-32) in social phenotypes, including social interaction and
social memory. Moreover, previous papers have also implicated those
areas in social communication calls (26, 33-35). Across regions, we
identified 17 genes exhibiting differential expression [false discovery
rate (FDR) < 0.1] (fig. S5) ~4 months after Poly I:C exposure
(Fig. 2A) in Tsc2*"~ Ep male mice compared with controls. As a class,
known markers of microglia were significantly enriched among
up-regulated genes (table S1), suggesting activation of this cellular
population (FDR < 0.0002) (Fig. 2B). The RNA-seq results reported
could reflect changes in cells other than microglia (e.g., macrophages).
However, multiple convergent lines of evidence presented here
demonstrate that changes in microglia are a key contributor to the
social memory deficits of the Tsc2 mice with early postnatal immune
activation. Further, we also observed significant enrichment of in-
terferon (IFN) response genes among the up-regulated differential
expression signal (FDR < 0.06) (Fig. 2B). These results mirror
previous findings in ASD (Fig. 2C) (36) and point to a lasting
up-regulation of microglia and IFN response pathways, which may
underlie behavioral changes in Tsc2"~ Ep male mice. The analyses
reported here represent the main effects all across three brain re-
gions, which were done to identify regionally consistent, robust effects.
Some of the top affected genes show complete or near-complete
separation in expression between groups, representing large-effect
changes. When analyzed within each brain region individually, we
identified 137 differentially expressed genes at FDR < 0.1 or 104 genes
at FDR < 0.05. Data file S1 includes a full summary statistic for all
differential expression results.
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Adult depletion of microglia results in the permanent rescue
of the social memory deficits of male Tsc2*~ Ep mice

The results described above suggest that early postnatal immune
activation increased IFN production by adult microglia in Tsc2*~
Ep male mice, thus leading to social memory deficits. Inhibition of
the colony-stimulating factor 1 receptor (CSF1R) results in the
elimination of ~99% of all microglia brain-wide (Fig. 3B) (37), and
therefore, we treated Tsc2"~ Ep male mice with a CSFIR inhibitor
(PLX5622 chow or vehicle control chow; Fig. 3A) for 21 days and
then tested social memory. Treatment with PLX5622 completely
rescued the social memory deficits of Tsc2*~ Ep male mice (Fig. 3C),
and the rescue is still present when microglia repopulate the brain
2 months later (Fig. 3D).

Unlike Tsc2”~ Ep males, Tsc2"~ Ep female mice do not show
social memory deficits (fig. S1C), a result that could be due to differ-
ences in microglia development (38). To test whether adult repopu-
lation of microglia may reopen a window of sensitivity to immune
activation in adult male and female Tsc2™~ mice, we first depleted
the microglia of adult Tsc2"~ male and female mice with a 21-day
PLX5622 treatment. During the repopulation and maturation of
the new microglia population, we injected the mice with Poly I:.C
(20 mg/kg; Fig. 4A) and then tested social memory 6.5 weeks after
the last Poly I:C injection. Although this treatment did not affect
social interaction [discrimination index (DI) for social cup in male:
79.73%, P < 0.0001; DI in female: 69.76%, P < 0.001], it disrupted
social memory in Tsc2*~ male and female mice (Fig. 4, B and C).
Nevertheless, subsequent microglia depletion was able to rescue
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Fig. 2. Gene expression changes in the brain of Tsc2*/~ mice with early postnatal immune activation. (A) Timeline for injections of Poly I:C. (B) Up-regulated genes
are enriched for microglial markers and IFN response pathways, as shown by gene set enrichment analyses. Genes are ranked by differential expression log, fold change.
NES, normalized enrichment statistic. (C) Analogous enrichment of microglia and IFN response pathways is observed among up-regulated genes in ASD from postmortem

frontal and temporal cortex samples compared with matched controls.

this social memory phenotype in both males and females (fig. S6, B
and C). These results strongly support the hypothesis that immune
activation during a sensitive period of microglia developmental can
lead to permanent social memory deficits in Tsc2*~ mice.

Postnatal immune activation causes permanent social memory
deficits in mice with the Tsc2*/~ mutation restricted to microglia
To directly test the critical role of microglia in the social memory
deficits of Tsc2*'~ mice, we restricted this mutation to microglia (39).
Specifically, we tested whether the injection of Poly I:C during
microglia repopulation in adult male and female mice could trigger
social memory deficits in a Cx3cr1“™-Tsc2P°* mouse model with a
floxed Tsc2 allele specifically deleted in microglia by Cre recombinase
expressed from a microglia-specific promoter (Cx3crl) (39). Although
a previous study with Cx3cr1-Cre; Tscl mutant mice (40) reported
spontaneous seizures, in the Cx3crl-Cre; Tsc2 mice that we tested,
we have never observed evidence for seizures.

After a 21-day PLX5622 treatment, we injected mice with Poly
I:C (20 mg/kg) during microglia repopulation (Fig. 5A) and then
tested social memory as described above. All groups showed normal
social interaction (fig. S7C), but Cx3cr19-Tsc2M°* male and female
mice with the immune activation treatment showed robust social
memory deficits (Fig. 5C).

We also repeated the studies just described with mice with a
tamoxifen-inducible Tsc2"~ mutation restricted to microglia (the
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Cx3cr1“FR T2 mouse model) (41) that could be specifically
triggered in adults. Because the induction of the Tsc2 deletion in the
Cx3cr1“ R mice precluded early postnatal immune activation, as
carried out for the Tsc2"™~ mice, in the Cx3cr1 “FR-Tsc2F* mice, we
tested the role of immune activation in social memory after microglia
repopulation in adult mice. We confirmed that 4-hydroxytamoxifen
(4-OHT) did not affect social interaction (DI for social cup in male:
75.49%, P < 0.001; DI in female: 75.91%, P < 0.001) or social memory
(DI for novel mouse in male: 59.52%, P < 0.05; DI in female: 59.2%,
P < 0.001) in the Cx3cr1“™*R-Tsc2"°% mice. Although all groups
showed normal social interaction (fig. S7D), Cx3cr1CreER_TgcpFlox
mice (male and female) injected with 4-OHT (for Cre recombinase
activation), and later injected with Poly I:C after PLX5622 treatment,
showed a robust social memory deficit (Fig. 5D). These results
demonstrate that activation of the Tsc2"~ mutation specifically in
microglia in adults together with immune activation is sufficient to
cause social memory deficits in Tsc2"~ mice.

