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Abstract
Over the past two decades, key advancements have been made in understanding the complex
pathology that occurs following not only high levels of arsenic exposure (>1ppm) but also levels
previously considered to be low (<100 ppb). Past studies have characterized the deleterious effects
of arsenic on the various functions of cardiovascular, pulmonary, immunological, respiratory,
endocrine and neurological systems. Other research has demonstrated an elevated risk of a
multitude of cancers and increased rates of psychopathology, even at very low levels of arsenic
exposure. The hypothalamic-pituitary-adrenal (HPA) axis represents a multisite integration center
that regulates a wide scope of biological and physiological processes: breakdown within this
system can generate an array of far-reaching effects, making it an intriguing candidate for arsenic-
mediated damage. Using a mouse model, we examined the effects of perinatal exposure to 50 ppb
sodium arsenate on the functioning of the HPA axis through the assessment of corticotrophin-
releasing factor (CRF), proopiomelanocortin (Pomc) mRNA, adrenocorticotrophin hormone
(ACTH), corticosterone (CORT), 11β-Hydroxysteroid Dehydrogenase Type 1 (11β-HSD 1), and
glucocorticoid receptor (GR) protein and mRNA. Compared to controls, we observed that the
perinatal arsenic-exposed offspring exhibit an increase in hypothalamic CRF, altered CORT
secretion both at baseline and in response to a stressor, decreased hippocampal 11β-HSD 1 and
altered subcellular GR distribution in the hypothalamus. These data indicate significant HPA axis
impairment at post-natal day 35 resulting from perinatal exposure to 50 ppb sodium arsenate. Our
findings suggest that the dysregulation of this critical regulatory axis could underlie important
molecular and cognitive pathology observed following exposure to arsenic.

Keywords
Arsenic (As); Hypothalamic-Pituitary-Adrenal (HPA) axis; Glucocorticoid Receptor (GR);
Neuroendocrine; corticotrophin-releasing factor (CRF); adrenocorticotrophin hormone (ACTH);
corticosterone

© 2012 Elsevier B.V. All rights reserved.
*Corresponding author: Tel: +1 505 272 8811, aallan@salud.unm.edu (A.M. Allan), Postal address: Department of Neuroscience, 1
University of New Mexico-HSC, MSC08 4740, Albuquerque, New Mexico 87131-0001 .

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest Statement
The authors declare that there are no conflicts of interest.

NIH Public Access
Author Manuscript
Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

Published in final edited form as:
Neurotoxicology. 2012 October ; 33(5): 1338–1345. doi:10.1016/j.neuro.2012.08.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
While the deleterious health effects induced by arsenic have widely been recognized,
exposure remains nearly unavoidable due to the ubiquitous presence of arsenic in the
environment. Several reports demonstrate that exposure to arsenic results in damage to a
variety of biological systems including the cardiovascular, pulmonary, immunological,
respiratory, neurological, and endocrine systems. Arsenic exposure is also implicated in an
increased risk of bladder, kidney, lung, skin, liver, and prostate cancers (ATSDR 1999; U.S.
EPA 2001). Although the effects associated with arsenic exposure are many, of particular
interest are those acting on the central nervous system, as they can elicit an abundance of
biochemical alterations that manifest in emotional, behavioral, and cognitive abnormalities.
The body of literature investigating the neurological insults of arsenic has broadened
considerably over the past few decades; however, many of the underlying
neurotoxicological mechanisms still remain unclear.

Although arsenic has been shown to exert a myriad of detrimental effects, one area of focus
that merits further investigation is the hypothalamic-pituitary-adrenal (HPA) axis. The HPA
axis regulates neuroendocrine and behavioral responses and its proper functioning is critical
for normal physiology and cognition (Young, 2004 for review). Perturbations of this axis are
often observed in neuropsychiatric illness and can be accompanied by cognitive deficits
(Bremner et al., 2004; Knapman et al., 2010). Recent advances in the literature indicate that
arsenic interferes with the functioning of key components of the HPA axis. Corticotrophin-
releasing factor (CRF) marks a starting point of the HPA axis. Release of CRF is in part
regulated by the catecholamine norepinephrine (NE), (Conti and Foote, 1995), levels of
which are modified by arsenic in the hypothalamus of adult mice (Mejía et al., 1997).
Arsenic has also been linked to increases in plasma adrenocorticotrophin hormone (ACTH)
in mice exposed to 20 ppm arsenite (Delgado et al., 2000), and at distinct micromolar
concentrations, arsenic has both stimulatory and inhibitory effects on glucocorticoid receptor
(GR) mediated gene activation in rat EDR3 hepatoma cells (Bodwell et al., 2004).
Furthermore, Jana and colleagues (2006) found that treatment with 5 mg sodium arsenite/kg
body weight per day increased plasma corticosterone (CORT) in adult male rats and
produced changes in dopamine, NE, and 5-HT in both the hypothalamus and pituitary.
These findings support the assertion that arsenic alters components of the stress axis, yet
whether the damage induced by arsenic is primary or secondary in nature and where within
the axis the damage occurs is unknown.

