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Abstract

Aging is associated with a substantial decline in the expression of social behavior, as well as
increased neuroinflammation. Since immune activation and subsequent increased expression of
cytokines can suppress social behavior in young rodents, we examined age and sex differences in
microglia within brain regions critical to social behavior regulation (PVN, BNST, and MEA) as
well as in the hippocampus. Adult (3-month) and aged (18-month) male and female F344 (N = 26,
n = 5-8/group) rats were perfused and Iba-1 immunopositive microglia were assessed using
unbiased stereology and optical density. For stereology, microglia were classified based on the
following criteria: (i) thin ramified processes, (ii) thick long processes, (iii) stout processes, or (iv)
round/ameboid shape. Among the structures examined, the highest density of microglia was
evident in the BNST and MEA. Aged rats of both sexes displayed increased total number of
microglia number exclusively in the MEA. Sex differences also emerged, whereby aged females
(but not males) displayed greater total number of microglia in the BNST relative to young adult
counterparts. When morphological features of microglia were assessed, aged rats exhibited
increased soma size in the BNST, MEA, and CAS3. Together, these findings provide a
comprehensive characterization of microglia number and morphology under ambient conditions in
CNS sites critical for the normal expression of social processes. To the extent that microglia
morphology is predictive of reactivity and subsequent cytokine release, these data suggest that the
expression of social behavior in late aging may be adversely influenced by heightened
inflammation.
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1.0 Introduction

Neuroinflammation is a significant consequence of normal aging (for review, see Barrientos,
Kitt, Watkins, & Maier, 2015; Eggen, Raj, Hanisch, & Boddeke, 2013; Jurgens & Johnson,
2012; Norden & Godbout, 2013), and inflammation or illness is associated with a reduction
in social behavior as part of a larger repertoire of ‘sickness behavior’. In fact, aged mice
exhibit prolonged expression of sickness-related reductions in social interaction (Godbout et
al., 2005; Huang et al., 2008), supporting a role for age-related neuroinflammation in the
regulation of social behavior. Furthermore, aging is accompanied by a decline in the
expression of social behavior, even in the absence of overt illness (Hunt et al., 2011; Perkins
et al., 2016; Salchner et al., 2004). The consequences of decreased social behavior may be
substantial, since positive social interactions are beneficial for overall health (Carter, 1998;
DeVries et al., 2007; Grippo et al., 2007). Thus, identification of mechanisms by which
social behavior is reduced in late aging remains critical.

Microglia represent a unique population of immune cells, as they are found exclusively
within the central nervous system (Kettenmann et al., 2011; Lawson et al., 1990). Derived
from myeloid progenitor cells that infiltrate the brain predominantly before the formation of
the blood brain barrier (Ginhoux et al., 2010), microglia are the resident immune cells of the
brain, performing numerous functions that include surveillance of the brain
microenvironment. Microglia also respond to injury or illness by releasing pro-inflammatory
cytokines (such as IL-1p and TNFa) and chemokines (Dantzer, 2004). However, recent
advances in the understanding of microglia function have shown that in addition to their role
as immune cells, microglia are integral in the formation and pruning of synapses across the
lifespan (Kettenmann et al., 2013; Paolicelli et al., 2011; Salter and Beggs, 2014; Tremblay,
2011), help regulate neurogenesis (Sierra et al., 2010), and even contain receptors for
neurotransmitters and neuropeptides that allow them to respond to neuronal activity
(Kettenmann et al., 2011; Pocock and Kettenmann, 2007). Thus, microglia help maintain
homeostasis in the CNS and respond to perturbations in homeostasis (e.g. pathogens) by
releasing a cascade of inflammatory factors.

