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Physiol Genomics 46: 523-532, 2014. First published May 13, 2014;
doi:10.1152/physiolgenomics.00186.2013.—Estradiol (E2) is a well-
known modulator of fetal neurcendocrine activity and has been
proposed as a critical endocrine signal readying the fetus for birth and
postnatal life. To investigate the modulatory role of E2 on fetal stress
responsiveness and the response of the fetal brain to asphyxic stress,
we subjected chronically catheterized fetal sheep to a transient (10
min) brachiocephalic artery occlusion (BCO) or sham occlusion. Half
of the fetuses received subcutaneous pellets that increased plasma E2
concentrations within the physiological range. Hypothalamic mRNA
was analyzed using the Agilent 8x15k ovine array (019921), pro-
cessed and annotated as previously reported by our laboratory. Anal-
ysis of the data by ANOVA revealed that E2 differentially regulated
(DR) 561 genes, and BCO DR 894 genes compared with control and
E2+BCO DR 1,153 genes compared with BCO alone (all F =2 0.05).
B2 upregulated epigenetic pathways and downregulated local steroid
biosynthesis but did not significantly involve genes known to directly
respond to the estrogen receptor. Brachiocephalic occlusion upregu-
lated kinase pathways as well as genes associated with lymphocyte
infiltration into the brain and downregulated neuropeptide synthesis.
E2 upregulated immune- and apoptosis-related pathways after BCO
and reduced kinase and epigenetic pathway responses to the BCO.
Responses to BCO are different from responses to hypoxic hypoxia
suggesting that mechanisms of responses to these two forms of brain
hypoxia are distinct. We conclude that cerebral ischemia caused by
BCO might stimulate lymphocyte infiltration into the brain and that
this response appears to be modified by estradiol.

cortisol; fetal heart; mitochondria; metabolism; late gestation

DURING THE TRANSITICN FROM intra- to extrauterine life, birth
asphyxia is a common cause of cerebral ischemia (29), com-
monly resulting in the need for resuscitation of the neonate.
Disturbances in cerebral blood flow can result from various
manipulations in the neonatal intensive care unit, including
hypocarbia secondary to mechanical ventilation (18), continu-
ous positive airway pressure (16, 42), and extracorporeal mem-
brane oxygenation (7). Reduction of cerebral blood flow in the
neonate compromises oxygen delivery or, if severe, produces
ischemia/reperfusion injury (10) and results in morbidity, in-
cluding intraventricular hemorrhage (6) and long-term cogni-
tive deficit (14).
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We have investigated the cardiovascular and endocrine re-
sponses to cerebral hypoperfusion in late-gestation chronically
catheterized fetal sheep (31, 38, 39), in this animal model of
late fetal development. This model allows us to investigate
responses to stress in utero and better understand the native
homeostatic mechanisms that promote survival after stress. We
investigated the responses to severe brain asphyxia, produced
by a transient occlusion of the brachiocephalic artery, the
vessel that in sheep supplies blood flow to both carotid arteries.
This manipulation produces a form of brain asphyxia and
reperfusion that might be similar to transient umbilical cord
occlusion or transient interruption of cerebral blood flow dur-
ing surgery. Brachiocephalic occlusion stimulates cardiovas-
cular and endocrine responses as direct responses to ischemia/
reperfusion and as reflex responses to carotid chemoreceptor
activity (21, 39). Glutamate neurotransmission appears to play
an important role in mediating the fetal ACTH response to
brachiocephalic artery occlusion (BCO) (19). Related to, and
perhaps downstream from, N-methyl-D-aspartate (NMDA)
neurotransmission is the influence of brain-derived prostaglan-
dins, mediated by cyclooxygenase-2 [prostaglandin-endoper-
oxide synthase 2 (PTGS2)], which is upregulated in various
brain regions after BCO (12).

The availability of ovine gene array technology has provided
investigators with the ability to broadly model the response of
the fetal hypothalamus to BCO. We have recently annotated
the Agilent 15k ovine array, and we have used it to measure
gene expression in fetal hypothalamms in response to ventila-
tory hypoxia in late gestation (41). In the present experiment,
we used this array to investigate the genomics of the ovine fetal
hypothalamic responses to BCO and to estradiol, both alone
and in combination. We hypothesized that the genomic re-
sponse to estradiol is highly represented by genes known to be
directly stimulated by the estrogen receptor (ER) and that the
response to BCO is modulated by estradiol.

