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Abstract
Synthetic glucocorticoids (GC) have been used to promote lung development in preterm infants,
thereby decreasing respiratory distress syndrome and mortality, yet, concern has arisen from
reports that such treatment predisposes individuals to disease in adulthood. Given the variety of
preclinical studies that show metabolic and behavioral abnormalities in adulthood following fetal
exposure to synthetic GC, we examined the effect of in utero exposure to the synthetic GC,
dexamethasone (DEX), on hypothalamic expression of thyrotropin-releasing hormone (TRH) a
central neuropeptide involved in mediating behavior and metabolic balance. Pregnant Sprague-
Dawley rats were administered 0.4 mg/kg DEX on gestational days 18–21. As adults (postnatal
day (PD) 60), the offspring were fitted with temperature sensing transmitters allowing real-time
monitoring of core body temperature (CBT) across the 24 hr light dark period. This revealed a
significant decrease in CBT throughout the day in prenatal DEX-treated females on estrus and
diestrus, but not in male offspring. The reduction in CBT by prenatal DEX exposure was
accompanied by a significant decrease in the expression of Trh transcript in the paraventricular
nucleus of the hypothalamus (PVN) of female rats at PD 60 and this effect was also present on
PD7. There was also a female-specific reduction in the number of preproTRH -immunoreactive
(ir) neurons in the PVN, with ppTRH-ir nerve fibers decreases that were present in both male and
female offspring. No changes in thyroid hormone (triiodothyronine, T3; thyroxine, T4) were
observed in adult offspring, but during development, both males and females (PD14) had lower T3
and T4 levels. These data indicate abnormal expression of TRH results from fetal DEX exposure
during late gestation, possibly explaining the decreased CBT observed in the female offspring.
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1. Introduction
Synthetic glucocorticoids (GC) have been used since the late 1980’s to promote lung
development and reduce morbidity and mortality in preterm infants, but concern over this
practice has arisen due to the possibility that fetal GC exposure potentiates disease in
adulthood [1–3]. This concern is supported by animal studies which document a higher
incidence of abnormal metabolic and behavioral disorders in adulthood [4–7], some of
which appear to be sex-specific [8]. Although links between adverse fetal environment, such
as GC exposure, and adult disease are well established, neural mechanisms to explain this
linkage remain unclear.

A large portion of daily energy expenditure goes towards the maintenance of core body
temperature (CBT) in the face of changing external temperature [9]. Moreover, changes in
body temperature are associated with changes in metabolic rate [9], both of which are
controlled in part by neurons within the paraventricular nucleus of the hypothalamus (PVN)
which express thyrotropin releasing hormone (TRH). The TRH neurons in the PVN
influence metabolic rate and CBT through neuroendocrine effects on the hypothalamic-
pituitary-thyroid (HPT) axis [10] as well as through non-neuroendocrine effects within the
brain, although these latter pathways are poorly understood [11].

The current study was conducted to test the effects of fetal DEX exposure during late
gestation on core body temperature (CBT) in adulthood. Because thyrotropin-releasing
hormone (TRH) neurons in the PVN play a key role in regulating body temperature, we
measured the expression of this gene in the PVN of offspring in early life (PD7) and in
adulthood (PD60). Results indicate a significant decrease in CBT and an accompanying
permanent decrease in Trh mRNA expression in female, but not male, rats. We also
observed a female-specific decrease in the number of neurons in the PVN which express the
TRH precuser peptide, preproTRH-immunoreactive (ppTRH). Nerve fibers within the PVN
which expressed ppTRH-immunoreactive were also measured, and were decreased in both
male and female offspring exposed to DEX during gestation. The data presented here
indicate that fetal exposure to DEX reduces core body temperature in a sex-specific manner,
and that abnormal expression of hypothalamic TRH may play a role in this phenomenon.
The data presented in this manuscript thus document a novel metabolic abnormality in
adulthood arising from fetal GC exposure, and indicate dysregulation of hypothalamic Trh
as a potential mechanism behind this phenomenon.

