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Brief Communication

Changes in the vascular area fraction of the
hippocampus and amygdala are induced by
prenatal dexamethasone and/or adult stress
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In addition to the neuronal and behavioral consequences of excess glucocorticoid exposure, the
cerebrovascular system can also be adversely affected by stressors. This study determined that
chronic stress in adulthood decreased the vascular area fraction of the hippocampus and increased
the vascular area fraction of the amygdala. In addition, the data indicated that prenatal exposure to
synthetic glucocorticoids modulated the effects of adult stress on vascular area fraction of the
hippocampus and amygdala. These data indicate that in addition to the well-documented stress-
induced changes in neurons and glia, cerebral vasculature is also altered by exposure to stressors.
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Introduction

Stressor exposure in early life or in adulthood has
been reported to have detrimental consequences, and
the combination of early life stress and stress in
adulthood is particularly damaging. Both early life
stress and exposure to stressors in adulthood can
alter brain morphology, the hypothalamic—pituitary—
adrenal axis, and behavior (Neigh et al, 2009). Adult
exposure to exogenous glucocorticoids inhibits cere-
bral angiogenesis (Ekstrand et al, 2008), induces
apoptosis in cerebral microvascular pericytes (Katy-
chev et al, 2003), and causes cerebral microvascular
endothelial cell rarefaction (Vogt and Schmid-Schon-
bein, 2001). Furthermore, exposure to chronic social
stress in adulthood reduces the vascularization by
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30% in the hippocampus (Czeh et al, 2010). An
understanding of the effects of prenatal glucocorti-
coid and adult stress exposure on cerebral vascula-
ture is particularly important given the role of
vascular function in the maintenance of neuronal
integrity (Zauner et al, 2002). This study tested the
hypothesis that prenatal exposure to glucocorticoids
sensitizes offspring to the behavioral and cerebral
vascular effects of chronic stress in adulthood.

Materials and methods
Prenatal Treatment

Long Evans dams (Harlan, Indianapolis, IN, USA) arrived
on gestational day 12 and were housed individually on a
12:12 light:dark cycle at 20°C+4°C and at a relative
humidity of 50% * 5%. Tap water and food (Harlan Teklad,
Madison, WI, USA) were available ad libitum. On gesta-
tional days 14 to 21, pregnant dams were given subcuta-
neous injections of dexamethasone (DEX; 100 ug/kg in
0.1 mL sterile saline) or saline (SAL; 0.1 mL). Dexametha-
sone is a synthetic glucocorticoid that is reported to mimic
maternal stress exposure (O'Regan et al, 2004). Pups were
weaned on PND 22 and group housed until experimental
protocols commenced on PND 90.
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Adult Stress

Adult male rats derived from the described prenatal treat-
ments were divided into two cohorts, one for behavioral
analysis and one for vascular area fraction. Each cohort
contained: (1) prenatal SAL+adult control (SAL +CON)
(n=6), (2) prenatal SAL+adult stress (SAL+STRESS)
(n=6), (3) prenatal DEX+adult control (DEX+CON)
(n=7), and (4) prenatal DEX + adult stress (DEX + STRESS)
(n=6). Each experimental group for each cohort contained
only one rat from each litter. The control condition
consisted of handling for ~30seconds each day during
the light cycle. Restraint stress was administered for 2
hours/day for 14 days using immobilization bags (Braintree
Scientific, Braintree, MA, USA) during the light cycle. This
duration of restraint was chosen because 10 days of
exposure is sufficient to alter neuronal architecture (Vyas
et al, 2002) and changes in vasculature often require up to
2 weeks of stress to be detectable (LaManna et al, 2004).

Behavioral Testing

Saccharin preference: Preference for a saccharin solution
(0.015% in filtered tap water) versus regular drinking water
was used as an indirect measure of hedonic state (Pijlman
et al, 2003). The ratio of the total amount of saccharin and
nonsaccharin drinking water consumed was calculated
after a 24-hour exposure.

Open field: Dark-cycle activity measurements were eval-
uated by placing the rats in an open field (40 x 40 x 39 cm?)
under red light. Activity was recorded at 5-minute
intervals for 25 minutes and quantified by a computer-
operated tracking system of 16 photo beams per side
(TruScan System; Coulbourn Instruments, Allentown, PA,
USA). The distance traveled in each 5-minute interval was
measured as the total of all vectored x—y-coordinate
changes.

Histology

At the conclusion of the 14th day of treatment, rats were
deeply anesthetized and transcardially perfused. Brains
were paraffin embedded, cut on a microtome (8 um), and
mounted on polylysine slides. Sections were stained for
von Willebrand factor (Chemicon, Billerica, MA, USA), an
endothelial cell marker, visualized, counterstained with
hemotoxylin, and coverslipped (full details of the methods
are available in Supplementary Methods).