Importantly, natural aging is associated with tell-tale signs of neuroinflammation that can
manifest in multiple ways (for review, see Barrientos, Kitt, Watkins, & Maier, 2015; Eggen,
Raj, Hanisch, & Boddeke, 2013; Jurgens & Johnson, 2012; Norden & Godbout, 2013). For
example, microglia isolated from the aged brain have enhanced expression of MHCI|I
(Griffin et al., 2006; Henry et al., 2009), CD86 (Griffin et al., 2006), CD68 (Wong et al.,
2005), CD11b (Hart et al., 2012; Stichel and Luebbert, 2007), IL-1p (Griffin et al., 2006;
Sierra et al., 2007; Stichel and Luebbert, 2007), and IL-6 (Sierra et al., 2007). Other studies
have demonstrated that the aged brain is ‘primed’ in response to an immune challenge
(reviewed in Barrientos et al., 2015; Norden and Godbout, 2013). In this case, ‘primed’
indicates that there are no basal differences in neuroimmune markers, but rather that a
secondary challenge is required for age-related alterations in neuroimmune function to
become evident. For example, administration of LPS produces a robust increase in central
IL-1p and IL-6 mRNA expression that is exacerbated in aged mice (Godbout et al., 2005;
Huang et al., 2008). In addition, hippocampal microglia isolated from aged rats exhibit a
sensitized cytokine response to peripheral immune challenge with LPS (Frank et al., 2010b)
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or E. coli (Frank et al., 2010a). However, the mechanisms that drive age-related
neuroinflammation are not well understood. One possibility is that aging is associated with
increased number or reactivity of microglia, particularly in response to injury or immune
challenge. Indeed, microglia isolated from the hippocampus (Abraham and Johnson, 2009;
Huang et al., 2008), cortex (Henry et al., 2009), and cerebellum (Huang et al., 2008) of aged
mice exhibit a prolonged pro-inflammatory response to endotoxin administration. Aging is
also accompanied by a significant decline in the expression of fractalkine (CX3CL1), a
negative regulator of microglia activation (Fenn et al., 2013). Interestingly, CX3CR1
knockout mice display altered patterns of social behavior, providing evidence for a
functional role of microglia in social behavior regulation (Zhan et al., 2014). In addition,
aged rats have high levels of corticosterone and this is related to greater glucocorticoid
receptor activation within the hippocampus, both of which contribute to the sensitization of
microglia (Barrientos et al., 2015b). Taken together, late aging is clearly associated with
significant alterations in the inflammatory environment that may contribute to altered social
behavior.

Increased neuroinflammation in late aging may be related to changes in the number and/or
morphology of microglia in senescence. For example, using /n vivo 2-photon microscopy,
Hefendehl et al. (2014) found that cortical microglia in the aged murine brain are abnormal,
exhibiting increased soma size and decreased process length (Hefendehl et al., 2014). These
characteristics are thought to result in a decrease in the ability of microglia to surveil the
brain parenchyma and respond to perturbations of homeostasis. Using unbiased stereology,
Mouton et al. (2002) found that microglia number in the dentate gyrus and CA1 increased
with age in female C57 mice; females also exhibited greater numbers of microglia regardless
of age (Mouton et al., 2002). Other studies have found no late aging- or sex-differences in
microglia number in the hippocampus (Khan et al., 2015; Kohman et al., 2013). Despite a
rich literature examining microglia number and morphology in late aging, no studies have
examined microglia specifically in CNS structures that play an established role in social
behavior regulation.

The neural circuitry governing social behavior is well established in younger animals and is
referred to as the social behavior neural network (SBNN) or social salience network (SSN)
(Freeman and Young, 2016; Johnson et al., 2017; Johnson and Young, 2017). Oxytocin
(OT), a neuropeptide heavily involved in social behavior, is produced in the paraventricular
nucleus of the hypothalamus (PVVN) and supraoptic nucleus (SON). Oxytocin receptor is
expressed in the prefrontal cortex, nucleus accumbens, bed nucleus of the stria terminalis
(BNST), hippocampus (HPC), and medial amygdala (MEA) in the rodent brain (Freeman
and Young, 2016; Knobloch and Grinevich, 2014). The PVN receives substantial brainstem
inputs and as such is a key site of integration of ascending signals and the neuroendocrine
responses to stress (Myers et al., 2017; Pacak and Palkovits, 2001). The BNST is involved in
social recognition (Dumais et al., 2016b) and exhibits sex-specific patterns of immediate
early gene (c-Fos) activation following a social experience (Perkins et al., 2017). The
amygdala has been implicated in social information processing in humans (Adolphs, 2003)
and the MEA specifically exhibits induction of c-Fos in response to social interaction in
adult rats that is blunted in aged rats (Salchner et al., 2004). Thus, these three regions (PVN,
BNST, and MEA) were chosen to assess potential age and sex differences in microglia
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morphology that may relate to social behavior. The HPC was assessed since age-related
changes in neuroimmune function have been extensively characterized in this structure,
including examination of microglia morphology (Khan et al., 2015; Mouton et al., 2002) and
age-related microglia priming (Frank et al., 2010b; Huang et al., 2008; Wynne et al., 2010).

Given the strong ability for illness and inflammation-related events to suppress social
behavior, we reasoned that late aging associated reductions in social behavior might be a
result of increased number and/or altered activational states of resident microglia within
these socially-relevant nuclei. Thus, to examine age-related changes in microglia, we used
immunohistochemistry and unbiased stereology to estimate total microglia number, average
area (um?2), and average volume (um3) in three socially-relevant brain structures: BNST,
PVN, and MEA in male and female F344 rats of different ages. Microglia were also
assessed within the HPC as a referent site to help contextualize measures of morphology
within CNS sites more critically involved in social behavior regulation, and because the
extant literature includes numerous assessments of microglia in this structure.

