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Repeated exposure to stressors is known to produce large-scale remodeling of neurons
within the prefrontal cortex (PFC). Recent work suggests stress-related forms of
structural plasticity can interact with aging to drive distinct patterns of pyramidal cell
morphological changes. However, little is known about how other cellular components
within PFC might be affected by these challenges. Here, we examined the effects
of stress exposure and aging on medial prefrontal cortical glial subpopulations.
Interestingly, we found no changes in glial morphology with stress exposure but a
profound morphological change with aging. Furthermore, we found an upregulation
of non-nuclear glucocorticoid receptors (GR) with aging, while nuclear levels remained
largely unaffected. Both changes are selective for microglia, with no stress or aging
effect found in astrocytes. Lastly, we show that the changes found within microglia
inversely correlated with the density of dendritic spines on layer III pyramidal cells. These
findings suggest microglia play a selective role in synaptic health within the aging brain.
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INTRODUCTION

The prefrontal cortex (PFC) is responsible for the flexible use of goal-directed mental strategies.
The prelimbic (PL) area of the rodent medial prefrontal cortex (mPFC) has been suggested to
be involved in emotional, cognitive and mnemonic processes (Diorio et al., 1993; Vertes, 2004).
The mPFC is highly susceptible to alterations in neural architecture due to exposure to acute and
chronic stressors when compared to other regions of the brain. The PL has been shown to have
extensive structural changes due to chronic stress exposure, including dendritic length, branching
and spine density (McEwen and Morrison, 2013). In addition, similar structural changes have been
observed in the PL during aging including age-related spine loss, shifts in spine morphology and
postsynaptic density size (Bloss et al., 2011, 2013).

In addition to its role in cognition, the mPFC is part of a neuroendocrine feedback loop
regulating the secretion of adrenal hormones in response to stress throughout aging (Diorio et al.,
1993; Sapolsky, 1999;McEwen, 2006). Environmental stressors activate the hypothalamic-pituitary-
adrenal axis, culminating in the release of glucocorticoids from the adrenal cortex (Treccani et al.,
2014). Glucocorticoids act on target cells through cytoplasmic glucocorticoid receptors (GR) that
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are expressed in various cell types including pyramidal cells,
microglia and astrocytes in the central nervous system (Sierra
et al., 2008; Yu et al., 2011). Upon binding glucocorticoids,
activated GRs can trigger several intracellular signaling pathways
in the cytoplasm as well as translocate into the nucleus to
act as a transcription factor regulating gene expression (van
Steensel et al., 1995; Rhen and Cidlowski, 2005; Du et al., 2009;
Treccani et al., 2014). Dysregulation of GR expression in neural
networks has been associated with memory loss, psychosis and
neurodegenerative models (Landfield et al., 2007; Ros-Bernal
et al., 2011; Mika et al., 2012; Sinclair et al., 2013; Givalois, 2014).

Although GR expression in neurons within the PFC has
been extensively characterized, little is known of the role of
GR expression in other cell types (Mizoguchi et al., 2003;
Chiba et al., 2012; Popoli et al., 2012; McEwen and Morrison,
2013). Glial cells play a key role in the maintenance of the
neuroinflammatory profile in the brain. Microglia act as native
macrophages creating an immune response against plaques,
cellular degeneration and infection within the central nervous
system (Conde and Streit, 2006; Tremblay et al., 2011). Astrocytes
also contribute to the immune response by releasing factors
that influence activation of microglia and repair of neuronal
damage (Shih et al., 2006). Binding of glucocorticoid to GR
is an important step in the activation of a neuroinflammatory
response and recruitment of glial cell mediated processes
(O’Callaghan et al., 1991; Frank et al., 2012). Interestingly,
it has been observed that increased recruitment of microglia
and astrocytes occurs with age (Cotrina and Nedergaard,
2002; Sierra et al., 2007). A heightened inflammatory profile
results from decreased morphologic complexity and increased
basal inflammatory cytokines in microglia (Sierra et al., 2007).
Moreover, many studies have used soma size as an indicator
of changes in immunoreactivity in microglia, namely, increased
activation (Kozlowski and Weimer, 2012; Kongsui et al., 2014;
Davis et al., 2017). These changes have been postulated to
have long-term implications for synaptic structure and plasticity
through synaptic stripping. This event occurs at the tripartite
synapse, where glial interactions influence pre and postsynaptic
remodeling (Trapp et al., 2007; Kettenmann et al., 2013).

