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Abstract

Prenatal exposure of the developing brain to various environmental challenges increases

susceptibility to late-onset of neuropsychiatric dysfunction; still the underlying mechanisms

remain obscure. Here we show that exposure of embryos to a variety of environmental factors

such as alcohol, methylmercury and maternal seizure activates HSF1 in cerebral cortical cells.

Furthermore, Hsf1 deficiency in the mouse cortex exposed in utero to subthreshold levels of these

challenges causes structural abnormalities and increases seizure susceptibility after birth. In

addition, we found that human neural progenitor cells differentiated from induced pluripotent stem

cells derived from schizophrenia patients show higher variability in the levels of HSF1 activation
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induced by environmental challenges compared to controls. We propose that HSF1 plays a crucial

role in the response of brain cells to prenatal environmental insults and may be a key component

in the pathogenesis of late–onset neuropsychiatric disorders.

Introduction

It is generally accepted that disturbance of genetic programs and prenatal exposure to

harmful environmental factors increase the susceptibility of the brain to neurological and

psychiatric disorders such as epilepsy, autism and schizophrenia (SZ) (Ben-Ari, 2008;

Thompson et al., 2009). Since new types of detrimental environmental agents are

continuously added to the list and individual differences in susceptibility become evident,

increased attention is being paid to the possible interaction between prenatal environmental

and genetic factors in fetal development.

It has become apparent that functional and anatomical anomalies in the brain provoked by

diverse prenatal environmental challenges include very similar phenotypes (van Loo and

Martens, 2007; Edwards et al., 2003; Edwards, 2006). The cerebral cortex, which develops

through coordinated developmental events such as neurogenesis, migration and maturation

(Rakic, 1988; Ayala et al., 2007), is particularly vulnerable to disturbances in the prenatal

environment. For example, rodent and non-human primate models have shown that prenatal

exposure to alcohol (e.g., Mooney et al., 2004), hypoxia (De Riu et al., 1995), cocaine (e.g.

Lidow, 2003), methylazoxymethanol (Chevassus-au-Louis et al., 1999b), X-irradiation

(Algan and Rakic, 1997) and methylmercury (MeHg) (e.g., Kakita et al., 2001) can cause

similar structural abnormalities in the cortex; e.g., heterotopias and reduced cortical volume

and thickness, in conjunction with decreases in the seizure threshold of offspring (Norman et

al., 2009; Chevassus-au-Louis et al., 1999a,b; Oghlakian et al., 2009; Szasz et al., 1999;

Russo et al., 2008; De Feo et al., 1995). This finding is consistent with human clinical cases;

in addition to genetic mutations (Dixon-Salazar and Gleeson, 2010; Walsh and Engle, 2010),

there is a clear correlation between the pathogenesis of epilepsy and exposure to alcohol,

methylmercury (MeHg), maternal epileptic seizure (with or without antiepileptic drugs),

stroke and infection (Chevassus-au-Louis et al., 1999a).

A main drawback of these animal studies is that, even taking species differences in

metabolic rates of substrates into consideration, exposures were made at much higher levels

than are clinically relevant for humans to yield specific phenotypes to examine. In fact,

although phenotypic manifestation of environmental impacts generally correlates with the

magnitude of exposed environmental challenges, the penetrance is relatively small. On the

other hand, even exposure to subthreshold levels can lead to devastating consequences

(Miller et al., 2006). These lines of evidence imply the presence of shared mechanisms in

the developing brain that increase tolerance against the shared impact of different

environmental challenges and suggest that defects in these mechanisms in certain

individuals may increase the chance of phenotypic manifestation, i.e., onset of disease,

which occurs later in life, even in or post adolescence.

Heat shock proteins (HSPs) are considered essential molecular chaperones that respond to

diverse external challenges in organisms ranging from bacteria to humans (Lindquist, 1986).
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Transcription of HSPs is primarily regulated by the transcription factor, heat shock factor 1

(HSF1) (Wu, 1995; Morimoto, 1998), which plays a dominant role in stress responses,

whereas other HSFs function in normal cellular processes (Christians and Benjamin, 2006;

Akerfelt et al., 2010). The HSF1 response to cellular stresses is deficient in mature neurons

in the adult brain (Morimoto, 2008) but rather strong in the embryonic brain. However,

nothing is known about its role in response to stresses during brain development.

In the present study, we show that HSF1-HSP signaling is strongly activated in the

embryonic cerebral cortex upon exposure to alcohol, maternal seizure and MeHg, even at

subthreshold levels that do not exert obvious cortical anomalies alone, and this activation

contributes critically to reduce the risk of cortical malformation and postnatal seizure

susceptibility. We also provide evidence of unique abnormalities in the activation of the

HSF1-HSP signaling in neural progenitor cells (NPCs) derived from inducible pluripotent

stem cells (iPSCs) from subjects with SZ. These results demonstrate a novel role for HSF1

in increasing fetal cortical tolerance to harsh prenatal environment, thereby decreasing the

prevalence and severity of neuropsychiatric diseases, and they suggest the possible

contribution of prenatal HSF1 malresponse to the pathogenesis of several neuropsychiatric

disorders.

Results

Subthreshold environmental challenges activate HSF1 in the embryonic cerebral cortex

Among the major prenatal risk factors that are known to increase susceptibility to

neurological and psychiatric disorders, we selected three factors for study: ethanol (ETOH),

methylmercury (MeHg) and PTZ-induced maternal seizure. We found that prenatal exposure

to these factors commonly activates HSF1 signaling in the embryonic cerebral cortex (Fig.