2.0 Materials & Methods

2.1 Subjects

Subjects were adult (3 month) and aged (18 month) male and female F344 rats (N = 26; n =
5-8 per group). Rats were obtained from the National Institute of Aging (NIA) colony
maintained by Charles River Laboratories and were given at least 2 weeks to acclimate to
colony conditions (22 + 1°C; 12:12 light:dark cycle with lights on at 0700) prior to
experimentation. All rats were pair-housed and provided ad /ibitum access to both food and
water throughout the experiment. All rats were handled for 3 min on each of two days prior
to tissue collection. Rats were maintained and treated in accordance with the guidelines set
forth by the Institute of Laboratory Animal Resources, (1996) and in accordance with the
protocol approved by the IACUC at Binghamton University.

2.2 Experimental Design

To assess the number of microglia, we used a 2 [Age] x 2 [Sex] design. Animals were
perfused directly from their home cages, since we were interested in assessing microglia
under basal conditions. Animals were injected (i.p.) with sodium pentobarbital and
transcardially perfused with ice-cold (4° C) 0.1 M phosphate buffered saline [PBS; 0.01 M
phosphate buffer, 120 mM NacCl; 2.7 mM KCI, Sigma-Aldrich Chemical, St. Louis, MO;
cat. no. P3813] followed by ice-cold (4° C) 4% paraformaldehyde (Sigma-Aldrich
Chemical, St. Louis, MO; cat. no. 158127). Brains were removed and post-fixed in 4%
paraformaldehyde overnight, after which they were transferred to 30% sucrose in 0.01 M
PBS for 3—4 days. Brains were then rapidly frozen using 2-methylbutane [EMD Millipore,
Darmstadt, Germany; cat. no. MX0760-1] on dry ice, and stored at —20° C until sectioning.
Brains were sectioned coronally (40 um) on a cryostat from the prefrontal cortex through the
hippocampus. Sections were placed sequentially into 96-well plates containing a
cryoprotectant solution [30% ethylene glycol, 30% glycerol in 0.05 M phosphate buffer] and
stored at —20° C until immunohistochemistry was performed.
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2.3 Tissue processing: Immunohistochemistry

All tissue was processed in cohorts counterbalanced by experimental group such that all
groups were represented in each cohort to control for any potential differences in
immunohistochemistry procedures. Systematic random sampling was used and every fourth
section was selected for each brain region. Sections were chosen based on the atlas of
Paxinos & Watson (1986; Figure 1A). Immunohistochemistry was performed with Vector
Labs Elite Rabbit IgG ABC Kits [\Vector Laboratories, Burlingame, CA, cat. no. PK-6101].
Briefly, free-floating sections were washed in 0.1 M PBS, followed by a 30-minute
incubation in 0.3% hydrogen peroxide [VWR; cat. no. BDH7690-1] made with 0.1 M PBS.
After rinsing in PBS, sections were placed into a blocking solution [1.5% Normal Goat
Serum in PBS + 0.5% Trition X-100; Vector Laboratories, Burlingame, CA, cat. no.
PK-6101] for 2 hr. before incubation in primary antibody overnight at 4° C [1:4000 dilution
rabbit polyclonal anti-lbal; Wako Chemicals, Richmond, VA; cat. no. 019-19741]. The next
day, sections were washed in PBS, followed by a 2 hr. incubation in secondary antibody
[1:5000 in 1.5% Normal Goat Serum in PBS + 0.5% Trition X-100; Vector Laboratories,
Burlingame, CA,; cat. no. PK-6101]. After a brief wash in PBS, sections were transferred to
an avidin/biotin complex solution for 2 hr. Finally, the reaction was visualized with a
diaminobenzidine (DAB) solution with nickel-cobalt, prepared according to the
manufacturer’s instructions [Vector Laboratories, Burlingame, CA; cat. no. SK-4100].
Tissue was mounted onto gelatin-coated slides, allowed to dry overnight, and coverslipped
with Permount® [Fisher Scientific, Waltham, MA].

2.4 Unbiased Stereological Quantification of Ibal+ Microglia

Slides were coded such that the experimenter performing cell counts was blind to
experimental group. A Zeiss microscope (Axioscope 2-Plus, Thornwood, NY, USA)
attached to a digital camera (DVC-1310; DVC Company, Austin, TX) and a three-axis
motorized stage was used. The camera was attached to a computer with Stereolnvestigator
software (MicroBrightField Bioscience, Williston, VT). The regions of interest (BNST,
PVN, MEA, CA1, CA3, and DG) were outlined using a 5x objective (Zeiss Plan-
NEOFLUAR) according to the atlas of Paxinos & Watson (1986; Figure 1A-B); cells were
counted using a 40x dry-objective lens (Zeiss Plan-NEOFLUAR). Cells were excluded if
they were located on the edge of the tissue (Schwarz et al., 2012). The total number of
microglia in the BNST, PVN, MEA, CA1, CA3, and DG were estimated using the optical
fractionator method. The sampling grid was applied randomly to the sections, such that the
counting frames were placed randomly onto the region of interest (ROI). For each region, a
counting frame size of (75 um x 75 um) and a grid size of (100 um x 100 pm) were used,
with a guard zone of 2 um and a disector height of 20 um (Figure 1C).