The IFN-alpha/beta receptor a chain knockout prevents
social memory deficits induced by early postnatal immune
activation in Tsc2*/~ Ep male mice

Prompted by our RNA-seq results, we evaluated the role of type I
IFN signaling on the social memory phenotype of male Tsc2"~ Ep
mice. Although male Tsc2*~ Ep mice showed robust social memory
deficits (Fig. 1C), male Tsc2*~ Ep mice with a null mutation for the
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Fig. 3. Effects of microglia depletion in male Tsc2*/~ Ep mice. (A) Timeline for injections of Poly I:C, treatment with PLX5622 (PLX; depletes microglia) or control chow
and behavior approach. (B) IBAT immunostaining of Tsc2*/~ control, PLX, and 2 months after PLX mice. The treatment with PLX led to the elimination of most microglia in
the whole brain (hippocampus shown as example) compared to the control group (hippocampus shown as example). Two months after PLX, the microglia had repopulated the
brain (hippocampus shown as example). (C) Tsc2™7/PLX mice (n=13; P<0.0001, t=7.10), but not Tsc2"~/control (n=12; P=0.0502, t=2.07) mice, show normal social
memory. (D) Tsc2*/~ mice 2 months after PLX (n1=11; P < 0.0001, t=8.11), but not Tsc2*/~ mice 2 months after control (n=10; P=0.67, t = 0.42), show normal social memory.
Data represent means + SEM as well as values for individual mice. Scale bars, 200 um.

IFN-alpha/beta receptor alpha chain gene (Tsc2"~/IFNAR1 ™~ Ep mice)
showed normal social memory (Fig. 6, A and B). These results demon-
strate the role of type I IFN signaling in the social memory deficits
of Tsc2"~ Ep mice. Although we could have used other methods to
address this possibility, including antibodies specific to IFNB, we used
a genetic approach because of its specificity and ease of use.

Two hours after a Poly I:C injection (42, 43), Tsc2"/~ mice showed
a significantly higher level of IFN (type I IFN) compared to their
WT littermates (Fig. 7, A and C), and this could be reversed by
rapamycin [5 mg/kg; mammalian target of rapamycin (mTOR)
inhibitor (44)] given at the same time as Poly I:C (Fig. 7, B and D).
Rapamycin (5 mg/kg) also can prevent (Fig. 8, A and C) and perma-
nently rescue (Fig. 8, B and D) the social memory deficits of Tsc2™~
Ep male mice, a result with considerable implications for the
treatment of social phenotypes in TSC patients with ASD.
Early postnatal immune activation in Tsc2*~ mice exacerbates
vocal communication deficits that are rescued by IFNAR1™/~
It has been previously reported that the Tsc2*/~ genotype alone creates
a vocal communication deficit in mouse pups (45, 46), specifically a
reduced rate of ultrasonic vocalizations (USVs) in Tsc2"~ com-
pared to WT littermates at P6 (45). We replicated this finding and
then characterized the entire call repertoire of both WT and Tsc2"~
at this time point (Fig. 9B). When we statistically compared the two
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groups, we found that Tsc2"~ pups exhibited an increase in the
amount of short calls, chevron, and complex call types. A decrease in
two-syllable calling was also observed. These results, taken together,
suggest that the Tsc2 heterozygous status affects the USV pup calling
pattern both quantitatively (amount of calling) and qualitatively
(types of calls), leading to a call repertoire that is different than WT.

To determine whether early immune activation exacerbates vocal
phenotypes in Tsc2*~ male mice, we then looked at USVs in P6 pups
after a single Poly I:C injection at P3. The P6 time point was chosen
because vocalizations peak in WT pups at this age and this time
point allows for acute recovery from injection at P3 (47, 48). Dis-
ruption of USV calling patterns is thought to model communication
deficits in ASD (46, 49). USVs can be classified into different call
types based on their spectral features (50). There are more simple
call types: short, upward, downward, and flat, where a single har-
monic frequency is present. Simple call types are not preferred by
dams, leading to decreased retrieval, and, thus, may be maladaptive
(51). In contrast, more elaborate call types—harmonic, two syllable,
complex, and chevron—have multiple harmonic frequencies, shift
greatly, have breaks, are dam-preferred, and elicit retrieval.

Poly I:C-treated Tsc2""~ pups, but not their WT littermates, show
a call repertoire dominated by the short call type and exhibit a
significant increase in calls with an abnormal harmonic structure
that does not fit into any predefined call type, referred to as
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miscellaneous (Fig. 9C). We also observed significant decrease in
the amount of harmonic calls observed in Poly I:C-treated Tsc2"~
pups compared to Poly I:C-treated WT pups. These findings, taken
together, suggest a restricted vocal repertoire that is simplified and
may parallel early ASD social communication deficits (see Materials
and Methods for more details).

The IFNAR1™™ mutation rescues the abnormal neonatal vocal-
ization pattern described above for Tsc2"~ mice injected with Poly
I:C (Fig. 9D). Here, we found no difference in the amount of short
or miscellaneous calling between Poly I:C—treated Tsc2"~ and WT
pups. Furthermore, the harmonic call pattern is rescued by the
IFNAR1™~ mutation, which also drives a significant increase in
harmonic calling for Tsc2"~ pups when compared to WT pups. Poly
L:C-treated IFNAR1™"/Tsc2"~ pups also exhibit a decrease in com-
plex, upward, and frequency step call types and an increase in flat
and double call types. These results demonstrate a role of type I IFN
signaling in the social phenotypes of Tsc2"~ mice.