Much emphasis in the literature has been placed on studies that use moderate (ca.100 ppb)
or even high (>1 ppm) levels of arsenic; the potential effects generated by lower doses on
the developing HPA axis have received little attention. Previous work in our laboratory
using perinatal exposure to 50 ppb sodium arsenate suggests abnormalities in the HPA axis
as a result of this exposure (Martinez et al., 2008; Martinez-Finley et al., 2009). Notably,
this exposure paradigm results in decreases in the hippocampal mineralocorticoid receptor
(MR) and glucocorticoid receptors (GR) (Martinez-Finley et al., 2009) and an increase in
baseline plasma corticosterone (Martinez et al., 2008) at post-natal day (PND) 35, thereby
suggesting HPA axis dysregulation. Additionally, behavioral endpoints including cognitive
deficits and depressive-like behaviors identified in our exposure model (Martinez et al.,
2008) have also been linked to breakdown in HPA axis function (Young, 2004, for review).
Arsenic readily crosses the placental barrier after maternal exposure (Hood et al., 1987;
Hood et al., 1988) and therefore poses a neurotoxic threat to the developing fetus. Maternal
factors play a critical role in the development of the fetal HPA axis. Our perinatal arsenic
exposure model coincides with development of the HPA axis (embryonic day 10.5 to birth)
when function is established and fine-tuned; thus, axis development in particular may be
vulnerable to insult (Reichardt and Schütz, 1996). Because HPA function can be
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programmed during development (Levine, 1994), exposure to toxins during this critical
period could have severe and enduring effects that may persist long after the initial exposure
has been discontinued.

Expanding on our prior observations, the present work describes a systematic evaluation of
components of the HPA axis to determine if perinatal exposure to 50 ppb sodium arsenate
possesses the neurotoxic potential to disrupt the functioning of this critical regulatory
system. Here, we present evidence of arsenic-induced HPA axis dysregulation through the
assessment of CRF, ACTH, 11β-Hydroxysteroid Dehydrogenase Type 1 (11β-HSD 1),
proopiomelanocortin (Pomc) mRNA, GR compartmentalization in the hypothalamus, and
GR mRNA in the hippocampus and hypothalamus. Furthermore, we confirm that the
changes we observe in components of the HPA axis translate into abnormalities in HPA axis
response, as measured by secretion of CORT following exposure to a stressor. Our findings
indicate that a perinatal exposure to 50 ppb arsenic alters the functioning of the HPA axis
and we speculate that these changes are exacerbated by aberrant GR signaling within the
hippocampus.

2. Materials and Methods
Note: All arsenicals were handled with extreme caution in accordance with MSDS
recommendations

2.1 Perinatal arsenic exposure paradigm
The University of New Mexico Health Sciences Center Institutional Animal Care and Use
Committee has approved the arsenic-exposure paradigm used in these studies. C57BL/6
mice were maintained on a reverse 12-hour light/dark cycle (lights off from 0800 to 2000 h)
in the Animal Resource Facility with food and water provided ad libitum. Fifty ppb arsenic
water was prepared using sodium arsenate (Sigma, St. Louis, MO; #A-6756) and Milli-Q
water from a Milli-Q Plus purification system (Millipore, Billerica, MA; # ZD5211584).
Because arsenate is the predominant form in water sources, we chose this over the more
toxic yet less common form, arsenite (U.S. EPA 2000; Welch et al., 1988). Water
administered to control animals comprised of 50% Milli-Q water and 50% UNM tap water;
all water was replaced weekly. Though tap water at UNM is estimated to contain
approximately 5 ppb arsenic, a degree of fluctuation exists such that Milli-Q water was used
to address this possibility. Mice were harem bred and then transferred to separate housing.
Dams were administered arsenic treated water two weeks prior to breeding and were
maintained on the arsenic treatment throughout gestation until pups reached weaning around
PND 21. At weaning, pups were housed with litter-mates and the arsenic exposure was
discontinued for the pups. Mice were sacrificed by decapitation at PND 31-40, the
adolescent time point, since many of the intellectual consequences of arsenic exposure have
been described in children (Calderón et al., 2001; Rosado et al., 2007; Wasserman et al.,
2004; Wright et al., 2006). Only samples from males were analyzed in these studies.
Multiple breeding rounds were generated so as to achieve a sufficient number of different
litters from different dams for the treatment or control groups. In each study, no less than
five different litters from different dams are represented. Thus, an n=5 represents the number
of different litters used.

