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• Chronic restraint stress produces microglial activation in the prefrontal cortex.
• Chronic variable stress does not produce microglial activation.
• Chronic restraint stress, but not variable stress, produces HPA axis habituation.
• Microglial activation may be an adaptive process.
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Stress pathology is associated with hypothalamic–pituitary–adrenal (HPA) axis dysregulation and aberrant
glucocorticoid responses. Recent studies indicate increases in prefrontal cortical ionized calcium-binding
adapter molecule 1 (Iba-1) staining following repeated restraint, reflecting increased microglial densities.
Our experiments tested expression of Iba-1 staining in the prelimbic cortex (PL), infralimbic cortex (IL)
and the hypothalamic paraventricular nucleus (PVN) following two-week exposure to repeated restraint
(RR) and chronic variable stress (CVS), representing homotypic and heterotypic regimens, respectively.
Unstressed animals served as controls. We specifically examined Iba-1 immunofluorescence in layers 2
and 3 versus layers 5 and 6 of the PL and IL, using both cell number and field staining density. Iba-1 field
staining density was increased in both the PL and IL following RR in comparison to controls. This effect
was not observed following CVS. Furthermore, PVN Iba-1 immunoreactivity was not affected by either
stress regimen. Cell number did not vary within any brain areas or across stress exposures. Changes in
microglial field density did not reflect changes in vascular density. Increases in PL and IL microglial density
indicate selective microglial activation during RR, perhaps due to mild stress in the context of limited
elevations in anti-inflammatory glucocorticoid actions. This research was supported by NIH grants
[MH049698 and MH069860].

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Chronic stress plays a prominent role in triggering or enhancing
many psychiatric disorders, including major depressive disorder
and schizophrenia [1–3]. Stress-responsive brain regions and limbic
circuitry are receiving wide attention as potential mediators of chronic
stress pathology. The medial prefrontal cortex (mPFC) is highly stress
reactive and undergoes significant changes inmorphology and function
following chronic stress [3,4]. These changes align with behavioral
phenotypes in rats that are consistent with depression symptoms in
humans [4,5,7].
innati, OH 45237, USA. Tel.: +1
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Many of the symptoms associated with depression are accom-
panied by immune activation. Depressed mood, anhedonia, weight
change, and fatigue are characteristics of depression, but are also
related to sickness behavior [6]. Chronic restraint stress induces
microglial hypertrophy in the PFC, hippocampus, and nucleus
accumbens [7], suggestive of inflammatory reactions in the brain.
Morphological changes in PFC microglia following chronic restraint
stress are correlated with increases in neuronal ΔFosB and deficits
in the T-maze; these effects are ameliorated by the microglial
inhibitor minocycline [5].

Microglia have a dynamic morphology that is indicative of their
function in response to various stimuli. Most microglia in the healthy
brain are in a resting or ramified state, characterized by small cell
bodies and thin processes [8]. However, ramified microglia are con-
stantly surveying the environment and undergo rapid morphological
changes to exert a variety of functions [8]. Microglia react to signals of
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neuronal damage and maintain tissue homeostasis. Resting microglia
transition to a hyper-ramified state after mild stimulation, character-
ized by a thickening and branching of secondary processes. Physical
tissue injury induces microglia to withdraw their processes to become
reactive and then phagocytic [9]. Chronic stress stimulates microglia
into hyper-ramification,whichmay represent a novel response to stress
and uniquemicroglial phenotypewithmechanisms not yet fully under-
stood. Hyper-ramification of microglia during stress may be associated
with local inflammation, which can contribute to neurodegeneration,
demyelination, and synaptic dysfunction [10]. For example, microglia
have been implicated in actively pruning hippocampal synapses in the
developing brain [11,12].