1). It is important to note that all three factors were employed at subthreshold levels, which

barely induce aberrant structural abnormalities such as heterotopias in the cerebral cortex

(Hashimoto-Torii et al., 2011). Pregnant CD-1 mice received intraperitoneal injections of

ETOH [25% in phosphate buffered saline [PBS], 2.0 g/kg weight every 24 hours at

embryonic days [E] 14-16], MeHg (5 mg/kg weight at E14) or PTZ (40 mg/kg weight at

E14) (Fig1A). The blood alcohol concentration (BAC) returned to normal 24 hours after

each injection of ETOH in pregnant mice (Hashimoto-Torii et al., 2011). In contrast to the

rapid metabolism of ETOH, the level of inorganic mercury remained stable in the embryonic

brain for 2 days subsequent to injection (Lewandowski et al., 2002). The average behavioral

seizure scale of the PTZ-induced maternal seizure is shown in Figure S1A. Using chromatin

immunoprecipitation, we found a robust increase in Hsf1 binding to the Hsp70 promoter in

the cerebral cortex 3 hours after the injection of EtOH, MeHG or PTZ at E14 compared with

control injections of PBS (Fig.1B, S1B). The effect of prenatal ETOH exposure, in

particular, was also addressed using an in vitro human model, in which human fetal cortical

slices (gestational week 15 to 18) were cultured with 235 mg/dl ETOH for 24 hours

(Hashimoto-Torii et al., 2011). Consistent with the mouse model, HSF1 binding to the

Hsp70 promoter was increased in the slices exposed to ETOH, compared with control slices

cultured with medium containing PBS (Fig.1B, Fig.S1C). Taken together with our

observation that prenatal exposure to these challenges leads to increases of HSP70 mRNA 3
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hours after injection compared with PBS in the mouse cortex (ETOH: Hashimoto-Torii et

al., 2011; PTZ: fold-change 10.99+/-4.08 (SEM) p=0.0369; MeHg: fold-change

12.67+/-4.799 (SEM) p=0.0498), these results substantiate activation of HSP70

transcription by HSF1.

We further examined nuclear translocation of Hsf1 protein in cortical cells dissociated from

mouse embryos 3 hours after injection of the three substances. Using imaging flow

cytometric analysis (IFA), we observed fluorescent signals indicating that Hsf1 labeling

coincided with nuclear DAPI staining, as evidenced by the similarity score (Fig.1A,C). We

found higher rates of Hsf1 nuclear translocation in Tuj1+ young neurons and Nestin+ NPCs

(Fig.1C) than in MAP2+ mature neurons (Similarity Scores of PBS, ETOH, MeHg and

maternal epilepsy in MAP2+ cells were -0.22, 0.19, 0.15, 0.11 respectively.). These

observations suggest cell type specificity in the Hsf1 response to prenatal challenges.

Hsf1 deletion plus subthreshold prenatal exposure to challenges lead to leptomeningeal
heterotopia and reduced cortical size

To address the role of activated Hsf1 in response to external challenges, we next examined

the consequence of prenatal exposure to ETOH, MeHg and PTZ-induced maternal seizure in

the absence of Hsf1 using Hsf1 knockout (KO) mice (Fig.2). Hsf1 heterozygote pairs were

crossed (Fig.2A). In the case of ETOH, we first established that there were no differences in

the BAC profiles between wild-type and Hsf1 heterozygous pregnant mice (Fig.S2A). Hsf1

KO mice typically show defects in oocyte meiosis and the development of preimplantation

embryos but no obvious phenotypic aberrations in their embryonic brains (reviewed in

Christians and Benjamin, 2006). When Hsf1 KO mice were challenged either by ETOH,

MeHg or maternal epilepsy, occupancy of the Hsp70 promoter by Hsf1 was abolished in the

cortex (Fig.1B). However, this observation on heterozygote was comparable to wild-type

mice (PTZ 0.585+/- 0.0929; MeHg 0.508+/-0.0574; ETOH 0.647+/-0.0618, p=n.s by

Student’s t-test). Hsf1 KO pups were born from untreated dams at a lower frequency than

would be expected from Mendelian inheritance. Dams exposed to PBS bore KO pups at a

similar frequency, but dams exposed to ETOH, MeHg or maternal epilepsy bore KO pups at

a lower frequency with normal male to female ratios. The body weight of Hsf1 KO mice was

the same as wild-type and heterozygous mice at birth but became lower than wild-type and

heterozygous mice by postnatal days (P) 10 (14% average reduction at P25). However,

weight loss was not influenced further by the various types of prenatal exposure (data not

shown). In contrast, when examined at P25, the volume and weight of the cerebral cortex

were decreased by the combination of the Hsf1 deletion and exposure to ETOH, MeHg or

maternal epilepsy (Fig.2B,C).

Numerous structural abnormalities were identified in the cerebral cortex of KO and

heterozygous mice exposed to subthreshold prenatal challenges. Notably, a higher incidence

of leptomeningeal heterotopia formation was observed in Hsf1 KO mice that were prenatally

exposed to any of the three factors, compared to the controls (Hsf1 KO mice with PBS

exposure, or Hsf1 heterozygotes exposed to the factors) (Fig.2D,E,S2D). Multiple

heterotopic nodules were also observed in the Hsf1 KO mice exposed to ETOH (Fig.2E).

These heterotopias were most pronounced in the frontal cortex. In addition, we found that
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the thickness of the cortical plate (CP) was slightly reduced in the Hsf1 KO mice exposed to

each of the factors prenatally (ETOH: Fig.2F,G, MeHg and PTZ: data not shown). This

reduction was not observed in Hsf1 KO mice exposed to PBS, although mild hydrocephaly

developed, as reported previously (Santos and Saraiva 2004; Homma et al., 2007). Within

the CP, the thickness of Cutl1+ upper cortical layers (II-IV) was reduced more than that of

CTIP2+ lower layers (V and VI) (Fig.2F). The reduction of upper layer thickness was

evident at birth, before the emergence of hydrocephaly in Hsf1 KO mice (Fig.S2B).