MATERIALS AND METHODS

All of these experiments were approved by the University of
Florida Institutional Animal Care and Use Committee and were
performed in accordance with the Guiding Principles for Research
Involving Animals and Human Beings published by the American
Physiological Society. The studies reported in this paper were per-
formed on mRNA samples extracted from hypothalami of chronically
catheterized fetal sheep subjected to brachiocephalic occlusion with or
without chronic treatment with 17p3-estradiol (E2). The in vivo ex-
perimental data have been previously reported (39). In brief, we
chronically instrumented fetal sheep with vascular and amniotic fluid
catheters and each with an extravascular occluder around the brachio-
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Table 1. Primers and probes used for real-time PCR confirmation of gene expression

Gene Ferward Primer Rewverse Primer Probe
POMC COGGCAACTGOGATGAG GEAAATGGECCCATGACGTACT AGCCGCTCACTGAGAACCCCCG
IL1E CETGECCATGEAGAAGCT GETCATCATCACGGAAGACATCT Sybr Green
CRHBP TEETCTCAGCAGAAGGAGCAT GUTCATGGACCCGGAAGAL Sybr Green
AGRP GAGGTGEOTAGATOCGGALGS TEETETOCCAGACAGGATTCA Sybr Green
TNF COCTTCCACCCCCTTETT ATGTTGACCTTGETCTGETAGGA Sybr Green
NPY COGAGGACTTGGCCAGATAC TECCTEETEATCAGATTGEATE ACTCAGCCCTRCCAC (MGE)
FRL TEAGCTTGATTCTTGGETTGCT COCCGCACCTCTGTGACTA CTCOTEEAATGACCCTCTGTATCAC
ACTE TTCCTTOCTGEGECATGGA GACGTCACACTTCATCATGGAATT TOCTGCGECATTCACGAAACTACCTT

cephalic artery. All animals were allowed 5 days postoperative recov-
ery before experimentation and were 124-128 days gestation (term
147 days) at the time of study. Half of the fetuses were treated at
surgery with a subcutaneous pellet that released E2 at a rate of ~250
pg/day. Four groups of fetuses were studied (1 = 4/group): ) control
{no E2 and no BCO), 2) BCO (10 min period of BCO), 5) B2 (chronic
E2 but no BCO), and 4) BCO+E2. The BCO manipulation results in
a complete occlusgion of the brachiocephalic artery but not a complete
cessation of blood flow to the fetal brain (34, 39), because the BCO
does not impede collateral flow to the brain through the vertebral or
spinal arteries. Arterial blood samples (5 ml) were drawn immediately
before and 5, 10, 20, and 30 min after the onset of the 10 min period
of BCO (or sham-BCO).

Messenger RNA was extracted from tissue and purified as previ-
ously described (41). RNA integrity numbers for the 16 mRNA
samples ranged from 7.9 to 8.8. DNase treatment, labeling with Cy5,
and array hybridization were also performed as previously described
{41). The array platform that we used was the Agilent-019921 Sheep
Gene Expression Microarray 8x15k, G4813A (GPL14112). Annota-
tion of this array platform was previously described (23). Data have
been deposited in the Gene Expression Omnibus database (accession
number GSE52888).

Analysis of variance was performed using JMP Genomics 5.0 (SAS
Institute, Cary, NC). Prior to analysis, transcript levels were normal-
ized to the median expression value on each array. The criterion value
for statistical significance chosen was P <= 0.05. Network inference of
the differentially regulated (DR genes was performed with GeneMania
(36), a plugin of CytoScape (5). Networks were constructed with the
following grouping criteria: physical interactions, predicted, pathway,
genetic interactions, physical interactions, coexpression, colocaliza-
tion. BinGO (15), also a plugin of Cytoscape, was used for gene
ontology analysis, using F <= 0.05 as the criterion for statistical
significance after Benjamini-Hochberg false discovery rate correction
(1). Overlap of gene lists was visualized by a Venn analysis or the
Advanced Network Merge function of Cytoscape. Analysis of pre-
dicted transcription factor (TF) binding sites was performed with
WebGestalt (35, 43), using P <2 0.05 as the criterion for statistical
significance using a hypergeometric test.

