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Abstract

The mechanisms through which ethanol exposure results in developmental defects remain unclear.
We used the zebrafish model to elucidate eye-specific mechanisms that underlie ethanol-mediated
microphthalmia (reduced eye size), through time-series microarray analysis of gene expression
within eyes of embryos exposed to 1.5% ethanol. 62 genes were differentially expressed (DE) in
ethanol-treated as compared to control eyes sampled during retinal neurogenesis (24-48 hours
post-fertilization). The EDGE (extraction of differential gene expression) algorithm identified
>3000 genes DE over developmental time in ethanol-exposed eyes as compared to controls. The
DE lists included several genes indicating a mis-regulated cellular stress response due to ethanol
exposure. Combined treatment with sub-threshold levels of ethanol and a morpholino targeting
heat shock factor 1 mRNA resulted in microphthalmia, suggesting convergent molecular
pathways. Thermal preconditioning partially prevented ethanol-mediated microphthalmia while
maintaining Hsf-1 expression. These data suggest roles for reduced Hsf-1 in mediating
microphthalmic effects of embryonic ethanol exposure.
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1. Introduction

Maternal alcohol consumption during human pregnancy results in a spectrum of defects in
the fetus termed Fetal Alcohol Spectrum Disorder (FASD). The most severe form of FASD,
fetal alcohol syndrome (FAS) is characterized by growth abnormalities, cardiac defects, and
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nervous system deficits, as well as ocular problems that persist postnatally [1]. Children with
FAS show a variety of ocular defects ranging from major defects such as microphthalmia,
coloboma of iris, and optic nerve hypoplasia, to minor visual impairment including reduced
visual acuity and reduced contrast sensitivity [2]. Ocular manifestations are seen in 90% of
children with FAS [3].

It is still unclear how ethanol targets different developing organ systems. Animal models
provide a useful means to study targeted pathogenesis of FAS, as the defects can be
replicated in developing mice, chick, Xenopus and zebrafish exposed to ethanol. For
example, effects of ethanol on the Sonic hedgehog (Shh) signaling pathway [4], and strain-
specific effects of ethanol upon global gene expression patterns within embryonic headfold
tissue [5] were demonstrated using mouse models. Zebrafish, with their numerous
advantages (large numbers, rapid external development, genetic tools) have recently become
a popular model for studying the effects of ethanol. Most manifestations of FAS can be
replicated in zebrafish, including cyclopia [6, 7]; microphthalmia with retinal abnormalities
[8-14]; axial defects [15, 16] and neurobehavioral defects [17, 18]. In addition, similar to the
situation in mouse, these effects are strain-dependent [19].

There is evidence from numerous animal models, including the zebrafish, that the axial
defects of embryonic ethanol exposure are at least in part mediated by changes in retinoic
acid (RA) signaling [20-22] or by changes in Shh signaling [23-25]. We recently tested these
two candidate mechanisms for roles in mediating the microphthalmic effects of ethanol in
zebrafish, specifically when ethanol was administered during the period of retinal
neurogenesis [13]. In this study, RA treatments did not rescue the microphthalmic
phenotype, and RA signaling was not reduced in the eye as a consequence of ethanol
treatment [13]. In addition, exogenous cholesterol (required for Shh protein processing [26])
did not rescue the small eye phenotype of embryos treated with ethanol over the time of
retinal neurogenesis, and the expression of shh, and of ptc-2, which is regulated by the Shh
signaling pathway [27], were not altered in ethanol-induced microphthalmia in zebrafish eye
tissues [13]. Hence, it remains unclear how ethanol exerts its teratogenic effects upon the
eye during retinal neurogenesis.

Microarray studies have the potential to identify gene expression patterns that contribute to
disease development and progression. Previous studies in mouse whole embryo and fetal
brain tissue [5, 28-32] using a single time point microarray approach yielded a set of genes
(and micro-RNASs) with diverse biological functions differentially expressed in ethanol-
treated animals. The time series microarray approach is becoming an increasingly popular
method for gene expression studies, particularly during development [33], tissue
regeneration [34], in response to environmental stressors [35], in applications for which
independent sampling schemes are used [36] and when sample numbers are limited [37, 38].

Here we present a time series microarray analysis of eye-specific gene expression during
ethanol exposure in the zebrafish as an unbiased approach for discovery of mechanisms
underlying the microphthalmic effects of ethanol. We exposed embryos to ethanol during
retinal neurogenesis (24-48 hours post-fertilization; hpf), using an ethanol exposure (1.5%)
that results in tissue ethanol concentrations similar to those measured in humans following
2-3 alcoholic drinks [13, 24]. We identified components of the cellular stress (“heat shock™)
response as differentially expressed over time in eyes of ethanol-exposed embryos, and then
tested the hypothesis that the cellular stress response is a critical target for ethanol toxicity in
the eye through gene expression studies and functional analyses. The mRNA and protein
corresponding to Heat shock factor 1 (Hsf-1), a transcriptional regulator of the heat shock
response [39] were reduced in eyes of ethanol-treated embryos, and combined treatment of
embryos with sub-threshold levels of ethanol and of an antisense morpholino (MO) targeting
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hsf-1 resulted in significant microphthalmia. Thermal preconditioning induced expression of
hsp-70, an Hsf-1 target [40], maintained Hsf-1 expression, and partially prevented
microphthalmia in ethanol-treated embryos. These results are consistent with a working
model whereby mis-regulation of Hsf-1 and Hsp-70 mediates the microphthalmic effects of
embryonic ethanol exposure in zebrafish.

2. Material and Methods

2.1 Animals, Ethanol Treatments and Tissue Processing

Adult zebrafish were maintained in a light:dark (14:10 hour) cycle in our in-house,
recirculating zebrafish facility at 28.5°C [41]. All animal use was approved by the
University of Idaho Animal and Care Use Committee. Zebrafish were from a strain
originally obtained from Scientific Hatcheries (SciH, now Aquatica BioTech; Sun City
Center, FL) and maintained in-house. Adult zebrafish were bred, embryos were collected
and placed in beakers with system water at 28.5°C.

Embryos were exposed to 1.5% ethanol as in Kashyap et al., 2007 [8]. Briefly, embryos, still
within their chorions, were added to a 1.5% ethanol solution (diluted from 100% ethanol
with system water) in glass beakers, and beakers were loosely covered with parafilm to
reduce evaporation. This ethanol exposure results in significant microphthalmia (reduced
eye size), and several accompanying retinal and lens abnormalities [8]. All ethanol
exposures (Supplemental Table 1) took place beginning at 24 hpf.

For histological analysis, embryos were fixed with 4% paraformaldehyde in phosphate-
buffered (pH 7.4) 5% sucrose, followed by a series of washes with increasing concentrations
of sucrose [42]. Embryos were cryoprotected in buffered 20% sucrose overnight and were
embedded in OCT embedding medium (Sakura Finetek, Torrance, CA) with 20% sucrose-
phosphate buffer (1:2) by immersion in liquid N»-cooled isopentane. Frozen blocks were
sectioned at 5pum using a cryostat.