Because upper layer neurons are generated during the exposure time to our, subthreshold

environmental challenges, we hypothesized that the process of neurogenesis was a likely

target of the environmental challenges. To examine this possibility, we performed birth date

labeling with Bromodeoxyuridine (BrdU) at E15 in Hsf1 mice exposed to challenges or PBS

and we counted the labeled cells at P25. The results showed that the number of cells

produced in Hsf1 KO cortex upon prenatal exposure to each factor was decreased versus

PBS-exposed Hsf1 KO or challenge-exposed heterozygous cortices (Fig.2G,H). In contrast,

the number of cells labeled by BrdU at E12, when lower layer neurons are generated but

before challenge exposure, was not affected (Fig.S2C). This finding is consistent with

moderate effects on the thickness of lower layers. Altogether, these results suggest that the

smaller brain is likely caused, at least in part, by temporal reduction of neuronal production

after the exposure in Hsf1 KO mice. Although some neurons extended their migration into

layer 1, where they formed leptomeningeal heterotopias (Fig.S2D), gross neuronal migration

in the cortex was unaffected (Fig.S2E). The ratio of excitatory to inhibitory neurons and the

ratios of interneuron subtypes were not affected (Fig.S2F,G). Cross-fostering between PBS-

and challenge-exposed Hsf1 KO litters did not influence cortical phenotypes in each litter

(Fig.S2H), indicating that the phenotypes depend neither on the effects of the challenge to

the dams nor on maternal behavior.

Prenatal exposure to subthreshold challenges upon deletion of Hsf1 increases
susceptibility to epilepsy

The correlation between prenatal exposure to environmental risk factors and the

pathogenesis of epilepsy associated with malformation of the brain, especially heterotopia in

the cortex, has been reported both in humans and rodent models (reviewed in Chevassus-au-

Louis et al., 1999). Accordingly, we investigated whether the increase in seizure

susceptibility upon prenatal exposure to challenges is affected by the loss of Hsf1. A series

of subconvulsive doses of PTZ (5 mg/kg) was administered intraperitoneally every 10 min

to mice at P21-25 until each mouse had a generalized seizure. Seizure severity was

quantified with Racine’s canonical behavioral seizure scale, and the dose required to

produce a generalized tonic-clonic seizure was compared. As shown in Figure 3A, tonic-

clonic seizures occurred at significantly lower doses of PTZ in Hsf1 KO offspring with a

prenatal history of exposure to any of the 3 challenges versus doses required to elicit

seizures in Hsf1 KO offspring prenatally exposed to PBS or their heterozygous littermates

exposed to the challenges (Fig.3A). In another set of experiments in which the behavioral

seizure score was examined with cumulative dosing of PTZ (15, 20 and 25mg/kg weight),

we found that Hsf1 KO mice with prenatal challenge exposure exhibited overall higher

seizure scores than their heterozygous littermates or the KO mice exposed to PBS (Fig.3B).
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These results indicate that Hsf1 plays a role in curtailing the increase of seizure

susceptibility elicited by prenatal exposure to external challenges.

Next, we performed meditational regression analysis (Baron and Kenny, 1986) to test the

model that heterotopia formation is a mediator of the effect of Hsf1 gene dosage and

prenatal environment on seizure susceptibility. The analysis indicated partial mediation by

heterotopia formation on seizure susceptibility, with an effect ratio of 0.73 (Fig.3C). This

result suggests a correlation between the heterotopias and increased seizure susceptibility,

but identifying a definitive role that heterotopias may play in promoting epileptiform

activity still awaits electrophysiological studies.

Subthreshold challenge exposure increases apoptotic cell death of NPCs in Hsf1 KO
embryos

Having found that the loss of Hsf1 causes the emergence of cortical dysplasia upon prenatal

exposure to various agents or treatments, we sought to determine possible cellular

mechanisms. Given the well-known role that Hsf1 plays as a cellular protective factor

against stress and our results showing reduced thickness of CP in prenatally challenged Hsf1

KO mice at P0, we first tested whether the survival of cortical cells in response to

environmental challenges was affected in the Hsf1 KO embryonic cortex. The degree of cell

death was determined by counting apoptotic cells at E16 by TUNEL staining after exposure

to substrates at E14-16 (Fig.4,S3A). Compared with heterozygous embryos exposed to

ETOH and KO embryos exposed to PBS, the number of TUNEL+ cells was significantly

increased in the entire cortex of KO embryos exposed to ETOH (Fig.4A). The increase was

particularly evident in the ventricular zone (VZ) and subventricular zone (SVZ) (Fig.4A,C).

Apoptosis was similarly increased in the KO cortex exposed to MeHg or PTZ-induced

maternal seizure (Fig.4C). However, prenatal challenges did not induce apoptosis after birth

(Fig.S3E). Interestingly, the NPCs in the hippocampal primordium appeared to be more

vulnerable to maternal epilepsy than to the other agents (Fig.S3B, n=8). Taken together,

these results suggest that NPCs and likely also their immediate progeny, immature neurons,

depend upon Hsf1 for survival in a deleterious prenatal environment.

Meningeal cells of the Hsf1 KO embryos are vulnerable to prenatal subthreshold ETOH
exposure

In Figure 2, we showed evidence of leptomeningeal heterotopias in the cortex of Hsf1 KO

mice exposed prenatally to the substrates. Because pial basement membrane disruption is

thought to be a main cause of leptomeningeal heterotopias (Siegenthaler and Pleasure, 2011;

Barros et al., 2011), we examined the effects of prenatal challenge exposure at the pial

region using the ETOH model, which showed the most pronounced effects on heterotopia

formation (Fig.2). In wild-type mice, nuclear translocation of Hsf1 in meningeal cells was

promoted in the cerebral cortex of ETOH-exposed embryos observed 3 hours after the

exposure at E14 (Fig.S3C). In Hsf1 KO mice, but not in heterozygotes, we observed an

increase in apoptotic meningeal cells by ETOH but not by PBS at E16 (Fig.4B,C). In

addition, the KO cortex occasionally showed cortical regions with disrupted integrity of

basal membrane and fewer RC2+ radial glial endfeet (Fig.S3D), an observation that often

precedes heterotopia formation. Since the number of apoptotic cells in these particular
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regions was similar to that in surrounding regions with normal integrity of basement

membrane, basal membrane disruption might be due to mechanisms independent of

apoptosis in meningeal cells, e.g., impaired attachment between pial cells and extracellular

matrix. Previous studies have shown that meningeal cells provide neurotrophic factors to

NPCs through their endfeet attached to the basal membrane and that the lack of meningeal

cells increases apoptotic cell death of NPCs in the VZ (Radakovits et al.,2009). To address

whether meningeal cells contribute to progression of apoptotic cell death of NPCs in the

ETOH-exposed Hsf1 KO cortex, cortical slices of Hsf1 KO embryos were prepared with

meninges at E15, 3 hours after the second injection of ETOH, and cultured either with or

without meningeal cells purified from other, unchallenged E15 Hsf1 KO embryos (Fig.4D).