To better understand how stress and aging affect glial
networks in the PL area of the mPFC, we examined glial
cell morphology. Both astrocytic and microglial structures
were imaged using confocal light microscopy to determine
morphological changes under a chronic stress paradigm in
both young and aged rats. Although no chronic stress
effects were observed, a significant aging effect was found in
microglia morphology. Furthermore, nuclear and non-nuclear
GR expression in glial cells was characterized. Our results
revealed no significant nuclear GR differences; however,
non-nuclear GRs were up-regulated with age.

MATERIALS AND METHODS

Animals and CRS Paradigm
All animals and behavior reported here are in accordance with
methods used in previous studies conducted in our laboratories

(Bloss et al., 2010, 2011, 2013). Male Sprague Dawley rats were
purchased from Harlan Laboratories and allowed 1 week to
acclimate. Animals were single-housed in clear polycarbonate
cages (45 × 25 × 20 cm) with woodchip bedding at Rockefeller
University (n = 20–22 per age group). Rats were 3 months old
and 20 months old at time of arrival. Although a middle aged
group used in previous studies, it was omitted from the present
study in light of data presented in previous articles published
using this same tissue. Therefore, this study used animal tissue
from two time points designated as young (3 months) and
aged (20 months) groups. The rats were exposed to 12 h/12 h
light-dark cycles at 21± 2◦C and fed standard rat chow andwater
ad libitum. The rats were weighed every 3 days throughout the
course of the experiment.

Under the CRS paradigm, rats were placed in wire mesh
restrainers with rubberized edges from 10:00 h to 16:00 h for
21 consecutive days. During this 6-h period, the animals were
administered water freely. Recovery condition animals were
given an additional 21 days under the same conditions and
vivarium as the acclimation period during week 1. Thus, six
distinct groups were used in this study: Young Control (YC),
Young Stressed (YS), Young Recovery (YR), Aged Control (AC),
Aged Stressed (AS) and Aged Recovery (AR). The experiment
was conducted in compliance to the National Institutes of Health
Guidelines for the Care and Use of Experimental Animals.
This experiment was approved by the Institutional Animal Care
and Use Committee at Mount Sinai School of Medicine and
Rockefeller University.

Perfusions and Tissue Processing
The tissue samples used in this study were taken from the same
animals reported on previously with respect to neuronal and
synaptic alterations (Bloss et al., 2010, 2011, 2013).

The animals were sacrificed according to the standard of
the National Institutes of Health Guidelines for the Care and
Use of Experimental Animals as soon as behavioral testing
concluded. CRS animals were perfused 24 h following the
last restraint. Animals were perfused at 4.5 months and
21.5 months old, respectively. Rats were administered 100 mg/kg
sodium pentobarbital until fully anesthetized. The rats were
transcardially perfused with 4% paraformaldehyde + 0.125%
glutaraldehyde (0.1 M phosphate buffer (PB) at pH 7.3). During
this process, the descending aorta was clamped and non-fixed
adrenal glands were removed and weighed to record any changes
in weight due to changes in glucocorticoid concentration. Brains
were removed and post fixed for 6 h before brain sectioning.
The brains were cut alternating between one 250 µm and two
50 µm coronal sections using a (Leica, VT1000S) vibratome.
Thin sections were stored in cryoprotectant (30% distilled water,
30% Glycerol, 30% Ethylene Glycol, 10% 2× PB at −20◦C) until
Immunohistochemistry (IHC) was performed. Following tissue
processing, left and right hemispheres were not marked and thus,
the tissue used in this study does not address lateralization.

Immunohistochemistry
IHC was performed to stain for Glial fibrillary acid protein
(anti-GFAP), anti-CD11b/c antibody (anti-OX-42), and GR
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antibody (anti-GR). Sections were stained with mouse anti-rat
OX-42 at 1:500 (Abcam), chicken anti- rat GFAP at 1:2000
(Abcam), rabbit anti-rat GR at 1:500 (Santa Cruz) followed by
secondary antibodies Alexa fluor donkey anti-mouse 488 at 1:400
(Life Technologies, Carlsbad, CA, USA), Alexa fluor donkey
anti-rabbit 555 at 1:400 (Life Technologies) and Alexa fluor
donkey anti-chicken 647 at 1:400 (Millipore, Burlington, MA,
USA). Additional sections were used for rat anti-mouse NeuN
staining at 1:1000.