The clinical history of hospitalizations due to infections

during early childhood can predict a future diagnosis of ASD
To determine whether immune activation during later stages of de-
velopment could also contribute to social and other behavioral
phenotypes in human ASD populations, we determined whether
hospitalizations due to infections during early childhood contribute
to the severity and range of phenotypes in ASD. We analyzed the
clinical history of 3,575,462 children. The children were included
into this analysis if they were enrolled in the claims database since
their birth until at least 5 years of age, of 151 million unique Americans
represented in the MarketScan dataset. Of these nearly 3.6 million
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children, 4417 females and 18,232 males were diagnosed with ASD.
Hospitalizations due to infections significantly differentiate two pop-
ulations in boys (Fig. 10A), but not in girls (Fig. 10B): the control
population (boys who did not get an ASD diagnosis in the future)
and boys who, at some point in the future, were diagnosed with ASD.
The male population diagnosed with ASD showed a higher preva-
lence of infections requiring hospitalization from 1.5 to 4 years old,
compared to the control population (Fig. 10A), a result consistent
with the idea that strong immune activation in later stages (e.g.,
postnatal) of development could contribute to ASD phenotypes.
Our human findings suggest that the interaction between genetic
mutations and immune activation may have a far wider clinical
impact than just social memory deficits in TSC2 and, instead, may
be a general principle underlying a number of phenotypes in
psychiatric disorders.

DISCUSSION

Here, we report a set of convergent findings that demonstrate that
early postnatal microglia development is a particularly sensitive
period for the ability of strong immune activation to trigger social
memory deficits in Tsc2"~ male mice, a finding that our human
studies suggest has clinical implications. Poly I:C injections could
have affected other cell types, such as astrocytes, in addition to
microglia. However, the results that we presented demonstrate that
microglia play a critical role in the phenotypes described: (i) RNA-seq
analysis showed a long-lasting up-regulation in microglia genes
(Fig. 2B). (ii) The depletion of microglia is sufficient to permanently
rescue the social memory deficits that Poly I:C injections early
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variable revealed a significant effect of treatment (F(1,23) = 9.63, P=0.005), and Sidak post hoc test revealed a significant difference between Cx3cr1<®/Tsc2 (Tsc2*7)/Poly
I:C mice after PLX and Cx3cr1"®/Tsc2™1* (Tsc2*/7)/Poly I:C mice after control chow (P < 0.01, t = 3.42). (D) Male and female Cx3cr1<*E?/Tsc2™*/vehicle mice injected with
Poly I:C after PLX (n=9; P < 0.0001, t=10.38), but not Cx3cr1 CreER 5 2f19*/4-OHT mice injected with Poly I:C after PLX (n = 8; P=0.40, t = 0.84), show normal social memory.
Data represent means + SEM as well as values for individual mice. As indicated, in (C), Tsc2*~ represents Cx3cr1<-Tsc2"%. In (D), Tsc2*"/~ represents Cx3cr1 e/ /Tsc2M1x,

postnatally induced in Tsc2*'~ male mice (Fig. 3). (iii) The repopu-  disorders, such as ASD, have been shown to have dysfunctional
lation of microglia in adult male and female Tsc2*~ mice, following  microglia (52-56), and transcriptomic analyses of postmortem brain
the depletion of microglia (with PLX5622), reopened a developmental — have implicated this cell type in ASD (36, 57-60). In addition, func-
window when the administration of Poly I:C was able to recreate  tional genomic studies have demonstrated dysregulation of IFN
the social memory deficits in both male and female Tsc2"~ mice signaling in ASD (59).

(Fig. 4, B and C); these social memory deficits can themselves also Immune activation is known to cause a number of different pheno-
be rescued with the depletion of microglia (fig. S6, B and C). (iv)  types in models of psychiatric disorders, including schizophrenia
The Tsc2 mutation restricted to microglia in two different mouse (50, 61). However, unlike the schizophrenia models referenced above,
models together with Poly I:C activation is sufficient to recreate the  our Tsc2 mice with early postnatal immune activation do not show
social memory deficits of the Tsc2 mice (Fig. 5, C and D). These  deficits in social interaction (Fig. 1B and figs. S1B, S7C, and S7D)
four very different lines of convergent evidence demonstrate that and instead show deficits in social memory (Figs. 1C, 4, and 6B).
microglia are both necessary and sufficient for the social memory = We propose that the Poly I:C injection during early postnatal devel-
deficits of the Tsc2 mice triggered by immune activation. Our find-  opment (or during the repopulation of microglia in our adult ex-
ings demonstrate a critical role for mTOR and type I IFN signaling  periments) triggers an exacerbated production of IFN (see Fig. 7C)
in microglia in these memory deficits because, in addition to what  in the Tsc2*'~ mice caused by their elevated levels of mTOR (62, 63).
we mentioned above, we were also able to rescue these deficits by =~ Then, IFNP activates IENARI, which, in turn, activates the mTOR
deleting microglia in the adult brain, as well as with manipulations  pathway, and consequently triggers even more IFN production. This
that either decreased mTOR function or specifically deleted the cycle (fig. S8) is perpetuated in microglia (deleting this cell type re-
IFNARI gene. It is important to note that there are a number of pub-  verses the social memory deficits). In remarkable support of this model,
lished studies that support a role for microglia in neuropsychiatric ~ blocking this cycle in adults with rapamycin permanently rescues the
phenotypes; for example, individuals diagnosed with neuropsychiatric  social memory deficits of the Tsc2*"~ Ep mice. Thus, our results strongly
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support a key role for this mechanism in the social memory deficits
that we found. These results are consistent with recent findings that
show that type I IFN can disrupt cognitive function (64-66).