Vasculature was assessed using the stereological method
of area fraction (Mouton, 2002) by counting the area
occupied by blood vessels. The CA3 region of the
hippocampus and the basolateral nucleus of the amygdala
were targeted for assessment, owing to the established
involvement of these regions in stress-induced neuronal
remodeling (Vyas et al, 2002). Eighteen randomly selected
fields per region were counted for each rat. An average was
calculated for each brain region for each rat and used for
statistical analyses.
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Data Analysis and Statistics

SigmaStat 3.0 (SPSS, Chicago, IL, USA) was used to
conduct all statistical analyses. Data sets were assessed
for equal variance and normality before parametric testing.
The effects of the prenatal and adult conditions on
saccharin preference and area fraction of capillaries in
the amygdala and hippocampus were assessed using two-
way analysis of variance. If there was a main effect or
interaction, then specific group differences were assessed
using the Tukey post hoc test. Differences were considered
statistically significant if P<0.05.

Results
Saccharin Preference

Chronic stress in adulthood reduced saccharin
preference (F,.4=7.4; P<0.05; SAL+CON=56.6
5.1% and SAL+STRESS=35.9+3.5%; Figure 1A).
In addition, among the rats exposed to chronic stress
as adults, those that received DEX in utero had a
greater preference for saccharin than the rats exposed
to SAL in utero (P<0.05); the rats exposed to DEX +
STRESS had a preference for saccharin, similar to
both the SAL and DEX rats that were in the adult
control conditions (P> 0.05).

Open Field

Exposure to DEX in utero reduced total activity in the
open field as compared with SAL-treated offspring
(F149=5.6, P<0.01; data not shown). Central ten-
dency, or the percent of distance traveled in the
center of the arena over the duration of the test, was
reduced in rats exposed to chronic stress as adults,
regardless of prenatal treatment (F;,,=3.6, P<0.05;
SAL+CON=69.5% +4.6%, DEX+CON=67.9% *
4.6%, SAL+STRESS=49.7% *5.2%, and DEX+
STRESS=57.5% +4.9%; Figure 1B illustrates this
effect over the 5-minute blocks of the test).

Vascular Area Fraction

Amygdala: The area fraction of capillaries in the
basolateral amygdala was altered by prenatal treat-
ment and adult stress exposure (F,,, =4.7, P<0.05;
Figure 2A). Post hoc analysis showed that those rats
that were exposed to SAL+STRESS had a 30%
higher area fraction of capillaries in the basolateral
amygdala than those in the SAL+CON group
(P<0.05). Furthermore, those rats in the DEX+
STRESS group had an area fraction of capillaries in
the amygdala similar to that of the rats in the SAL +
CON group (P>0.05) and lower than that of the rats
in the SAL + STRESS group (P<0.05).

Hippocampus: The area fraction of capillaries in the
CA3 region of the hippocampus was reduced by
prenatal treatment with DEX (F,,,=14.7, P<0.05;
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Figure 1 (A) Exposure to chronic stress in adulthood reduced
saccharin preference (P <0.05 as compared with all groups
designated with ‘a’). Prenatal DEX prevented the stress-induced
reduction in saccharin preference (P > 0.05 as compared with
all groups designated with ‘a’ and P < 0.05 as compared with
‘b’). (B) Chronic stress in adulthood reduced central tendency in
an open field (*P < 0.05 compared with SAL + CON or DEX +
CON). Rats exposed to DEX in utero followed by STRESS in
adulthood showed a reduction in central tendency (*P < 0.05
compared with SAL+ CON or DEX+ CON), but to a lesser
degree than those rats exposed to SAL + STRESS (*P < 0.05
compared with SAL + STRESS). Data are presented as mean +
s.e.m.; n=6 for SAL + CON, SAL + STRESS, DEX + STRESS;
n=7 for DEX+ CON. DEX+ CON, dexamethasone + adult
control; SAL + CON, saline + adult control.

Figure 2B) and by adult stress exposure (F, ., =25.0,
P<0.05). Post hoc analysis showed that exposure to
DEX in utero reduced the area fraction occupied by
capillaries in the hippocampus by 16% when
compared with SAL-treated offspring (P<0.05). In
addition, exposure to chronic stress in adulthood
reduced the area fraction occupied by capillaries by
20% as compared with control-treated adults
(P<0.05). An a priori t-test showed that rats given
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Figure 2 (A) Chronic stress in adulthood increased vasculariza-
tion in the basolateral amygdala (P < 0.05 as compared with all
conditions labeled with ‘a’). Dexamethasone in utero buffered
against the chronic stress-induced change in vascularization in
the amygdala such that there was no difference among DEX +
STRESS and the control conditions (P> 0.05), but the SAL +
STRESS group had more area occupied by vasculature in the
amygdala than those rats in the DEX+ STRESS group
(P < 0.05). (B) Rats exposed to prenatal DEX have a reduced
vascularization of the hippocampus as compared with rats
prenatally exposed to saline (SAL; P < 0.05). Chronic stress in
adulthood also reduced hippocampal vascularization as com-
pared with handled rats (SAL + CON; P < 0.05). The combina-
tion of prenatal DEX+ STRESS was additive such that
vascularization was reduced as compared with SAL + CON, DEX
+ CON, and SAL + STRESS (P < 0.05). Data are presented as
meants.e.m.; n =6 for SAL+ CON, SAL + STRESS, DEX +
STRESS; n =7 for DEX + CON. DEX + CON, dexamethasone +
adult control; SAL + CON, saline + adult control.