We observed a significant reduction in apoptotic cells in the culture supplemented with

unchallenged meningeal cells (Fig.4E,F). The rescue of cell death was also observed to a

similar extent with the meningeal cells purified from wild-type embryos (data not shown).

These results suggest that the death of meningeal cells contributes to apoptosis in neural

progenitors in the ETOHexposed Hsf1 KO cortex.

Subthreshold challenge exposure affects cell cycling of NPCs in Hsf1 KO embryos

Entering growth arrest is a pathway alternative to apoptotic death when cells are exposed to

harsh conditions (Klein and Ackerman, 2003). We therefore measured the proliferation rate

of NPCs at E15 by obtaining BrdU labeling indices in the embryonic cortex after exposure

to substrates (Fig.S3A). Having found a significant reduction of proliferation rate in Hsf1

KO embryos exposed to challenges compared with heterozygous littermate or KO embryos

exposed to PBS (Fig.5A,B), we further examined cell cycling of NPCs with several

molecular markers following subthreshold ETOH challenge. A decrease in Ki67+ (a marker

for active mitotic cells in G2, S and M phases) cells and, conversely, increases in MCM2+/

Ki67- (MCM2 is a marker for quiescent progenitors in G1 phase, Stoeber et al., 2001) cells

and MCM2-/Ki67- postmitotic cells were evident in the VZ/SVZ of the ETOH-exposed Hsf1

KO cortex at E16 (Fig.5C-E). Consistently, the number of PH3+ (a marker for cells in M

phase) cells was reduced, but the neuronal marker Tuj1 increased, revealing elevated and

ectopic neurogenesis in the VZ/SVZ of Hsf1 KO cortex exposed to ETOH (Fig.S4A,B). The

increase in cell cycle exit was also confirmed in these cortices by counting the number of

Ki67- cells labeled with BrdU 1 day before fixation (Fig.S3A, S4C). These results suggest

that Hsf1 activation is indispensable for the NPCs to escape from being arrested at the G1

phase or exiting the cell cycle (G0) prematurely upon exposure to challenge.

RNAi-mediated Hsf1 knockdown in cortical cells revealed cell-autonomous function of
Hsf1

Aberrant placental development in Hsf1 KO embryos (Xiao et al., 1999) or indirect effects

from other tissues may contribute to the damage to cortical cells in challenge-exposed

embryonic cortex. To assess a direct role for Hsf1 in the cortical cells using the ETOH

mouse model, we used an RNA interference (RNAi)-mediated approach to knockdown Hsf1

in the cortical cells. Screening of small hairpin RNA (shRNA) clones with N2A mouse

neuroblastoma cells identified clones C2 and S4 to be the most effective in suppressing the

endogeneous expression of Hsf1 (56 and 62% reduction, respectively)(Fig.S4D). Mouse

embryos were electroporated in utero with either of the two shRNAs at E14, and ETOH was
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administered 6 hours after complete recovery of the dams from anesthesia (Fig.S3A). ETOH

was administered once a day until E15 (Fig.S4F,G,I,J) or E16 (Fig.S4E,H). Consistent with

our previous results with Hsf1 KO mice, the percentage of TUNEL+ apoptotic cells was

increased (Fig.S4E,H) and the proliferation rate of NPCs was reduced (Fig.S4F,I) by the

combination of ETOH exposure and Hsf1 knockdown. An increase in NPCs in the quiescent

state or exiting the cell cycle was also confirmed using MCM2, Ki67 and BrdU

immunohistochemistry (data not shown). These results were further confirmed by Fucci-

G1/0 Orange reporter labeling, which detects G1 and G0 phase cells by expression of

monomeric Kusabira-Orange2 (Sakaue-Sawano et al., 2008)(Fig.S4G,J). All the effects of

Hsf1 knockdown were rescued by co-expressing full-length human HSF1 (Fig.S4H-J).

These results suggest that the cortical phenotypes induced by challenge exposure in Hsf1

KO mice critically depend upon the loss of Hsf1 intrinsic to the cortical cells.

HSP70 mediates the function of HSF1 upon prenatal exposure to ETOH

HSP70 is known as a major transcriptional target of HSF1 (reviewed in Wu, 1995;

Morimoto, 1998), and its transcription is strongly induced by prenatal exposure to

challenges (ETOH: Hashimoto-Torii et al., 2011, PTZ, MeHg: data not shown). To test

whether introduction of HSP70 mitigates the adverse effects of challenge exposure in the

Hsf1 KO cortex, an HSP70 expression plasmid was electroporated into the Hsf1 KO cortex

at E14. We again used the ETOH model for the analysis. ETOH was injected 6 hours after

electroporation and every 24 hours afterward until E15 or E16 (Fig.S3A). Overexpression of

HSP70 reduced the number of apoptotic cells in response to ETOH exposure to that

comparable with heterozygotes (Fig.6A,B,G). However, HSP70 had no effect on the cell

cycling defects as assessed by BrdU labeling and Fucci-G1/0 Orange indices (Fig.6C-F,H,I),

although full-length HSF1 was able to mitigate both, consistent with shRNA studies in

Fig.S4. We detected no effect of prenatal ETOH exposure on apoptotic cell death and cell

cycling in Hsp70 KO mice (data not shown), likely because of the compensation by other

HSPs. Overexpression of HSP70 in wild-type cortex did not show any overt effects on

cortical development (data not shown). Altogether, our results suggest that HSP70 partially

mediates HSF1 functions under environmental challenges, i.e., the inhibition of apoptotic

cell death but has no effect on cell cycling.