Our findings provide evidence for the idea that severe (i.e., re-
quiring hospitalization) infections in later stages of development
(e.g., early postnatally) could contribute to the development of ASD.
In addition, our results provide the first detailed mechanisms for
how immune activation during these later stages of development
coupled to genetic susceptibility could contribute to social memory
and communication deficits and that these phenotypes could be pre-
vented or even permanently reversed with drugs that target mTOR
and IFNB signaling.

MATERIALS AND METHODS
The Chancellor’s Animal Research Committee at the University of
California, Los Angeles approved the research protocols used here.

Experimental design and subject details

Tsc2"~ mice

To test the impact of immune activation during early postnatal de-
velopment on Tsc2"'~ mice, we first crossed male Tsc2"~ mice (62)
with female WT mice. Tsc2*~ male breeders were on a C57BL/6Ncrl
genetic background (Charles River Laboratories, catalog no. 027).
We used C57BL/6] females [the Jackson Laboratory (JAX), catalog
no. 000664] to generate experimental mice. Pregnant females were
single-housed and left undisturbed except for weekly cage changes.
Pregnancy was determined by checking for abdominal distension.
For all the mice studied here, pregnant females were checked every
day to determine the exact day when the pups were born (designated
as P0). Pups were injected intraperitoneally with either Poly I:C
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Fig. 7. Role of mammalian target of rapamycin in the increased production of IFNf in Tsc2*'~ mice caused by postnatal immune activation. (A) Time points of blood
collection after Poly I:C injection. ELISA, enzyme-linked immunosorbent assay. (B) Time points of blood collection after Poly I:C and rapamycin (Rap) injection. (C) Tsc2"~/
Poly I:C mice show significantly higher levels of serum IFNB compared to WT/Poly I:C mice (P < 0.001, t=4.75) 2 hours after Poly I:C injection. There is no difference in
serum IFN levels between Tsc2+/'/Pon 1:Cand WT/Poly I:C mice immediately (P> 0.05, t = 0.00) or 4 hours (P > 0.05, t = 0.163) after Poly I:Cinjection. (D) There is no difference
in serum IFNB levels between WT/Poly I:C + Rap and Tsc2*/~/Poly I:C + Rap mice immediately (P> 0.05, t=0.00), 2 hours (P> 0.05, t=0.73), or 4 hours (P> 0.05, t = 0.06) after
the injections. Numbers of mice used in (C) were as follows: 6 (WT/Poly I:C, 0 hours), 5 (Tsc2*/~/Poly I:C, 0 hours), 7 (WT/Poly I:C, 2 hours), 7 (Tsc2*/~/Poly I:C, 2 hours), 7 (WT/Poly
1:C, 4 hours), and 6 (Tsc2+/'/Pon I:C, 4 hours). Numbers of mice used in (D) were as follows: 3 (WT/Poly I:C+ Rap, 0 hours), 7 (T5c2+/'/Pon I:C+Rap, 0 hours), 7 (WT/Poly
I1:C+Rap, 2 hours), 7 (Tsc2"~/Poly I:C + Rap, 2 hours), 3 (WT/Poly I:C + Rap, 4 hours), and 3 (Tsc2"~/Poly I:C + Rap, 4 hours).
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SEM as well as individual data points.

(20 mg/kg; Sigma-Aldrich, St. Louis, MO, USA; potassium salt; Poly
LI:C is supplied at 10% of the total weight of the salt; dosage was based
on the weight of Poly I:C itself) or vehicle only (0.9% sterile saline)
at P3, P7, and P14. To test the effect of immune activation in adult
Tsc2*"~ mutants, adult WT and mutant mice were injected three times
with Poly I:C (20 mg/kg) following a similar relative schedule as that
used during early postnatal development. Tail biopsies for genotyping
were taken around P40.

IFNAR1™/Tsc2*"~ mice

To test the importance of type I IFNo and IFNB for the phenotype
that we observed in Tsc2"~ Ep mice, we generated mice that included
both the Tsc2*~ and IFNAR1 ™~ null mutations by crossing Tsc2"~

male breeders with IFNAR1 ™~ females (bred on a C57Bl/6] back-
ground) for three generations (F3). These mice, together with
controls, were injected early postnatally with either Poly I:C or
saline at P3, P7, and P14 (see above). Tail biopsies for genotyping
were taken around P40.

Cx3cr1e-Tsc2"°" mice

To confirm whether microglia play a critical role in the social memory
deficits that Tsc2*~ mice show after postnatal immune activation,

we crossed Cx3cr1™ mice (JAX, stock no. 025524) with Tsc2"* mice
(JAX, stock no. 027458) to generate mice that carry the Tsc2 muta-
tion only in microglia. The experimental mice were injected three
times with Poly I:C (20 mg/kg) during microglia repopulation in
adults (after a 21-day treatment with PLX5622) with a similar relative

Lopez-Aranda et al., Sci. Adv. 2021; 7 : eabf2073 17 September 2021

schedule as that used during early postnatal development. Tail biopsies
for genotyping were taken around P40.

Cx3cr1*ER-Tsc2MX mice

We used this mouse model to test whether heterozygous deletion of
the Tsc2 gene in microglia, specifically in adult mice, was sufficient
to recreate the vulnerability to postnatal immune activation. We
crossed Cx3Cr1““FR mice expressing tamoxifen-inducible Cre re-
combinase (JAX, stock no. 021160) with Tsc2Fl°X mice (JAX, stock
no. 027458) to generate mice that carry the Tsc2*~ mutation only in
microglia of adults. The experimental mice were injected intraperi-
toneally with 4-OHT (Sigma-Aldrich, catalog no. H6278; 50 mg;
75 mg/kg) once per day during four consecutive days. Four weeks
after the last injection of 4-OHT, the experimental mice were injected
three times with Poly I:C (20 mg/kg) during microglia repopulation
in adults (after a 21-day treatment with PLX5622) with a similar
relative schedule as that used for the early postnatal experiments.
Tail biopsies for genotyping were taken around P40.