The glucocorticoid stress response is initiated by the hypothalamic–
pituitary adrenocortical (HPA) axis. The paraventricular nucleus
(PVN) of the hypothalamus initiates a hormonal cascade that stimu-
lates adrenal synthesis and release of glucocorticoids (GCs). Periph-
erally, GCs are potently immunosuppressant. Centrally, GCs can
either activate or inhibit microglial activity in various contexts, rang-
ing from in vitro, in vivo, acute, chronic, in combination with LPS, etc.
[13–15]. The effects of chronic stress-induced microglial activation
are not well understood, despite the GC receptor (GR) being among
the most abundant microglial steroid receptors [13]. To identify the
role of GCs and microglia in chronic stress, the current study examined
microglial responses to two separate stress regimens that induce distinct
GC profiles. Tynan et al. demonstrated microglial hyper-ramification
following repeat restraint stress, while measuring sucrose preference,
body weight, and body temperature but not corticosterone [7]. Repeat-
ed restraint stress causes significant HPA axis habituation over the
course of several exposures [16], and basal corticosterone secretion, ad-
renal hypertrophy, and thymic atrophy are generally less than those
observed in non-habituating regimens [17]. These data raise questions
regarding the possible role ofmicroglia in adaptive vs. pathological con-
sequences of chronic stress. The current study provides a side-by-side
test of the impact of habituating vs. non-habituating stress protocols
as a means of determining what type of stressor exposure causes
microglial activation.

2. Materials and methods

2.1. Subjects

Male Sprague-Dawley rats from Harlan (Indianapolis, IN, USA),
weighing 250–275 g on arrival, were housed two per cage in clear poly-
carbonate cages with granulated corncob bedding. Food and water
were available ad libitum. The colony room was temperature and hu-
midity controlled with a 12-hour light cycle (lights on 6:00 am; lights
off 6:00 pm). Rats acclimated to the colony facility for 1 week prior to
experimental manipulations. Subjects were randomly assigned to one
of three groups: control unhandled (CON, n = 10), repeat restraint
stress (RR, n = 10), and chronic variable stress (CVS, n = 12). All ex-
perimental procedureswere conducted in accordancewith theNational
Institutes of Health Guidelines for the Care and Use of Animals and
approved by the University of Cincinnati Institutional Animal Care and
Use Committee.

2.2. Stress regimens

For RR, subjects were fixed into Plexiglas restraint tubes for
30 min every morning at 10:00 for 14 consecutive days. The CVS reg-
imen lasted 14 consecutive days, with two stressors every day, and
was run concurrently with the RR group. Morning stressors were ap-
plied any time between 08:00 and 11:30 h, while afternoon stressors
were applied any time between 13:30 and 17:00 h. They included:
hypoxia (30 min in 8% O2/92% N2), rotation stress (1 h at 100 rpm
on a platform orbital shaker), warm swim (20 min at 31 °C), cold
swim (10 min at 18 °C), cold room (1 h at 4 °C), and overnight
crowding. On the morning of the 15th day, the rats were adminis-
tered an overdose of sodium pentobarbital (150 mg/kg) and perfused
with phosphate-buffered saline, followed by 4% paraformaldehyde.
Brains were postfixed overnight in 4% paraformaldehyde and trans-
ferred to 30% sucrose (4 °C).

2.3. Immunohistochemistry

Using a sliding microtome, 30 μm sections were cut and stored at
−20 °C in cryoprotectant (0.1 Μ phosphate buffer, 30% sucrose, 1%
polyvinylpyrrolidone, and 30% ethylene glycol). Sections were
transferred from cryoprotectant into 50 mΜ potassium phosphate-
buffered saline (KPBS) (pH 7.2) at room temperature (RT). After
rinsing off the cryoprotectant with KPBS (5 × 5 min), sections
were incubated for 1 h at RT in blocking solution (50 mΜ KPBS,
0.1% bovine serum albumin, 0.2% Triton X-100). Immediately there-
after, sections were incubated for 16 h at RT in primary anti-Iba-1 poly-
clonal rabbit antibody for visualizing microglia (1:1500; Synaptic
Systems; Goettingen, Germany) and primary anti-NeuN monoclonal
mouse antibody (1:200; Millipore, Temecula, CA, USA) for identifying
the boundaries of the PVN and layers of the PFC. Dilutions were in
blocking solution (50 mm KPBS, 0.1% bovine serum albumin, and 0.2%
Triton X-100). Sections were rinsed (5 × 5 min) in KPBS and then
incubated for 1 h at RT in both Cy 3 donkey anti-rabbit 1:500 (Jackson
Immuno Research, West Grove, PA, USA) and Alexa 488 goat anti-
mouse 1:500 (Molecular Probes, Eugene, OR, USA), for microglia. For
blood vessels, the Alexa 488 secondary was used in conjunction with
DyLight 594 labeled Lycopersicon esculentum (Tomato) Lectin (1:400;
Vector, Burlingame, CA, USA). Dilutions were with blocking solution.
Sections were rinsed (4 × 5 min) with KPBS and mounted onto slides.
Dried slides were rinsed with Nano-H20 and coverslipped with Fluka
mounting medium (Sigma Aldrich, St. Louis, MO, USA) to be used for
imaging.