We confirmed array expression data for selected genes by real-time
quantitative PCR (qPCR) with primers and, in some assays, probes, as
reported in Table 1. Aliquots of mRNA were converted to cDNA with
a High Capacity cDNA Archive kit by the methodology recom-
mended by the kit manufacturer (Applied Biosystems, Foster City,
CA). The newly synthesized cDNA was stored at —20°C until
qRT-PCR was performed. Seven genes (Table 1) were selected
because of their inclusion in or relevance to the significant clusters of
DR genes. Probes and primers were designed with Primer Express
software (Applied Biosystems). Amplification reactions for all primer
or probe and primer pairs had efficiencies >05%. The abundance of
ACTE (p-actin) mRNA was determined in each sample with primers
and VIC TagMan probe designed from the ovine ACTB sequence and
TagMan RT-PCR master mix (Applied Biosystems). All samples
were run in triplicate for each gene and for ACTB. Relative mRNA
expression of each gene was calculated by determining change in

threshold cycle (ACt) between the mean Ct for each gene and the
mean Ct for ACTB mRNA from the same sample.

Shown in Fig. 1 are qPCR data and array data for AGRP (Fig. 14),
plotted together to show that there iz excellent correspondence of
results from both methods. Shown in Fig. 15 is the corelation of
expression values measured by both methods for six genes.

RESULTS

Response to brachiocephalic occlusion. Brachiocephalic oc-
clusion increased expression of 378 known genes and de-
creased expression of 516 known genes (Fig. 2 and Supple-
mentary Data).! Network inference revealed that 364 of the
upregulated genes and 321 of the downregulated genes could
be organized into networks of up- and downregulated genes

! The online version of this atticle containg supplemental matarial,
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Fig. 1. A: expression [plotted as log2(Alntensity )] of AGRP as measured in the
4 groups using qPCR (open bars) and microarray (filled bars). Data are
represented as means £ SE. BCO, brachiocephalic attery occlusion; E,
17B-astradiol; CON, control; qPCR, quantitative PCR. B correlation of ex-
pression of AGRP, CRHEP, IL1E, POMC, TNF, and NPY as measared by
gPCR and microarray methodology.
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Fig. 2. Volcano plot (bottom) representing the relationship between caleulated P value [shown as —logiolP)] and difference between control and BCO groups
for each gene [represented as log(BCO — Control)]. Statistically significant increases in gene expression are shown in red, and statistically significant decreases
in gene expression are shown in green. Above the volcano plot are inferred networks of the upregulated (red) and downregnlated (green) genes, plotted as
force-directed layouts of the networks. These networks are accormpanied by gene ontology terms significantly associated with the up- and downregulated genes.
Note that the network of downregnlated genes is less cormpact, indicating fewer known associations among these genes.

(Fig. 2). Gene ontology analysis of the entire set of upregulated
genes revealed a network of related molecular function (MF)
terms, with highest-order ontology terms including “protein
serine-threonine kinase activity” and “protein transporter ac-
tivity” (Table 2). Biological process (BP) terms include “reg-
ulation of transcription from RNA polymerase I promoter,”
“enzyme-linked receptor protein signaling pathway,” and
“negative regulation of cell cycle” (Table 3). Highly upregu-
lated genes (>2-fold change) include several genes that are
consistent with infiltration of lymphocytes into the fetal hypothal-
amus after BCO (RORA, GATA3J), activity of antigen-presenting
cells (NOD2), and activation or infiltration of hematopoietic stem
cells within the hypothalamms (KITL, CD1B). Gene ontology
analysis of the genes downregulated by BCO revealed significant
association with MF term “hormone binding” and with the BP
terms “response to prostaglandin E stimulus,” ‘regulation of nitric
oxide biosynthetic process,” and “post-Golgi vesicle-mediated
transport.” Highly downregulated genes (>2-fold change) in-
cluded several peptides and receptors (GHRH, AGRP, NPY,
PRL, NVPF, GALP, OXT, POMC, CRHBP, PRLR, BRS3). The

coordinated downregulation of mRNA encoding neuropeptides is
illustrated in Fig. 3.