Method details

Social interaction test

Behavioral experiments were conducted in 4- to 8-month-old mice.
Crawley’s three-chamber test for sociability and preference for so-
cial novelty was performed as described previously (67). Before the
test, mice were handled for 8 min daily for six consecutive days. Then,
in the next 2 days, they were habituated in an open field (63.6 cm by
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Fig. 9. A null homozygous mutation of type | IFN receptor (IFNAR1 ~I) prevents the changes in USV patterns of Tsc2*/~ Ep pups. (A) Timeline for injections of Poly
1:C or saline and behavior approach. (B) Comparative USV call data for saline-treated WT pups (n = 9) shown as bars for each call type with a 95% confidence interval in red
indicating the number of calls and saline-treated Tsc2*~ pups (n=9) shown as floating lines. Significance is reached for short, chevron, and complex all types (increased
in Tsc2+/'), and also for two-syllable (deceased in Tsc2+/')‘ (€) Comparative USV call data for Poly I:C-treated WT pups (n = 3) shown as bars for each call type with a 95%
confidence interval in red indicating number of calls and Poly I:C-treated Tsc2*/~ pups (n = 8) shown as floating lines. Poly I:C—treated Tsc2*/~ pups make significantly less
harmonic calls but more short and miscellaneous calls when compared to Poly I:C-treated WT pups. (D) Poly I:C-treated Tsc2*/~/IFNAR1™~ mice (n = 12) show no differ-
ences in the amount of short and miscellaneous call types compared to the WT/IFNAR1 = Poly I:C mice (n =8). Poly I:C-treated Tsc2"/~/IFNAR1™~ mice show an increase

in harmonic calling when compared to Poly l:C-treated WT/IFNAR1 ™/~

mice. Other observable changes for Poly I:C-treated Tsc2"~/IFNAR1™~ mice include a decrease in

complex, frequency step, and upward call types, and also an increase in flat and double call types.

43 cm by 24.5 cm; Plexiglas) divided into three equally sized inter-
connected chambers (left, center, and right) for 12 min. On the test
day, an ovariectomized female (JAX, catalog no. 000691) was placed
in the right or left compartment in a wire cup (“social cup”), while
the other side contained an empty wire cup (“empty cup”). The test
subject was released into the center compartment and allowed to
freely explore the three compartments of the open field for 10 min.
The exploration time was recorded during the test. Location of the
social cup in the left or right chamber during the test was counter-
balanced between trials. The three-chamber apparatus was cleaned
after each session. Sessions were video-recorded, and social explo-
ration time was scored offline by one to two blinded and experienced
observers using stopwatches. Usually, the variation between observers
was minor (0 to 3 s in the 10-min exploration sessions). Exploration
was counted only when the test mouse touched with its nose either
the empty cup, the social cup, or the ovariectomized female. All
experiments and scoring were carried out blind to genotype and
treatment condition.

Lopez-Aranda et al., Sci. Adv. 2021; 7 : eabf2073 17 September 2021

Social memory test

Twenty-four hours after the SIT, mice were tested for social mem-
ory. This test involved the previously presented ovariectomized
female (familiar mouse) located in the same chamber (left or right)
as during training (SIT) and a new ovariectomized female (novel
mouse) located in the cup that was empty during training. The test
subject was released into the center compartment and allowed to
freely explore the three-compartment open field for 10 min. The
exploration time was recorded during this test as described above.
Location of the new mouse in the left or right chamber during the
test was counterbalanced between trials attending to the location of
the familiar ovariectomized female during training, such that the
location of the familiar ovariectomized female was always the
same between training and test. The three-chamber apparatus
was cleaned after each session. Sessions were video-recorded and
scored offline as described above. As described above, experi-
ments and scoring were carried out blind to genotype and treat-
ment condition.
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Fig. 10. Prevalence of hospitalizations due to infections in early childhood predicts the development of ASD in humans. (A) Probability of contracting an infection
associated with hospitalization for male children over time. (B) Probability of contracting an infection for female children requiring hospitalization over time. (A and B)
Before 1.5 years of age, infections associated with hospitalization are more prevalent in the control group, and after that, they are more prevalent in the group that, at a
future time, are diagnosed with ASD. Infections associated with hospitalization significantly differentiate two population in males (A) but not in females (B): the control
population (children who do not get ASD at a future time) and a population of children who, at some point in future, are diagnosed with ASD. The number of individuals

in (A) was 200,552 (male). The number of individuals in (B) was 48,576 (female).

Novel object recognition test

The novel object recognition test was carried out as described pre-
viously (68). Twenty-four hours after the social memory test, mice
were habituated in an open field (41.5 cm by 41.5 cm by 40.5 cm) for
2 days for 12 min. During the training session, mice were placed
back in the open field, this time with two identical objects, and they
were allowed to explore freely for 7 min. After a 24-hour interval,
mice were tested for object memory with the previously presented
object and a new object. Location of the new object during the test
was counterbalanced between trials. Mice were trained or tested in
any test only once per day. The open field was cleaned after each
session. Sessions were video-recorded and scored offline as described
above. The variation between observers was normally less than 2 s
in the 7-min exploration sessions. Exploration was counted only
when the test mouse touched the objects with its nose. All experi-
ments and scoring were carried out blind to genotype and treatment
condition. The objects included in this study were small bottles or
containers of different shapes.