Increased cell-to-cell variation in the HSF1 activation level among NPCs differentiated from
human iPSCs derived from subjects diagnosed with SZ

Lastly, we examined the possibility that HSF1 activation is altered in patients with

neuropsychiatric disorders that are thought to be linked to exposure to harsh prenatal

environmental conditions. We used iPSCs derived from patients with SZ (Brennand et al.,

2011) as a model because a number of prenatal environmental risk factors have been

reported to potentially cause or contribute to SZ (Sullivan 2005) and because abnormalities

in HSF1-Hsp70 signaling have been demonstrated in SZ (see Discussion). Two independent

NPC lines from four patients with SZ were employed in the experiments. As our studies

using MeHg and ETOH indicated that NPCs are more susceptible to environmental

disturbances than neurons (Fig.4), we applied the same subthreshold environmental

challenges [MeHg at 0.02 mM, ETOH at 50 mM or PBS (equal volume)] to iPSC NPCs for

3 hours (Fig.7A). We measured the copy number of HSP70 and GAPDH in individual cells
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and found that all cell lines showed a robust increase in HSP70 expression in response to

those challenges (Fig.7D). Notably, although the mean of the HSP70 expression change

showed no differences between control and SZ NPCs, we found that cell-to-cell variability

in HSP70 expression was significantly larger in the SZ NPCs (Fig.7B-D). We did not

observe any difference in cell-to-cell variability in GAPDH measurements (Fig.7D). In

addition, Pearson’s correlation analysis showed no significant correlation (p=0.22) between

the expression levels of GAPDH and HSP70, suggesting that cell-to-cell variability was

specific to HSP70. The increase of expression variability in SZ NPCs was also not due to the

increase or decrease in the mean expression value of each cell line. We performed

measurements of single cell equivalents (Fig.7D); after lysis of individual cells, the lyses of

10 cells were pooled and a 1/10th aliquot was used as single cell equivalent. This procedure

provided very small variability among the samples (Fig.7D). Thus, our results demonstrated

that HSF1-mediated stress response is abnormal in a subpopulation of SZ NPCs at the single

cell level.

Discussion

It is not understood how diverse types of environmental factors lead to similar brain

anomalies and commonly increase susceptibility to neuropsychiatric disorders by interacting

with genetic factors. In this study, we demonstrated that HSF1 is activated by prenatal

exposure to subthreshold levels of different types of environmental challenge and that

impaired HSF1 responses against these subthreshold challenges uncovers common cryptic

cortical anomalies such as formation of leptomeningeal heterotopias, reduction of brain

volume, cortical thickness, and increased seizure susceptibility.

In addition to the three environmental challenges that are the focus of the present study,

exposure to other environmental challenges listed as prenatal risk factors for neurological

and psychiatric disorders, such as virus infection, hypoxia, inflammation (all well-known

factors in the epidemiology of SZ), irradiation and heat are also factors that increase

transcription of HSF1 target genes (Hsps) in many biological contexts (e.g. Melkonyan et

al., 1995) This body of knowledge supports the possibility that HSF1-mediated mechanisms

may be shared by many types of neuropsychiatric disorders thought to be linked to

destructive environmental factors.

Recent studies have revealed that leptomeningeal heterotopias are caused by disruption of

basal lamina that delineates meningeal invagination (reviewed in Siegenthaler and Pleasure,

2011). Therefore, the increased incidence of leptomeningeal heterotopias that we observed

in prenatally exposed Hsf1 KO mice is likely associated with lesions in meninges as well.

Lesions in other non-neural tissues such as placenta may also be involved in the generation

of cortical phenotypes (Hsiao and Patterson, 2011).

We found that Hsp70 harbors Hsf1’s function in protecting cells from apoptotic cell death in

prenatal exposure to challenges but not in protecting NPCs from being arrested in a

quiescent phase or from exiting the cell cycle prematurely. Recent genome-wide high-

throughput analysis using ChIP-on-chip has identified numerous potential direct target genes

of HSF1 (Hahn et al., 2004). These lines of evidence support the model that HSF1 exerts its
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pleiotropic functions through a variety of downstream pathways. Understanding the

divergent downstream pathways is essential for the development of interventions to prevent

or moderate prenatal environment-induced mental illness. An alternative hypothesis for the

cell cycle arrest and premature exit of progenitors is that mechanisms compensating for the

loss of Hsf1 may modify cell cycling to minimize the impact of de novo apoptosis caused by

environmental perturbation.

The observed aberrant HSF1 activation is likely due to unidentified genetic mutations in the

schizophrenic patients. Importantly, the iPSC NPC lines from patients with SZ used for the

study represent different genetic backgrounds and include different sets of gene mutations

(Brennand et al., 2011). Thus, aberrant regulation of HSF1 signaling may underlie diverse

genetic mutations, thereby contributing to NPC vulnerability to various environmental risk

factors believed to contribute to SZ. Consistent with this hypothesis, the disturbance of this

signaling cascade has been reported; human genetic studies have reported HSP70

polymorphism in SZ as well as in bipolar disorder among individuals in the Korean

population (Kim et al., 2001; Pae et al., 2005). Furthermore, the production of antibodies

against the HSPs, including HSP70, has been reported in never-medicated SZ patients as

well as in cases of autism and bipolar disorder, and an increase in HSP70 expression has

also been shown in the prefrontal cortex of SZ patients (Schwarz et al., 1999). A recent

paper by Ottis et al. (2011) has also provided evidence for cell-invasive pathogenic

aggregates of HSP70 with DISC1, which is one of the putative susceptible SZ genes linked

to neural development (Jaaro-Peled et al., 2009). Cortical thinning, one of the structural

abnormalities seen in Hsf1 deficiency plus challenge exposure, has a strong correlation with

some of the attributes associated with human SZ (Kuperberg et al., 2003). We have not

performed tests examining an association of behavioral traits in Hsf1 KO mice exposed to

challenges. However, given that epilepsy, a common comorbidity alongside psychiatric

disorders, was observed in these mice and that the observed structural anomalies are known

to be associated with abnormalities of sociability, sensory hypersensitivity and anxiety,

behavior is likely to be impacted. In addition, our results in the small cohort of SZ NPCs

should be confirmed by using larger cohorts of SZ patients in the future.