2.4. Imaging

The Zeiss Axiovision 4.6 software was used for all image quantifi-
cation and anatomical landmarks were determined using features
described in the Paxinos & Watson rat brain atlas (1997, [18]). The
individual creating and analyzing the images was blind to treatment
conditions.

For cell counts, regions of interest (ROIs)werefirst outlinedusing only
theAlexa channel on10× images. These ROIs included the PVN (AP−1.8,
DV−7.7 to−8.2, ML±0.2 to 0.6) and PFC (AP+3.5, DV−3.0 to−5.0,
ML ±0.25 to 1.0). Using the Cy3 channel, individual microglia cells were
selected manually and quantified, using the Axiovision 4.6 software.

To quantify the percent area occupied by Iba-1 immunoreactivity,
or field density, Zeiss Apotome Deconvolution software was used to
take 40× Cy3 Z-stack images. Z-stacks were taken from the medial
parvocellular subdivision of the PVN (AP −1.8, DV −7.8 to −8.0,
ML ±0.2 to 0.4). In the PFC, Z-stacks were from layers 2 and 3 of
the infralimbic cortex (IL), layers 2 and 3 of the prelimbic cortex
(PL), layers 5 and 6 of the IL, or layers 5 and 6 of the PL. Using the
LSM Image Browser, Z-stacks were merged into several projection
images. Each projection image consisted of 5 consecutive 1 μm
images from the Z-stack. Using Axiovision automatic program mea-
surements, a consistent threshold level was used to select positive
staining and the percent area occupied by the Iba-1 immunoreactiv-
ity above threshold was calculated. Objects comprising less than
10 pixels were removed. DyLight lectin labeling was quantified
with field density in a similar way. Because the lectin lightly labeled
microglial processes, objects 0–300 pixels were removed to ensure
that percent area was calculated for vasculature alone. Any extrane-
ous objects were manually removed.

Data analysis was performed using Sigma Stat (Systat Software,
San Jose, CA, USA). Data are shown as mean ± SE. Outliers were
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removed if the values fell outside of 1.96 times the SD and 1.5 times
the interquartile range [19]. For any outlier value, that subject was
removed from analysis. Analysis consisted of one-way ANOVAs with
Fisher's Least Significant Difference (LSD) post-hoc test using group
(CON, CVS, and RR) as between-subjects factor.
3. Results

3.1. Stress regimens and adrenal size

The efficacy of the CVS protocol was confirmed by increased adrenal
weights [F(2, 29) = 7.49; p = 0.002] (Table 1). Relative to controls,
adrenal weight was increased in the CVS group but not in RR animals,
consistent with a greater cumulative impact of the CVS regimen on
adrenal growth (p b 0.05, Fisher's LSD post-hoc).
3.2. Iba-1

The analysis of Iba-1 positive cells in the PVN and PFC revealed
only ramified and hyper-ramified microglia, and not reactive or
phagocytic. The field density was used to determine whether stress
had stimulated microglia in the PVN or PFC from the resting ramified
state to a hyper-ramified state. For cell counts and field density, NeuN
immunolabeling helped identify boundaries of the PVN (Fig. 1) and
discriminate between IL, PL, layers 2 and 3, and layers 5 and 6.
3.3. Iba-1 in the PVN