For extraction of eye-specific RNA, ethanol-treated and control embryos were collected at
24, 27, 30, 36, and 48 hpf (Supplemental Table 1), and were fixed using a methanol fixation
procedure [43]. This procedure preserves the embryo biochemically and allows the embryo
to be firm enough for dissection. Eyes were dissected from the rest of the body using curved,
sharpened forceps and minutien pins. The bodies and eyes were refrozen separately for
extraction of total RNA.

2.2 Microarray and Analysis

Total eye-specific RNA (20ng/ul; 5ul) was extracted from 50 embryos (100 eyes in each
experimental sample) using the RNeasy mini kit (Qiagen) for both control (24, 27, 30, 36,
and 48 hpf) and 1.5% ethanol-treated (27, 30, 36, 48 hpf) embryos (Supplemental Table 1).
RNA was quantified using a Nano-Drop 1000 (Thermo-Scientific, Wilmington, DE), and
RNA quality was verified using the Agilent Bioanalyzer (Agilent Technologies, Inc,
Wilmington, DE). Total RNA was amplified using the NuGen kit (San Carlos, CA). Gene
expression in eye-specific samples was determined using Affymetrix GeneChip Zebrafish
Genome Arrays (Affymetrix, Santa Clara, CA). Microarray procedures were performed at
the Genomics Core of the Center for Reproductive Biology, Washington State University
(Pullman, WA).

The raw data from the probes of the microarray chips were adjusted for background,
normalized, and presented as RMA (Robust Multi-array Average) using the Bioconductor
package in the R statistical environment. Two approaches were used to identify
differentially expressed genes: 1) SAM (significance analysis of microarray) analysis [36],
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to detect genes that are differentially expressed in control as compared to ethanol treated
embryo eyes using data representing all sampling times, and 2) EDGE (Extraction of
differential gene expression) algorithm [44], a statistical approach to identify genes that are
differentially expressed over time in control vs. ethanol-treated embryo eyes. A gene
ontology (GO) analysis was performed using a web based tool, GOEAST [45], to identify
relevant biological processes overrepresented in the differentially expressed gene sets
obtained using the EDGE2 approach. GO categories were also used as filters to generate
lists and/or heatmaps of differentially expressed genes within specific categories. Average-
linkage, hierarchical clustering was performed using EDGE software, in the R programming
environment. Clusters were built using mean-centered data, and with the correlation distance
option, similar to the approach of [46], and displayed using the heatmap function.

2.3 Quantitative-RT-PCR (qRT-PCR)

2.3.1 Eye-specific gene expression—Total eye-specific RNA was extracted from 20
embryos (40 eyes) using the RNeasy micro kit (Qiagen) for both control (24, 27, 30, 36, and
48 hpf) and 1.5% ethanol-treated (27, 30, 36, and 48 hpf) embryos.

2.3.2 Whole embryo gene expression—Total RNA was extracted from snap frozen
whole embryos (10 embryos each) using the RNeasy Mini kit (Qiagen) for untreated and
treated embryos with or without thermal preconditioning.

The High Capacity cDNA Reverse Transcription kit with random primers (Applied
Biosystems, Inc. [ABI], Foster City, CA) was used to synthesize the cDNA template for
gRT-PCR. qRT-PCR was performed to determine the expression of genes (genes and
primers are described in Supplemental Table 2) in untreated and ethanol-treated eyes of
embryos. For each treatment and sampling time, three replicate measurements were
performed, with B-actin as the endogenous reference gene. Primers were designed using
primer express 3 (ABI, Foster City, CA; Supplemental Table 2). The 7900HT Fast Real-
Time PCR System with SYBR-Green PCR Master Mix (ABI, Foster City, CA) was used for
amplification. Mean Cycle threshold (Ct) from the three replicates was calculated prior to
normalization [47].

2.4 Hsf-1 Immunocytochemistry

Cryosections were blocked with 20% goat serum in phosphate-buffered saline containing
0.5% Triton X-100 (PBST), and then were incubated with a rat monoclonal primary
antibody (anti-human Hsf-1; Thermo-Scientific, Fremont, CA; # RT-405-P0) at 1:50 [48]
overnight at 4°C. Sections were washed in PBST, and then were incubated with a goat anti-
rat secondary antibody conjugated to Cy3 (Jackson Immunoresearch, West Grove, PA) at
1:200 for 2 hrs, were washed again and then mounted in Vectashield containing DAPI
(Vector Laboratories, Burlingame, CA). Some sections were also processed for indirect
immunofluorescence using the mouse monoclonal anti-HuC/D antibody (Life Technologies/
Thermo Scientific, Grand Island, NY) at 1:200, detected with a donkey anti-mouse
secondary antibody conjugated to FITC (Jackson Immunoresearch; 1:200). Sections were
viewed using epifluorescence microscopy on a Leica DMR compound microscope, and were
imaged with a SPOT digital camera and associated software. Images were combined using
the “apply image” function in Adobe PhotoShopCS6 (Adobe Systems, San Jose, CA).

2.5 Western Blotting (Hsf-1)

To verify reactivity of the anti-human Hsf-1 antibody with zebrafish Hsf-1, a full-length
cDNA encoding zebrafish Hsf-1 was cloned into the plasmid pEGFP-C1 (Clontech,
Mountain View, CA) as in [49]. HeLa cells were transfected with pEGFP-C1-Hsf-1, or with
pPEGFP-C1, as previously [49]. Cells were incubated overnight, washed in PBS, and
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collected in extraction buffer containing 1% nonidet P-40, 0.5% SDS, 50 mM Tris-HCI, and
EDTA-free protease inhibitor cocktail (one tablet/7 mL; Roche Diagnostics, Indianapolis,
IN) in PBS. These samples were centrifuged 13,000 rpm at 4°C for 20 min. Twelve pL of
the supernatant was loaded per well and separated with a 10% polyacrylamide gel. Proteins
were transferred to PVDF membranes, blocked with 5% bovine serum albumin in TBST,
and immunoblotted with anti-Hsf-1 at 1:500 overnight. Chemiluminescent detection was
carried out using a horseradish peroxidase-conjugated secondary antibody (2 hrs, 1:3000;
Jackson Immunoresearch) and the Pierce ECL Western blotting substrate (Thermo
Scientific).

2.6 Morpholino-Mediated Knockdown of hsf-1 mRNA

Antisense morpholino (MO) oligonucleotide injection was performed as described
previously [50-53]. In brief, MOs were purchased from GeneTools LLC (Corvallis, OR),
dissolved in a buffer (0.4 mM MgSQy, 0.6 mM CaCl,, 0.7 mM KCI, 58 mM NacCl, 25 mM
HEPES pH 7.1), and heated to 65°C for 5 minutes prior to use. The MO targeting the start
codon for hsf-1 was described previously [40, 53]. The control MO was a non-specific
control MO (with no complementary targets in zebrafish) described previously [54].
Approximately 3.0 nL of MO were injected into yolks of embryos at the one- or two-cell
stage using methods previously described [50]. Our prior studies indicated that the minimal
concentration of hsf-1-targeting MO that resulted in prevention of Hsfl expression (as
revealed by Western Blot) was 250 1M [53], and this concentration matches the
concentration that, in a separate study [40], resulted in microphthalmia and cell death in the
lens. This concentration (250 pM) was therefore considered “supra-threshold.” The sub-
threshold concentration of hsf-1-targeting MO was 25 pM.