DEX in utero and exposed to chronic stress as adults
had a lower area fraction occupied by capillaries in
the CA3 region of the hippocampus than those rats
that received SAL in utero and chronic stress as
adults (t,,=2.6, P<0.05), and the DEX+ STRESS



group showed a 29% reduction in vascularization in
the hippocampus as compared with the SAL + CON

group.

Discussion

Chronic stress increased vascular density in the
amygdala and decreased vascular density in the
hippocampus. Our hippocampal finding is consis-
tent with a recent report that documented a reduc-
tion in hippocampal vascularization after 5 weeks of
social defeat stress (Czeh et al, 2010) and mirrors the
well-established chronic stress-induced retraction of
dendritic branching in the hippocampus (Vyas et al,
2002). To the best of our knowledge, the data
reported here that show a vascular hypertrophy in
the amygdala are the first report on the effects of
chronic stress on vasculature in the amygdala. The
effect of chronic stress on amygdalar vasculature
again reflected the established effects of chronic
stress on neuronal cytoarchitecture, as chronic stress
has been shown to cause hypertrophy of dendrites in
the amygdala (Vyas et al, 2003). This data set does
not allow us to establish whether the changes in
vasculature precede or follow the changes in neuro-
nal cytoarchitecture. Future work will ascertain the
temporal relationship between chronic stress-in-
duced changes in neuronal cytoarchitecture and
vascularization. Given the crucial role of vascular
support in the cerebrum (Zauner et al, 2002), a
relationship between these two types of stress-
induced remodeling merits further consideration.

Contrary to our hypothesis that prenatal DEX
exposure would sensitize rats to the negative effects
of chronic stress exposure in adulthood, the devel-
opmental exposure to high levels of glucocorticoids
seems to have been protective. Although the periph-
eral cardiovascular effects of prenatal DEX have been
reported (O’Regan et al, 2004), effects on the cerebral
vasculature have not been investigated earlier. One
possible explanation for the seemingly protective
effects of prenatal DEX exposure in this study are the
theories of stress inoculation, resilience, and horm-
esis (Edge et al, 2009). In short, these theories
postulate that exposure to mild-to-moderate levels
of stress, or, in this case, glucocorticoids, during
development prepares the offspring for a stressful
environment, thereby engendering a buffer against
subsequent stress exposure (Edge et al, 2009). Our
data suggest that prenatal DEX does in fact lead to a
buffering against the effects of chronic stress in
adulthood in terms of affective behavior and
amygdalar vascularization. However, DEX-mediated
buffering of the chronic stress effects on behavior
and amygdalar vasculature is at the expense of,
or in combination with, an exacerbated effect of
chronic stress on decreased vascularization of the
hippocampus.

The data presented in this report show that
cerebral vascularization can be bidirectionally regulated
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in a region-specific manner by exposure to adult
stress. Furthermore, prenatal exposure to DEX pro-
tected against the effects of adult stress on affective
behavior and amygdalar vasculature, but exacerbated
the retraction of hippocampal vasculature. This
suggests that glucocorticoid exposure during deve-
lopment can be either protective or detrimental
within the same organism. The implications of these
changes in cerebral vasculature are not yet fully
defined. Earlier work has shown that after electro-
convulsive seizures and enrichment, therapies ef-
fective in reducing depressive-like behaviors in
rat models, hippocampal vasculature increases by
up to 30% (Ekstrand et al, 2008; Hellsten et al, 2005),
and the authors suggest a potential role for cerebral
vascular changes in affective disorders similar
in nature to the established relationship between
increased neuronal demand and vascular outgrowth
in motor cortex (Black et al, 1990). The specific
relationship between stress-induced changes in cerebral
vasculature and stress-induced changes in neuronal
cytoarchitecture and function cannot be ascertained
from this data set; however, these findings show
that the effects of chronic stress on the brain
are not limited to neurons. Given the crucial role
of cerebral vasculature in the maintenance of
neuronal health and function and the evidence
presented here, stress-induced alterations in cerebral
vasculature may contribute to stress-induced neuro-
nal and behavioral dysfunction warranting further
consideration.
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