Concurrent with cell counting, microglia were categorized as one of four types: Type 1: thin
ramified processes, Type 2: thick long processes, Type 3: stout processes, or Type 4: round/
ameboid shape (Bolton et al., 2017; Schwarz et al., 2012) (Figure 1D). For ease of
presentation, Types 1 and 2 were summed and are shown at Type 1/2. The same thing was
done for Types 3 and 4. Thus, Type 1/2 should be considered ‘ramified/quiescent’, whereas
Type 3/4 should be considered ‘transitioning to activated/activated’. For each animal, six-
eight sections were quantified for each brain region. For each microglia counted, estimated
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soma areas (um?) and volumes (um3) were obtained using the nucleator software function
with the number of rays set to 8. Stereological parameters were chosen based on pilot
studies that assured that the Gundersen-Jensen estimator for the error coefficient
(smoothness factor = 1) was below 0.10 for all animals. All stereological parameters can be
found in Table 1.

2.5 Optical Density

To assess microglia density, photomicrographs were taken with a 10x dry-objective lens
(Nikon LU PLANFLUOR) in each ROI. For MEA, BNST, CA1, CA3, and DG, 2-4
unilateral images were obtained per animal. For the PVN, images were obtained bilaterally
in 2—4 sections per animal. Analysis of optical density was completed with NIH ImageJ
(Abramoff et al., 2004). Briefly, images were converted to 16-bit images. The “moments”
threshold was applied with the same value used for each section and ROI, to allow for
comparison between ROIs. This thresholding procedure best captured microglia soma and
processes. Data for each animal were averaged to create a single data point.

2.6 Data Analysis

All data were analyzed with Statistica (Dell Statistica, Tulsa, OK). The total number of
microglia, average estimated area of the soma (um?), average estimated volume of the soma
(um3), and microglia density were assessed separately for each brain region with 2 (Age) x 2
(Sex) ANOVAs. Microglia density was also analyzed with a repeated-measures ANOVA
with ROI as the within-subjects factor and Age and Sex as between-subjects factors. Since
sex differences in the number of microglia have been observed consistently in the literature,
we examined age differences in microglia morphology (Type 1/2 vs Type 3/4) separately in
males and females. To analyze these data by microglia type, mixed model ANOVAs were
used with Type as a within-subjects factor and Age as a between-subject’s factors. Fisher’s
Least Significant Difference (LSD) post-hoc tests were used for all analyses. There were
unequal sample sizes and some dependent measures violated homogeneity of variance
assumptions, so all data were transformed using a natural log transformation. However, for
ease of presentation, all data in graphs represent untransformed data. Given the large number
of dependent measures, we opted to display key findings graphically in Figures, whereas
Table 2 displays more comprehensively all data collected.

3.0 Results

3.1 General results

Microglia density varied as a function of ROI [F(5,65) = 21.90, p < 0.00001]. Post-hoc tests
revealed that the density of microglia was highest in the MEA relative to all other ROIs.
Density was also higher in BNST relative to PVN and HPC subregions. However, PVN and
HPC did not differ from each other (Figure 2). Microglia density was lowest in adult
females, relative to adult males and aged rats of both sexes [Age x Sex interaction: F(1,65) =
5.82, p = 0.03], although there was no interaction with ROI. Not surprisingly, soma area and
volume were significantly correlated in all regions examined: BNST (r2 = 0.91), PVN (r2 =
0.78), MEA, (r2 = 0.95), CA1, (r2 = 0.90), CA3 (r2 = 0.90), and DG (r? = 0.91).
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3.2 Bed nucleus of the stria terminalis

3.2a Estimated Total Number—The total number of microglia in BNST was not
significantly different between males and females (p = 0.33), nor did it differ as a function of
Age (p = 0.066). To assess the number of microglia by Type, males and females were
examined separately. In males, there were significantly fewer Type 3/4 microglia relative to
Type 1/2 microglia [F(1,14) = 42.98, p < 0.0001] (Figure 3A). Aged females had more
microglia, relative to adult females, and this did not vary as a function of microglia type
[F(1,9) =5.94, p = 0.04]. Thus, age differences in the number of microglia in BNST were
observed exclusively in females. Similar to what was observed in males, there were more
Type 1/2 microglia than Type 3/4 microglia in females [F(1,9) = 16.41, p = 0.003].
Microglia density was lower in adult females, relative to adult males and aged females [Age
x Sex interaction: F(1,20) = 5.50, p = 0.03] (Figure 2B).