Cell counts in the PVN, analyzed by one-way ANOVA, showed no
effect of stress on the number of Iba-1 positive microglia (Fig. 2A).
The average field densities of the medial parvocellular subdivision
of the PVN also did not differ across groups (Fig. 3).
3.4. Iba-1 in the PFC

Iba-1 cell counts in the PFC indicated no effect of stress on the
number of microglia (Fig. 2B). The projection images show that
the proportion of hyper-ramified microglia increases after chronic
homotypic stress (RR, Fig. 4B) but not after chronic heterotypic
stress (CVS, Fig. 4C). Microglia after CVS remained in a resting or
ramified state that did not differ from controls (CON, Fig. 4A).
Fig. 1. Localization of Iba-1 immunofluorescence in the PVN (A) Iba-1 on Cy3 (B) NeuN
on Alexa 488 shows the boundaries of the PVN (C) Iba-1 and NeuN merged.
3.5. Iba-1 in the PL PFC

In the PL PFC, one-way ANOVA revealed an overall effect of stress
on Iba-1 percent area [F(2, 25) = 3.71; p = 0.039] (Fig. 5A). Only RR
had greater Iba-1 field density than CON and it was also higher than
the CVS group (p b 0.05, Fisher's LSD post-hoc). There was no differ-
ence between CON and CVS. There was a significant effect of stress in
specifically layers 2 and 3 of the PL [F(2, 25) = 4.13, p = 0.028], RR
again had greater Iba-1 coverage than both CON and CVS (p b 0.05,
Fisher's LSD post-hoc) (Fig. 5B). This effect failed to reach significance
in layers 5 and 6 of the PL [F(2, 25) = 2.98; p = 0.069] (Fig. 5C).
Table 1
Average adrenal weights divided by body weights across stress groups. The * indicates
greater than CON (mean ± SE).

Group Adrenal wt (mg)/body wt (g)

CVS 0.150 ± 0.0039*
RR 0.138 ± 0.0058
CON 0.125 ± 0.0042
3.6. Iba-1 in the IL PFC

An overall effect of stress on Iba-1 staining density was also ob-
served in the IL [F(2, 25) = 5.241; p = 0.013] (Fig. 5D), with RR
being greater than both CON and CVS (p b 0.05, Fisher's LSD
post-hoc). Again, the CVS group did not significantly differ from
CON. There was a significant effect of stress on Iba-1 field density in
layers 2–3 [F(2, 25) = 3.51; p = 0.047], with the RR group having sig-
nificantly greater staining density than controls (p b 0.05, Fisher's
LSD post-hoc) (Fig. 5E). There was also a significant effect of stress
on Iba-1 field density in layers 5–6 [F(2, 25) = 4.17; p = 0.029],
with the RR group having significantly greater staining density than
the CVS group (p b 0.05, Fisher's LSD post-hoc) (Fig. 5F).

3.7. Lectin

In the medial parvocellular PVN, PL PFC, and IL PFC, vascular den-
sity assessed by DyLight lectin percent area did not show significant



Fig. 2. Iba-1 positive cell counts in (A) PVN and (B) PFC. There were no RR or
CVS-related differences in the number of Iba-1 positive microglia in any region
examined.

Fig. 4. Iba-1 projection images in layers 2/3 of the PL from (A) CON (B) RR, showed
thickening of microglial processes (C) CVS.
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changes following exposure to either RR or CVS (Fig. 6A, B, C). The
PVN showed greater vascular density than PFC, but neither region
was affected by stress.

4. Discussion

The present study indicates a selective increase in microglial
ramification in the PL and IL in response to chronic restraint, a stress
exposure paradigm that results in significant habituation of the HPA
axis GC response [16]. These data are consistent with previous work
demonstrating microglial activation to hyper-ramification in the
mPFC following repeated restraint [7]. The RR-induced changes in
microglia were not accompanied by changes in vascular density, indi-
cating that microglia changes are not secondary to stress-induced
angiogenesis. Notably, this hyper-ramification was not observed
after chronic variable stress exposure, a non-habituating stress regi-
men that causes significant HPA axis sensitization and hyperactivity
[20]. Together, the data suggest that increased HPA axis drive in the
context of chronic non-habituating stress may be sufficient to inhibit
microglial activation induced by repeated restraint stress.