The mechanism through which increased cellular variation in stress response contributes to

SZ can only be speculated. Cell-to-cell variability at the transcription level has been well

recognized in microbial cells, and, interestingly, is particularly evident in cellular stress-

responsive genes (reviewed in Avery, 2006). In contrast to increased survival rates in

populations of microbial cells cultivated in a harsh environment (reviewed in Avery, 2006),

this rudimentary biological mechanism could cause adverse impacts on mammalian brain

development, laying the groundwork for the eventual development of SZ and/or other

human brain disorders. Interestingly, elevated cell-to-cell transcriptional variability in aged

cardiomyocytes is a result of increased genome damage by oxidative injury (Bahar et al.,

2006). The mechanisms producing higher variability of the HSF1 activation in SZ NPCs

requires further investigation. Because cells and tissues derived from SZ patients exhibit

increased oxidative DNA damage (Clay et al., 2011), another avenue of research may be to

assess the state of oxidative DNA damage in association with cell-to-cell variability among
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SZ iPSCs. This work could uncover the utility of prenatal treatment with antioxidants in

pregnancies with known genetic risk factors for SZ.

Experimental Procedures

Animals

Generation and genotyping of Hsf1 KO mice are described in Extended Experimental

Procedures. Hsp70 null homozygotes (MMRRC) were crossed to obtain embryos. All in

utero electroporation experiments were performed at E14 as described previously (Torii and

Levitt, 2005). BrdU labeling for proliferation analysis was performed on the next day

according to the previous study (Hashimoto-Torii et al., 2008). DNA constructs used for

electroporation are listed in Extended Experimental Procedures. An empty vector was

electroporated as the control. All animals were handled according to protocols approved by

the Institutional Animal Care and Use Committee of the Yale University School of

Medicine.

Substrate administration and the seizure susceptibility test

Details of experimental paradigms of substrate administration are described in Extended

Experimental Procedures. Administration of ETOH to pregnant mice and cortical slice

cultures of human fetuses were performed as described previously (Hashimoto-Torii et al.,

2011). No differences in the BAC profile between wild-type and Hsf1 heterozygous

pregnant mice were observed (Fig.S2A). For MeHg administration to pregnant mice, a

single dose of methylmercury chloride solution (Sigma-Aldrich) at 5 mg/kg was given by

intraperitoneal injection. To induce maternal seizure, PTZ (Sigma-Aldrich) was injected to

pregnant mice at 40 mg/kg, and the behavior of the mice was observed for 30 minutes. To

test the seizure susceptibility of the mice exposed to prenatal challenges, PTZ (5 mg/kg) was

administered to P21-25 juvenile mice by intraperitoneal injection. Mice were observed every

10 minutes with increasing cumulative doses of PTZ until generalized seizures occurred.

The behavioral seizure score was based on Racine’s behavioral seizure scale. In a separate

series of experiments, each mouse received only a single injection at 15, 20 or 25 mg/kg and

was euthanized immediately after exhibiting convulsions or at the end of the 30-minute

observation period.

Mouse cortical slice culture with meningeal cells

For culturing cortical slices, we followed the procedure described by Siegenthaler et al.

(2009). Briefly, pregnant HSF1 heterozygous dams were injected with ETOH at E14 and

E15. Embryonic brains with intact meninges were collected 3 hours later and embedded in

3% SeaPlaque low-melt agarose (Cambrex). The brains were cut into 300-μm coronal

sections using a vibratome (Leica). The slices were then cultured at 37°C, 5% CO2 for 24

hours in 3 ml Neurobasal medium (Invitrogen) supplemented with 2% B27 with vitamin A

(Invitrogen), 2 mM L-glutamine and 100 μM penicillin/streptomycin on 0.40-μm filter

inserts (Millipore) prior to supplementation with meningeal cells. Four days before the slice

culture experiments, meningeal cultures were obtained by collecting the forebrain meninges

from E15 Hsf1 KO or wild-type mice in DMEM medium containing TripLE Select

(Invitrogen). Following dispersion with a glass pipette, the cells were pelleted by
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centrifugation, resuspended in DMEM with 10% fetal bovine serum, and then plated on

collagen-coated, 6-well plates (Costar) at a density of 1.0 × 105 cells/well. The culture

medium was changed to Neurobasal medium 2 days prior to the slice culture experiments.

HiPSC-derived NPCs

Five control and four SZ hiPSCs were reprogrammed from the fibroblasts of subjects. Three

replicates per sample (= each cell) were analyzed. Generation and differentiation of the

hiPSCs were described in Brennand et al. (2011). Briefly, the iPSCs were reprogrammed

using inducible lentiviral system, and the hiPSCs were differentiacted via embryoid bodies

and neural rosette formation. The pluripotency was confirmed using REX1, NANOG,

CRUPTO, OCT4 and SOX2 in vitro. Three germ layers were similarly generated from every

one of the hiPSC-lines. Normal katyotypes were also confirmed in every one of the control

and SZ hiPSCs. The proliferation capability and neural patterning of NPCs were same

among all control and SZ lines (Brennand et al., 2014).

MOCCAN and Single cell RT-ddPCR

Three hours after application of agents into NPC cultures in 24-well plates, the NPCs were

scraped and dissociated into single cell suspensions. The cells were stored up to 7 days in 1

ml RNAlater at 4 degrees. Single cell separation was performed with MOCCAN (modified

MOCCA for Neural cells) by principally following Lin et al. (2009). The droplets containing

a single cell were screened under a DIC microscope. Cell lysis solution with DNase1 was

applied directly into single-cell containing microfluid. Single cell lysis kit (Ambion) and

Superscript Vilo cDNA synthesis kit (Invitrogen) were used. The Taqman gene expression

assay (Invitrogen) was used with the Bio-Rad droplet digital PCR QX100.