2. Materials and Methods
2.1. Animals

Timed-pregnant Sprague-Dawley rats were purchased from Charles River Laboratories
(Wilmington, MA) to arrive at gestational day (GD) 7. Because GD7 is prior to the birth of
neurons destined for the hypothalamus, this period of gestation was selected to limit the
stress from transport on the development of the PVN. Animals were handled daily beginning
on GD14 to acclimate the rats to experimental manipulation, and DEX (0.4 mg/kg) or
vehicle (2% absolute ethanol in safflower oil) was administered by subcutaneous injection
on GD18–21. Our injections were performed between GD 18–21 due to similarities in the
development the rat brain during this time when compared with development of the human
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brain in the late second/early third trimester [12]. Our DEX dose was selected because it
falls within range of a typical human exposure (0.1–0.5 mg/kg) while remaining consistent
with doses used in Sprague-Dawley rats which have resulted in abnormal neurodevelopment
of the offspring (0.2–0.8 mg/kg) [13, 14]. Parturition occurred on GD22, and was designated
as postnatal day (PD) 0. At birth, litters were thinned to 5 male/female pups per dam. All
DEX-exposed offspring were randomly assigned to a DEX-injected dam, and vehicle-treated
offspring were treated similarly. Cross-fostering of DEX-exposed offspring with a vehicle-
injected Dam were not performed based on a study by Nyirenda et al. (2001) which reported
that fetal GC exposure paradigms such as that used by our laboratory do not impact maternal
nursing behavior [15]. Fetal DEX exposure was not observed to alter litter size nor male/
female ratio, however, birth weights were significantly lower in DEX exposed offspring,
regardless of sex [16]. An early-life cohort of male and female offspring which had been
exposed to either DEX or vehicle were euthanized at PD7 by rapid decapitation, and trunk
blood and brains were collected. However, due to extreme hemolysis of these blood
samples, additional trunk blood samples were harvested from offspring at PD14. The
remaining offspring were weaned at PD21 and subsequently maintained in same sex cages.
Throughout the duration of the study, animals were maintained on a 12:12h light/dark cycle
with food and water available ad libitum. Prior to euthanasia, female estrous cycle was
recorded daily using vaginal swabs, confirming a 4 day cycle in all females, and female rats
were killed only when in diestrus (PD 60–63) to limit any confounding effect of changing
estradiol levels on measured parameters. Vaginal swabs did not reveal any effect of fetal
DEX exposure on estrous cyclicity. All procedures were approved by the Arizona State
University Institutional Animal Care and Use Committee, under subcontract from the
University of Arizona College of Medicine - Phoenix and were in keeping with National
Institutes of Health guidelines.

2.2. Core Body Temperature
Temperature sensitive E-mitters (Minimitter Co., Bend OR) were surgically implanted into
the peritoneal cavity of the adult offspring of prenatal DEX or vehicle treated dams.
Following surgery, animals were singly housed in shoebox type cages placed on receivers
equipped to monitor the transmitter signals. Receivers were connected to ER-4000 data ports
and information was transferred to a computer located within the animal housing room.
After allowing one week for recovery, CBT was recorded every 15-minute over 7 days using
Vital View Data Acquisition Software (Minimitter Co., Bend, OR). Female rats continued to
be monitored for estrous cyclicity throughout this timeperiod. Each group consisted of
between 3–4 animals, based on previous CBT studies performed by our laboratory [17].
Further, power is increased because of the repeated measures nature of sampling CBT
throughout the day with this assay. Lastly, each animal sampled was taken from a different
litter, thus care was taken to prevent false positives.

2.3. Gene Expression
Rats that were used for gene expression studies were killed by rapid decapitation, and brains
were quickly harvested and snap-frozen using 2-methybutane chilled to −20°C. All brains
were then stored at −80°C until microdissection and RNA extraction. Frozen brain were cut
in 80 µm (PD7) or 150 µm (PD60) -thick sections using a Leica Model CM3050S Cryostat
(Buffalo Grove, IL), and the PVN was harvested from sections containing the PVN
(between Bregma −1.60 and −1.88) using a 1mm diameter tissue punch [18]. Total RNA
was isolated from PVN tissue using a standard phenol/chloroform/isoamyl alcohol
extraction [19], and RNA concentration and purity were confirmed spectrophotometrically
using an Epoch Micro-Volume Spectrophotometer System (Winooski, VT). Reverse
transcription was performed using an iScript cDNA Synthesis Kit (BioRad, Hercules, CA),
and total cDNA was quantified using a Quant-iT Oligreen ssDNA Detection Kit (Molecular
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Probes, Eugene, OR). Gene expression was measured by real-time quantitative PCR (RT-
qPCR) with a Roche 480 LightCycler and SYBR green chemistry using intron-spanning
primers designed for rat Trh (Forward: 5’-ACCTTCCTGGCCTGGAGAATGTT-3’;
Reverse: 5’-TGTCCTCCTCATCTGCCCATGAAT-3’). Because a suitable reference gene
could not be identified, absolute target mRNA was determined using standard curves
constructed from isolated PCR product. Gene expression is reported as a ratio of target gene
(fg) to total cDNA per reaction (pg), thus controlling for variations in the amount of cDNA
per PCR.