2.7 Thermal Preconditioning

Heat shock (thermal preconditioning) was applied to embryos in system water by incubating
them for 1 hour at 37°C [55]. Following heat shock, embryos were exposed to 1.5% ethanol
between 24 and 36 hpf at 28.5°C. Embryos were collected at 24 or 36 hpf and either were
fixed with 4% paraformaldehyde for further tissue analysis or were snap frozen at -80°C
using liquid nitrogen for RNA extraction.

2.8 Eye Measurements

3. Results

Eye circumferences were measured as in [8, 13]. Paraformaldehyde-fixed embryos were
placed on their sides in a petri dish. The left eyes of each embryo were photographed such
that lens and eye boundaries were clearly visible. A Nikon stereomicroscope fitted with a
CCD camera was used to image the eyes. The measurement tool in ImageJ/Scionlmage
software was used to measure eye circumference. Statistical analysis of eye measurements
was done by using ANOVAs, followed by post hoc analyses (Fisher's test, with Bonferroni
correction), as appropriate, and were performed using R statistical software [56]. A
treatment was considered to result in significant microphthalmia if the average eye size of
the treatment group was significantly smaller than that of the control group.

3.1 Eye-Specific Gene Expression During Ethanol Exposure

To identify the genes that play critical roles in pathogenesis of ethanol-induced
microphthalmia, we performed a time series microarray experiment using Affymetrix
GeneChip Arrays on total RNA from dissected embryo eyes. The sampling times selected
were based on the timing of known developmental processes that take place during retinal
neurogenesis in the zebrafish embryo (Supplemental Table 1) [57], and based on prior
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knowledge of the qualitative effects of ethanol exposure over this time [8]. The treatment
initiation time roughly corresponds to day 14 of gestation in rodents; ethanol administration
to pregnant rats at this time also results in microphthalmia [58]. Our experimental time
course included an untreated control at 24 hpf prior to the exposure, 27 hpf samples (control
and ethanol-treated) to detect early and acute effects of ethanol on retinal neurogenesis, and
progressively distributed sampling times between 27 and 48 hpf (control and ethanol-
treated). A single-replicate time series design was used specifically to extract information
regarding developmental time-dependent effects of ethanol, while minimizing the sample
quality risks incurred by the need to process, in parallel, large numbers of biological
samples. This design is appropriate for statistical analysis with EDGE software, which as a
spline function-based method, can detect significant temporal variation without a
requirement for replicates at each sampling time of a time series [36, 38].

The raw microarray data were assessed for quality, subjected to normalization, and corrected
for background. These raw data are available via the Gene Expression Omnibus (GEO;
accession #GSE51427). To compare gene expression in treated vs. untreated samples, we
analyzed the data represented as RMA expression using two different algorithms. These
analyses were used to select genes for validation of microarray results and for identifying
biological processes of interest for functional studies of their involvement in mediating
ethanol toxicity to the eye.

3.1.1 SAM analysis—This approach was used to identify differentially expressed genes in
ethanol-treated as compared to control eyes. A scatter plot of the observed relative
difference d(i) vs the expected relative difference dg(i) is provided as Figure 1A. For the
majority of the genes d(i) ~ dg(i), but some genes are represented by points displaced from
the d(i) = dg(i) line by a distance greater than a threshold A = 2 (dotted lines). This approach
yielded 62 significantly differentially expressed genes in the ethanol treated eyes (green
circles in Fig. 1A) at a false discovery rate of 0.102 (predicted number of falsely called
genes = 9.5). Supplemental Tables 3 and 4 show detailed lists of up-regulated and down-
regulated genes, respectively, along with corresponding SAM scores or test statistics (d-
values) and fold changes.

3.1.2 EDGE algorithm—We performed a ‘between class’ EDGE analysis [44] to identify
differences in expression over time in ethanol-treated embryo eyes as compared to untreated
embryo eyes. For this analysis, RMA expression was normalized and no data filters were
used. In Approach 1 of this analysis, a time course analysis was run using EDGE with all
arrays (all control and ethanol-treated, unbalanced). This approach identified 2039 genes
with a g-value (significance value or threshold) cut-off of 0.05 [59]. The top 95 genes
differentially expressed in treated eyes, ranked by p-value, are listed in Supplemental Table
5. In Approach 2, a time course analysis was run with treated and control groups using the
EDGE algorithm, but with artificial replication of the 24 hpf control sample in order to
balance the analysis (equal number of control and ethanol-treated samples). This approach
identified 3865 genes with a g-value cut-off of 0.05. 1593 genes of the 2039 differentially
expressed genes from Approach 1 were identified as differentially expressed in Approach 2
(Fig. 1B).

Lists of differentially expressed genes obtained from all three approaches (SAM, and the
two EDGE approaches) have common genes (Fig. 1B). The number of genes common to all
lists, however, was quite low (5 genes). This is not surprising given that the EDGE
algorithm is fundamentally quite different from SAM as it takes into account the temporal
changes in gene expression, while SAM as applied in this study is blind to developmental
time. We performed a gene ontology (GO) analysis of the differentially expressed gene sets
from the EDGE2 approach using a web based tool, GOEAST [45]. Several biological
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processes, including cholesterol metabolic process, cellular homeostasis, central nervous
system development, and response to stress (Fig. 1C; Supplemental Table 6) were
represented in the differentially expressed lists, according to the GO analysis. More
specifically, several key components of the cellular stress (i.e. “heat shock™) response were
either significantly up-regulated (hsp-40 homolog) or down-regulated (hsf-1) in eyes
following embryonic ethanol exposure (Fig. 1B, Supplemental Tables 3, 4, 5).

Using the set of 2039 differentially expressed genes identified by EDGEL1 analysis (Fig. 1B),
an average-linkage, hierarchical clustering was performed in R, on mean-centered data
(centered by differentially expressed genes, as in [46]), and the output is shown as a heatmap
in Supplemental Figure 1. The two major categories of differentially expressed genes —
those that are predominantly downregulated over developmental time vs. those that are
predominantly upregulated over developmental time - showed only minor differences
(ethanol vs. control) from 24 to 36 hpf. However, large differences in the patterns of
expression of differentially expressed genes became evident at 48 hpf (Supplemental Fig. 1).