Data analysis

All statistical data are presented as mean ± SD. Statistical tests were performed to assess the

significance of the results from multiple experiments (at least n ≥ 4 for each experimental

condition). For the meditational analysis, we used a SPSS macro with a resample procedure

of 10,000 bootstrap samples (Preacher and Hayes, 2008). The variables used for the analysis

were Hsf1 genotype, three types of challenge treatments, seizure susceptibility (PTZ

concentrations that induce tonic-chronic convolution), and heterotopia formation (number of

heterotopias in the cerebral cortex).

Details of other experimental procedures are available in Extended Experimental

Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. HSF1 is activated in the cortex by various types of prenatal environmental

stresses.

2. Loss of HSF1 increases seizure susceptibility upon prenatal exposure to

challenges.

3. Hsp70 partially mediates the pluripotent roles of HSF1.

4. Cell-to-cell variability of HSF1 activation is increased in schizophrenia iPSC-

NPC.
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Fig.1. Environmental challenges activate HSF1 signaling in the embryonic cerebral cortex
(A) Experimental scheme for Figs.1-3. (B) Chromatin immunoprecipitation analysis

showing that the association of HSF1 with the HSP70 promoter is increased in embryonic

mouse and human cortices after exposure to the indicated substrates. Occupancy of Hsp70

and Gapdh promoters was analyzed 3 hours after the challenge exposure. Quantification of

the band intensities compared with input is shown. “WT” and “KO” indicate wild-type and

Hsf1 KO mouse samples, respectively. *p < 0.005 by Student’s t-test compared with

controls (n = 4 samples per condition, experiments were repeated at least two times for each

sample). (C) Subcellular localization analysis of Hsf1 shows nuclear translocation of Hsf1

by prenatal exposure to indicated challenges. Left panels show representative flow

cytometry images of co-immunostaining for Hsf1 (green) and Tuj1 or Nestin (red) with
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DAPI nuclear counter-stain (blue) in the cortical cells dissected from control (PBS)- and

ETOH-exposed embryos. The cells from Hsf1 KO mouse embryonic cortices did not show

Hsf1 labeling, confirming the specificity of labeling by the Hsf1 antibody (images at the

bottom). Subcellular localization was analyzed using Imaging flow cytometry (right).

Numbers at the right top corner are similarity scores indicating the extent to which the

fluorescent signals of Hsf1 labeling coincided with nuclear DAPI staining in each cell.

Analysis for each condition included more than 100,000 cells obtained from the embryos

from multiple litters. See also Figure S1.
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Fig.2. Cortical dysplasia induced by prenatal challenges in Hsf1 KO mice
(A) Scheme for substrate administration and experiments. (B) An image of whole brains of

P25 mice with indicated Hsf1 genotypes and substrate exposure, showing a slightly smaller

cerebral cortex in the Hsf1 KO mouse prenatally exposed to ETOH. (C) Weight of the brains

dissected at P25 from the mice with indicated Hsf1 genotypes and prenatal treatments. *p <

0.05; **p < 0.001; ***p < 0.0001 by Student’s t-test. (D) Immunohistochemistry for Cutl1

and Ctip2 in a cortical section of a P25 Hsf1 KO mouse prenatally exposed to ETOH,

showing the formation of heterotopia. The inset shows the higher magnification view of

leptomeningeal heterotopia seen in the boxed area. Bar = 0.5 mm. (E) Percentages of mice

with one or multiple leptomeningeal heterotopias in the group of each genotype and prenatal

exposure. (F,G) Immunohistochemistry for Cutl1, Ctip2 and BrdU (labeled at E15) in

cortical sections of P25 mice with indicated genotypes and prenatal exposures. Bar = 0.2

mm. (H) The dot plot shows the number of BrdU+ cells in 0.5 mm wide cortical regions.

BrdU+ cells were counted in the sections represented in G (n = 6 from more than 3 dams per

condition). *p < 0.05 by Mann-Whitney U test. See also Figure S2.
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Fig.3. Hsf1 KO mice with a prenatal history of challenge exposure show increased susceptibility
to PTZ-induced seizures at the juvenile stage
(A) Dose-response cumulative curves for induction of tonic-clonic seizures demonstrate

greater PTZ sensitivity of Hsf1 KO mice prenatally exposed to challenges compared to

heterozygous littermates and KO mice exposed to control treatment. p < 0.001 by the

Kolmogorov-Smirnov test between Hsf1 KO mice prenatally exposed to indicated substrates

(except PBS) and heterozygotes with the same exposure or Hsf1 KO mice exposed to PBS.

The comparison between heterozygotes prenatally exposed to challenges and those exposed

to PBS shows no significant difference, except that a weak effect of MeHg is detected under

our experimental condition (p = 0.0082 between MeHg- and PBS-exposed heterozygotes). n

≥ 4 offspring born from multiple dams for each experimental condition. (B) Seizure score

values with increasing cumulative doses of PTZ. Hsf1 KO mice prenatally exposed to

Hashimoto-Torii et al. Page 20

Neuron. Author manuscript; available in PMC 2015 May 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



challenges showed significantly greater behavioral seizure score values at 15 to 25 mg/kg

compared with their heterozygous littermates. *p < 0.05; **p < 0.001 by the Mann-Whitney

U test. n ≥ 4 offspring born from multiple dams for each experimental condition. (C)

Mediational regression analysis of Hsf1 genotype, prenatal environment, heterotopia

formation and seizure susceptibility. The values on continuous lines denote the standardized

regression coefficient (Beta). Standard errors are indicated in parentheses. The value on a

dotted line, which represents the path when heterotopia formation is treated as a mediator, is

the Sobel statistic value that indicates the strength of the indirect effect. *p < 0.05; **p <

0.0001. Both the direct effect and indirect effect (through heterotopia formation) of both

Hsf1 genotype and prenatal environment on seizure susceptibility are significant, indicating

partial mediation of Hsf1 genotype and prenatal environment on seizure susceptibility.
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Fig.4. Increase of apoptotic cell death in the cortex of Hsf1 KO embryos exposed to challenges
(A) TUNEL staining at E16 in cortical slices from embryos with indicated genotypes and

prenatal exposure. An increase in apoptosis in the cortex of Hsf1 KO embryos exposed to