2.4. Immunohistochemistry
Adult rats used for immunohistochemical analysis of ppTRH were anesthetized by
isoflurane (3.5%) and a blood sample was taken by cardiac puncture. Rats were then
intracardially-perfused using ice-cold phosphate-buffered saline (PBS) supplemented with
heparin (1000U/L), followed by 4% neutral-buffered paraformaldehyde in PBS. Blood
samples were transferred to polystyrene culture tubes containing 100 µl 0.5 M EDTA and
200 µl 4 µg/ml aprotinin to prevent clotting and protein degradation and plasma was saved at
−80c for later analysis of T3 and T4 levels by ELISA. Brains were post-fixed overnight at 4
C in 4% neutral-buffered paraformaldehyde in PBS, and transferred to 30% sucrose for
cryoprotection. Formaldehyde-fixed brains were sectioned at 35 µm using a Leica Model
CM3050S Cryostat (Buffalo Grove, IL), and IHC was performed using an antibody directed
to preproTRH178–199 and previously validated for IHC and demonstrated to specifically
detect ppTRH [20]. Neurons and fibers that contain ppTRH were visualized by the ABC
method using 3-3 diaminobenzidine (DAB) as the chromagen. Neurons were visualized with
a Zeiss Axioskop light microscope equipped with Neurolucida v.7 Software
(MicroBrightField, Williston, VT) and soma were counted bilaterally throughout the PVN in
every fourth section. Data are reported as an estimate of ppTRH neurons per PVN, however,
these data were not corrected for double-counting errors as described by Abercrombie
(1946) [21], nor were they generated using a stereological technique, such as that described
by Coggeshal and Lekan (1996) [22]. Because the labeled neurons we counted did not
appear to change in size, and section thickness did not vary between groups, systematic error
should be identical for all groups. Our results are thus meant to provide relative data on the
expression of ppTRH within the PVN, and not provide an estimate of absolute numbers of
ppTRH neurons.

PreproTRH-ir fiber density was estimated as previously described by Suzuki et al., (2001)
by drawing a straight line from medial to lateral near the middle the PVN, and counting the
immunoreactive fibers which intersected this line over an 280 µm segment [20]. Fibers were
estimated through the entire PVN using every fourth section, and are meant to provide a
relative estimate of ppTRH-ir fiber density within the PVN.

2.5. Thyroid Hormone Measurements
Thyroxine (T4) and T3 were measured in plasma isolated from blood samples that were
collected from rats at either PD14 (trunk blood) or PD60 (cardiac puncture). Blood was
collected in polystyrene culture tubes containing EDTA (40 mM) and aprotinin (0.2 µg/ml)
to prevent coagulation and proteolysis, respectively. Blood samples were placed on ice after
collection, and plasma separated by centrifugation. All plasma samples were stored at −80°C
until processing. Hormone concentrations were determined using commercially-available
ELISA kits (Genway Biotech, Inc., San Diego, CA). The published detection limits for these
assays are 0.05 ng/ml (T3) and 0.004 mg/ml (T4) which are well below the lowest T3 and
T4 concentrations we detected in our plasma samples (0.41 ng/ml and 0.091 mg/ml,
respectively). The intra-assay coefficient of variance calculated from replicate samples
within each plate was 8.74% (T3) and 9.8% (T4).

Carbone et al. Page 4

Physiol Behav. Author manuscript; available in PMC 2013 December 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.6. Statistics
Core body temperatures were analyzed using a 2 (Prenatal Treatments) × 4 (Periods) × 24
(Time) ANOVA with repeated measures over the last two factors. A 2 (Prenatal Treatments)
X 4 (6 hour period averages) ANOVA with repeated measures over the last factor was used
to determine treatment differences in the average CBT across the light-dark cycle. Statistical
comparisons of gene and protein expression, and plasma thyroid hormone (TH)
measurements were performed using GraphPad Prism v5.0b (GraphPad Software, Inc., La
Jolla, CA). Two-way ANOVA was used to measure effects of sex and fetal DEX exposure
on these parameters, and post hoc comparison of the data was performed using the method
of Bonferroni. In all cases, differences were deemed significant if p<0.05.