Recording and analysis of pup ultrasonic isolation vocalizations
Mouse pups were removed from the nest, four at a time, and indi-
vidually placed into sound attenuation chambers for recording.
Pups were then recorded in isolation for 15 min. All dams were WT
except in the case of the IFNAR1 ™™ pups, where Tsc2"~ dams were
included. An ultrasonic microphone (CM16; Avisoft Bioacoustics,
Nordbahn, Germany) was suspended through a hole in the top of
the chamber and recorded calls. Microphones were connected to a
recording device (UltraSoundGate 416Hb, Avisoft Bioacoustics)
allowing for transduction to spectrograms for further analysis
(Avisoft SASLab Pro). Recordings were conducted at P6. After the
P6 recording session, each pup was tattooed to enable identification
for later recording and genotyping procedures. Pups were recorded
within the same 2-hour time window each day (light: 10:00 a.m.
to 12:00 p.m.) to control for circadian effects. Temperature was
maintained at 21° to 22°C. USV's were segmented using an in-house
MATLAB code and then classified using Vocal Inventory Clustering
Engine (VoICE) as previously described (69).

Lopez-Aranda et al., Sci. Adv. 2021; 7 : eabf2073 17 September 2021

Call types were classified according to Scattoni and colleagues
(70), and in the case of rapid succession of calls (<10 ms between
calls), the “double” and “triple” call types were added to our catego-
rization schema. The “miscellaneous” category includes all highly
abnormal call types that do not fit into any other categorization. For
statistical analyses, see section below.

Poly I:C administration

We freshly dissolved Poly I:C potassium salt (Sigma-Aldrich, catalog
no. P9582-50MG; Poly I:C is supplied at 10% of the total weight of
the salt; dosage was based on the weight of Poly I:C itself) in vehicle
solution (0.9% sterile saline) before use.

Early postnatal administration. Tsc2"~ and WT mice were in-
jected intraperitoneally with Poly I:C (20 mg/kg) or vehicle at P3,
P7,and P14.

Administration 2 hours before social memory test. Adult (4 to
6 months) Tsc2"~ and WT littermates were injected intraperitoneally
with either Poly I:C (20 mg/kg) or vehicle at 4 months, 4 days, 11 days,
and 12 days later.

Administration 8 weeks before social memory test. Adult (~4 months)
Tsc2"~ and WT littermates were injected intraperitoneally with
either Poly I:C (20 mg/kg) or vehicle at 4 months, 4 days, and
11 days later.

Administration during repopulation of microglia in adult mice.
Adult (4 to 6 months) Tsc2"”~ and WT littermates were fed with
PLX5622 or control chow during 21 days (see the “PLX5622 treat-
ment” section for more details). The mice were injected intraperito-
neally with Poly I:C (20 mg/kg) 10 hours, 4 days, and 11 days after
the treatment with PLX5622 or control chow.

Rapamycin treatment

We freshly dissolved rapamycin (5 mg/kg; LC Laboratories, catalog
no. R-5000) in vehicle solution [100% dimethyl sulfoxide (DMSO);
Sigma-Aldrich, catalog no. D5879-500ML] before use.

Adult treatment. Tsc2*"~ mice were injected with Poly I:C at P3,
P7,and P14. As adults (4 to 6 months), those mice were treated with
a single intraperitoneal injection of rapamycin (5 mg/kg) or vehicle
(DMSO) daily for 5 days before the social memory test. Mice were
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tested for social memory 18 hours after the last injection of rapamycin
or DMSO as well as 2 months after that.

Early postnatal treatment. Tsc2""~ and WT mice were injected
simultaneously with Poly I:C (20 mg/kg) and rapamycin (5 mg/kg)
or DMSO at P3, P7, and P14. As adults (4 to 6 months), those mice
were tested for social interaction and, the next day, for social mem-
ory as described above.

PLX5622 treatment

PLX5622 and control rodent diet was provided by Plexxikon Inc.
and formulated in AIN-76A standard chow by Research Diets Inc.
at the doses indicated below.

PLX5622 treatment in mice injected with Poly I.C early postnatally.
We injected Tsc2*"~ mice with Poly I:C (20 mg/kg) at P3, P7, and P14.
As adults (4 to 6 months), those mice were fed with PLX5622 (1200 mg/
kg; catalog no. D11100404i) or control chow (catalog no. D10001i)
for 21 days (71). At day 21 of PLX treatment, mice were tested for
social interaction and, 24 hours later, for social memory. Mice were
tested again, 2 months after the last day of PLX treatment, for social
interaction and, the next day, for social memory.

PLX treatment in adult mice that were not injected with Poly I:.C
early postnatally. Adult (4 to 6 months old) WT and Tsc2"~ mice
were fed with PLX5622 (1200 mg/kg) or control chow for 21 days
(5 g of chow per mouse per day). The mice were then injected with
Poly I:C (20 mg/kg) at 10 hours, 4 days, and 11 days after the last
PLX or control chow treatment. Two months later, mice were tested
for social interaction and, 24 hours later, for social memory as de-
scribed above.
4-OHT treatment
A solution of 4-OHT was prepared using pure ethanol (Sigma- Aldrich,
catalog no. E7023-1L) and corn oil (Sigma-Aldrich, catalog no. C8267-
500ML). First, we added the 4-OHT (125 mg/ml; Sigma-Aldrich,
catalog no. H6278-50 mg) to ethanol (100%; pure) and incubated
this solution at 55°C with vortexing for 15 min. Then, corn oil was
added to a final concentration of 4-OHT (12.5 mg/ml). Adult ex-
perimental mice were injected intraperitoneally with either 4-OHT
(75 mg/kg) or vehicle once a day for four consecutive days.