Increased microglial ramification, as demonstrated by increases in
Iba-1 coverage without a change in microglial cell number, denotes an
activation of these cells from a resting state to hyper-ramified state
after chronic restraint stress. Iba-1 (ionized calcium-binding adaptor
molecule-1) is a gene exclusive to microglia and is up-regulated during
microglial activation [21,22]. Iba-1 up-regulation is necessary for
Fig. 3. Iba-1 percent area occupied in the PVN. There was no effect of RR or CVS on PVN
microglia coverage.
microglial membrane ruffling to confer cell motility [23]. Increases in
Iba-1 coverage are consistent with increases in microglial surface area,
indicating a transition from resting to hyper-ramified state. Given
evidence that chronic variable stress causes greater cumulative GC
exposure [17,20,24], it is possible that the lack of hyper-ramified mi-
croglia is due to anti-inflammatory actions of GCs. GCs are known to
be anti-inflammatory in the periphery, but have amore complex role
in the CNS. In the brain, GCs can reduce microglial pro-inflammatory
signals [15]. Chronic variable stress induces adrenal hypertrophy,
thymic involution, increased basal corticosterone and enhanced cor-
ticosterone production in response to adrenocorticotrophic hormone
(ACTH) [17,20], consistent with a hyper-activated HPA axis. It is possible
that the cumulative elevations in corticosterone due to CVS exert
anti-inflammatory effects that limit transformation of microglia to an ac-
tivated state. Chronic restraint does not produce the same degree of GC
dyshomeostasis seen in chronic variable stress [20], and thus the cumula-
tive levels of GCs may not be sufficient to keep the microglial responses
completely checked. Alternatively, chronic stress in the context of low
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Fig. 5. Iba-1 staining is increased in the PL and IL following RR, but not CVS. # indicates difference from CON and * indicates difference from CVS (p b 0.05) (A–C) Iba-1 field density
in the PL (A) averaged (B) layers 2/3 (C) layers 5/6 (D–F) Iba-1 field density in the IL (D) overall (E) layers 2/3 (F) layers 5/6.
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GC exposure may enable priming of the immune system, while chronic
stress with high GC exposure may inhibit immune activation.

It is important to note that GCs may also play a pro-inflammatory
role in the CNS. For example, chronic high levels of GCs can enhance
pro-inflammatory signals [15]. Chronic GC stimulation or stress can
Fig. 6. Percent area occupied by lectin immunofluorescence in the (A) PVN (B) PL (C)
IL. There was no effect of RR or CVS on vascular densities, as determined by lectin stain-
ing, in any region.
also cause GC insensitivity [25], which can promote inappropriately
maintained inflammatory responses [10,26]. The CVS regimen used
in these studies is known to have anti-inflammatory actions in the pe-
riphery (indicated by reduced T lymphocytes percentages [27]),
suggesting that this paradigm is not sufficient to induce frank GC re-
sistance. We should note that while our studies are suggestive of a
glucocorticoid mechanism, follow-up experiments are required to
conclusively test links between differential glucocorticoid exposure
and microglial hyper-ramification after stress.

Chronic restraint stress involves a predictable and repetitive expo-
sure regimen, and causes significant HPA axis habituation over time.
In contrast, chronic variable stress is designed to be unpredictable and
non-habituating, and thus the two regimens may have differential im-
pact on neuroadaptive mechanisms. For example, our prior work indi-
cates that these two stress regimens deviate on the populations of
FosB/ΔFosB-activated neurons, indicating that they may recruit differ-
ent neuronal populations [20]. Thus, it is possible that neural informa-
tion signaling stressor predictability may cause differential activation
of microglia. The prefrontal cortex is known to be critical for encoding
of expectancy and predictability. Specifically, the mPFC is necessary for
perceiving controllability of stress to prevent hyper-activation of the
dorsal raphe nucleus during subsequent stress challenges [28]. Localiza-
tion of microglial hyper-ramification to the mPFC may be related to ex-
pectancy or habituation to repeated stimulus exposure. Future studies
are required to isolate the effect of predictability on microglial activation.