During IHC staining, 50 µm sections were washed in PB
solution for 10 min to remove the cryoprotectant. Coronal
sections (Bregma +2.20 mm to +4.20 mm) of the PL area of the
medial PFC were used for IHC staining (Figure 1A). Sections
were first washed in PB once for 5 min and then moved to

FIGURE 1 | Analysis of medial prefrontal cortical glia. (A) Coronal sections of
the rat prelimbic (PL) region of the prefrontal cortex (PFC). Young (3 months)
and aged (22 months) rats were grouped as control, stress (21 days of 6-h
restraint), recovery (21 days post-stress recovery). (B) Layer II/III of the PL area
outlined on a 50 µm slice. (C) Separate channels of DAPI, OX-42,
glucocorticoid receptors (GR), and GFAP and a merged immunohistochemical
labeling of fixed PFC slices. (D) For microglia nuclear analysis, each channel
was preprocessed for thresholding to remove noise. OX-42 colocalized DAPI
cells were counted using customized colocalization automated method. White
arrows indicate microglial nuclei captured by analysis. (E) A magnified image of
a microglia cell with separate channels of DAPI, OX-42 and GR and a merged
immunohistochemical labeling of the PFC. White arrows indicate non-nuclear
microglial GR whereas black arrows indicate nuclear microglial GR.

PB with 0.5% Triton-X detergent for 5 min for four washes.
Sections were then moved to a blocking buffer (5% normal
donkey serum, 2% Bovine Serum Albumin, 0.2% Cold Water
Fish Skin Gelatin, 0.5% Triton detergent in PB) for 1 h on
a shaker. Sections were then moved into primary antibody-
blocking buffer solution and allowed to incubate on a shaker
at 4◦C for 24 h. Sections were then washed for 5 min in PB
with 0.5% Triton detergent five times. Sections were moved
into secondary antibody-blocking buffer solution and allowed
to incubate on a shaker at room temperature for 1 h, followed
by two washes for 5 min in PB with 0.5% Triton-X detergent.
Sections were washed an additional three times for 5 min in PB.

Sections were washed in PB with saline, mounted on
Superfrost plus microscope slides (Fisher) and Vectashield for
fluorescence with DAPI mounting medium (Vector Laboratories
Inc., Burlingame, CA, USA) was applied to the slides before cover
slipped (Gold Seal). Slides were stored at 4◦C until imaging.

Confocal Microscopy and Tissue Imaging
The analysis focused on layers II/III of the PL. The correct
coronal slices containing PL were determined using landmarks
including the rhinal fissure, rhinal incisure, forceps minor and
the claustrum and dorsal to the infralimbic area. Layer II/III
was determined using DAPI for cell body layer distinction
(Figure 1B).

All slides were imaged using a confocal microscope (Zeiss
LSM 780) equipped with an Argon laser and ZEN Imaging
software. Parameters such as laser excitation and emission
channels, pinhole size (one airy disc at 647 nm), frame averaging
(eight frames/z-step) were held constant throughout the study.
Confocal z-stacks of layer II/III of the PL were taken under
oil-immersion using a 1.4 NA plan-Apochromat 40× objective,
z-step of 0.5 µm, and a 212.34 µm × 212.34 µm resolution.
Four-channel imaging was performed for the entire experiment:
DAPI (410–513 nm), OX-42 (491–606 nm), GR (562–660 nm),
GFAP (638–755 nm; Figure 1C).

Image Analysis
Volume, number, intensity of each fluorescent profile and
colocalization were extracted using custom-built Javascript and
Matlab algorithm. Results were then exported for statistical
analysis.

