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Abnormal function of the neuroendocrine stress system has been implicated in the behavioral impairments ob-
served following brain ischemia. The current study examined long-term changes in stress signal regulation
30 days following global cerebral ischemia. Experiment 1 investigated changes in the expression of corticotro-
pin releasing hormone (CRH) and its subtype 1 receptor (CRHR1), glucocorticoid receptors (GR) in the
paraventricular nucleus of the hypothalamus (PVN), the central nucleus of the amygdala (CeA), and the CA1 sub-
field of the hippocampus. Tyrosine hydroxylase (TH) was determined at the locus coeruleus (LC). Experiment 2
investigated the role of central CRHR1 activation on corticosterone (CORT) secretion at multiple time intervals
following global ischemia after exposure to an acute stressor. Findings from Experiment 1 demonstrated a per-
sistent increase in GR, CRH and CRHR1 immunoreactivity (ir) at the PVN, reduced GR and CRHR1 expression in
pyramidal CA1 neurons, and increased LC TH expression in ischemic rats displaying working memory errors in
the radial arm Maze. Findings from Experiment 2 revealed increased CORT secretion up to 7 days, but no longer
present 14 and 21 days post ischemia. However upon an acute restraint stress induced 27 days following reper-
fusion, ischemic rats had increased plasma CORT secretions compared to sham-operated animals, suggesting HPA
axis hypersensitivity. Antalarmin (2 pg/2 pl) pretreatment significantly attenuated post ischemic elevation of
basal and stress-induced CORT secretion. These findings support persistent neuroendocrine dysfunctions follow-
ing brain ischemia likely to contribute to emotional and cognitive impairments observed in survivors of cardiac

arrest and stroke.

© 2014 Elsevier Inc. All rights reserved.

Introduction

The effects of transient global cerebral ischemia on rat behavior such
as long-lasting spatial learning and memory deficits are commonly as-
sociated with selective neuronal damage of the CA1 hippocampal region
(Hartman et al., 2005; Lehotsky et al., 2009). However, increasing evi-
dence supports the involvement of stress regulators in the pathophysi-
ology of cerebral ischemia, which could contribute to behavioral
impairments. For example, corticotropin releasing hormone (CRH) re-
lease, protein and mRNA expression as well as corticosterone (CORT)
levels remain elevated for days in discrete brain regions and in the pe-
riphery following cerebral ischemia (Hwang et al., 2006; Khan et al.,
2004; Wong et al., 1995). Past studies have also shown that plasma

Abbreviations: HPA, axis dysregulation post-ischemia.
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levels of norepinephrine (NE) are up-regulated during (Gustafson
et al,, 1991), in the hours (Globus et al., 1989), and even weeks (Pich
et al,, 1993) after brain ischemia. These findings suggest that global is-
chemia represents a potent physiological stressor. If the effects of such
a stressor persist over time, the allostatic load may result in maladaptive
physiological and behavioral responses (Beauchaine et al., 2011).
Upon exposure to physiological or psychogenic stressors, the HPA
axis initially responds via increased synthesis and release of CRH from
the paraventricular nucleus of the hypothalamus (PVN). PVN CRH neu-
rons project to the median eminence where CRH is released and binds
to CRHR1 receptors in the anterior pituitary gland inducing the release
of adrenocorticotropic hormone (ACTH) into the blood stream. ACTH
subsequently triggers secretion of glucocorticoids from the adrenal cor-
tex. A negative feedback mechanism by glucocorticoids then acts to in-
hibit HPA axis activation via mineralocorticoid (MR) and glucocorticoid
(GR) receptors present at the pituitary, hypothalamus and hippocam-
pus (Reul and de Kloet, 1985), which regulate HPA activity in a comple-
mentary fashion; MR regulate CORT secretion under basal conditions
and are activated in the initial phase of the stress reaction, followed by
GR activation to terminate the stress response (Joels et al., 2008). Both
MR and GR are highly abundant in CA1 pyramidal neurons of the
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hippocampus, a brain structure known to inhibit HPA activity as well as
for its importance in learning and memory (Sarabdjitsingh et al., 2009).
In response to stress, CRH also activates locus coeruleus (LC) neurons to
stimulate the release of NE in forebrain terminal projections, which in
turn stimulates the release of CRH at the PVN and central nucleus of
the amygdala (CeA), indicating a strong relationship between NE and
CRH in modulating HPA activation (Koob, 1999; Reyes et al., 2008;
Roozendaal et al., 2008). Among other brain regions, the amygdala has
been shown to facilitate adrenocortical responses through interactions
with the PVN (Feldman et al., 1995; Van de Kar and Blair, 1999). The lat-
eral part of the CeA contains the highest density of CRH cell bodies with-
in the amygdaloid complex while a more modest amount is found
within the basolateral nucleus of the amygdala (BLA) (Hsu et al.,
1998; Pitts et al., 2009). It is worthy of note that exposure to various
stressors as well as ischemia increase extracellular CRH release and/or
mRNA expression at the CeA (Hsu et al., 1998; Merali et al., 1998;
Merlo Pich et al., 1995).

Recently, findings from our laboratory (Milot and Plamondon, 2011)
demonstrated elevated CORT secretion in ischemic animals in response

Experiment 1

to Barnes Maze testing simultaneously with spatial memory deficits. A
single dose of the glucocorticoid synthesis inhibitor metyrapone prior
to vessel occlusion concomitantly attenuated post testing CORT secre-
tion and spatial memory deficits in ischemic animals despite not provid-
ing neuroprotection in the hippocampal CA1 area. In addition, pre-
testing administration of the alpha2-adrenoceptor agonist clonidine
(which inhibits NE release) attenuated ischemia-induced working
memory impairments while opposite effects were obtained with the
antagonist yohimbine. These findings support the notion that global is-
chemia sensitizes systems regulating stress responses and emotionality
even at delayed intervals post-ischemia, effects which, if prevented, can
reduce post ischemic memory impairments even in the presence of hip-
pocampal damage.

Given the role of CRH and glucocorticoid in stress-induced emotion-
al and cognitive impairments (Muravieva and Alberini, 2010; Ryan
et al., 2010; Vouimba et al., 2007), the current study sought to char-
acterize the impact of 10 min global ischemia on long-term changes
in the expression of key neuroregulators involved in the neuroen-
docrine stress response. Experiment 1 determined post ischemia

Immunohistochemistry

4VO/Sham
Arrival Euthanasia
Radial Maze Test
L v A L
r .
-14 7 0 7 14 21 27 30
Time
(days)
Experiment 2
ANT/saline
+ Restraint
4\V0/Sham Stress
icvcannula
Arrival BS BS BS Euthanasia
4 v A 4 vy v
14 i 0 7 14 21 27 30
Time
(days)
BS BS BS
Before icv 0, 30, 60& 120 0, 30, 60 &120 min
cannulation min, 24 & 72h post restraint
surgery post ischemia

Fig. 1. Timeline for Experiment 1 (top panel) and Experiment 2 (lower panel). Day 0 refers to the day of induction of 4 vessel occlusion (4VO), day 8 is the start of Radial Maze testing. In
Experiment 2, Antalarmin (2 pig/2 pl) or vehicle was icv administered 30 min before sham or carotid occlusion. Blood Sampling (BS) was performed at various intervals during the exper-
iment. On day 27 post ischemia or sham occlusion, animals were exposed to a 15 min restraint stress.
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