The mPFC directs working memory and attention to coordinate
limbic and cognitive processes in response to pertinent emotional stim-
uli [4,29]. The PFC is highly reactive to stress and modulates HPA axis
activity and behavior [30]. Microglial hyper-ramification in the PFC
following chronic homotypic stress is known to coincide with alter-
ations in neuronal activity and working memory, while minocycline
reduces the hyper-ramification, neuronal changes, andworkingmemo-
ry deficits associated with repeated restraint [5]. Chronic homotypic
stress does not induce microglial activation through IL-1β, MHC-II,
CD86, TUNEL, or activated caspase-3 expression, but rather is linked to
changes in β1-integrin [31]. These data suggest that stress-induced
microglial activation differs substantially from changes that arise from
neuronal injury. Because our data show microglial activation following
chronic restraint stress and not after chronic variable stress, microglial
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activation by stressmay be a necessary and beneficial adaptation to cer-
tain stressors. The connection between microglial changes and PFC
function raises the intriguing possibility that the microglial response
may play a role in the habituation process, a possibility warranting fur-
ther investigation.

Unlike the PFC, the density and morphology of microglia in the PVN
were not altered after chronic variable stress or repeated restraint
stress. Iba-1 measures were unaltered in the PVN, despite the fact that
both chronic homotypic andheterotypic stress regimens induce notable
increases in PVN CRH mRNA [32,33]. These data suggest that chronic
stressors do not engage PVN microglia, or that GC secretion resulting
from both exposure paradigms is sufficient to keepmicroglial activation
in check.

Microglia originate from mesenchymal cells in the bone marrow
that migrate to the CNS [34,35] or from peripheral monocytes [36].
Neurodegeneration, such as that seen in Alzheimer's disease, is linked
to peripheral recruitment of immune cells from the blood [34]. Chronic
stress is linked to increased sympathetic tone [37], and CNS immune ac-
tivation is consistent with neurogenic hypertension [38], both of which
can affect vascular integrity. Chronic social defeat stress has been shown
to increase macrophage/microglial molecules implicated in trafficking
from the periphery to CNS [39]. Therefore, we monitored vascular den-
sity following chronic stress to evaluate whether vascular changes may
contribute to any observed increases in microglia. Stress did not alter
vascular density or microglial numbers in the PFC or PVN, suggesting
that chronic stress does not alter blood vessel morphology. While our
data are insufficient to make conclusions as to vascular permeability,
the lack of observable increases in vessels makes it unlikely that
microglial changes are related to neovascularization.

Chronic variable stress and repeated restraint stress appear to have
different effects on other aspects of PFC function,most notably, dendrite
morphology. In the PFC, repeated restraint stress produced reductions
in apical dendritic spine density and length [4]. However, Vyas et al. in
2002 found that in the hippocampus, chronic restraint stress produced
reductions in CA3 pyramidal branching and shaft length, but chronic
variable stress produced no such effects [40]. Microglial signals are
thought to be responsible for proper synaptic pruning in the developing
hippocampus and are disrupted by stress [11,12], suggesting that there
may be a connection between extent of microglial recruitment and
structural changes seen in corticolimbic structures. During chronic
stress, microglia may be stimulated to overprune synapses in the PFC,
to contribute to pathological behavioral phenotypes. This has yet to be
tested, but microglial and synaptic changes in response to stress seem
to align.

The interactions of stress regimen, glucocorticoid levels, and
microglial morphology are very complex. The current study suggests
that microglial activation in the brain is a selective process, targeting
prefrontal cortical (but not hypothalamic) circuits that are critical to
stressor habituation or predictability. It is currently unknown whether
microglial response specificity is controlled by differential central
drive or differences in the degree to which different stress paradigms
recruit anti-inflammatory processes, such as glucocorticoid secretion.
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