3. Results
3.1. Core Body Temperature

Temperature sensitive transmitters were used to record CBT in adult rats which had been
exposed to DEX (or vehicle) during late gestation. Analysis of CBT in females, collapsed
across the estrous cycle (Figure 1), showed a consistently lower CBT in DEX-exposed
females compared to vehicle-treated counterparts (F[1,19]=13.65; p<0.002). The analysis
also revealed a main effect of Period (F[3,57] = 103.75; p<0.0001), which was followed up
with an analysis of the average CBT during each of the four 6-hour periods of the light
cycle. This analysis revealed a main effect of Treatment (F[1,25] = 5.72; p<0.03) as well as
Period (F[3,75] = 130.4; p<0.0001). Post hoc comparisons showed a significantly greater
drop in CBT of DEX-exposed compared to Vehicle-exposed females during the first 6 hours
of the light phase (p<0.03), which is shown in Figure 1.

Analyses of CBT over the estrous cycle revealed that the decrease in CBT in DEX-exposed
females was related to estrous cycle stage. CBT was significantly reduced in DEX-exposed
females during estrus (Figure 2D; (F[1,5]=10.84; p<0.03) and diestrus (Figure 2E;
(F[1,5]=6.58; p=0.05), but not during the proestrous stage, although there was a trend to
significance on proestrus (Figure 2C; p<0.1). No significant effects of Prenatal Treatment on
CBT were observed in males (Figure 2A).

3.2. Trh mRNA Expression in the PVN
Real-time qPCR was used to measure the expression of Trh mRNA in the PVN from
offspring harvested at PD7 (Figure 3A) and PD60 (Figure 3B), and expression was
compared by two-way ANOVA (DEX exposure × Sex; Figure 3). Analysis of Trh
expression in the PVN at PD7 revealed main effects of fetal DEX exposure (F[1, 23]=5.618;
p=0.03) and sex (F[1, 23]=5.307; p=0.03), however, no interaction between these variables
was observed. Post hoc analysis of Trh mRNA at PD7 revealed a significant decrease in the
expression of this gene in female offspring which were exposed to DEX during fetal
development, but this effect was not observed in the male offspring. Similar analysis of Trh
mRNA from in the PVN from offspring harvested in adulthood (PD60; Figure 3B) also
revealed main effects of fetal DEX exposure (F[1, 20]=5.493; p=0.03) and sex (F[1,
20]=5.577; p=0.03), with no interaction effect. Post hoc analysis of Trh mRNA expression
in the PVN at PD60 revealed a significant decrease in the expression of this gene in female
offspring which were exposed to DEX during fetal development, but this effect was not
observed in the male offspring.

3.3. Expression of ppTRH in the PVN
PreproTRH immunoreactivity (ir) was measured bilaterally through the PVN in brains
harvested from adult rats that were exposed during fetal development to either DEX or
vehicle. These estimates were compared between male vehicle-exposed (Figure 4A), male
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DEX-exposed (Figure 4B), female vehicle-exposed (Figure 4C) and female DEX-exposed
(Figure 4D) offspring. Two-way ANOVA revealed a main effect of fetal DEX exposure
(F[1, 16]=15.91; p=0.0011) and sex (F[1, 16]=8.260; p=0.0110) on ppTRH-expressing
neurons within the PVN, however, a significant interaction between these variables was not
observed (Figure 4E). Post hoc analysis of ppTRH ir neurons also revealed a significant
decrease in this neuronal population in female, but not male, offspring exposed during late
gestation to DEX (Figure 4E).

PreproTRH-ir fiber density was estimated within the PVN in male and female offspring
(Figure 3A–D), and a main effect of fetal DEX exposure (F[1, 20]=42.12; p<0.0001), but
not sex, on ppTRH-ir fiber counts was observed. No significant interaction between these
variables was present, however, post hoc comparison of ppTRH-expressing fibers in the
PVN revealed significantly lower density of immunopositive fibers in both male and female
offspring which had been exposed to DEX during development (Figure 4F).