2.2 Tissue and plasma collection
Animals were sacrificed by decapitation and the hypothalamus, hippocampus, and pituitary
were rapidly dissected on ice. Tissue samples were snap frozen by submersion in liquid
nitrogen and stored at −80°C until use. Blood was collected using Safe-T-Fill EDTA
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capillary tubes (Ram Scientific Inc., Yonkers, NY; #077051). Plasma was separated by
centrifugation at 1,000 × g for 10 minutes at 4°C and stored at −80°C until use.

2.3 ACTH concentration in plasma
An ELISA kit (MD Bioproducts, St Paul, MN; #M046006) was utilized to assay the
concentration of ACTH in plasma. To achieve the required volume of plasma to assay in
duplicate, 4-6 samples were combined. The ELISA was run as per manufacturer’s
instructions and absorbance was read using an Infinite M200 (Tecan Group Ltd.,
Männedorf, Switzerland) with the wavelength set at 405 nm. A dose response curve of
concentration versus absorbance was generated from the calibrators and used to calculate the
concentration for experimental samples by four-parameter logistic curve (4PLC) using
ReaderFit online software (Hitachi Solutions America Ltd, San Francisco, CA, 2012).

2.4 Sample preparation for western blotting
To analyze the cellular compartmentalization of the GR, cellular fractionation was
conducted as described by Buckley and Caldwell (2004). CRF and 11β-HSD 1 were
analyzed in the cell lysate, which was obtained by centrifugation at 1,000 × g for 4 minutes
at 4°C after which the supernatant was collected. Total protein was determined by Bradford
assay as described by Weeber and colleagues (2001) and used to load a pre-determined
amount into each well for western blotting.

2.5 GR protein levels in the hypothalamus
Both nuclear and cytosolic fractions were probed to assess the translocation of the GR in the
hypothalamus. All western blotting procedures were performed according to our established
protocols (Martinez-Finley et al., 2011) with the following changes implemented: a 7 μg
aliquot of total protein was separated and probed with either rabbit anti-GR (1:3,000 Santa
Cruz Biotechnology, Santa Cruz, CA; #sc-1004) and a mouse anti-β-Actin (1:2,000 Sigma;
#A5441-.2ML) antibody to serve as a loading control. Values are expressed as GR
normalized to β-Actin.

2.6 CRF in the hypothalamus
Protein levels of CRF from whole cell lysate were assessed in a similar manner to our
established western blotting protocol (Martinez-Finley et al., 2011) with the following
changes implemented: 30 μg total protein separated, transferred to PVDF (BioRad,
Hercules, CA; #162-0177), and probed with rabbit-anti-CRF (1:1,000 Santa Cruz
Biotechnology; #sc-10718) and a mouse anti-β-Actin.

2.7 11β-Hydroxysteroid Dehydrogenase Type 1 protein levels in the hippocampus
Cell lysate from hippocampal tissue was probed for 11β-HSD 1 using western blotting
methodology described by Martinez-Finley and colleagues (2011). Forty μg total protein
were separated. A rabbit anti-11β-HSD 1 antibody (1:1,000 Santa Cruz Biotechnology;
#sc-20175) was used to detect the protein and a mouse anti-β-Actin was again used as a
loading control. In the mouse, 11β-HSD 1 can undergo N-linked glycosylation at amino
acids 162 and 207 which could result in the appearance of three distinct bands in western
blotting (UniProt ID: P50172). To differentiate between glycosylation at one amino acid,
both amino acids, and nonglycosylated forms of 11β-HSD 1, an experiment was conducted
to confirm the molecular weights of each of these. PNGase F, an amidase that cleaves N-
linked glycosylation, was used to treat samples and the reduction of bands at the
approximate molecular weight of the glycosylated forms was observed. A de-glycosylation
kit (New England BioLabs, Ipswich, MA; #P0704L) was used to perform this. Briefly, an 86
μl aliquot of sample was incubated with 4 μl of 10X glycoprotein denaturing buffer and
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heated for 10 minutes at 100°C. Six μl of 0.5 M sodium phosphate buffer, 6 μl of 10%
NP-40 and a 4 μl aliquot of PNGase F were then added to the samples and incubated for one
hour at 37°C. Samples were probed for 11β-HSD 1 and the identity of each of the three
bands was verified by the reduction of a band at the molecular weight expected for each
glycosylated form. Negative controls that did not receive the PNGase F retained bands
indicative of the glycosylated forms at the anticipated molecular weight.