Considering all genes that are up- or downregulated by
BCO, KEGG analysis revealed that 49 genes are associated
with metabolic pathways, with consensus downregulation in
micleotide metabolic pathways, downregulation of glucose-6-
phosphate and fructose-6-phosphate metabolism entry of phos-
phoenolpyruvate into the Krebs cycle, and downregulation
within the oxidative phosphorylation complex. Fatty acid me-
tabolism, especially EETs, was upregulated, along with NADH
dehydrogenase (NUDUFU?2) in complex I of the oxidative phos-
phorylation chain. PI3-Akt pathways were associated with 27
genes, including upregulation of SGK1, PKN1, MAPKAPKS,
MAP3KI1, MAPK1, MAP4, MAP1B, PP2A, CDKNIA (p21),
and FOXO3, with downregulation of NFKB1 and NR4Al. The
glutamatergic synapse features nine differentially regulated genes,
with upregulated components of the NMDA and mGluR1/5 re-
ceptor complexes. Similarly, the calcium metabolic pathways
include 14 DR genes, including SERCA, calmodulin, and CAM
kinase.
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Table 2. Statistically significant molecular functions
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Table 3. Statistically significant biological processes

Molecular Function Adj F Biclogical Process Adj. F
BCO upregulated protein serine-threonine kinase activity 00096 BCO upregulated cellular copper ion homeostasis 0,004
protein transporter activity 0.011 enzyme-linked receptor protein signaling
follistatin binding 0.033 pathway 0.005
actin filament binding 0.034 negative regulation of cell cycle 0.003
cyclin-dependent protein kinase regulator cell cycle phase 5.0x10-4
activity 0.034 establishment of organelle localization 0.003
identical protein binding 0.0375 organelle organization 0.003
activin binding 0.041 regulation of transcription from RNA
BCO downregulated hormone binding 0.018 polymerase II promoter 0.004
E2 upregulated histone deacetylase activity 0,039 peptidyl-lysine dimethylation 3.0x1074
histone methyltransferase activity (H3-K27 BCO downregulated  post-Golgi vesicle-mediated transport 0.025
specific 0.026 response to progtaglandin E stirmlus 0.025
RINA binding 0,039 regilation of nitric oxide bicsynthetic
miclectide binding 0.026 procass 0.040
E2 downregulated orexin receptor activity 0.046 E2 upregulated cell cycle process 0.017
sterold 21-monooxygenase activity 0.046 cellular response to stress 0.017
glycine-tRINA ligase activity 0.046 nuclear-transcribed mBINA poly(A) tail
dsDNA-specific exodeoxyribomiclease shortening 0.017
activity 0.046 regulation of cellular macromolecule
E2 upregulated bicsynthetic process 0.025
during BCO RINA binding 1x10-7 regulation of killing of cells of other
receptor binding 0.015 E2 downregulated organism 0.032
acetyltransferase activity 0.044 production of molecular mediator of
transcription elongation regulator activity 0.045 imrmne response 0.032
E2 downregulated group IIT metabotropic glatarmate receptor SMAD protein cormplex assernbly 0.032
during BCO activity 0.030 E2 upregulated
protein kinase activity 0.027 during BCO protein polyubiguitination 0.003
Ran GTPase binding 0.017 RINA splicing 0.002
platelet-derived growth factor binding 0.015 mENA metabolic procass 0.005
translation initiation factor activity 0.030 regulation of apoptotic procass 0.005
HSP90 protein binding 0,038 cellular response to cytokine stirmmlus 0.003
growth factor receptor binding 0.032 response to glucocorticoid stirmlus 0.003
patched binding 0.030 antigen processing and presentation of
histone methyltransferase activity peptide antigen via MHC class I 2x 1074
(H3-K27) 0.038 antigen processing and presentation of
- - - - peptide antigen via MHC class I,
BCO, brachiocephalic artery occlusion; E2, 17 B-sstradiol. TAP-dependent %104
vims-host interaction 0,006
E2 downregulated positive regulation of protein
TF target analysis with Webgestalt revealed significant as- ~ during BCO phosphorylation . 2x107
sociation of the upregulated genes with 407 TF binding sites, regulation of protein kinase activity IX10
. . . . L enzyme linked receptor protein signaling
corresponding to 75 identifiable TFs (an abbreviated list is pathway 95104
reported in Table 4). Downregulated genes were significantly cellular response to organic substance 1% 10—+
associated with 333 TF binding sites corresponded to 143 organelle organization Ix1073
identifiable TFs. Of these TFs, 29 were significantly associated blood vessel development X107

with both up- and downregulated genes. Interestingly, HIF1 A
and ARNT binding sites are significantly associated with only
the downregulated genes.