3.2b Estimated Area & Volume—The estimated soma area of microglia in the BNST
was larger in aged rats relative to adult rats [F(1,23) = 16.70, p = 0.0005] and this was
observed in both males and females (Figure 4A). Type 3/4 microglia were larger than Type
1/2 microglia in males [F(1,14) = 22.88, p < 0.0001] and females [F(1,9) = 11.94,p =
0.007]. The estimated volume of microglia in BNST was also significantly greater in aged
rats, regardless of sex [F(1,23) = 11.33, p = 0.003]. The volume of Type 3/4 microglia was
larger than that of Type 1/2 microglia in males [F(1,14) = 37.50, p < 0.0001] and females
[F(1,9) = 14.22, p = 0.004].

3.3 Paraventricular nucleus of the hypothalamus

3.3a Estimated Total Number—The estimated total number of microglia did not differ
as a function of Age (p = 0.54) or Sex (p = 0.12), nor were there significant differences in
microglia density within the PVN (all p’s > 0.13) (Figure 2C). In aged males, there were no
differences between the numbers of Type 1/2 and Type 3/4 microglia, whereas in adult
males, there were fewer Type 3/4 than Type 1/2 microglia [Type x Age interaction: F(1,14)
=9.08, p = 0.009]. In females, the number of Type 1/2 microglia was greater than the
number of Type 3/4 microglia; this did not vary as a function of Age [F(1,8) =7.30,p =
0.027] (Figure 3B).

3.3b Estimated Area & Volume—Microglia soma in the PVN of adult females were
significantly smaller than those in adult males or in aged rats of either sex [Age x Sex
interaction: F(1,22) = 12.78, p = 0.002] (Figure 4B). Not surprisingly, the estimated area of
Type 3/4 microglia was larger in adult males, relative to the area of Type 1/2 microglia.
However, in aged males, there were no significant differences between the estimated area of
Type 1/2 or Type 3/4 microglia [Type x Age interaction: F(1,14) =5.77, p =0.03]. In
females, there was a significant main effect of Age, wherein microglia somas were larger
overall in aged females, relative to adult females [F(1,8) = 22.33, p = 0.001]. In addition,
Type 3/4 microglia were larger than Type 1/2 microglia [main effect of Type: F(1,8) = 15.81,
p = 0.004]. Similar effects were observed with the estimated volume of microglia.
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3.4 Medial amygdala

3.4a Estimated Total Number—There were significantly more microglia in the MEA of
aged rats, relative to adult rats [F(1,21) = 4.71, p = 0.04), although males and females were
not different from one another (p = 0.053). In males, there were significantly more Type 1/2
microglia than Type 3/4 microglia [F(1,13) = 32.67, p < 0.0001]. In contrast, females had
similar levels of each type of microglia (F(1,8) = 3.17, p = 0.11]. Aged females had more
microglia than adult females [F(1,8) = 6.76, p = 0.03], an effect that was not observed in
males (Figure 3C). Microglia density was lower in adult females, compared to all other
groups [Age x Sex interaction: F(1,18) = 7.02, p = 0.02] (Figure 2D).

3.4b Estimated Area & Volume—Overall, the estimated area of microglia in MEA was
larger in aged rats [F(1,20) = 11.67, p = 0.003] (Figure 4C). Similarly, microglia volume was
higher in aged rats [F(1,21) = 8.70, p = 0.008]. Consistent with other brain regions, the
somas of Type 3/4 microglia were significantly larger than those of Type 1/2 microglia in the
MEA in males [F(1,13) = 52.24, p < 0.0001] and females [F(1,7) = 62.56, p < 0.0001].
Similarly, Type 1/2 microglia volumes were significantly smaller in males [F(1,13) = 56.63,
p < 0.0001] and females [F(1,8) = 30.38, p = 0.0006].

3.5 Hippocampus

3.5a Estimated Total Number—Microglia number did not differ between males and
females in CA1, CA3, or DG (p’s = 0.40, 0.28, and 0.08, respectively), nor were there
differences between adult and aged rats (p’s = 0.59, 0.16, and 0.09, respectively). Both
males and females had more Type 1/2 microglia than Type 3/4 microglia in CA1 [Males:
F(1,13) = 52.16, p < 0.0001; Females: F(1,8) = 5.66, p = 0.04] (Figure 3D). In CA3,
although there was a significant Type x Age interaction in males [F(1,13) = 5.98, p = 0.03],
post hoc tests revealed no significant group differences. Similarly, in females, the number of
Type 1/2 and Type 3/4 microglia in CA3 did not differ (Figure 3E). In males, the number of
microglia did not vary as a function of Age or Type (p = 0.07) in DG. However, aged
females had significantly more microglia than adult females, regardless of microglia type
[F(1,8) = 8.44, p = 0.02] (Figure 3F). In CA1 and DG, males had a higher density of
microglia relative to females [F(1,23) = 9.35, p = 0.006; F(1,23) = 4.37, p = 0.048,
respectively] (Figure 2E,G). In CA3, adult females had a lower density of microglia relative
to adult males, although they were not different from aged rats of either sex [Age x Sex
interaction: F(1,23) = 4.38, p = 0.048] (Figure 2F).