2.8 Preparation of mRNA and cDNA synthesis
A 10-15 mg aliquot of frozen tissue was homogenized by mortar and pestle over liquid
nitrogen. The lysate was transferred to a QIAshredder™ homogenizer (Qiagen, Valencia,
CA; #79654) for thorough lysis and RNA was extracted using an RNeasy® Plus Mini Kit
(Qiagen; #74134) as described by the manufacturer. The mRNA concentration was
determined (OD 260 nm) using a NanoDrop® ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Isolated mRNA was stored at −80°C. Reverse transcription
was performed using a QuantiTect Reverse Transcription Kit (Qiagen; #205311) and a
PTC-200 Peltier Thermal Cycler (MJ Research, Taunton, MA).

2.9 Real-Time PCR
RT-PCR was performed using a QuantiFast SYBR Green PCR Kit (Qiagen; #204054) on an
ABI 7300 Real-Time PCR System (Applied Biosystems). No template controls and reverse
transcription controls were used and a dissociation curve was evaluated. Additionally,
primer efficiencies were validated. Primers for the Nr3c1 and Pomc genes encoding GR and
POMC, respectively, were designed based on reported sequences from PrimerBank
(PrimerBank ID: 6680103a and 6679415a1, respectively) as discussed in Spandidos et al.,
2008 and 2010 and Wang and Seed, 2003. Hprt was run as an endogenous control and two
sets of primers were used: Hprt (a) was run with Nr3c1 and Hprt (b) with Pomc. Hprt (a)
primers were designed based on sequences from Caldwell et al., 2008, and Hprt (b) from
Gilsbach et al., 2006, as shown in Table 1. Results were assessed using the Comparative CT
(ΔΔCT) method and are described as the change in fold expression.

2.10 Stress response
To examine the effects of arsenic exposure on the ability to mount a corticosteroid response
to a perceived stressor, we conducted a predator scent exposure study and evaluated the
concentration of CORT in plasma at 30 and 60 minutes post-stressor in control and arsenic
PND 35 mice. Briefly, animals were transferred to individual housing in a holding room and
allowed to habituate to the environment for one hour before beginning the exposure at 10:00
AM. Mice were maintained in the holding room until their time of use to prevent pre-
exposure to the stressor. Animals were assigned to either a 30 minute or 60 minute group. A
baseline plasma sample was collected for each animal from the submandibular vein using a
25 gauge needle (Golde et al., 2005) and Safe-T-Fill EDTA capillary tubes. Immediately
following the baseline collection, animals were placed into an exposure cage containing a
1.5 × 3 cm section of filter paper saturated with 3% (v/v) 2,3,5-trimethyl-3-thiazoline (TMT)
(Contech, Victoria, BC, Canada; #300000368), the chemical present in fox urine. After 10
minutes, animals were removed from the exposure cage and returned to individual housing
where they remained until they were sacrificed by decapitation at 30 or 60 minutes post
stressor-onset. Trunk blood was collected using the Safe-T-Fill EDTA capillary tubes
described earlier and stored on ice until the plasma extraction was performed. The
concentration of CORT in plasma was measured using the DetectX Corticosterone EIA Kit
(Arbor Assays, Ann Arbor, MI; #K014-H1) per the manufacturer’s instructions. OD
readings were taken on an Infinite M200 and data was analyzed by 4PLC using ReaderFit
online software. This study was replicated on two different cohorts of mice several months
apart.
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2.11 Buried food pellet test
Because the stress response test (see above) is dependent upon an intact olfactory system,
we conducted a buried food pellet (BFP) test to verify that arsenic-exposed offspring and
control mice have similar olfactory abilities as measured by the ability to detect and locate a
food reward. The BFP test was conducted as described by Nathan and colleagues (2004)
with the modifications described by Allan and colleagues (2008). Briefly, mice were placed
on a food-restricted diet for two days prior to the testing period and continued on the
restricted diet for the duration of the four day testing period. A pellet of standard chow was
placed in a randomized location inside a clean cage and covered with clean bedding. The
amount of time between when the mouse was placed into the cage and when the food pellet
was retrieved was measured. Mice were returned to their home cage after each testing trial.
The mice used in this behavioral study were not reused in any of the other experiments.

2.12 Statistical analysis
Western blotting data were normalized to the average control value of each blot to correct
for variations in OD intensity between different blots. For the quantification of 11β-HSD 1
and its glycosylated forms, the data were analyzed using a one-way ANOVA (SPSS, v.19;
Chicago, IL). All other data were analyzed by t-test using GraphPad Software (GraphPad
Software, v.4.03; San Diego, CA) with the following specifics: For the stressor response
data, each CORT time course (baseline, 30, and 60 minutes) value was plotted and the area
under the curve was calculated (GraphPad). The area under the curve values were then
analyzed by t-test. For the analysis of Pomc mRNA, values were normalized to z-scores
prior to analysis by t-test (GraphPad). Significance was set at p<.05.