All data analysis was performed on an image-by-image basis.
First, the images were imported into Fiji (Schindelin et al.,
2012), and separated into the four imaged channels (DAPI,
GR, GFAP, OX-42). The intensity distribution of each channel
was used to develop a quantitative threshold for excluding
noise from the analysis. After thresholding the channels for
OX-42 and GFAP, the microglial and astrocytic volumes were
collected using Fiji’s 3D image suite and imported into Matlab
(Matlab, 2014a). After thresholding the channel for DAPI,
images underwent 3D watershed image rendering and were
imported into Matlab for individual nucleus identification. The
GR location, size, and brightness were collected using Fiji’s
Foci Picker 3D (Du et al., 2011), then imported into Matlab for
colocalization analysis.
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Custom Matlab algorithm was designed to automate
identification of different glial subtypes and percentage of
nuclear and cytoplasmic colocalization with GR. First, the
algorithm identified individual nuclei from the processed
DAPI image. It then determined the size of each nucleus
and only retained those with a volume between 1000 voxels
and 1500 voxels. The retained nuclei were then used to
extract voxel information from processed OX-42 images. Only
nuclei that completely overlapped (100% colocalization) with
OX-42 voxels were identified as microglia (Figure 1D).
Once cell type was determined, percent of GR nuclear
and cytoplasmic colocalization was computed for the cell
(Figure 1E). Our colocalization analysis demonstrated that the
majority of nuclei exhibited dense GR staining. To introduce
a quantifiable method to this observation, the GR percentage
of nuclear volume was divided into quartiles: Q1 = 0%–25%
of the nucleus colocalized with GR, Q2 = 25%–50% of the
nucleus colocalized with GR, Q3 = 50%–75% the nucleus
colocalized with GR, Q4 = 75%–100% of the nucleus
colocalized with GR. Analysis between aged and young
groups was performed on both the quartiled and continuous
datasets.

To determine size of microglia soma, we isolated the nuclei
identified as belonging to microglia cells, then created a three-
dimensional dilation mask expanding three pixels beyond the
edge of the nucleus. We next transferred the dilation mask to
the image of the microglia processes. The volume of microglia
expression within the dilation mask was calculated as used

as the volume of the soma of the microglia cell. Microglia
soma volume was averaged by animal and compared between
groups.

Statistical Analyses
Statistical analyses were performed using SAS 9.4, GraphPad
Prism Software and MATLAB 2014a statistical software.
The generalized mixed model as well as two-way analysis of
variance, non-parametric Kruksal-Wallis, Whitney-Mann U
and Kolmogorrov-Smirnov tests were performed to determine
significance at p value < 0.05 between and among aging
and stress conditions. Non-parametric measures were used
when a result produced a skewed mean distribution. Pearson
correlations were performed on all correlative data presented
in this study and all reported r-values were created using
GraphPad Prism Software. Empirical cumulative distribution
functions (eCDFs) graphs were created using Microsoft
Excel.

RESULTS

Age-Related Changes in Microglial Volume
and Immunoreactivity
To characterize astrocytic morphology in chronic stress and
aging, PL sections from control, stressed and stress-recovered
young and aged male rats were counter-stained against the
microglial marker OX-42 and the astrocytic marker GFAP. DAPI

FIGURE 2 | Microglia morphological plasticity during aging. (A) Fluorescent images of microglia from the PFC of a young (top) and aged (bottom) rat. (B) A significant
increase in total microglial volume between young animals and aged animals was observed (F = 6.58, p = 0.0149); no change was observed across stress
conditions (F = 0.96, p = 0.3941). ∗p < 0.05. Bar graphs represent the group mean ± SEM. (C) Cumulative frequency plot of microglial volume between the young
and aged groups. (D) Microglia cell number did not differ between the age groups (F = 3.30, p = 0.0780) or with stress conditions (F = 1.29, p = 0.2892). Bar graphs
represent the group mean ± SEM. (E) Soma volume was measured as a morphological indicator of relative immunoreactivity during aging. A significant increase in
soma volume between young and aged animals was observed (F = 15.99, p = 0.0003). ∗∗∗p < 0.001. Bar graphs represent the group mean ± SEM.
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was used for nuclear staining. Additionally, all sections were
stained for GRs to determine changes in abundance and cellular
localization within each glial subpopulation as described below.
A qualitative increase in OX-42 staining in aged compared to
young rats was apparent and reflected a significant increase
in microglial volume (F = 6.58, p = 0.0149; Figures 2A,B).
Interestingly, we found no effect of stress condition (F = 0.96,
p = 0.3941) or stress-aging interaction (F = 0.45, p = 0.6390).
The age-related shift in microglia volume was confirmed using
a cumulative distribution plot, which showed a significant
rightward shift towards larger microglial volume with aging
(Figure 2C). This volumetric difference was not accompanied by
differences in number of OX-42 microglia (F = 3.30, p = 0.0780;
Figure 2D). Microglial number was also not associated with
stress conditions (F = 1.29, p = 0.2892) or interactive aging-stress
effects (F = 0.17, p = 0.8464). In addition, soma size wasmeasured
as a morphological indicator of microglial immunoreactivity. A
statistically significant increase in soma size was found in aged
rats compared to young rats (F = 15.99, p = 0.0003; Figure 2E).