3.5b Estimated Area & Volume—The overall estimated area of microglia soma was not
affected by Age or Sex in CA1 (p’s = 0.09 & 0.73, respectively) or DG (p’s 0.19 & 0.49,
respectively) (Figure 4D,F). However, the estimated soma area was larger in aged rats in
CA3[F(1,23) = 4.87, p = 0.04] (Figure 4E). In males, the estimated area of microglia was
slightly lower in Type 3/4 microglia relative to Type 1/2 microglia in CA1 [F(1,13) =5.76, p
= 0.03], although this was not observed in females (p = 0.67). Similarly, there were no age
differences in soma size in DG. Soma size of Type 1/2 microglia was slightly larger in aged
females, relative to adult females, whereas no age differences were observed in the estimated
area of Type 3/4 microglia in DG [Type x Age interaction: F(1,8) = 7.54, p = 0.03]. Soma
volume was larger in aged rats in CA1 [F(1,23) = 5.68, p = 0.03], but no significant age
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differences were observed in CA3 (p = 0.10) or DG (p = 0.12). Analysis of microglia
phenotype separately in males and females revealed that the increase in CA1 microglia
volume in aged rats was driven by females [F(1,8) = 6.02, p = 0.04], since no significant age
differences were observed in males (p = 0.12). Similar to what was found with microglia
area, microglia volume in DG was not different between adult and aged males [F(1,13) =
1.03, p = 0.33], whereas aged females had a larger volume of Type 1/2, but not Type 3/4
microglia [Type x Age interaction: F(1,8) = 5.36, p = 0.049].

4.0 Discussion

The current study investigated whether the number and/or morphology of microglia varied
as a function of age and sex in the hippocampus and in areas implicated in the regulation of
social behavior. There were several key findings: (1) microglia density was highest in the
MEA and BNST, pointing to the social behavior circuit as a region of interest for late aging
alterations in neuroinflammation; (2) in the MEA, aged rats of both sexes had greater
numbers of microglia relative to their adult counterparts whereas within the BNST, aged
females had significantly more microglia than adult females, an effect that was not observed
in aged males; and (3) across several structures that were examined, microglial soma were
significantly larger in aged rats. Overall, it appeared as if the most sensitive measure of
activation state was not in categorical classification of morphology, but rather in measures of
area and volume. Thus, the present examination of microglia in socially-relevant brain
structures fills an important void in our understanding of aging-related manifestations of
neuroinflammation.

Regional differences in microglia density have been previously observed in mice (Lawson et
al., 1990) and rats (Schwarz et al., 2012). For example, in postnatal day (P) 30 Sprague-
Dawley rats, high numbers of microglia were observed in cortex, substantia nigra, and
amygdala, whereas substantially fewer were observed in the HPC or PVN (Schwarz et al.,
2012). Consistent with these data, we observed the highest density of microglia within the
MEA, followed by the BNST, whereas fewer microglia were evident in PVN, CAl, CA3,
and DG. Although examination of optical density did not allow us to assess the density of
microglia by activation state, an interesting pattern emerged wherein density of Ibal+
microglia was lower adult females relative to adult males, whereas no sex differences were
evident in aged rats. This pattern was observed in the BNST, MEA, and CA3, whereas in
CALl and DG, microglia density was lower in females, regardless of age. Interestingly,
previous data from our lab demonstrated no increase in mMRNA expression of cytokines
(IL-6, TNF-a) and chemokines (MCP-1) in late aging (18-19 months) in the HPC or PVN
(Gano et al., 2017), an effect that is not surprising given the relative lack of age differences
in microglia number we observed within these structures.

Aging is associated with an increase in neuroinflammation. Studies have demonstrated
increased expression of cytokines following immune challenge (Godbout et al., 2005; Huang
et al., 2008), increased number and/or density of microglia in several brain regions (Mouton
etal., 2002; Ogura et al., 1994; Tremblay et al., 2012), an increase in the soma size of
cortical microglia (Hefendehl et al., 2014), and altered microglia morphology (e.g.
dystrophy) in the aged brain (Streit et al., 2004). However, it has also been reported that
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there are no age differences in the number of microglia (Khan et al., 2015; Kohman et al.,
2013; Perry et al., 1993; Stark et al., 2007). Importantly, the preponderance of studies
examining microglia in the aged brain have focused on hippocampal and cortical structures.
We observed no significant age- or sex-differences in microglia number in CA1 or CA3,
although there were more microglia in the DG of aged females. Microglia in CA3 were
significantly larger in aged rats, relative to young adults. To our knowledge, no study to date
has examined whether late aging is associated with altered cytokine expression or
differences in the number/morphology of microglia within brain regions known to be
involved in the regulation of social behavior, specifically the PVN, BNST, and MEA.