Response to estradiol. BEstradiol treatment upregulated 221
and downregulated 340 genes (Fig. 4). These genes could be
organized into networks of 203 upregulated and 197 down-
regulated genes (Fig. 4). MFs associated with the upregu-
lated genes include “histone deacetylase activity,” “histone
methyltransferase activity (H3-K27 specific),” and “RNA
binding” (Fig. 4 and Supplemental Table 51). BPs associ-
ated with the genes upregulated by E2 include “cellular
response to stress” and “regulation of cellular macromole-
cule biosynthetic process” (Fig. 4 and Table 3). Included
among the downregulated MFs are “steroid 21-mono-oxygen-
ase activity” and “dsDNA-specific exodeoxyribonuclease ac-
tivity”; among downregulated BPs are “production of molec-
ular mediator of immune response” and “regulation of killing
of cells of other organism”™ (Table 2). Analysis of significant
association with known TFs revealed a list of 111 for the
upregulated genes and 145 for the downregulated genes. Inter-

estingly, there was significant association with the estrogen
receptor response element (ERE) in both the up- and down-
regulated gene sets. However, the majority of the transcrip-
tomic response to E2 was in genes (545 of 558 genes) not
known to contain EREs (13) as illustrated in Fig. 5. Venn
analysis of up- and downregulated genes shows minimal over-
lap of these genes with a list of genes thought to be controlled
by ER-ERE interactions (Fig. 5, left), represented as gene
networks.

KEGG analysis of the E2 DR genes indicates that E2 has an
opposite effect on oxidative phosphorylation compared with
the effect of BCO (downregulation in mitochondrial complexes
I and II and upregulation in complex V) but leads to similar
downregulation of mucleotide metabolic pathways. Upregula-
tion of several components of the PI3-Akt pathways by E2,
similar to BCO, included upregulation of SGK1 and PKN.
Changes in neuroactive transmitter signaling by E2 included
downregulation of prolactin (PRL), orexin (HCTR1, HCTR2),
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Fig. 3. Changes in mRNA abundance, as measured by rmicroarray, for 8
nenropeptides (GHRH, AGRP, NPY, PRL, GALP, OXT, POMC, and
CRHBEP) in femises treated with E2 (represented as growp E), BCO (repre-
sented as growp BCO), and B2 plus BCO (represented as group EBCO).
Changes were calenlated as differences from expression wvalues in control
fetuses (represented as gronp ). Data are represented as group mean values.

somatostatin (SSTR2), PGF2alpha (PTGFR), nuclectide sig-
naling (P2RX7), and galanin (GALR3) genes, and upregulation
of POMC peptide signaling (MC1R). Leptin (LEP) was down-
regulated, but its receptor was upregulated.

Combination of estradiol and brachiocephalic occlusion.
We analyzed the combination of E2 treatment and BCO by
comparing significant differences between the fetuses both
treated with E2 and subjected to BCO compared with the
fetuses subjected to BCO alone. This analysis reveals the genes
that are increased or decreased by E2 during the response to
BCO, E2? increased expression of 606 genes during BCO and
decreased expression of 547 genes (Fig. 6). These genes could
be organized into networks of 573 upregulated and 535 down-
regulated genes (Fig. 6). Significant BP terms for the genes
upregulated by E2 include terms related to immune function,
glucocorticoid action, and apoptosis, while BP terms associ-
ated with genes downregulated by E2 include protein kinase
activity and response to organic stimulus (Fig. 6 and Table 3).
MF terms for the upregulated genes include receptor binding,
acetyltransferase activity, and RNA elongation, while MF
terms for the downregulated genes include protein kinase
activity and histone methyltransferase activity (Table 2). TF
target analysis reveals 139 TFs significantly associated with
upregulated genes and 190 significantly associated with down-
regulated genes. KEGG analysis revealed that E2 DR 37 genes
in the PI3/Akt pathways and 26 genes in the MAPK pathways.