Subcellular Age-Related Changes in Glial
Glucocorticoid Receptors Are Specific to
Microglia
A possible reason for the observed age-induced microglial
volume increase could be the initiation of a chronic inflammatory
response in microglia during aging (Sierra et al., 2007, 2008). Our
work has previously shown a significant change in adrenal weight
across stress conditions (Bloss at al., 2010). Here, the same data
shows a significant aging effect, with adrenal weight being lower
in aged animals (U = 89.0, p = 0.01; Figure 3A). To investigate
the adrenal response in the PL area, we quantified the nuclear and
non-nuclear expression of GR proteins. In microglia, we defined
nuclear GR signal as the colocalization of OX-42, DAPI and GR.
Astrocytic nuclear analysis was excluded due to limited numbers
of GFAP-positive nuclei captured during imaging, which led to
an underpowered analysis.

Notably, we found nuclear GR to either be virtually absent
or highly dense in the majority of microglia. As can be seen
in Figure 3B, the majority of microglial that contain nuclear
GRs, have a high content of these receptors. To quantify this,
we divided microglia containing nuclear GRs into four quartiles,
where Q1 = <25% GR by volume, Q2 = 25%–50% GR by

volume, Q3 = 50%–75% GR by volume, Q4 = >75% by volume
(Figure 3B). The majority of nuclear GR labeled DAPI + OX-42
expression occupied more than 75% volume in the nucleus of
microglia, so further analysis focused on these highly GR dense
nuclei. Cell counts were performed on the number of highly
GR dense nuclei to determine if their number varied across
conditions. However, no significant findings were reported in the
aging (H = 0.59, p = 0.2079), nor stress conditions (H = 4.85,
p = 0.09), and no interactive effects were significant (H = 7.15,
p = 0.21).

In addition to nuclear GR, non-nuclear GR expression was
quantified by calculating the total colocalization between GR
and OX-42 then, subtracting all GR colocalized with DAPI. We
found that aged rats expressed a significantly higher volume of
non-nuclear microglial GR as compared to that of young rats
(F = 6.00, p = 0.02; Figure 3C). Again, no significant differences
were found among the stress groups (F = 0.19, p = 0.83) and
no interactive effects were observed (F = 1.06, p = 0.36). A
rightward shift in the distribution of non-nuclear microglial GR
volume distribution with aging confirmed the increase in density
(Figure 3D).

No Age-Related Changes Observed in
Astrocytes
In the present study, our custom automated analysis failed
to accurately capture GFAP/DAPI colocalization and thus,
only a low number of GFAP positive nuclei were isolated.
Therefore, our analysis was limited to GFAP volume analyses.
In contrast to microglial data, GFAP+ astrocytes did not
reveal any morphological changes between young and aged rats
(Figure 4A). GFAP+ astrocytes had no significant change in
volume with aging (F = 0.36, p = 0.5543), stress condition
(F = 0.23, p = 0.7929) or interaction (F = 1.10, p = 0.3456;
Figure 4B). No significant shift in the distribution of astrocytic
volume during aging was observed (Figure 4C). The total
non-nuclear GR volume in astrocytes was analyzed using the
same methods and no statistically significant results were found
across aging (F = 0.55, p = 0.47) and the stress conditions
(F = 0.36, p = 0.70; Figure 4D). No interactive effects were
significant (F = 1.57, p = 0.22). No significant shift in the
distribution of non-nuclear GR volume in astrocytes was
observed (Figure 4E).