3. Results
3.1 Arsenic exposure paradigm

Dam water consumption, dam body weight, litter size, pup body weight, and pup brain wet
weights were not significantly altered by the arsenic exposure paradigm employed in these
studies (Martinez et al., 2008; Martinez-Finley et al., 2009).

3.2 ACTH concentration in plasma
The concentration of ACTH in plasma was measured via ELISA. No difference in
absorbance was reported between the arsenic-exposed animals and controls in an n=6
(t(10)=0.2473, p>.05).

3.3 GR protein in the hypothalamus
GR was semi-quantitatively measured by western blotting in both the cytosolic and nuclear
compartments of the hypothalamus. Control and arsenic-exposed samples were analyzed in
the same gel, and the OD of the immunoreactivities was quantified. Data were corrected to
β-actin, a ubiquitously expressed housekeeping protein, and presented as percent of control.
Analysis by t-test for n=8–9 revealed a statistically significant reduction in the GR
immunoreactivities in the cytosolic fraction (t(16)=2.88, p=.011) in the arsenic-exposed
animals. Interestingly, there was a modest increase in the GR immunoreactivities in the
nuclear fraction, (t(15)=1.657, p=.118) though this was not of statistical significance (Figure
1).

3.4 CRF in the hypothalamus
CRF was semi-quantitatively assessed in the hypothalamus via western blotting. Control and
arsenic-exposed samples were analyzed in the same gel and the OD of immunoreactivities
was quantified. To serve as a loading control, data were corrected to β-actin and presented
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as percent of control. Analysis by t-test in an n=8 showed a statistically significant increase
in the OD of CRF immunoreactivities in the hypothalamus in the arsenic-exposed animals as
pictured in Figure 2 (t(14)=2.20, p=.045).

3.5 11β-HSD 1 protein in the hippocampus
11β-HSD 1 is a ketoreductase that converts 11-dehydrocorticosterone to corticosterone and
is a powerful regulator of intracellular CORT concentration. Thus, we examined 11β-HSD 1
in the hippocampus, a brain region in which we have previously demonstrated decreased GR
and MR translocation to the nucleus (Martinez-Finley et al., 2009) to determine if lower
levels of the 11β-HSD 1 enzyme could underlie this observation. 11β-HSD 1 and its
glycosylated forms were assessed via western blotting in hippocampal tissue. Analysis by
one-way ANOVA for an n=8 in control and n=10 in arsenic revealed a statistically
significant decrease in the OD of immunoreactivities of the fully glycosylated form of 11β-
HSD 1 in the arsenic-exposed samples (F(1, 16)=10.55, p=.005), shown in Figure 3. No
difference was detected in the immunoreactivities of the total forms or partially glycosylated
form of 11β-HSD 1.

3.6 GR mRNA in the hypothalamus and hippocampus
To determine the expression of the Nr3c1 gene that encodes the GR, mRNA for GR was
quantified by RT-PCR in the hypothalamus and the hippocampus. In the hippocampus, GR
mRNA was unchanged in the arsenic-exposed animals (t(18)=1.33, p>.05) in an n=10. In the
hypothalamus of the arsenic-exposed animals there was a trend towards increased
expression for an n=6 but significance was not reached (t(10)=2.04, p=.069).

3.7 Pomc mRNA in the pituitary
POMC is a precursor molecule that is cleaved to form ACTH. Pomc mRNA was assessed by
RT-PCR from pituitary tissue samples. We found that Pomc mRNA levels were unchanged
by the arsenic treatment for an n=7 (t(14)=0.189, p>.05).

3.8 Stress response
Arsenic-exposed offspring and controls were exposed to TMT for 10 minutes and their
stress response was measured by changes in CORT concentration at 30 and 60 minutes post-
stressor onset. The data reveal that, though the arsenic animals had increased baseline
concentration of plasma CORT (t(16)=3.498, p=.003) in an n=8 and 10 for control and
arsenic, respectively, the arsenic offspring exhibited a blunted CORT response and have a
smaller change in plasma CORT concentration following a predator-scent stressor compared
to controls. CORT concentration in plasma at baseline, 30 minute and 60 minute time points
was graphed and the area under the curve was analyzed in an n=7, revealing a statistically
significant difference between the arsenic and control mice (t(12)=2.648, p=.02), as shown
in Figure 4.

3.9 Buried food pellet test
Perinatal arsenic and control mice (n=8) were evaluated for their ability to detect and locate
a buried food pellet. There was no difference in the latency to retrieve a hidden food pellet
between the arsenic-exposed offspring and control mice, suggesting equivalent olfactory
abilities (Table 2).