DISCUSSION

Systems modeling of the transcriptomics response of the
fetal sheep to brachiocephalic occlusion reflects increases in
kinase activity and decreases in hormone binding. We have
also found transcriptomic responses consistent with changes in
both prostaglandin and nitric oxide signaling. Brachiocephalic
occlusion is a model of ischemia-reperfusion that we have used
in the fetal sheep model to mimic the changes in blood flow to
the brain during severe hypotension (21, 34, 39). The present
results suggest strongly that at least the initial response to BCO
is mediated by changes in protein phosphorylation. The appar-
ent changes in prostaglandin signaling agree with and corre-
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Table 4. Statistically significant association with
transcription factor binding sites

Transcription Factor # Adj. F

BCO upregnlated hsa_GGGCGGR_VISPL_Q6 97 18x10-%
hsa_GGGAGGRR_VIMAZ Q6 83 1.x10-%
hsa TGGAAA VINFAT Q4_01 66 17x10-2¢
hsa CTTTGT VHLEF1_(Q2 66 8.5x10-%°
hsa TTGTTT VIFOX04_01 67 2.0x10-1°
hsa AACTTT UNKNOWIN 63 T.1x10-1°
hsa RYTTCCTG_VHEIS2 B 41 14x10-1
hsa_CAGGTG_VIELZ Q6 61 3.9x10-12
hsa_GGGTGGRR_VIPAX4 03 42 Tax1o-12
hsa MGGAAGTG_V3GABP_ B 30 18x10-*

BCO downregulated hsa_GGGCGGR_VISPL_Q6 97 24x10-18
hsa_CAGGTG_VIELZ Q6 87 34x10-1®
hsa_GGGAGGRR_VIMAZ_ Q6 81 4.1x10-%
hsa TTGTTT VIFOX04_01 67 44x10-12
hsa TATAMAA VITATA 01 48 2.0x10-1
hsa_GGGTGGRR_VIPAX4 03 47 5ex10-w
hsa TGGAAA VINFAT Q4_01 39 3.ex10-e
hsa RYTTCCTG_VHEIS2 B 42 12x10-7
hsa TCANNTGAY VISREBP1 01 26 1.35x10-7
hsa SCGGAAGY VIELK1 02 40 18x10-1°

E2 upregulated hsa_GGGAGGRR_VIMAZ_ Q6 41 1.1x10-w
hsa_GGGCGGR_VISPL_Q6 47 1.1x10-w
hsa CTTTAAR _UNKNOWN 24 18x10-2
hsa MGGAAGTG_V3GABP B 21 24x10-®
hsa TTGTTT VIFOX04_01 34 37x10-®
hsa RGAANNTTC_VHHSF1_01 le 7.2x10-#®
hsa SCGGAAGY VIELK1 02 22 T3x10-°
hsa RYTTCCTG_VHEIS2 B 21 T.3x10-°
hsa GATTGGY _VINFY_Q6_01 21 15x10-°
hsa CTGCAGY UNKNOWN 17 15x10-°

E2 downregulated  hsa GGGCGGR_VISP1_Q6 T4 1.2x10-17
hsa_CAGGTG_VIELZ Q6 63 5.6x10-1
hsa AACTTT UNKNOWIN 49 Box10-12
hsa_GGGAGGRR_VIMAZ_ Q6 32 lexl1o=®
hsa CTTTGT VHLEF1_Q2 46 1.3x10-7
hsa CTTTGA V3ILEF1_Q2 33 3d4x1io-®
hsa TGGAAA VINFAT Q4_01 41 14x10-7
hsa VIMYCMAY B 15 14x10-7
hsa VIMAZ Q& 13 18x10-7
hsa TATAMAA VITATA 01 32 3.0x1077

E2 upregulated

during BCO hsa_GGGCGGR_VISPL_Q6 130 lex1o-%°

hsa SCGGAAGY VIELK1 02 &7 53x10-%
hsa_GGGAGGRR_VIMAZ_ Q6 88 3.8x10-18
hsa CACGTG VIMYC_Q2 52 14x10-1
hsa TGGAAA VINFAT Q4_01 69 2.6x10-M1
hsa RCGCANGCGY _VINRFL Q6 44 s.6x10-U
hsa_GGGTGGRR_VIPAX4 03 33 18x10-1*
hsa MGGAAGTG_V3GABP B 38 37x10-°
hsa_CAGGTG_VIELZ Q6 78 57x10-1°
hsa RYTTCCTG_VHEIS2 B 46 1.3x10-7

E2 downregulated

during BCO hsa_GGGCGGR_VISPL_Q6 18x10-%

hsa_GGGAGGRR_VIMAZ Q6 111 65x10-=
hsa TGGAAA VINFAT Q4_01 97 35x10-%
hsa AACTTT UNKNCOWIN 91 24x10-2
hsa CTTTGT VHLEF1_(Q2 84 B8.2x10-2
hsa TTGTTT VIFOX04_01 85 4.1x10-%*
hsa_CAGGTG_VIELZ Q6 93 2.0x10-2
hsa_GGGTGGRR_VIPAX4 03 62 1.7x10-"7
hsa SCGGAAGY VIELK1 02 38 1.1x10-18
hsa CACGTG VIMYC_Q2 33 2.9%10-18