FIGURE 3 | Subcellular analysis of microglial GR. (A) Normalized adrenal gland weights of young and aged rats (U = 89.0 p = 0.01). ∗p < 0.05. Bar graphs represent
the group mean ± SEM. (B) Distributions of nuclear colocalized GRs from all cells (i.e., DAPI) and from microglia (i.e., DAPI +OX-42). The volume of nuclear GRs was
plotted as the percent of GR marker within the nucleus and sorted in quartiles for quantitative analysis. The plot shows most cells having greater than 75% GR in the
nucleus; in other words, the majority of cells displayed highly dense GR nuclei. (C) Non-nuclear microglial GR between young animals and aged animals (F = 6.00,
p = 0.02) and stress conditions (F = 0.19, p = 0.83). ∗p < 0.05. Bar graphs represent the group mean ± SEM. (D) Cumulative frequency plot of non-nuclear
microglial GR volume between young and aged rats.
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FIGURE 4 | Astrocytes show no change in volume nor non-nuclear GR volume. (A) Fluorescent images of astrocytes from the PFC of a young (top) and aged
(bottom) rat. (B) Total volume in astrocytes across age groups (F = 0.36, p = 0.5543) and stress conditions (F = 0.23, p = 0.7929). Bar graphs represent the group
mean ± SEM. (C) Cumulative frequency plot of astrocytic volume between the young and aged groups. (D) Non-nuclear GR volume in astrocytes across ages
(F = 0.55, p = 0.47) and stress condition (F = 0.36, p = 0.70). Bar graphs represent the group mean ± SEM. (E) Cumulative frequency plot of astrocytic GR volume
between the young and aged groups.

Changes in Spine Density Correlate With
Increased Microglial Volume and Increased
Non-nuclear Glucocorticoid Receptor
Expression During Aging
Our laboratory has previously showed that thin spine density
decreases in aged rats in comparison to young rats (Figure 5A).
To look into how glial-synaptic interactions may contribute
to differences in synaptic connectivity, we correlated microglia
volume and GR expression to the density of dendritic spines
on layer III pyramidal cells that were previously reported (Bloss
et al., 2011). Interestingly, we found a negative correlation
between total volume of microglia and overall spine densities
(r = –0.36, p = 0.03; Figure 5B). This relationship was driven
by thin spines, as a negative correlation was found between
microglia volume and thin spine density (r = –0.36, p = 0.03;
Figure 5C), but not between microglia volume and mushroom
spine density (r = –0.17, p = 0.31; Figure 5D). A similar
significant negative correlation was found between overall spine
density and non-nuclear microglial GR volume (r = –0.38,
p = 0.02; Figure 5E). Here, the negative correlation held for both
thin (r = –0.35, p = 0.03; Figure 5F) and mushroom subtypes
(r = –0.33, p = 0.05; Figure 5G).

DISCUSSION

The conventional view of both astrocytes and microglia is that
they provide critical support for the proper function of local
neural networks, though recent reports have provided strong
evidence that both cell types can also actively contribute to
circuit function (Belanger and Magistretti, 2009; Allaman et al.,

2011; Araque et al., 2014; Martín et al., 2015). Previous studies
have shown that stress and age-related structural plasticity of
prefrontal cortical neurons is related to detriments in prefrontal
function, though virtually no data are available regarding the
morphological plasticity of glial cell types under these same
conditions (Bloss et al., 2010, 2011; McEwen and Morrison,
2013).

The present study addressed whether mPFC microglia and
astrocytes also exhibited morphological and molecular plasticity
in response to aging and stress. Surprisingly, we show age-related
changes in morphology and GR protein expression are strongly
selective between these two glial cell types, with microglia
showing increases in total volume and non-nuclear GR in
aged rats. In contrast, neither cell type showed any change
in morphology or localization of GRs in response to stress
exposure. Interestingly, the selective changes in microglial
morphology during aging were associated with reductions in
the density of dendritic spines on pyramidal cell dendrites,
suggesting common mechanisms may underlie both microglial
and neuronal age-related plasticity. Collectively, these data are
consistent with the hypothesis that selective changes in the
local microglial network co-occur alongside large-scale synaptic
remodeling during neocortical aging.

Selective Age-Related Alterations in PFC
Microglial Morphology and
Immunoreactivity
Previous reports have suggested that there are functional
implications for changes in microglial morphology; for example,
microglia serve as resident surveyors within the central
nervous system by detecting and responding to changes in
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FIGURE 5 | Microglial volumes and expression of non-nuclear microglial GR correlate with prefrontal dendritic spine density. (A) Twenty-five micrometer by 10 µm
images of spines seen on layer III PL pyramidal dendrites in old and young rat models. Examples of thin spines are highlighted in green, and examples of mushroom
spines are highlighted in yellow. (B) The relationship between microglia volume and dendritic spine densities from layer III PL PFC pyramidal cells (r = –0.36,
p = 0.03). (C) Relationship between thin spines and microglia volume (r = –0.36, p = 0.03). (D) Relationship between mushroom spines and microglia volume
(r = –0.17, p = 0.31). (E–G) Same as (B–D), but with non-nuclear microglial GR volume (E: r = –0.38, p = 0.02; F; r = –0.35, p = 0.03; G; r = –0.33, p = 0.05).
Significant r values with p < 0.05 outlined in bold.