Since aging is accompanied by reduced expression of social behavior (Hunt et al., 2011;
Perkins et al., 2016; Salchner et al., 2004) that may be related to increased
neuroinflammation in aging, we hypothesized that aged rats would exhibit an increase in the
number and size of microglia within these regions. Indeed, there was a ~25% increase in the
total number of microglia in the MEA of aged males and females and a significant increase
(~ 25%) in the number of microglia in the BNST of aged females (but not males) On
average, microglia somas were larger in aged rats, relative to young adults. Here, we used
microglia morphology as an indirect measure of activity. To the extent that increased soma
size is indicative of a shift to a more activated state (Hanisch and Kettenmann, 2007), these
data indicate that microglia in in the aged brain may be more reactive. When combined with
an increase in microglia number in MEA and BNST (in females), these data suggest that the
MEA and BSNT are sites of significant alterations in microglia function in late aging. The
MEA and BNST are key components of the social behavior neural network and oxytocin
(OT) and vasopressin (AVP) binding within these regions are associated with behaviors such
as social motivation (Dumais et al., 2013) and social recognition (Dumais et al., 2016a;
Ferguson et al., 2001). Few studies have examined the relationship between inflammation
and neuropeptide release directly. For example, i.c.v. administration of IL-1f increases the
release of AVP and OT within the SON, but not PVN (Landgraf et al., 1995). It remains to
be determined whether pro-inflammatory cytokines can alter the release of AVP and OT
within other socially-relevant, such as the BNST and MEA.

Previous studies have demonstrated sex differences in the number and morphology of
microglia across development. During neonatal development, males have significantly more
microglia than females (Lenz and McCarthy, 2015; Schwarz et al., 2012). For example, male
Sprague Dawley rats had more microglia in parietal cortex, hippocampus, and amygdala at P
4, while at P30, females had a greater population of microglia with stout processes,
consistent with an activated phenotype (Schwarz et al., 2012). This pattern was maintained
at P60 in these rats, with increased numbers of stout/ameboid microglia in females, relative
to males, in the parietal cortex, hippocampus, and amygdala (Schwarz et al., 2012). In
contrast, we observed fewer total number of microglia in the MEA of females, but no sex
differences in BNST, PVN, CA1, CA3, or DG. One possible explanation for this is the use
of a different rat strain. F344 rats are hyper-adrenergic and stress reactive (Sternberg et al.,
1992; Tonelli et al., 2001) relative to Sprague Dawley rats and other commonly used strains.
In addition, there are strain/sex differences in the expression of social behavior. Specifically,
in Sprague Dawley rats, adult males exhibit greater levels of social behavior relative to
females (Stack et al., 2010; Varlinskaya et al., 2014). In contrast, adult female F344 rats
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exhibit greater levels of social investigation relative to adult male F344 rats (Perkins et al.,
2017). This is consistent with the hypothesis that increased number and/or activation of
microglia, such as what was observed in the MEA here might adversely influence the
expression of social behavior. Importantly, we also observed an increase in the number of
microglia in the MEA of aged animals, which may be related to suppression of social
behavior observed in senescence.

On average, microglia somas were larger in aged rats, relative to adult rats, consistent with
the few studies in which microglia soma size has been examined. For example, Hefendehl et
al. (2014) reported increased microglia soma volume in cortex of 26-27-month-old mice.
Similar late-aging increases in soma area of dentate gyrus microglia have been reported in
23-month-old male Wistar rats (Viana et al., 2013). To our knowledge, this is the first study
to assess soma size in PVN, BNST, and MEA. Within the PVN, a brain region related to
HPA axis function, microglia somas were larger in aged females, whereas no age difference
was observed in males. This suggests that aged females could be more susceptible to the
neuroimmune/neuroendocrine consequences of stress. Within the BNST and MEA, aging
was associated with an increase in soma size that was similar in magnitude between males
and females. Increased soma size is thought to indicate a shift toward an activated
phenotype, which would result in increased release of pro-inflammatory cytokines.
Behaviorally, an increase in microglia activation in late aging in BNST and MEA could
relate not only to social behavior, but also to anxiety-related behavior. Indeed, there is
already evidence that increased expression of pro-inflammatory cytokines (e.g. IL-1p, TNF-
a) in the amygdala can promote anxiety-like behavior (Klaus et al., 2016). In addition,
exposure to repeated social defeat can promote recruitment of peripheral macrophages to the
brain, which was related to the expression of anxiety-like behavior (Wohleb et al., 2013).
Within the hippocampus, increased soma size was observed in CA3, but not CA1 or DG.
Although many studies have demonstrated age-related increases in cytokine expression
within the HPC, few have analyzed specific subregions of the HPC. The CA3 subregion of
the hippocampus plays a major role in memory encoding (Rebola et al., 2017) and displays
significant hyperexcitability in late aging that is likely mediated by a reduction in
GABAergic inhibition (Villanueva-Castillo et al., 2017). Aging is also accompanied by a
significant loss of synapses in CA3 (Adams et al., 2010, 2008; Yu et al., 2011), which could
be related to increased microglia activation in this region. Further research would be needed
to determine a causal link between microglia soma size and synaptic dysfunction in late