We next used a complementary approach to evaluate expression of selected genes during
ethanol exposure, by mining our microarray dataset. We specifically examined the RA and
Shh cellular signaling systems implicated in the pathogenesis of FASD, as well as additional
genes associated with eye development, cell cycle progression, and the cellular stress
response. In our microarray analysis, the RA signaling related genes rxrfa, rxrab, and nr2f5
were differentially regulated over time in ethanol-treated as compared to control eyes,
according to EDGE analysis (Fig. 2A). However, the majority of genes related to RA
signaling were not differentially regulated according to any of the analyses, including those
encoding the RA synthesizing enzyme Aldhl1a2 and the RA catabolic enzyme Cyp26
(Supplemental Table 7). These findings are in general agreement with our previous study
[13] demonstrating that RA signaling is not involved in causing ethanol-induced
microphthalmia over the period of retinal neurogenesis. However, the microarray results
suggest that ethanol does have some effects on temporal expression patterns of a subset of
RA-related genes within the eye.

The Shh signaling system is also implicated as mediating effects of ethanol exposure on
embryonic development [12, 24, 25]. In our microarray analysis, the Shh signaling related
genes shha, hhip, gli3, smo, gli2b, and sufu were differentially regulated over time in
ethanol-treated as compared to control eyes, according to EDGE analyses (Fig. 2A),
suggesting potential effects of ethanol exposure on temporal patterns of expression of Shh
signaling components. However, the majority of genes related to Shh signaling were not
differentially regulated according to any of the analyses, including the Shh signaling targets
ptchl and ptch2 (Supplemental Table 7), and those that were differentially regulated were
predominantly increased in expression (Fig. 2A). These findings are also in general
agreement with our prior study indicating that Shh signaling within the eye is not involved
in causing ethanol-induced microphthalmia over the period of retinal neurogenesis [13].

Several genes related to the regulation of the cell cycle were also further evaluated. EDGE
analyses indicated that several cyclin genes (ccng2, ccnal, cengl, and ccndl), along with
pcna and memb, showed significantly different temporal expression patterns in ethanol-
treated as compared to control eyes (Fig. 2B). Most cyclins (ccng2, cecnal, ccngl, cendl)
showed an increase in expression in ethanol-treated as compared to control eyes, while the
cyclin-dependent kinase cdk2 was decreased in expression (Fig. 2B). These results are
consistent with the recent study by Chung et al. [14] indicating that embryonic ethanol
exposure results in sustained cyclin expression and possibly failure of retinal neurons to exit
the cell cycle and differentiate [8, 14].

Reprod Toxicol. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kashyap et al.

Page 8

During retinal neurogenesis, ethanol causes reduced cell differentiation, particularly that of
photoreceptors [8, 14]. However, this effect is not likely due to changes in expression of
genes involved in initiation of retinal neurogenesis (ath5/atoh7, pax6) or in photoreceptor
determination genes (crx, rx-1, neuroD)[8, 14]. These results were confirmed in our time
series microarray, in which no significant changes were observed in RMA expression of
these genes following ethanol treatment as compared to control (data not shown). However,
other genes related to eye development were significantly differentially expressed in
ethanol-treated eyes (Fig. 2C). These include the photoreceptor genes rhodopsin and

inter photoreceptor binding protein (irbp) [60, 61], and genes encoding the developmental
signaling factors wnt11 [62] and gdf6a [63].

The lists of differentially expressed genes included numerous genes related to the cellular
stress response (Fig. 1B,C; Supplemental Tables 3, 4, 5), prompting us to investigate the
nature of this differential expression as a function of time during treatment. Figure 2D shows
heatmaps representing % change in RMA expression of selected, differentially-expressed
stress response genes, in control as compared to ethanol-treated eyes. For the majority of the
cellular stress response genes, this difference appeared to be a reduction in expression as
compared to controls (hsfl, hsf2, hsbpl, dnaja2, dnajb6a, dnajbl1, dnajcl1), or an up-
regulation only at the last sampling time (hsp-70). This was unexpected because these
components of the cellular stress response are normally rapidly up-regulated in response to
environmental stressors, including a variety of toxins [64].

3.2 Validation of Microarray by qRT-PCR

Additional genes were selected from the EDGE and SAM analyses for validation of
microarray using qRT-PCR. H2A histone family, member X (h2afx; GenelD:394048)
encodes a histone variant involved in transcriptional regulation and DNA repair [65], and
cyclin G1(GenelD; 2437408 [66]) encodes an important factor in the control of cell cycle,
through its regulating activity of cyclin-dependent kinases [67]. Expression levels of each
were evaluated and validated using qRT-PCR, and in each case changes in expression
corresponded to those measured with microarray (Supplemental Fig. 2) in both treated and
untreated embryos. We have previously reported expression levels of ptch2 (ptc2), shha, and
nr2f5 at 24, 27, 30, 36, and 48 hpf, as measured by qRT-PCR of eye tissues of ethanol-
treated and untreated embryos [13]. The temporal patterns of expression of these genes
corresponded to those measured in the present study with microarray analysis, providing
additional validation of the microarray results.

3.3 Heat Shock Response: hsf-1 and hsp-70

In this study, several components of the cellular stress response were differentially
expressed, but paradoxically down-regulated, or with a large temporal delay before up-
regulation (Fig. 1B; 2D; Supplemental Tables 3, 4, 6). Of great interest to this study, Lele
and colleagues [68] observed induction of hsp-70 at low levels with an acute, high dose
ethanol exposure (4% for 4 hours). In the present study, a more chronic (24 hour) and lower
dose (1.5%) exposure resulted in delayed hsp-70 mRNA up-regulation in treated groups
(Fig. 1B; 2D; Fig. 3A). Consistent with the microarray, significant up-regulation of hsp-70,
measured by gRT-PCR, was detected only at the last sampling time, 48 hpf (Fig. 3B), 24
hours later than the initial ethanol exposure. It is known that heat shock as a stressor causes
up-regulation of hsp-70, with maximal expression around 8 hours [68]. In ethanol-treated
embryos, this delay in the cellular stress response may therefore be related to the
pathological outcome of microphthalmia.

The cellular response to heat shock includes two sets of important players, Hsfs and Hsps.
Hsfs are transcription factors that bind to heat shock elements (HSEs) on the promoters of
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the heat shock genes and activate their transcription. In the present study, ethanol treatment
of embryonic zebrafish eyes resulted in reduction of hsf-1 as identified by SAM analysis of
microarray, and by both EDGE analyses (Fig. 1B; Supplemental Table 4; Fig. 2D). It was
very surprising that hsf-1 was down-regulated (fold change small, but highly statistically
significant, p=0.0002; Fig. 3C), as Hsf-1 expression is known to be induced by stress and
environmental toxins [64]. As the expression levels of hsf-1 in embryonic zebrafish eyes
were extremely low (Fig. 3C), we were not able to reliably detect hsf-1 using in-situ
hybridization, nor were we able to reliably detect low fold changes in eye tissues using gRT-
PCR (although the primers amplified hsf-1 sequence from whole embryos and adult retina;
data not shown).