4. Discussion
Collectively, these findings show that perinatal exposure to 50 ppb of arsenic induced
multiple alterations in the HPA axis that were observable at ~PND 35 in mice (Figure 5).
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The dysregulation of the HPA axis occurred at multiple levels; some of the alterations may
be direct targets of the arsenic exposure while others may represent compensatory changes
that manifest only in response to arsenic-mediated damage that has occurred elsewhere.
Altered glucocorticoid signaling in the hippocampus and deficits in hippocampal-dependent
learning and memory suggest that the proper functioning of this brain region is
compromised in our perinatal arsenic exposure model (Martinez et al., 2008; Martinez-
Finley et al., 2009). We speculate that the arsenic-mediated hippocampal damage, either
directly or indirectly, likely contributes to a breakdown in HPA axis feedback and
regulation.

The hippocampus is sensitive to the damaging effects of elevated CORT (see McEwen
1999, for review) and a variety of cellular mechanisms are engaged to protect against further
damage in the face of increased and sustained levels of circulating CORT. The occurrence of
compensatory regulation in our model is indicated by a decrease in the glucocorticoid and
mineralocorticoid receptors in the hippocampus (Martinez-Finley et al., 2009) which would
slow the damaging effects of sustained corticosterone activation. In the present study, we
observed a decrease in the fully glycosylated form of 11β-HSD 1 enzyme in the
hippocampus. 11βHSD 1 acts as a reductase in the hippocampus and is a powerful regulator
of intracellular CORT concentration acting to convert the inert 11-keto form (11-
dehydrocorticosterone) to its active form (corticosterone) (Holmes and Seckl, 2006; see
Wyrwoll et al., 2011 for review). Decreasing 11βHSD 1 is one mechanism of reducing
intracellular CORT levels. In a study by Yau and colleagues (2007), 11βHSD 1 knockout
mice displayed drastically reduced intracellular glucocorticoid levels, despite elevated
plasma glucocorticoids. Likewise, Harris and colleagues (2001) report that mice deficient in
11βHSD 1 show attenuated glucocorticoid negative feedback in the presence of elevated
levels of basal plasma CORT. Findings such as these have illuminated the intriguing
possibility that regulation by 11βHSD 1 may be a mechanism by which intracellular CORT
signaling is controlled without changing circulating plasma CORT levels (Harris et al.,
2001; Yau et al., 2007). In our study, we found a decrease in the levels of the glycosylated
form of the enzyme, which some maintain is the active form of the enzyme, although other
studies have shown that the 11βHSD1 does not need to be fully glycosylated to be
enzymatically active (Blum et al., 2000; Walker et al., 2001). To assess 11βHSD 1, we
evaluated hippocampal homogenates for protein levels. One caveat of these findings is that
protein levels do not necessarily reflect enzymatic activity, though the two usually do
exhibit a strong correlation. However, 11βHSD 1 will exhibit bidirectional activity in
cellular homogenates from the hippocampus which would render the evaluation of enzyme
activity unsuitable for our purposes (Rajan et al., 1996). Down-regulation of the GR and the
11βHSD 1 enzyme serve as protective mechanisms against the damaging effects of
uncontrolled elevated CORT, yet will ultimately deteriorate control over the HPA axis as
glucocorticoid signaling in hippocampal neurons plays a role in decreasing HPA axis drive
(Sapolsky et al., 1984).

The hippocampus is an important factor in maintaining an inhibitory tone over the HPA
axis. Our laboratory has previously described an elevation in baseline CORT in the arsenic-
exposed mice (Martinez-Finley et al., 2008), which could potentially compromise the
integrity of the hippocampus. Damage sustained to this brain area will interfere with the
ability to appropriately regulate the HPA axis (Sapolsky et al., 1984; Rubin et al., 1966;
Dunn and Orr, 1984). Corticosteroid receptors are of particular importance as decreased
numbers of these receptors in the hippocampus results in HPA axis hypersecretion
(Sapolsky et al., 1984). Moreover, lesions of the fimbria-fornix transections and lateral
fimbria-fornix fiber tracts, which serve as a primary inhibitory communication pathway
from the hippocampus to the hypothalamus, elevate CRF mRNA in the medial parvocellular
PVN of the hypothalamus (Herman et al., 1992). Hypothalamic CRF was significantly
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increased in the arsenic exposed offspring which could suggest that the hypothalamic PVN
is receiving an excitatory signal. Several studies have reported that stimulation of discrete
regions within the hippocampus decreases plasma corticosteroid secretion, demonstrating
that the hippocampus is able to alter corticosteroid levels (Rubin et al., 1966; Dunn and Orr,
1984). Thus, an increased HPA axis tone could result from a failure of the hippocampus to
communicate appropriate inhibitory information.