aging.

Although these data support the hypothesis that increased inflammation in senescence may
be one mechanism driving age-related suppression of social behavior, this observation is at
present correlational. However, we do know that increased immune activation leads to a
pattern of behavior termed ‘sickness behavior’, which includes a decrease in social behavior.
Whether this is the mechanism involved in age-related reductions in social behavior will
have to be confirmed, perhaps with pharmacological studies. In addition, we chose to
examine microglia under basal, non-stimulated conditions. Although some could view this
as a limitation, we see it as a strength of the current experiment, adding to the already
growing literature regarding the neurobiology of healthy aging. Furthermore, we expanded
our analyses to brain regions that have not been investigated previously, owing to their

Neuroscience. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Perkins et al.

Page 12

potential role in the regulation of social behavior. Future studies should assess expression of
cytokines and chemokines within these important brain regions.

Taken together, we demonstrated for the first time an age-related increase in the number of
microglia in the MEA, a region heavily implicated in the regulation of social behavior. In
addition, a similar pattern was evident in the BNST (~25% increase), but only in females.
Finally, we showed that microglia somas overall, were larger in aged rats. This was
consistently observed across all ROIs and suggests a presumptive increase in reactive state
of microglia more broadly across the CNS. Thus, these data contribute to the mounting
evidence demonstrating increased inflammation in senescence, and point to the
neuroimmune system as a potential modulator of age-related suppression of social behavior.
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Highlights

The MEA and BNST displayed greater microglial density than other sites
examined.

Late aging was associated with greater numbers of microglia in MEA in
males and females.

Aged females (but not males) displayed a greater number of microglia in the
BNST.

Microglia in aged rats were larger in BNST, MEA, and CA3, regardless of
Sex.
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Figure 1.
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HIPPOCAMPUS

N
MEDIAL AMYGDALA

(A) Regions of interest for stereological analysis of microglia (adapted from Paxinos &
Watson, 1986). (B) Representative photomicrographs (scale bar = 500 um) showing areas for
stereological analysis of microglia (BNST, PVN, CA1, CA3, DG, and MEA). (C) Optical
fractionator in Stereo Investigator. Microglia that were within the counting frame (or
touching the green line) were included, whereas those that touched the red line were
excluded. This prevents duplicate counting of microglia. Arrows point to example Iba-1
positive microglia. (D) Representative photomicrographs (scale bar = 25 pm) of Type 1 (thin
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ramified processes), Type 2 (thick long processes), Type 3 (stout processes), and Type 4
(round/ameboid shape).
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(A) Regional differences in microglia density. Significant differences between ROIs
indicated with (*). Density of Ibal+ microglia in BNST (B), PVN (C), MEA (D), CAl (E),
CA3 (F), and DG (G). Significant main effects of Sex are indicated by (#). For significant
interactions, different letters indicate groups that differ significantly from one another.
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Figure 3.

Estimated total number of Type 1/2 and Type 3/4 Ibal+ microglia in BNST (A), PVN (B),
MEA (C), CA1 (D), CA3 (E), and DG (F). Aged rats had significantly more microglia in the
MEA, regardless of microglia type, whereas aged females (but not males) had more
microglia in the BNST and DG. Significant differences in microglia type are indicated by (")
and significant differences between adult and aged rats are indicated by (*). For significant
interactions, different letters indicate groups that differ significantly from one another.
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Figure 4.

Average estimated soma area (um?) of microglia in the (A) BNST, (B) PVN, (C) MEA, (D)
CAL1, (E) CA3, and (F) DG. Microglia soma were significantly larger in 18-month-old rats
in BNST, MEA, and CAS3. In the PVN, 3-month-old females had significantly lower soma
areas, relative to all other experimental groups. significant differences between adult and
aged rats are indicated by (*). For significant interactions, different letters indicate groups

that differ significantly from one another.
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