the local environment (Conde and Streit, 2006; Tremblay
et al., 2011). These cells exist in ramified or active states
depending on its function. For instance, under acute injury,
microglia will proceed through various active states responding
via neuroprotective mechanisms (Felger et al., 2010; Walker
et al., 2014). Morphological analyses were also paired with
behavioral LPS challenge resulting in amorphological distinction
between active and ramified states (Kongsui et al., 2015). Thus,
these states can be successfully identified using morphological
analyses.

Furthermore, age-related changes in microglial morphology
have previously been considered within the context of a
general increase in inflammatory tone. Microglial morphology
is a reliable predictor of the baseline inflammatory profile
in aged mice ex vivo (Conde and Streit, 2006; Sierra et al.,
2007). In the hippocampus, greater glucocorticoid receptor
activation sensitizes microglia in aged rats (Barrientos et al.,
2015). In the PFC, morphological analyses revealed increased

microglial process length and branch complexity in aged
rats (Kongsui et al., 2014). Additionally, many studies have
suggested increased soma size as an indicator of microglial
activation (Kozlowski and Weimer, 2012; Kongsui et al.,
2014; Davis et al., 2017). In light of this, we considered a
volumetric soma analysis and found that soma size increased
in aged rats compared to young rats. This finding argues
an age-related increase in microglial activation and consistent
with previous reports of an increased inflammatory profile in
aged animals (Sierra et al., 2007). Taken together, we show
here microglia in the PFC exhibit altered morphology and
immunoreactivity and this trend suggests these age-related
changes are selective for microglia and not accompanied by
remodeling of astrocytic processes at this level of resolution.
Our data do not address whether or not alterations have
occurred in astrocytic processes that have been shown to
play a role in plasticity at the synaptic level (Perea et al.,
2009; Eroglu and Barres, 2010; Gómez-Gonzalo et al., 2017).
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In addition, it is important to note that our analyses did
not include an examination of astrocytic cell count due to a
limitation of our custom automated image analysis methods.
Since GFAP signal was not uniform within the cell body,
we were unable to colocalize it accurately with the DAPI
marker. The results revealed an unreliability low number
of GFAP positive astrocytic nuclei. Instead, our astrocytic
analyses observed non-specific morphological measures of
GFAP, revealing astrocytes did not exhibit the same volume
changes in morphology or GR expression as microglia during
aging. In light of this limitation, our findings cannot offer
any additional support for previously observed changes in
astrocyte numbers in the PFC and hippocampus as described
in other stress paradigms (Czeh et al., 2006; Lucassen et al.,
2014).

Cytoplasmic Microglial Glucocorticoid
Receptors Are Affected by Aging
One prominent regulator of central inflammation is the
glucocorticoid receptor which can mediate both nuclear and
non-nuclear signaling cascades to reprogram the cellular
immune response (Limbourg and Liao, 2003; Chinenov et al.,
2013). Previous studies have suggested that microglia contribute
to the local inflammatory state (Kreutzberg, 1996; Wake et al.,
2013; Wu et al., 2015). Although it has been previously
shown that nuclear GR upregulation occurs in microglia
under neuroinflammatory events in vitro, little is known of
non-nuclear GR. In PFC, GR is widely expressed in glial
cells playing both genomic and non-genomic roles (Tasker
et al., 2006; Du et al., 2009; Hill and McEwen, 2009). During
aging, glucocorticoids are released at higher baseline and
peak levels during the circadian cycle, and stress responses
are usually exaggerated (Sapolsky, 1999). Stress exposure or
exogenous glucocorticoid exposure produce reduced GR levels
and in general these features are recapitulated by age-related
increases in glucocorticoids (Peiffer et al., 1991; Mizoguchi et al.,
2003).