3.4 Hsf-1 Protein Distribution in Ethanol-Treated Embryos

In order to characterize any changes in Hsf-1 protein within the embryonic eye as a
consequence of ethanol exposure, we performed indirect immunofluorescence experiments
using an anti-Hsf-1 antibody [69]. In untreated embryos fixed at 36 hpf, Hsf-1 protein was
present in a subpopulation of cells within the developing brain, consistent with the hsf-1in
situ hybridization results of [70], and appeared to colocalize with DAPI, suggesting a
nuclear localization (Fig. 4A, B). Hsf-1 protein was also present within the embryonic
retina, primarily though not exclusively within a population of cells at the future vitreal
surface; these may correspond to developing retinal ganglion cells, and in some cases these
cells co-expressed the neuronal marker HuC/D (Fig. 4C). In two of 12 embryos analyzed,
we also observed Hsf-limmunoreactivity in nuclei of lens epithelial cells (data not shown).
In embryos treated with 1.5% ethanol at 24 hpf and processed at 36 hpf, Hsf-1-positive cells
within the retina were not observed, and very few Hsf-1-positive cells were present in the
brain (Fig. 4D-F; images are representative of 3 separate experiments, 3-6 embryos
evaluated from each experiment). These results suggest that a consequence of embryonic
ethanol exposure during retinal neurogenesis is a down-regulation of Hsf-1 protein within
cells of the developing eye.

To establish the rate at which a reduction in hsf-1 mMRNA may result in changes in Hsf-1
protein within the eye, we performed additional immunofluorescence experiments on
samples obtained at 27 and 30 hpf. At 27 hpf, ethanol-treated embryos (n=8) showed a
distribution of Hsf-1 immunoreactivity similar to that seen in controls (n=7) (Supplemental
Fig. 3A,B), while at 30 hpf, ethanol-treated embryos (n=10) showed several patterns of
Hsf-1 immunoreactivity as compared to controls (n=9) (Supplemental Fig. 3C-F). Three
ethanol-treated embryos showed no Hsf-1-positive cells in the retina, five showed reduced
staining in the retina, and two showed strong staining in the retina, similar to controls. These
data suggest that the reduced hsf-1 mRNA detected by the microarray led to reduced Hsf-1
protein in the retina by 30 hpf or soon thereafter.

3.5 Verification of Hsf-1 Antibody

Reactivity of the Hsf-1 antibody with zebrafish Hsf-1 protein was verified by Western blot,
using HeL a cells transfected with a plasmid encoding a zebrafish Hsf-1-EGFP (enhanced
green fluorescent protein) fusion protein, or with a plasmid containing the coding sequence
for EGFP. Figure 5A shows a representative Western blot of protein obtained from EGFP-
transfected HeLa cells (first lane), and protein obtained from cells transfected with the
zebrafish Hsf-1-EGFP plasmid (remaining three lanes). In all four lanes, a band is detected
that is the predicted molecular weight of human HSF-1 (huHSF-1; approximately 85 kDa).
In the final three lanes, an additional band is detected that is the predicted molecular weight
of the fusion protein (zfHsf-1-EGFP; approximately 150 kDa) (see also [49]), indicating that
the anti-human Hsf-1 antibody used in these studies also detects the zebrafish Hsf-1 protein.
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As an additional test of the Hsf-1 antibody in zebrafish tissues, we performed indirect
immunofluorescence experiments on sections derived from embryos treated with supra-
threshold levels of a validated hsf-1 MO [40, 49] at the one- to two-cell stage, and fixed at
48 hpf. In sections derived from untreated embryos, Hsf-1 immunoreactivity was found in
the retina, in the emerging ganglion cell layer and inner nuclear layer, and with a nuclear
localization (Fig. 5B-C). A similar labeling pattern was observed in sections derived from
embryos treated with a control MO (Fig. 5D-E). This labeling pattern was not evident in
sections derived from hsf-1 morphants (Fig. 5F-G), providing evidence that the Hsf-1
antibody used in these studies [48] detects Hsf-1 protein in zebrafish tissues.

3.6 Ethanol and Hsf-1 Pathway Interaction Studies

We next performed studies to test whether ethanol and reduced levels of Hsf-1 functioned
via a similar molecular pathway in the generation of microphthalmic phenotypes. We
combined sub-threshold levels of hsf-1 MO (those that do not result in an eye phenotype;
[53] (Fig. 6E) with sub-threshold levels of ethanol (0.5%, which does not result in
significant microphthalmia [8]; Fig. 6B). One- to two-cell stage embryos were injected with
sub-threshold or supra-threshold levels of a previously validated hsf-1 MO [40, 53], or with
a control MO that does not target any zebrafish nucleic acid sequence [54], and then these
embryos were treated with 0.5% or 1.5% ethanol at 24 hpf and were examined at 36 hpf or
48 hpf. In these experiments, embryos treated with 1.5% ethanol (Fig. 6C), or those treated
with a combination of sub-threshold hsf-1 MO and sub-threshold ethanol (Fig. 6F) showed
significant microphthalmia at 36 hpf, and at 48 hpf (Fig. 6G, I; p<0.05 compared to
untreated controls; ANOVA followed by post-hoc analysis). The same experimental
conditions also resulted in significantly reduced lens size (Fig. 6H; p<0.05 compared to
untreated controls; ANOVA followed by post-hoc analysis). Embryos treated with a
combination of control MO and 0.5% ethanol showed eye sizes similar to those of untreated
controls (Fig. 61). We were also able to verify that supra-threshold concentrations of hsf-1
MO resulted in significant microphthalmia at 48 hpf (Fig. 61; p<0.05 compared to untreated
controls; ANOVA followed by post-hoc analysis; see also Fig. 5F-G).

3.7 Rescue Studies: Thermal Preconditioning

The microphthalmic effects of hsf-1 knockdown [40], the reduced Hsf-1 expression in eyes
of ethanol-treated embryos (Fig. 4; Supplemental Table 4; Fig. 2D), and the evidence
supporting common molecular pathways for the effects of ethanol and hsf-1 knockdown
(Fig. 6), together prompted us to test if ethanol-induced microphthalmia could be rescued by
manipulation of the cellular stress response. We initially attempted overexpression of hsf-1
capped mRNA, but this strategy did not result in accumulation of Hsf-1 protein in eyes of
treated embryos, nor did it result in rescue of eye size in ethanol-treated embryos (data not
shown). It is possible that hsf-ImRNA experiences rapid turnover and may lack the
perdurance in vivo to initiate a response sufficient for rescue [71].

As an alternative, we next used thermal preconditioning, which activates Hsf-1 [72], and
correspondingly up-regulates expression of hsp-70 mRNA [53, 73, 74]. We predicted that
this activation process, prior to ethanol exposure, may stimulate necessary chaperone
expression and functions to counteract the effects of ethanol. Thermal preconditioning (mild
heat shock; HS) is a method commonly employed in studies of ischemia such that a mild
preconditioning reduces damage related to ischemia or hypoxia [75]. We designed two
different experimental approaches for using thermal preconditioning to test for rescue
effects. 1) HS (37°C, 1 hour) was applied at 16 hpf, 8 hours prior to ethanol exposure; 2) HS
(37°C, 1 hour) was applied at 14 hpf, 10 hours prior to ethanol exposure. The HS at 16 hpf
(Fig. 7A), resulted in a partial prevention of ethanol-induced microphthalmia; the eye
circumferences of the ethanol-treated HS embryos were not significantly different from
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those of the HS embryos, but remained significantly different from untreated controls
(ANOVA, followed by post hoc analysis; p < 0.05). Surprisingly, HS at 14 hpf was not
effective at rescuing microphthalmia (Fig. 8B).