Kinetic analysis of IFNp and protein quantification

Adult (4 to 6 months old) Tsc2"~ and WT littermate mice received
a single intraperitoneal injection of Poly I:C (20 mg/kg). Blood was
collected by retro-orbital puncture. Serum was separated from clotted
blood by centrifugation. Serum IFNB was measured using the Verikin
Mouse IFN-Beta ELISA (PBL Assay Science, Piscataway Township,
New Jersey) according to the manufacturer’s instructions. The con-
centration of sample IFNp was determined by calculating the four-
parameter fit of the standard curve. P values were calculated by two-way
analysis of variance (ANOVA).

Immunohistochemistry

This was performed as described earlier (72). Briefly, mice were
perfused transcardially with a fixative containing 4% paraformalde-
hyde and cryoprotected with 30% sucrose. Coronal and sagittal
brain sections, 60 um thick, were incubated overnight at 4°C with
monoclonal rabbit anti-Ibal (1:1000 dilutions; Wako Chemicals,
catalog no. 019-19741). The sections were then incubated for
90 min with Alexa Fluor 488 goat anti-rabbit immunoglobulin G
(1:500 dilutions; Invitrogen, catalog no. A11011). After that, the
sections were incubated in 4',6-diamidino-2-phenylindole (1:1000
dilutions) for 15 min and then in phosphate-buffered saline for
14 min. The immunofluorescence labeling was detected with a
confocal microscope.
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RNA-seq methods for Tsc2*"~ Poly I:C brain gene

expression analyses

Brain tissue from prefrontal cortex, hippocampus, and cerebellum
was macrodissected and flash-frozen on dry ice. Approximately 50
to 100 mg of frozen brain tissue were then pulverized, and RNA was
extracted using QTAGEN miRNeasy kits according to the manufac-
turer’s protocol. For each sample, RNA integrity number values were
quantified using an Agilent Bioanalyzer. RNA-seq libraries were
prepared using TruSeq Stranded mRNA Library Prep kits following
ribosomal RNA depletion using Ribo-Zero Gold (Illumina). Libraries
were barcoded and randomly pooled in sets of 18. Each pool was then
sequenced twice on an Illumina HiSeq 4000 with standard chemistry
and protocols for 69-base pair paired-end reads to achieve an aver-
age depth of 35 million reads per sample. Demulitplexed fastq files
were mapped to the mouse reference genome assembly (GRCm38/
mm10) using STAR (version 2.5.2a). Quality control was performed
using Picard Tools v2.6.2 (CollectAlignmnetSummaryMetrics,
CollectRnaSeqMetrics, CollectGeBiasMetrics, CollectInsertSizeMetrics,
and MarkDuplicates). To control for differences in RNA quality, read
depth, and other sequencing-related technical artifacts across sub-
jects, we created a matrix of “sequencing statistics” corresponding
to the aggregate of above Picard Tools metrics for each sample.
Two sequencing statistics, seqPC1 and seqPC2, were calculated as
the first and second principal components of this matrix and were
used as covariates in downstream analyses as previously published
(36). Gene expression levels were then quantified using Kallisto with
Gencode M17 annotations and compiled using the tximport package
in R. Genes were filtered to retain only those with a minimum
counts per million (CPM) of 1 in at least half of the samples. Outliers
samples (n = 1) were identified from each brain region separately as
those with standardized sample network connectivity Z scores < -2,
as described (73), and were removed. Count-level data then under-
went trimmed mean of m values (TMM) scale normalization,
followed by voom transformation and differential gene expression
using the limma package (74) in R. Random effects of individual
subject were accounted for using the duplicateCorrelation function,
controlling for the fact that several brain samples were taken from
the same mouse (multiple regions, both hemispheres). Test statistics
were calculated for the following contrast: Tsc2*/~ early postnatal
Poly I:C versus Tsc2"~ early postnatal saline. Local FDR correction
was applied to account for multiple comparisons with the fdrtool
package in R. Genes with FDR < 0.1 were identified as being differ-
entially expressed. Cell type-specific enrichment analysis was per-
formed using the GSEA function in the clusterProfiler package,
using markers derived from Zhang et al. (75).

Analysis of the correlation between ASD and history of severe
infections during childhood

The figures were generated in three stages: (i) From a very large health
record dataset, we selected child medical histories that spanned the
time interval from a child’s birth to their 5-year-old age. (ii) We matched
children that eventually developed ASD (“affected”) with unaffected
kids, using all descriptors available to us (county and sex), and then,
(iii) we statistically compared these two groups of children with re-
spect to their susceptibility to infectious versus noninfectious dis-
eases. In the first stage, we used Truven MarketScan, an insurance
claim dataset covering over half of the U.S. population to select
3,575,462 unique child histories, including 1,636,108 females and
1,939,354 males. In the second stage, we matched individual histo-
ries by sex and county to select 10 comparison unaffected individuals
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for each affected individual. This way, we identified 18,232 affected
male histories matched with 182,320 unaffected ones, as well as 4416
affected female histories matched with 44,160 unaffected ones. The
total number of individuals under consideration thus ended up to
be 249,128 (including 48,576 females and 200,552 males). The females
were distributed across 979 U.S. counties, while the more numerous
boys were distributed across 1749 counties.

The third stage included three steps leading to a computation of
99% confidence intervals for the probability of infectious and non-
infectious diseases experienced by children in each group during each
year of life. The three steps included (i) bootstrap resampling, (ii) central
tendency estimation, and (iii) confidence interval determination.

The computations were conducted using the seaborn package
(https://seaborn.pydata.org). To identify ASD, we used the following
The International Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM) codes: 299.0, 299.00, 299.01, 299.9, 299.8,
299.91, 299.90, 299.80, 299.81, 299.1, 299.10, and 299.11.