The top 10 transcription factor binding sites are reported with adjusted P
values,
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Fig. 4. Voleano plot (Bottom) representing the relationship between calculated P value [shown as —logiolP)] and difference between control and estradiol (E2)
groups for sach gene [represented as loga(E2 — Control)]. Statistically significant increases in gene expression are shown in red, and statistically significant
decreases in gene expression are shown in green. Above the volcano plot are inferred networks of the upregulated (red) and downregulated (green) genes, plottad
as force-directed layouts of the networks. These networks are accornpanied by gene ontology terms significantly associated with the up- and downregulated genes.

spond to our previous report (from these experiments) that
BCO increases PTGS2-dependent signaling in the fetal brain
(9, 40).

E2 circulates in fetal blood at plasma concentrations that are
regulated with regard to fetal gestational age and increase near
term (4, 17, 37). Increases in fetal plasma E2 concentration
stimulate fetal ACTH secretion (24, 26). The present experi-
ments are the first to identify the transcriptomic response of the
fetal hypothalamus to increases in plasma E2 concentration.
Modeling of the transcriptomic response suggests that major
actions of estradiol are to increase gene transcription and
modification of histones, while decreasing orexogenic signal-
ing and decreasing local steroidogenesis. E2 also tended to
reduce immune activity in the hypothalamus, consistent with
its known anti-inflammatory effects (3). Most interestingly, the
response to E2 did not substantially overlap with genes known
to be directly controlled by ESRI1 (estrogen receptor alpha),
and prediction of putative TF binding by WebGestalt did not
predict a major role for E2 through the ESR1. We have
reported that the fetal hypothalamus expresses ERa and that
the abundance of the receptor is ontogenetically regulated (25).

We have also reported that, in these experiments, the E2
treatment reduced ESR1 protein (but not mRNA) in the fetal
hypothalamus (38). We do not know the degree of binding of
E2 to the ER at prevailing plasma concentrations of E2. The
fetal hypothalarms contains aromatase (CYP19) and various
isoforms of 17 p-hydroxysteroid dehydrogenase and can there-
fore locally synthesize E2 from testosterone and estrone (EL).
The fetal hypothalamus also contains steroid sulfatase, which
can deconjugate E2 from estradiol-3-sulfate and E1 (which can
hence be converted to E2 by HSD17B) from estrone-3-sulfate
(20, 37). Considering this evidence, we do not know whether
the ER in fetal hypothalamus is fully occupied by ligand during
fetal life; the present results are surprisingly consistent with
this possibility. If this were true, changes in ESR1 abundance
would be expected to have an effect on downstream gene
expression, but changes in circulating E2 would affect cellular
actions through a different mechanism. Downregulation of
hypothalamic ESR1 protein in response to chronic E2 admin-
istration could at least partially explain the small number of DR
genes that are directly E2 sensitive (38). What that mechanism
might be is unknown, and it is not possible to discern specific
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Fig. 5. Venn diagram (left) and network overlap representation (right) of genes up- and downregulated by estradiol with genes known to be directly responsive
to estradiol via binding of the estrogen response (ER o with the estrogen response elernent (ERE) (13].

mechanisms from the present study. Possibilities include bind-
ing to G protein estrogen receptor 1 (GPER1), which is highly
expressed in fetal brain (2), or binding to ESR2, which is also
abundant in fetal brain (235) but whose action could be more
related to alterations in mitochondrial function (27).

The pattern of gene expression responses is consistent with
E2 action via the GPR30. KEGG analysis, both of the response
to E2 alone or of E2 modulation of the response to BCO,
suggests that several components of the PI3-Akt pathway and
that the MAPK pathway are altered by E2. This is consistent
with the known actions of GPERI1-mediated E2 action in
cancer (8) and in brain (28). E2 binding to GPERI1 results in
Gaos-dependent increase in cAMP concentrations and a Gpy-
dependent calcium release from intracellular stores (28). Sig-
naling downstream from cAMP results in CREB phosphoryla-
tion, and downstream signaling from calcium release results in
transactivation of the epidermal growth factor receptor (EGFR)
secondary to proteolytic release of heparin binding EGF-like
growth factor, which in turn binds to and stimmlates the EGFR
and downstream PI3/Akt kinase activity (8, 22). Many of the
components of this pathway are differentially regulated by E2
(compared to control) and by E2 and BCO (compared to BCO
alone).