To evaluate our thermal preconditioning rescue strategy, we measured hsp-70 mRNA
expression following each of the thermal preconditioning approaches. We observed
significant up-regulation of hsp-70 expression at 24 hpf following HS at 16 hpf (8 hours
after HS; Fig. 7C), coinciding with the time of experimental exposure to ethanol. These
results are consistent with the observation of partial prevention of the small eye phenotype
with 16 hpf HS protocol. These results suggest that thermal preconditioning, and consequent
up-regulation of hsp-70, has a modest protective effect for preventing ethanol-induced
microphthalmia. Interestingly, hsp-70 up-regulation at 24 hpf was not observed with the 14
hpf HS approach (10 hours after HS; Fig. 7C). This outcome provides support to the idea
that thermal preconditioning partially prevents ethanol-induced microphthalmia only when
high hsp-70 levels are generated at the time of ethanol exposure. The lack of significant
hsp-70 induction 10 hours after the 14 hpf heat shock was itself surprising, and suggests that
the cellular stress response (to thermal preconditioning) is complex and dynamic during
embryonic development.

To test whether the expression or distribution of Hsf-1 was altered by thermal
preconditioning, embryos obtained from a 16 hpf HS experiment were processed for indirect
immunofluorescence with the Hsf-1 antibody. Control (no HS, no ethanol) embryos
displayed Hsf-1-positive nuclei in brain and retina (Fig. 8A, B), and ethanol-treated embryos
lacked Hsf-1-positive nuclei in retina (Fig. 8E, F). Embryos subjected to HS at 16 hpf
showed a similar distribution of Hsf-1-positive nuclei in retina, intense staining of nuclei in
brain, and in six of seven embryos analyzed, nuclei of lens epithelial cells were also stained
(Fig. 8C, D). Of greatest interest, we observed Hsf-1-positive nuclei in retinas and lenses of
eight embryos that were subjected to HS at 16 hpf and then treated with ethanol at 24 hpf
(Fig. 8G, H). These findings, together with those related to hsp-70 expression (Fig. 8C)
suggest that the 16 hpf thermal preconditioning protocol was successful at engaging the heat
shock response by the time of ethanol treatment, such that a partial prevention of the
microphthalmic effects of ethanol was achieved.

4. Discussion

Ethanol treatment of zebrafish embryos during retinal neurogenesis results in
microphthalmia associated with retina and lens abnormalities [8]. The objective of this study
was to identify genes and biological processes that are altered by ethanol in the eyes of
embryonic zebrafish by using time series microarray. In this study, we assayed zebrafish
embryo eyes (control and ethanol-treated) at different sampling times (24, 27, 30, 36, and 48
hpf) during retinal neurogenesis. A striking observation in our study was the existence of
changes in expression of numerous genes involved in the cellular stress (“heat shock™)
response. We tested the hypothesis that the heat shock response is involved in the
microphthalmic response of zebrafish embryo eyes to ethanol by performing combined
treatment with sub-threshold levels of ethanol and morpholino targeting hsf-1. This
combined treatment resulted in microphthalmia, suggesting a common molecular pathway
for ethanol and hsf-1 knockdown. In addition, we were able to achieve a partial rescue of
microphthalmia by using thermal preconditioning to sustain Hsf-1 protein, and up-regulate a
key player in heat shock response, hsp-70. Together these results suggest a role for the heat
shock response in mediating the ocular effects of ethanol in embryonic zebrafish.
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4.1 Time Series Microarray Analysis

We report for the first time an application of time series microarray to study the changes in
gene expression induced by ethanol during development. The molecular mechanisms
underlying ethanol toxicity in embryos are largely unknown in zebrafish, particularly with
respect to ethanol exposures during the time of retinal neurogenesis [8, 13]. Our time series
microarray analysis is an important step toward identifying these mechanisms.

The multiple analysis approach (SAM and EDGE) together with GO analysis of microarray
revealed several genes common to two or more of the analyses. These genes belonged to
distinct but interrelated molecular pathways. Many of these genes were related to the heat
shock response, cell cycle regulation, developmental processes, and response to stimulus.
Similar changes in gene profiles were previously detected in microarray of whole brain of
ethanol-treated vs. control embryonic mouse, including changes in genes related to cell
cycle regulation and differentiation [30].

We mined the present microarray dataset to evaluate the most commonly implicated
signaling systems in developmental toxicity of ethanol: retinoic acid signaling, and Sonic
hedgehog signaling. RA signaling is known to play a key role in development of ethanol
targets, including the central nervous system, heart, limbs and eyes [76]. Ethanol may reduce
RA signaling by competitively inhibiting the dehydrogenase enzymes involved in RA
synthesis [20, 77, 78]. Several studies have provided evidence of reduced levels of RA due
to ethanol exposure and/or demonstrated that administration of RA could rescue the
phenotypes caused by ethanol in animal models [21, 22, 79, 80]. In contrast, the
microphthalmic effects of ethanol treatment during retinal neurogenesis were not rescued
with addition of RA [13]. Consistent with these prior results, the present microarray study
revealed no significant changes in expression of numerous RA signaling-related genes
within the eye, including retinoid binding proteins, retinoid receptors, and retinoid
metabolizing enzymes (Supplemental Table 7). However, three RA signaling-related genes
were significantly differentially expressed over time in ethanol-exposed eyes: the receptors
RXRpa and RXRab, and the orphan nuclear receptor nr2f5 (Fig. 2A), which is known to act
as a negative regulator of RA. These results suggest some effects of ethanol on the temporal
expression dynamics of a small subset of RA-related genes during retinal neurogenesis.

We also evaluated the Shh signaling system, which is frequently indicated as a potential
mediator of developmental effects of ethanol exposure. Ethanol treatment during
gastrulation and neurulation results in axial defects and craniofacial defects including
microphthalmia, that can be rescued by administration of Shh [25], or by injection of
supplemental cholesterol [24], a component of the mature Shh lipoprotein [81]. The present
study identified several Shh signaling-related genes as differentially expressed over time in
ethanol-exposed eyes, including shha (Fig. 2A). Interestingly, all of these genes showed
increases in expression over time as compared to control eyes. These findings, along with
the large number of additional Shh signaling-related genes that were not differentially
expressed (Supplemental Table 7), are consistent with our prior study demonstrating that
reduced Shh signaling within the eye does not underlie the microphthalmic phenotype
generated by ethanol exposure during retinal neurogenesis [13]. These findings do not
discount previous studies indicating that ethanol affects Shh expression and/or signaling at
earlier developmental times and in non-ocular tissues [21, 23, 24].