To identify infections, we used the following codes: 487.8, 488.12,
488.1, 488.0, 488.01, 488.02, 487.0, 487.1, 488.19, 488.09, 488, 487,
488.11,112.3,112.2,112.1, 112.0, 112.5, 112.9, 112.8, 115, 114, 117,
116,111,110, 112, 112.84, 112.85, 116.0, 118, 112.82, 115.09, 110.1,
111.3,115.1,115.00, 111.0, 110.5, 111.1, 115.90, 115.99, 115.19, 115.9,
518.6,117.2,117.3, 117.0, 117.1, 117.6, 117.7, 117.4, 117.5, 111.8,
117.8, 117.9, 116.2, 116.1, 111.9, 115.0, 110.0, 110.3, 110.2, 114.9,
110.4,111.2,110.6,110.9,110.8,114.1,115.10, 114.3,112.89, 005.81,
005.89, 001.0, 001.1, 001.9, 003.0, 003.2, 003.8, 003.9, 008.6, 008.5,
008.4, 008.3, 008.2, 008.1, 008.0, 008.8, 003.20, 003.24, 003.29, 008.44,
008.45, 008.46, 008.47, 008.41, 008.42, 008.43, 008.49, 006.0, 006.3,
006.2, 006.5, 006.4, 006.6, 006.9, 006.8, 009.2, 009.3, 009.0, 009.1,
007.5, 007.2, 007.3, 007.9, 004.3, 004.2, 004.1, 004.0, 004.9, 004.8,
008.00, 008.01, 008.02, 008.03, 008.04, 008.09, 002.9, 021.1, 002.1,
002.0, 002.3, 002.2, 022.2, 005.4, 005.2, 005.3, 005.0, 005.1, 005.8,
005.9, 003, 002, 001, 007, 006, 005, 004, 009, 008, 008.69, 008.62,
008.63, 008.61, 008.66, 008.67, 008.64, 008.65, 041.5, 041.7, 041.9,
037, 040.3, 039, 033.1, 033.0, 041.8, 040.2, 032, 033, 040.1, 040.0,
033.9, 033.8, 041.2, 040.4, 027.2, 027.0, 027.1, 041.89, 026.9, 036,
027.8, 027.9, 041.6, 026.0, 032.89, 020.0, 020.9, 020.8, 021.8, 021.9,
032.8, 032.9, 041.84, 023.2, 023.3, 023.0, 023.1, 022.9, 022.8, 041.83,
041.82, 023.8, 023.9, 025, 024, 027, 026, 021, 020, 023, 022, 036.89,
041, 040, 036.8, 036.9, 039.9, 039.8, 041.3, 039.4, 039.3, 039.2, 036.3,
041.81, 040.8, 040.81, 040.82, 041.85, 036.81, 040.42, 040.89, 072.7,
072.0, 072.3, 072.8, 072.9, 078.3, 056.8, 056.9, 056.0, 056.7, 056.09,
056.00, 074.3, 074.0, 074.1, 074.8, 050.9, 050.0, 050.1, 050.2, 079.52,
079.51, 056.79, 079.59, 066.9, 066.8, 055.79, 079.81, 079.82, 079.83,
079.50, 079.88, 079.89, 078, 059.09, 059.00, 059.01, 051.02, 079.3,
051.01, 079.2, 059.12, 060.9, 079.99, 079.98, 060.1, 060.0, 066.3, 066.1,
066.0, 059, 066.4, 055, 056, 057, 050, 051, 059.19, 079.9, 079.8, 059.11,
059.10, 079.1, 071, 079.6, 079.5, 073.8, 061, 060, 065, 066, 059.20,
059.21, 059.22, 079, 066.40, 066.41, 074, 075, 072, 073, 073.7, 057.0,
073.9, 066.49, 057.9, 057.8, 055.7, 078.89, 078.88, 055.9, 055.8, 078.81,
072.71, 072.72, 078.6, 078.7, 078 .4, 078.5, 078.2, 072.79, 078.0, 078.82,
075.0, 065.4, 065.0, 065.1, 065.2, 065.3, 065.8, 065.9, 079.0, 051.9, 078.8,
051.1, 051.0, 051.2, 059.1, 059.0, 059.2, 059.9, 059.8, 066.42.

Statistical analysis

Mouse behavioral data are presented as means + SEM as well as in-
dividual data. For behavioral experiments, statistics presented on the
figures were based on Student’s ¢ tests. We also analyze the data using
two-way ANOVA and Holm-Sidak post hoc analyses and we obtain
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identical results. For the kinetic analyses of IFNp production, two-way
ANOVA was performed. P, t, and F values are presented in the figure
legends, n values are provided in the figure legends. P < 0.05 was
considered significant. P > 0.05, P < 0.05, P < 0.01, P < 0.001, and
P <0.0001 were denoted as n.s. (nonsignificant), ¥, *¥, ***, and ****,
respectively. GraphPad Prism 7 software was used to perform statistical
analyses and for generating graphical representations of the data.

To statistically assess the genotype effect on USV repertoire, we
used a resampling technique, where the WT call distribution was used
to generate an expected call distribution for the Tsc2*/~ animals. The
median count of each call type across WT pups was calculated and
used to generate a resampling pool. From this pool, the total number
of calls made by the Tsc2"/~ pups was drawn, with replacement. The
count of each call type in this resampled distribution was then stored.
This process was repeated 10,000 times, generating 10,000 counts of
each call type expected should the gene knockout have no effect. The
95% confidence interval was calculated for the distribution of each
call type. Last, to determine statistical significance, the average count
of each call type produced by the Tsc2*~ animals was compared to
the resampled distribution. If the average count + SEM fell outside
the 95% confidence interval of the resampled data, then a statistically
significant over- or underrepresentation of that call type was said to
result from the change in genotype.

For RNA-seq analysis, local FDR correction was applied to
account for multiple comparisons with the fdrtool package (76) in
R. Genes with FDR < 0.1 were identified as being differentially ex-
pressed. No animals or data points were excluded from analyses.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf2073

View/request a protocol for this paper from Bio-protocol.
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