In a recent study (41), we modeled the transcriptomic
response of the fetal hypothalamus to transient hypoxia in the
fetus (decreasing fetal Pas, approximately by half for 30 min).
In that study, we collected fetal hypothalami in the same time
course as in the present study (60 min after onset of the
stressor). The similar experimental design allows a comparison
of the responses to the two stimmli. One might assume that
much of the response to both BCO and hypoxia is caused by
tissue hypoxia, perhaps even secondary to increased abundance
of HIF1A. Shown in Fig. 7 is the calculated overlap between

differentially regulated gene sets after BCO (in purple) and
hypoxia (in red). The genes that are shared between the two
stimuli are shown in vellow. The combined network is repre-
sented by a force-directed layout model, in which highly
connected nodes (genes) are grouped close to each other. The
result of this model illustrates that, in general, BCO and
hypoxia stitulate separate gene networks that have a minor
degree of overlap. Recognizing that there are many (both direct
and indirect) influences on gene expression in the entire hypo-
thalamus, we interpret this comparison to indicate that the
majority of mechanisms underlying the cellular response to the
two stimuli are different. Some of these differences will in-
clude differences in neurotransmission (although both BCO
and hypoxia are likely to stimulate pathways related to carotid
chemoreceptors), differences in tissue CO, levels (BCO is an
asphyxic stimulus, while hypoxia caused relative hypocarbia),
and possible differences in humoral stimulation of the brain
during hypoxia (caused by release of endocrine mediators from
placenta or somatic tissues that are made hypoxic by the
ventilatory hypoxia but not by BCO).

The analysis of transcriptomics reported here agrees with
and supports our original report of the responses to BCO and
E2 from these experiments. For example, the transcriptomics
analysis reflects a decrease in prostaglandin responsiveness
(downregulation of PTGER1 and downstream signaling path-
ways). Our previous studies have strongly indicated that pros-
taglandin signaling is a central feature of the physiological and
endocrine response to BCO (11, 32, 40). In response to BCO,
we have found an increase in PGE2 tissue concentration in the
fetal brain (33), as well as an increased abundance of PTGS2,
which is critical for synthesis of PGE2 (30, 33). Furthermore,
blockade of PTGS2 with nimesulide partially blocks the neu-
roendocrine response to BCO (40). We recognize that the
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Fig. 6. Volcano plot (bottom) representing the relationship between calculated P value [shown as —logiolP]] and difference between BCO and cormbined estradiol
and brachiocephalic occlusion (EBCO) groups for each gene [represented as loge(BCO — Control)]. Statistically significant increases in gene expression are
shown in red, and statistically significant decreases in gene expression are shown in green. Abovethe volcano plot are inferred networks of the upregulated (red)
and downregulated (green) genes, plotted as force-directed layouts of the networks. These networks are accornpanied by gene ontology terms significantly
associated with the up- and downregulated genes. Note that the network of downregulated genes is less compact, indicating fewer known associations among

these genes.

identification of pathways by modeling techniques produces a
general model of pathways requiring more specific experimen-
tation to obtain a detailed understanding of the cellular re-
sponses. Nevertheless, the correspondence of the model to
pathways known to participate at the physiological and bio-
chemical levels is reassuring. Furthermore, the ability to ex-
plore potential mechanisms with modeling (e.g., comparison of
hypoxia and BCO, and testing whether the transcriptomic
response to B2 overlaps with known E2-responsive genes)
has the potential to yield surprising results that question
dominant paradigms, including the concept that fetal brain
responses to hypoxia are not directly mediated by cellular
lack of oxygen, and the concept that E2 responses may not
be mediated by the EFRa.

We conclude that using systems biology techniques to un-
derstand mechanism of the fetal response to brain ischemia and
reperfusion (as produced by BCO) and modulation of that

response with E2 yields insight into mechanisms that both
reinforce our previous work (prostaglandin signaling) and
challenge our current understanding of fetal physiology and
endocrinology (mismatch between BCO and hypoxia re-
sponses and lack of E2 responses with genes known to contain
the ERE}).
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