Several genes related to cell cycle progression were also detected by the microarray analysis
as differentially expressed over time in eyes exposed to ethanol during retinal neurogenesis.
The increased expression of several cyclins (as compared to control) and decreased
expression of cdk2 together suggest that cells of the eye may fail to exit the cell cycle.
Interestingly, zebrafish embryos treated continuously with 1.5% ethanol over the first 48 hrs
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of development also show disruptions in expression of genes related to cell cycle
progression and withdrawal [14].

A detailed inspection of the genes with altered expression indicated striking changes in
many mRNAs coding for components of the heat shock pathway. Similar to our observation
of altered hsp and hsf genes in ethanol-treated embryo eyes, a number of other microarray
studies of ethanol effects in adult cortex of humans and mouse suggest that ethanol
treatment alters expression of some of the hsp genes [82-85] [82, 83, 85, 86], which in turn
may be important in the pathophysiological responses to ethanol. The next Section (4.2) will
introduce a model in which the ocular effects of ethanol may be mediated by changes in
expression of components of the heat shock response.

4.2 Embryonic Ethanol Exposure and the Heat Shock Response

The microarray results, along with Hsf-1 immunocytochemistry and hsp-70 qRT-PCR,
suggested the involvement of several components of the cellular stress response in eyes of
ethanol-treated embryos. Previous studies of these components of the heat shock response
revealed requirements for both hsf-1 and hsp-70 in the support of lens and eye development,
with significant microphthalmia resulting from morpholino-mediated knockdown of either
component [40, 87]. To test the hypothesis that the microphthalmic effects of ethanol
exposure during retinal neurogenesis are mediated by reduced expression of hsf-1, we
treated embryos with sub-threshold hsf-1 MO, together with sub-threshold (0.5%) ethanol.
These embryos displayed significant microphthalmia (Fig. 7), consistent with reduced hsf-1
and ethanol treatment acting by a common molecular pathway. In further support of this
hypothesis, a thermal preconditioning protocol that elevated hsp-70 mRNA expression at the
time of ethanol administration (24 hpf; Fig. 8) and sustained Hsf-1 protein expression in the
presence of ethanol (Fig. 9), was successful in partially preventing microphthalmia (Fig. 8).

We propose a working model to describe the role of the heat shock response in ethanol
induced microphthalmia, and to suggest how manipulation of this system may partially
prevent the effects of ethanol. Hsf-1 activation (translocation into the nucleus) is known to
be initiated by either a stress stimulus or a developmental process and is mediated by
phosphorylation of serine residues of Hsf-1 [88]. This results in binding of Hsf-1 to HSEs,
and activation of transcription of hsp mMRNAs such as hsp-70 [39]. The hsp genes encode
molecular chaperones that facilitate protein folding and prevent aggregation of mis-folded
proteins, thereby supporting cell survival and proper cell function [89]. In mouse, Hsf-4 has
been shown to have additional regulatory targets, including genes encoding fibroblast
growth factors, which in turn influence development of the ocular lens [90].

We suggest that ethanol also acts on the heat shock response system, but paradoxically
down-regulates hsf-1 mRNA, resulting in reduced Hsf-1 within the developing eye (within
approximately 6 hours), and delayed up-regulation of hsp-70 in response to the ethanol
stress. During the resultant period of insufficient Hsp-70 for responding to the effects of
ethanol stress, a cascade of events occurs, culminating in microphthalmia. It is tempting to
speculate that this cascade of events includes cell death in the lens following ethanol
exposure [8], resulting in abnormal lens development and microphthalmia. In support of this
idea, roles for hsf-1 and hsp-70 in promoting lens survival and consequently, eye growth,
have been demonstrated [40, 87, 91]. However, we only reliably detected Hsf-1 protein
within the lenses of embryos that were subjected to thermal preconditioning, suggesting that
unstressed, developing embryos may not activate Hsf-1 within lens tissues to an extent that
is readily detectable by immunocytochemistry. Consistent with this working model, several
hsp40 genes (dnajb6a, dnajbl1, dnajcl1) were also significantly differentially expressed
(reduced in expression) following embryonic ethanol exposure in our time-series microarray
(Fig. 1B; Supplemental Tables 3-6). Furthermore, we note that EDGE analysis identified
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hypoxia inducible factor 1a (hif-1a) as significantly differentially expressed over time in
eyes of ethanol-treated embryos, with upregulation taking place at 48 hpf (Supplemental
Table 5; data not shown). Since Hif-1a can interact with the hsp-70 promoter [49, 92], it is
possible that Hif-1a activity was responsible for the upregulation of hsp-70 at the end of the
ethanol treatment period.

Our strategy for manipulation of the cellular stress response was the use of thermal
preconditioning. Preconditioning with mild heat shock has been shown to protect cells from
severe stressors [75, 93, 94]. We predicted that up-regulation of this response as a
consequence of thermal preconditioning would result in molecular activities that would
counteract the effects of ethanol exposure. The activated cellular response prepares
developing tissues for additional stress (in the present study, in the form of ethanol), thereby
preventing cell death or abnormal cell function [93]. The outcome in the present study was
near-normal development of the eye. Studies in heart and brain in animal models have
demonstrated the potential of using thermal preconditioning as a therapeutic agent in
reducing damage by ischemic injury [49, 75, 94-96], and Hsf-1 specifically has been
considered a pharmacological target for Huntington's Disease [97]. Our studies suggest that
the Hsf-1 and Hsp-70 may also be considered reasonable therapeutic targets for fetal alcohol
exposure. We note that any intervention targeting these components of the cellular stress
response would be most likely administered to women who know they are pregnant, but
continue to drink, a situation that is associated with other circumstances such as abuse or
prenatal health problems [98]. In this scenario an intervention treatment would potentially
counteract the effects of ethanol during the period of organogenesis, a developmental time
that corresponds to the time frame of our experimental protocols in zebrafish.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analyses of microarray results

A. SAM plot representing genes differentially expressed in eyes of ethanol-treated embryos.
The genes differentially expressed at significant levels are shown in green and the remaining
unperturbed genes are shown in black. The delta (measure of strength of relationship
between gene expression and response variable) was set to support a false discovery rate of
0.102. Genes with expression levels that are statistically beyond delta in either direction are
plotted either above (up-regulated) or below (down-regulated) the control group. Genes with
expression levels that did not change more than the set delta in either direction were
considered to be not statistically significantly different at the set false discovery rate. B.
Venn diagram showing differentially expressed genes identified by three different
approaches for microarray analysis in the untreated vs. ethanol-treated zebrafish embryo
eyes. Heat shock response related genes were present in lists derived from SAM analysis
and both EDGE analyses (hsp-40, hsf-1, hsbp-1). C. Differentially expressed genes
identified by the EDGE2 analysis were classified into selected biological processes using
GOEAST.
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Figure 2. Heatmaps of selected genesthat are differentially expressed in ethanol-treated eyes,
according to SAM or EDGE analyses
A. Genes related to RA signaling or Shh signaling, identified as differentially expressed
according to SAM (10% FDR), EDGE-1 or EDGE-2 (0.05 q cut-off). Rank in analysis is
according to statistical significance. B-D. Selected genes related to cell proliferation (B), eye
development (C), and the cellular stress response (D), identified as differentially expressed
according to SAM (10% FDR), EDGE-1 or EDGE-2 (0.05 g cut-off). Rank in analysis is
according to statistical significance. Con, control; eth, ethanol; hpf, hours post-fertilization;
green, reduced as compared to 24 hpf control; red, increased as compared to 24 hpf control;
black, matching that of 24 hpf control (= 0 in the scales).
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Figure 3. Hsp-70 and hsf-1 expression in ethanol-treated eyes