ETOH is evident, particularly in the VZ/SVZ (insets). Bar = 0.5 mm. (B) TUNEL staining in

meninges of the E16 Hsf1 KO embryos exposed to PBS or ETOH. ETOH-exposed Hsf1 KO

embryos show increased apoptosis. Bar = 50 μm. (C) Quantification of TUNEL+ cells in the

VZ/SVZ (left) and in the meninge in the cortices of Hsf1 mice exposed to indicated

substrates. *p < 0.05; **p < 0.0001 by Student’s t-test. n = 8 (left) or 4 (right) embryos

from more than 3 dams for each experimental condition. (D) Scheme for the preparation of

in vitro slice culture with meningeal cells (see the details in Experimental Procedures).

Slices of cerebral cortex and surrounding tissues were prepared from the Hsf1 KO embryos

exposed to ETOH at E14 and 15, 3 hours after the last exposure to ETOH at E15. Fig.S3F

demonstrates the increase in apoptosis in the meningeal cells at this time. The slices were

cultured on filter inserts in the plates on which meningeal cells collected from other Hsf1

KO embryos (without challenge exposure) were plated. (E) Compared with control cultures
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(without meningeal cells, top), the culture with meningeal cells from embryos unexposed to

challenge (bottom) showed significantly decrease in TUNEL+ cells in the VZ/SVZ. Bar = 50

μm. (F) Quantification of TUNEL+ cells in the VZ/SVZ. *p = 0.027 compared with the

control culture (without meningeal cells) by Student’s t-test. n = 4 samples from 2

independent experiments per condition. See also Figure S3.
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Fig.5. Hsf1 maintains cell cycling of NPCs upon exposure to environmental challenges
(A) Pulse-labeling with BrdU for 30 minutes at E15 in the cortex of PBS- or ETOH-exposed

embryos with indicated genotypes. The number of BrdU+ progenitors is decreased in the

Hsf1 KO cortex exposed to ETOH. Broken lines indicate the VZ surface. Bar = 0.25 mm.

(B) Quantification of BrdU+ cells in the cortices of Hsf1 mice exposed to indicated

substrates. *p < 0.05; **p < 0.005 by Student’s t-test. n = 8 embryos from multiple dams

for each experimental condition. (C, D) Immunostaining for MCM2 and Ki67 in PBS- and

ETOH-exposed E16 embryonic cortices with indicated genotypes. The numbers of

MCM2++/Ki67- quiescent NPCs and MCM2-/Ki67- post-mitotic cells are increased, whereas

MCM2-/Ki67++ active NPCs and MCM2+/Ki67+ NPCs, which are likely in transitional

states at M/G1(0) or G1(0)/s, are decreased in the KO cortex exposed to ETOH. Bar = 0.1

mm. (D) Higher magnification view shows immunostaining in the PBS-exposed

heterozygote cortical slice. Green, red, yellow and purple arrowheads indicate the MCM2++/

Ki67-, MCM2-/Ki67+, MCM2+/Ki67+, and MCM2-/Ki67- cells, respectively. (E) The

percentages of cells with indicated labeling of MCM2 and Ki67 in the VZ/SVZ. *p = 0.05;

**p = 0.02; ***p =0.01, respectively, compared with heterozygotes exposed to ETOH or

KO embryos exposed to PBS by the Student’s t-test. n = 4 embryos from multiple dams for

each experimental condition. See also Figure S4.
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Fig.6. HSP70 mitigates ETOH exposure-induced cell death in the cortex of Hsf1 KO mice
(A,B,G) Increased apoptosis in the cortex of Hsf1 KO embryos by prenatal ETOH exposure

is mitigated by HSP70 overexpression. The number of TUNEL+ cells is reduced in the

electroporated domain labeled by GFP compared to electroporation with control vector

(A,B). Bar = 0.2 mm. The reduction is statistically significant (G). *p = 0.04 compared with

control electroporation plus ETOH exposure (immediate left column) by Student’s t-test. n =

4 from 4 dams for each experimental condition. (C,D,H) HSP70 overexpression does not

improve the decreased proliferation of progenitors in Hsf1 KO embryos exposed to ETOH.

Immunohistochemistry for BrdU and GFP in control- (C) and HSP70-electroporated (D)

cortices; the quantification (H) shows no effect of HSP70 overexperssion. p = 0.23,

comparison between control and HSP70 overepxression with ETOH exposure (right two

columns) by Student’s t-test (n > 4 each). Bar = 0.1 mm. (E,F,I) HSP70 overexpression does

not affect the increase in G1 and G0 cells in Hsf1 KO embryos exposed to ETOH.

Immunohistochemistry for Fucci-G1/0 Orange and GFP in control- (E) and HSP70-

electroporated (F) cortices; the quantification (I) shows no effect of HSP70 overexpression.

p = 0.44, comparison between control and HSP70 overexpression in ETOH exposure (right

two columns) by Student’s t-test (n > 4 each). Bar = 0.1 mm.
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Fig.7. Cell-to-cell variability of HSP70 mRNA levels in response to environmental challenges is
increased in SZ NPCs
(A) Schematic representation of the experiment. (B,C) Representative results of single cell

ddPCR of human HSP70 (VIC label) in control (B) and SZ NPCs (C). The clone number of

each cell and substrates applied are shown under the graph. The red line shows cut-off of

positive and negative droplets. (D) Graph shows fold change of GAPDH and HSP70

expression compared with PBS exposure. Significantly increased variability was observed in

schizophrenic NPCs as compared with the control (*p<0.0001, **p=0.002 by Levene’s test,

n>50). Significant differences in the comparison of means were not observed in all sets of

comparisons (p>0.05 by Welch’s t-test). The single cell equivalents were made by using
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1/10 of a pool of 10 lysed cells for the template of reverse transcription (10 biological

replicates were used).
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