3.5. Total Plasma TH
Total plasma TH levels were measured by ELISA in plasma obtained from offspring at
PD14 and PD60 which were exposed during late gestation to DEX or vehicle. Two-way
ANOVA of total plasma T3 from PD 14 samples (Figure 5A) revealed a main effect of fetal
DEX exposure (F[1, 18]=8.932; p=0.0079), but not sex (F[1, 18]=0.5615; p=0.4633). No
interaction between these variables was present, however, post hoc analysis revealed a
significant decrease in plasma T3 in male, but not female, offspring which were exposed to
DEX during fetal development. Two-way ANOVA of total plasma T4 from offspring
harvested at PD14 (Figure 5B) revealed main effects of both fetal DEX exposure (F[1,
20]=53.98; p<0.0001) and sex (F[1, 20]=12.76; p=0.0019), but no interaction was observed
(F[1, 20]=0.5342; p=0.4733). Post hoc analysis of plasma T4 levels from offspring
harvested at PD14 revealed a significant decrease in the amount of T4 in both male and
female rats which were exposed to DEX during gestation.

Analysis of total plasma T3 levels from blood samples taken at PD60 (Figure 5C) did not
reveal a main effect of fetal DEX exposure (F[1, 20] = 2.466; p = 0.1320), however, a main
effect of sex (F[1, 20]=24.48; p<0.0001) was observed. No interaction effect (F[1,
20]=1.1221; p=0.2822) was observed, and post hoc analysis did not indicate any significant
decrease in T3 in the adult animals which were exposed to DEX during gestation. Two-way
ANOVA of total plasma T4 in adult rats (Figure 5D) indicated a main effect of fetal DEX
exposure (F[1, 15]=4.626; p=0.0482), but not sex (F[1, 15]=0.2039; p=0.6581) on total
plasma T4 levels. No interaction effect (F[1, 15]=0.4565; p=0.5095) was observed, nor were
any significant changes in total T4 revealed by post hoc analysis of these data.

4. Discussion
Concern over fetal exposure to synthetic GC has arisen based on the results of studies
examining a variety of animal models, which have documented an array of behavioral and
metabolic disturbances later in life. Unfortunately, the mechanisms explaining the
connection between early GC exposure and disrupted physiology in adulthood remain
unclear [4, 5, 8, 24–26]. In the present studies, we demonstrate a sex-specific effect of fetal
GC exposure on CBT, which was reduced in adult female, but not male, offspring following
exposure to DEX during late gestation (GD 18–21). While CBT was decreased following
fetal DEX exposure in female offspring when data were collapsed across the estrous cycle,
further analysis indicated that this effect varied with the stage of the estrous cycle, such that
a significant treatment (e.g. fetal DEX) effect was observed during estrus and diestrus, but
not during proestrus. These data thus suggest that the mechanism behind decreased CBT in
adulthood is secondary to fetal GC exposure, and is programmed in animals independent of
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estrous cycle. This concept is supported by a similar, though not significant, decrease in
CBT during proestrus, during which suggests that the existing condition (e.g. decreased
CBT) is partially mitigated by estrogen secretion. Furthermore, because decreased CBT was
not observed in male offspring, our data indicate that the programming of CBT is sex-
specific in that it affects female animals only, possibly due to the presence of testosterone in
neonatal males which is elevated during the time of DEX exposure.

Fetal GC exposure is recognized to permanently alter gene expression of neuropeptides in
the PVN [6]. Given the important role for TRH in regulating CBT, we hypothesized that the
fetal DEX exposure used in these studies results in dysregulation of this peptide in the PVN.
Within the PVN, TRH neurons are recognized for their role in regulation of the
hypothalamic-pituitary-thyroid (HPT) axis, but evidence also suggests that TRH may act
through non-neuroendocrine actions at distinct regions within the brain to regulate functions
controlling energy balance, including food intake, thermoregulation, and locomoter activity
[27–29]. Thus, TRH is thought to modulate CBT and other physiological functions through
neuroendocrine and non-neuroendocrine pathways. Given the role for TRH in regulating
CBT, we measured the expression of Trh mRNA in the PVN from both early life (PD7) and
adult (PD60) cohorts to determine whether the expression of this gene is permanently altered
in response to the fetal DEX exposure. Real-time qPCR demonstrated a decreased
expression of Trh mRNA in the PVN from both PD7 and PD60 female animals whereas
there was little change in expression of Trh in the male offspring following fetal exposure to
DEX. Our data thus demonstrate a sex-specific effect of fetal DEX exposure to decrease the
expression of Trh mRNA.