Though there is increased CRF in the hypothalamus, the arsenic-exposed animals do not
display measurable differences in Pomc mRNA, the precursor for ACTH. These results
indicate that elevated levels of CRF are not increasing Pomc mRNA transcription to a
detectable level. In agreement with this is the finding of no measurable differences in plasma
ACTH concentration. These results could be attributed to desensitization of CRF receptors
in the pituitary which would result in an ACTH concentration in plasma that is not
increased, even with an increase in CRF (Teli et al., 2005). However, the arsenic-exposed
offspring still display an elevation in plasma CORT concentration despite normal plasma
ACTH concentrations. One possible explanation for this finding is that the arsenic-exposed
offspring exhibit increased adrenal sensitivity, resulting in an exaggerated CORT response
from normal levels of ACTH. Sustained increases in HPA activity can produce
hypersensitivity to ACTH in the adrenal gland (Droste et al., 2003; Groenink et al., 2002;
Revsin et al., 2008) making this a plausible interpretation of our observations, though this
would require direct testing.

Negative feedback is a distributed process occurring at multiple levels, including the
hippocampus, pituitary, and hypothalamus. In the presence of elevated CORT, negative
feedback should ultimately terminate the hormonal stress response via GR activation
(Sapolsky et al., 1984). To assess GR-mediated negative feedback in the hypothalamus, we
measured GR distribution in the cytosolic and nuclear compartments. Hypothalamic GR was
significantly decreased in the cytosolic fraction in the perinatal arsenic offspring while
nuclear GR was maintained at slightly elevated, but non-significant levels. The reduction in
the cytosolic GR could result from either overall lower levels of GR or depletion of GR due
to increased trafficking to the nucleus. However, the latter possibility is unlikely since under
supraphysiological concentrations of CORT, cytosolic GR depletion has been demonstrated
(Pariante et al., 2001; Spencer et al., 2000), but lower, biologically relevant doses of CORT
in vivo do not produce significant depletion in cytosolic GR (Conway-Campbell et al., 2007;
Kitchener et al., 2004). Thus, it is more plausible that the reduction in cytosolic GR is a
result of down-regulation of the receptor and not depletion due to increased nuclear
trafficking. In the present study, the modest increase in nuclear GR levels indicates that
despite lower cytosolic GR levels, there may be enough CORT activation to maintain
nuclear GR at levels that are normal or even slightly above those seen in controls. This
would suggest that GR-mediated negative feedback is occurring in the hypothalamus, but
ultimately, the stress response is not terminated, perhaps due to inappropriate GR signaling
in the hippocampus.

Because decreases in hippocampal GR can dampen the effectiveness of negative feedback, a
signaling process critical for regulation of HPA axis tone, we evaluated whether or not the
decrease in the GR protein was due to arsenic-induced disruption at the transcriptional level.
One possibility is that changes in the GR are rooted in epigenetic alterations that interfere
with transcription of the gene, resulting in lower levels of the receptor. In pursuit of this
possibility, we measured GR mRNA in both the hippocampus and hypothalamus to
determine if abnormalities may reflect epigenetic changes that interfere with transcription.
Our findings show no changes in hippocampal GR mRNA, and a slight increase in
hypothalamic GR mRNA. Because GR transcripts are maintained at normal or slightly
elevated levels in the arsenic-exposed offspring, it is unlikely that alterations are occurring
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at the transcriptional level that would satisfactorily explain the reductions in the protein
levels of the GR. Our lab is currently investigating other post-transcriptional alterations that
could result in the decreased levels of the glucocorticoid receptor.

Finally, we examined the ability of the arsenic-exposed offspring to respond appropriately
after exposure to a predator scent stressor as compared to control mice. Because this
experiment is dependent upon sense of smell, we conducted a buried food pellet test and
verified that arsenic-exposed offspring and control mice have similar olfactory abilities, as
measured by latency to detect a hidden pellet of food. We hypothesized that alterations in
multiple components of the HPA axis will ultimately lead to changes in stress reactivity,
measured by plasma CORT concentration, when exposed to a severe stressor. The data
reveal that the arsenic exposed offspring have a significantly blunted CORT response
measured by the area under the curve of CORT secretion at baseline, 30 minutes, and 60
minutes post-stressor exposure. Although the arsenic mice display significantly increased
baseline CORT concentration in plasma, they show a smaller change from baseline after
exposure to stress as compared to controls. One interpretation of this finding is that the
arsenic-exposed animals exhibit a deficit in their ability to activate the HPA axis response in
the face of a severe stressor that results from the alterations in baseline levels of critical
HPA axis components. It appears that the arsenic-exposed animals have a decreased slope
(b= 0.014) between the 30 and 60 minute time points compared to controls (b=0.022),
suggesting the arsenic-exposed mice return to baseline more slowly. However, additional
time-points over an extended period of time would be needed for this conclusion to be
statistically validated. If there were to be a reduced rate of return in the perinatal arsenic
mice this could be mediated by decreased numbers of hippocampal corticosteroid receptors
which would slow the return to a baseline CORT concentration.