Time-series microarray results for hsp-70 (A) and hsf-1 (C) in eyes following ethanol
exposure during retinal neurogenesis, expressed as RMA expression levels and represented
as dot plots (limits of y-axes selected to minimize white space). The bar graph (B) shows
relative expression of hsp-70 determined using gRT PCR with -actin as the endogenous
control in eye-specific material. Fold changes in expression level are relative to the level at
24 hpf, error bars represent std. error of mean. Asterisk (*) represents significant change in
expression of groups compared to 24 hpf control (p <0.05), number sign (#) represents
significant difference as compared to control at same sampling time (p<0.05).
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Figure 4. Hsf-1 protein distribution in control and ethanol-treated embryos at 36 hpf

Sections derived from control (A-C) or ethanol-treated embryos (D-F), were processed for
indirect immunofluorescence using an anti-Hsf-1 antibody. A and D show Hsf-1 labeling
only; note Hsf-1-positive cells in brain (Br) and retina (R) of control embryo, and only a few
Hsf-1-positive cells in brain of ethanol-treated embryo (arrow) and none in retina. B and E
show Hsf-1 labeling and DAPI counterstain to label nuclei. C and F show Hsf-1 label
together with HUC/D, a neuronal marker; arrowheads show colabeled cells. Scale bar = 25
pum.
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Figure5. Characterization of Hsf-1 antibody

A. Western blot of HeLa cell protein using the anti-human Hsf-1 antibody from Thermo-
Scientific. A prominent band is seen at the predicted molecular weight of human HSF-1
(HuHSF-1) in all lanes. An additional, higher molecular-weight band is seen in extracts of
HeL a cells transfected with a plasmid encoding zebrafish Hsf-1-EGFP fusion protein
(zfHsf-1-EGFP). B-G. Loss of Hsf-1 immunoreactivity in tissues of hsf-1 morphant
embryos. Sections derived from control embryos (B-C), embryos treated with a control
morpholino (MM-MO; D-E), or hsf-1 morphants (supra-t hsf-1 MO; F-G), fixed at 48 hpf,
were processed for indirect immunofluorescence using the anti-Hsf-1 antibody [48]. B, D,
and F show Hsf-1 labeling only; note immunopositive cells in brain (Br) and retina (R) of
control embryo, and no immunopositive cells in brain or retina of hsf-1 morphant. C, E, and
G show Hsf-1 labeling together with DAPI counterstain to label nuclei. Scale bar = 25 pm.
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Figure®6.

Sub-threshold ethanol treatment combined with sub-threshold hsf-1 MO-mediated
knockdown results in microphthalmia. A.-H. Embryos were fixed at 36 hpf following no
treatment (A), treatment with 0.5% ethanol at 24 hpf (B), treatment with 1.5% ethanol at 24
hpf (C), treatment with a control MO (MM-MO) at the 1-2-cell stage (D), sub-threshold
hsf-1 MO at the 1-2-cell stage (E), and combined sub-threshold hsf-1 MO and 0.5% ethanol
(F). G-H. Eye circumference (G) and lens circumference (H) measurements at 36 hpf; in the
boxplots, the boxes demarcate the 25t and 75t percentiles, dark horizontal lines designate
the medians, whiskers represent the upper and lower limits, and any open circles indicate
outliers. Asterisks (*) appear above groups that are significantly different from the control
groups (p value<0.05; ANOVA, post hoc analysis). Numbers of embryos in each group (n)
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are provided below each boxplot (“n”’s for H are the same as those for G). Limits of y-axes
were selected to minimize white space. I. Eye circumference measurements from a separate
experiment in which embryos were fixed at 48 hpf. Scale bar in A (applies to all images) =
250 pm.
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Figure 7. Ethanol-induced microphthalmiais partially prevented by a thermal preconditioning

protocol that up-regulates hsp-70

A, B. Eye circumference measurements following thermal preconditioning (37°C) for 1 hour
beginning at 16 hpf (A) or 14 hpf (B), followed by exposure to 1.5% ethanol at 24 hpf.
Embryos were fixed for eye measurements at 36 hpf. Boxplots were generated in R
statistical software; the boxes demarcate the 251 and 75t percentiles, dark horizontal lines
designate the medians, whiskers represent the upper and lower limits, and the open circles
indicate outliers. Asterisks (*) appear above groups that are significantly different from
control, number signs (#) appear above groups that are significantly different from both
control and HS (heat shock) groups (p value<0.05; ANOVA, post hoc analysis). Numbers of
embryos in each group (n) are provided below each boxplot. B. Relative expression of
hsp-70 mRNA determined using gRT PCR with B-actin as the endogenous control, in total
RNA from control and following thermal preconditioning (37°C) at 14 hpf or 16 hpf for 1
hour, with embryos collected at 24 hpf. Fold changes in expression level are relative to the
level of respective controls, error bars represent std. error of mean. Asterisks (*) represents
significant change in expression of groups compared to control (p <0.05, T-test).
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Figure 8. Hsf-1 protein distribution following thermal preconditioning

Embryos were fixed at 36 hpf and processed as cryosections for indirect
immunofluorescence with an anti-Hsf antibody. A, B. Untreated (Con) embryo, with Hsf-1-
positive cells in brain (Br) and retina (R); B shows Hsf-1 immunofluorescence along with
nuclear DAPI (blue) staining. C, D. Embryo subjected to thermal preconditioning (heat
shock; HS) at 16 hpf, with Hsf-1-positive cells now also present in lens epithelium (L); D
shows Hsf-1 immunofluorescence along with DAPI. E, F. Embryo treated with 1.5% ethanol
at 24 hpf (Eth); F includes DAPI counterstain. G, H. Embryo subjected to thermal
preconditioning at 16 hpf and treated with ethanol at 24 hpf (HS, Eth). Note maintenance of
Hsf-1 expression in brain (Br), retinal cells (R), and appearance of Hsf-1-positive cells in
lens epithelial cells (L); H shows Hsf-1 immunofluorescence along with DAPI. Scale bar =
25 pm.

Reprod Toxicol. Author manuscript; available in PMC 2015 January 01.