It is somewhat surprising, then, that we find here elevated
levels of non-nuclear GR in aging microglia in the rat PFC. Our
results show that while nuclear GR expression remains consistent
in microglia, non-nuclear GR expression increases, and thus,
reveal an age-related discrepancy. Our finding is particularly
interesting since it has now been observed that nuclear GR
levels are stable in both neurons and glia as well as in both the
hippocampus and PFC (Wang et al., 2013). Thus, it is instead
non-nuclear microglial GR, not nuclear GR, that exhibit changes
during aging. Along with studies showing increased microglia
activation in aged animals, our observation provides a possible
theory that non-nuclear GR may play a role in changing or
altered inflammatory profiles during aging (Conde and Streit,
2006; Norden and Godbout, 2013).

Beyond the findings of this study, we propose that this may
reflect an age-related alteration in GR shuttling to and from
the nucleus, resulting in increased nonnuclear GR as a result
of dysregulation of the nuclear negative feedback mechanism.
A second possible alteration might result from changes in the
level of the 11β hydroxysteroid dehydrogenase type I (11bHSD),

which is an enzyme that catalyzes inactive CORT to active
cortisone and is an important enzyme in local CORT conversion.
11bHSD is largely expressed in activated microglia (Sakai et al.,
1992; Gottfried-Blackmore et al., 2010; Wyrwoll et al., 2011);
however, little is known of the importance of this enzyme in
microglia during aging. Interestingly, while studies have shown
an increase in 11bHSD to be detrimental during aging in
neurons, our finding shows that adrenal weight decreases in aged
rats and thus, suggests that there is either decrease or dysfunction
in 11bHSD (Yau et al., 2001, 2011). We hypothesize the latter
to be true and that microglia may be in a state of reduced
sensitivity to changes in global corticosteroid levels. The probable
mechanistic implications for linking this enzyme to non-nuclear
GR makes it a suitable target for future studies.

Chronic Stress Exposure Influences
Neuronal Morphology, However, Not Glial
Surprisingly, we did not find any significant changes across
microglial or astrocytic analyses among the stress conditions.
These results suggest that glial cell morphology may not be
impacted by changes associated with chronic restraint stress, and
stand in stark contrast to the large scale dendritic and synaptic
remodeling that occurs in neighboring pyramidal neurons.
Although, our data do not rule out ultrastructural alterations
in astrocytic or microglial processes that would affect synaptic
function. Moreover, the lack of a stress effect on glial GR levels
contrast with data from neurons, as nuclear GR downregulation
have been shown to occur consistently during exposure to
chronic stress or stress-like levels of exogenous CORT (Sapolsky,
1999; Chiba et al., 2012; Popoli et al., 2012).

Correlation Between Microglial Changes
and Excitatory Connectivity
We took advantage of the previously collected spine data to
determine if any significant relationships existed between these
glial changes and the age-related changes of layer III pyramidal
cell dendritic spines. Total spine densities had a negative
correlation with both total microglia volume and non-nuclear
GR volume in all animals. In other words, a loss in overall spine
density was observed as microglial volume or non-nuclear GR
volume increased.

A possible mechanism influencing thin spines may indeed
be age-related changes in the microglial network. Our data are
consistent with the ‘‘synaptic stripping’’ hypothesis, which has
been suggested as a putative mechanistic link between glial
activation and spine plasticity (Trapp et al., 2007; Araya et al.,
2014; Wu et al., 2015; Hong and Stevens, 2016). Although, our
findings do not provide any direct evidence since we do not
have synaptic resolution for the microglia and astrocyte analyses.
Future studies should explore more conclusive measures at
the synaptic level, though our findings are consistent with
recent literature emphasizing the role of microglial-neuronal
interactions in synaptic pruning and elimination (Stephan et al.,
2012; Wake et al., 2013; Schafer and Stevens, 2015; Wu et al.,
2015; Weinhard et al., 2018).
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Glucocorticoids, Microglia and the Aging
Brain
Our exploration of GR in microglia offers a new perspective in
morphological assessment of microglia during aging. As shown
here in microglial cells in aged rats, glucocorticoids now have
been shown to have effects beyond chronic stress in neuronal
cells in the mPFC. As microglial-neuronal interactions continue
to play a vital role in proper function of the human brain,
this is an important step to understanding the subcellular
changes occurring beyond microglial activation (Weinhard
et al., 2018). These assessments taken together may help define
and differentiate between diseased and senescent cell types as
cognitive decline and dementia becomes increasingly relevant to
research in normal aging.
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