The present work expanded upon preliminary data from our earlier publications suggesting
the possibility of HPA axis modification due to perinatal exposure to arsenic (Martinez et
al., 2008; Martinez-Finley et al., 2009). Here, we carefully examined components of the
HPA axis, identified precise changes that occur, and validated our hypothesis that perinatal
exposure to 50 ppb arsenic induces persisting HPA axis dysregulation in a rodent model.
Endocrine disruption is likely to be key factor in arsenic pathology. Understanding the
mechanisms by which arsenic is able to program this pathology is crucial to untangling the
broad spectrum of deleterious effects that manifest after exposure, and our findings suggest
that the programming of the HPA axis during the perinatal period could be an integral
component. Future research should aim to identify therapeutic agents that might mitigate
arsenic-induced damage to the HPA axis. Finally, we should note that studies have
demonstrated that the form of arsenical speciation is important to its effect on hippocampal
function (Krüger et al., 2007; 2009) and identifying possible species specific actions may be
important to understanding the mechanism involved in arsenics actions on the GR.
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Figure 1.
Subcellular distribution of GR in the hypothalamus of control and arsenic exposed animals.
(a) Levels of GR protein are elevated in the nuclear fraction of the hypothalamus (p=.118),
though this was not of statistical significance. (b) Representative western blot of nuclear GR
in control and perinatal arsenic-exposed offspring. (c) GR protein is decreased in the
cytosolic fraction of the hypothalamus (p=.011). Data are presented as corrected to β-actin
and normalized to controls. (d) Representative western blot of cytosolic GR in control and
perinatal arsenic-exposed offspring. Data are presented as mean±SEM for n=8-9 litters.
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Figure 2.
CRF in the hypothalamus (a) CRF in the hypothalamus is significantly elevated in the
arsenic-exposed offspring. (b) Representative western blot for hypothalamic CRF. Data are
presented as normalized to β-actin and corrected to controls (p=.045). Results are presented
as mean±SEM for n=8 litters.
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Figure 3.
11β-HSD 1 in the hippocampus control and perinatal arsenic-exposed offspring. (a) The
fully glycosylated form of 11β-HSD 1 is significantly decreased in the arsenic-exposed
group (p=.005). (b) Representative western blot for the glycosylated and un-glycosylated
forms of 11β-HSD 1 in the arsenic-exposed group and controls. Data were normalized to β-
actin and corrected to controls. Data are presented as mean±SEM for n=8 litters in control
and n=10 litters in the arsenic group.
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Figure 4.
Baseline and stress-induced plasma corticosterone concentration in arsenic and control
groups. (a) Baseline plasma CORT concentration was significantly increased in the arsenic-
exposed offspring (p=.003), a replication of our previous finding included in Martinez-
Finley et al., 2008. Data are presented as mean±SEM for n=8 litters in control and n=10
litters in the arsenic group. (b) Stress-induced plasma corticosterone at 30 and 60 minutes
post stressor-onset: area under curve was significantly decreased in the arsenic-exposed
offspring (p=.02) in n=7 litters.

Goggin et al. Page 18

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Summary of alterations induced by perinatal exposure to 50 ppb sodium arsenate in male,
~PN35 mice.

Goggin et al. Page 19

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Goggin et al. Page 20

Table 1

Primers used to perform RT-PCR for GR mRNA (encoded by the Nr3c1 gene) and Pomc mRNA (encoded by
the Pomc gene).

Target Forward Primer Reverse Primer

Hprt (a) AAGACTTGCTCGAGATGTCATGAA ATCCAGCAGGTCAGCAAAGAA

Nr3c1 AGCTCCCCCTGGTAGAGAC GGTGAAGACGCAGAAACCTTG

Hprt (b) TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT

Pomc ATGCCGAGATTCTGCTACAGT TCCAGCGAGAGGTCGAGTTT
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Table 2

The perinatal arsenic-exposed offspring do not differ from controls in their olfactory abilities, as measured by
latency to detect a hidden food pellet (p>.05).
Latency (in seconds) to retrieve food pellet: average of 2 trials per day for 5 days

Control (mean ± SEM) Arsenic

7.2 (±0.8) 6.8 (±1.0)
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