The expression of Trh is controlled in part by corticosterone signaling in the brain [30].
Because fetal exposure to excess GC has been reported to alter corticosterone signaling in
adult rats [31], the possibility exists that the fetal DEX exposure paradigm employed in the
present studies results in abnormal the expression of GR in the PVN. Alternatively, the fetal
DEX exposure may alter the diurnal phase or dampen the amplitude of the corticosterone
surge, which would likely result in abnormal Trh expression, however, further studies
designed to record diurnal corticosterone rhythms are needed to confirm this hypothesis.

A second possibility explaining the permanent decrease in Trh expression is the potential for
epigenetic modifications to this gene in response to fetal DEX exposure. Epigenetic
programming of genes in response to adverse early-life events, such as stress, have been
demonstrated several times. Murgatroyd et al., (2009), observed that stress in mice during a
period of time where neurodevelopment is still occurring in rodents (PD1–10), resulted in
long-term changes in arginine vasopressin (Avp) gene expression [32]. The changes in Avp
expression were accompanied by abnormal methylation of the Avp gene promoter.
Additionally, the possibility of sex differences in epigenetic programming has also been
reported [33]. Given the permanent and sex-specific decrease in Trh signaling in the female
PVN following late gestation exposure to DEX, the possibility exists that similar epigenetic
changes, either through gene methylation or histone modification, may explain our findings.

In addition to examining Trh mRNA expression, we also employed IHC to measure the
relative numbers of PVN neurons and fibers which express ppTRH, the precursor peptide to
TRH. Our estimates of ppTRH-ir neurons in the PVN revealed that DEX exposure reduced
the number of ppTRH-ir neurons in the PVN in female offpsring. A reduction in ppTRH-ir
neurons in the male PVN was also suggested by our data, although this trend was not
significant. However, we also observed a decrease in ppTRH-ir fibers in both male and
female offspring. If these fibers originate in the PVN, then these latter observations support
the claim that ppTRH-ir neuronal numbers are decreased in both male and female offspring
following fetal DEX exposure. The observation that ppTRH expression may be reduced in
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both male and female offspring suggests that abnormal TRH expression may also exist in
the male offspring, although potentially through a mechanism distinct from that occurring in
females, based on our additional observations that Trh and GR expression were altered only
in the female offspring.

Several possibilities also potentially explaining why high levels of DEX during development
may permanently reduce ppTRH expression include the possibility that migration of ppTRH
neurons destined for the PVN [34] may be disrupted, and that increased death of ppTRH
neurons may occur in this region [25]. Because DEX exposure in these studies began on
GD18, it is unlikely that migration was affected as the TRH-expressing neurons reportedly
achieve their adult location and have undergone differentiation by GD15 in rats [35].
Moreover, recent studies have demonstrated that there are few apoptotic neurons in the PVN
proper following prenatal DEX treatment [36]. A final possibility which explains the
reduced number of ppTRH-ir neurons following fetal DEX exposure is that this peptide is
present in the ppTRH neurons in the PVN, however, the expression levels are below our
detection limits by IHC. This latter possibility is in keeping with likelihood that all neurons
migrated correctly and did not undergo apoptosis, but rather that the expression of Trh is
reduced through an epigenetic phenomenon, and this is reflected in the minimal detectable
presence of ppTRH.

Based on the expression of ppTRH in the PVN, our data suggest that fetal DEX exposure
may program a hypothyroid state in the female offspring. We therefore measured total
plasma T3 and T4 levels in blood samples obtained from the offspring at PD14 and PD60.
We observed a significant decrease in T3 in the fetal DEX-exposed male offspring at PD14
and total plasma T4 concentrations were reduced in both male and female offspring which
exposed to DEX during gestation. Given the role for TRH in regulating HPT axis activity
and in keeping with our gene expression data from the early-life cohort, these data suggest
that additional dysregulation of the HPT axis may exist in both male and female offspring.
However, total T3 and T4 were not altered by prenatal DEX treatment in adult male or
female offspring. These data indicate that fetal DEX causes decreased TH levels early in
life, however, by adulthood this deficit is resolved, despite a permanent decrease in TRH
levels in the PVN. Although these data indicate a potential problem with TH feedback on
the PVN, the expression of thyroid receptor-β (THRβ), which is a key receptor involved in
TH feedback on the PVN, was not observed to be altered (data not shown). Reports have
also indicated that isoflurane anesthesia may decrease peripheral T4 levels in adult male rats
[37], but given the short span of time between anesthesia and blood collection in the adult
rats in our study, it is unlikely that this explains the inconsistent TH results between juvenile
and adult rats. Finally, peripheral TH levels may not reflect the non-neuroendocrine effects
mediated by TRH, suggesting that local signaling by this peptide within the brain may be
influencing CBT and other metabolic processes.

In summary, our data indicate that exposure to DEX during GD18–21 in rats results in
decreased CBT in female, but not male offspring. A possible explanation for this
phenomenon is that decreased TRH signaling exists in these animals, but a lack of peripheral
TH differences in adulthood suggest that any involvement of TRH in the observed decrease
in CBT is due to non-neuroendocrine effects within the brain. Our data also suggest that the
fetal DEX paradigm employed by these studies results in abnormal corticosterone rhythms
in the female offspring, based on the expression of GR in the PVN. Given the role for
decreased TRH in multiple metabolic and psychiatric disorders, our observations suggest a
potential mechanism by which fetal GC overexposure potentiates adult disease.
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Highlights

Exposure to DEX during late gestation reduces CBT in adult female offspring.

Fetal DEX exposure reduces Trh expression in female offspring in the PVN.

TRH-immunoreactive nerves and fibers are reduced by fetal DEX exposure.

Reductions in T3 and T4 following fetal DEX are not maintained into adulthood.
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Figure 1.
Average core body temperature of female DEX-treated offspring across 4 periods of the
light cycle. CBT was collapsed across the estrous cycle and averaged across each of four 6-
hr blocks of time. ANOVA showed a significant treatment effect (p<0.03). Bonferroni
corrected comparisons for each period showed that the first 6 hours of the light cycle was
significantly lower in female DEX treated offspring. CBT is reported as mean ± SEM of 12–
15 measurements, with significance between vehicle and DEX-treated groups indicated by
asterisk.
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Figure 2.
Effects of late gestation exposure to DEX on core body temperature (CBT) in adult male
(A), and female (Panel B), offspring. For females, analysis of CBT during specific stages of
the estrous cycle is also shown (Panels C–E). No effect of fetal DEX was seen on proestrus
(C p<0.10), while CBT was decreased in DEX treated offspring during estrus (D, p<0.02)
and diestrus (E, p<0.05). CBT was detected using temperature detecting transmitters that
were inserted into the peritoneal cavity. Temperature was read remotely at 15 minute
intervals throughout the day. Each data point represents the mean ± SEM of 3–4 animals.

Carbone et al. Page 13

Physiol Behav. Author manuscript; available in PMC 2013 December 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Trh mRNA levels in the PVN following fetal DEX exposure during GD18–21. Animals
were examined on PD7 (Panel A) and PD60 (Panel B). Data are mean ± SEM of 8–10
individuals, with significance (p<0.05) between vehicle and DEX-exposed groups indicated
by asterisk.
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Figure 4.
ppTRH-ir neurons and fibers within the PVN in adult male and female offspring which were
exposed during gestation to DEX (male, Panels A–B; female, Panels C–D; 20× objective,
100 µm scale bar). Bilateral neuron counts were taken through the PVN in female offspring
which were exposed during late gestation to DEX (Panel E), while ppTRH-ir fiber counts
were made through the PVN (Panel F). Neuron and fiber counts are reported as a mean ±
SEM of 6 brains, with significance between vehicle and DEX-treated groups indicated by
asterisk.
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Figure 5.
Effect of fetal DEX exposure on total plasma T3 levels (Panel A), and total T4 levels (Panel
B) at PD14. Effect of fetal DEX exposure on T3 or T4 levels is also shown at PD60 (Panels
C–D). Total T3 and T4 levels are reported as mean ± SEM of 6 brains, with significance
between vehicle and DEX-treated groups indicated by asterisk.

Carbone et al. Page 16

Physiol Behav. Author manuscript; available in PMC 2013 December 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


