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Abstract Altered microglia function contributes to
loss of CNS homeostasis during aging in the brain.
Few studies have evaluated age-related alterations in
spinal cord microglia. We previously demonstrated
that lumbar spinal cord microglial expression of
inducible nitric oxide synthase (iNOS) was equiva-
lent between aging, neurologically normal dogs and
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dogs with canine degenerative myelopathy
(Toedebusch et al. 2018, Mol Cell Neurosci. 88,
148-157). This unexpected finding suggested that
microglia in aging spinal cord have a pro-
inflammatory polarization. In this study, we
reexamined our microglial results (Toedebusch
et al. 2018, Mol Cell Neurosci. 88, 148-157) within
the context of aging rather than disease by compar-
ing microglia in aging versus young adult dogs. For
both aging and young adult dogs, the density of
microglia was significantly higher closest to the
motor neuron cell body. However, there was no
difference in densities between aging versus young
adult dogs at all distances except for the furthest
distance analyzed. The number of motor neurons
with polarized microglia was higher in aging dogs;
yet, the density per motor neuron of arginase-1-
expressing microglia was reduced in aging dogs
compared with young adult dogs. Finally, aging
dogs had increased steady-state mRNA levels for
genes consistent with activated microglia compared
with young adult dogs. However, altered mRNA
levels were limited to the lumbar spinal cord. These
data suggested that aging dog spinal cord microglia
exhibit regional immunophenotypic differences,
which may render lumbar motor neurons more sus-
ceptible to age-related pathological insults.

Keywords Canine - Aging - Microglia -
Neurodegeneration
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Introduction

Comprising only 5-20% of the adult brain in most
species, microglia are essential for central nervous sys-
tem (CNS) homeostasis (Graeber 2010; Svahn et al.
2014; Tremblay et al. 2010; Tremblay et al. 2011).
Microglia influence homeostasis through a broad range
of effector functions determined by environmental stim-
uli (Nimmerjahn et al. 2005; Tremblay et al. 2011),
including inflammatory responses, activity-dependent
synaptic patterning (Schafer et al. 2012; Tremblay
et al. 2011), and direct modulation of astrocytic and
neuronal activity (Tremblay et al. 2011). While most
of the microglial population is renewed throughout life,
turnover is slow. Recent estimates suggest that individ-
ual microglial cells in the aged human brain can be
decades old (Reu et al. 2017). It has been well
established that microglia play a central role in age-
related neurodegenerative disease pathogenesis (Beers
etal. 2006; Boillée et al. 2006; Isobe et al. 2014; Krabbe
et al. 2013; Varnum and Ikezu 2012). Accordingly, it is
critical to examine the effects of aging on microglial
effector function, as it is likely that there are age-related
alterations in environmental stimuli contributing to
microglia-mediated pathology during aging.

It has been suggested that microglia have altered
phenotypes in aged versus young brains, which could
represent altered microglial effector function during
aging (Conde and Streit 2006). Murine microglia lose
homogeneous tissue distribution with aging, sugges-
tive of a diminished capacity for chemotaxis and sub-
sequent immune surveillance of the CNS (Hefendehl
et al. 2014). Additionally, aged brain microglia are
more immunologically primed for antigen presenta-
tion, as evidenced by increased expression of MHC 11
and complement receptor 3 (CD11b) in brain microglia
of several aged species (Frank et al. 2006; Godbout
et al. 2005; Sheffield and Berman 1998). Consistent
with microglial priming, aged murine microglia have
enhanced pro-inflammatory polarization, with re-
duced anti-inflammatory polarization (Lee et al.
2013). Furthermore, immune challenge of aged mi-
croglia results in regionally specific, prolonged, and
exaggerated neuroinflammatory responses (Godbout
et al. 2005; Xie et al. 2003). Taken together, these
findings suggest that aged microglia have a diminished
capacity to maintain CNS homeostasis through de-
creased surveillance and polarization toward a pro-
inflammatory phenotype.
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In recent years, the companion dog has emerged
as a valuable, comprehensive model for human ag-
ing and age-related human disease (Urfer et al.
2017a; Urfer et al. 2017b). While there is a paucity
of literature regarding microglia in the aged dog,
evidence suggests that spinal cord microglia are
altered with aging similar to murine models (Ahn
et al. 2011; Chung et al. 2010). Increased cell body
size and shorter processes has been reported in aged
dog spinal cord microglia compared with young
adult dog microglia (Chung et al. 2010). Increased
ionized calcium-binding adapter molecule 1 (Iba-1)
protein has been observed in aged dog spinal cord
homogenate, which may be the result of increased
total spinal cord microglia with aging (Ahn et al.
2011). Furthermore, increases of pro-inflammatory
(interleukin-1 beta (IL-1{3) and interferon gamma
(IFN-y); Chung et al. 2010) and oxidative molecules
(4-hydroxy-2E-nonenal (4-HNE) and superoxide
dismutase-1 (SOD1); Ahn et al. 2011) have been
observed in aged dog spinal cord homogenate. We
have recently demonstrated that the number of pro-
inflammatory microglia near motor neurons, as
assessed by expression of inducible nitric oxide
synthase (iNOS), was indistinguishable between
DM-affected and aging, neurologically normal dogs
(Toedebusch et al. 2018). These data are contrary to
rodent models of ALS, which demonstrate an upreg-
ulation of both neuroprotective and neurotoxic mol-
ecules throughout disease progression (Chiu et al.
2013; Liao et al. 2012; Nikodemova et al. 2014).
Given that aging is a major risk factor in the devel-
opment of degenerative myelopathy (DM) (Awano
et al. 2009; Coates and Wininger 2010), we hypoth-
esized that aging dog spinal cord microglia are po-
larized toward a pro-inflammatory phenotype, which
may contribute to the onset of canine DM.

In this study, we analyzed microglial responses
within the context of aging by comparing young
adult (1 year of age), neurologically normal dogs
to aging (> 8 years of age), neurologically normal
dogs using well-characterized markers of microglial
phenotype (iNOS and arginase-1) (Lewis et al.
2014). Furthermore, to gain insight into regional
specificity of age-related changes, we compared
mRNA levels of well-characterized markers for
microglial activation status (Liao et al. 2012) (Chiu
et al. 2013) from cervical and lumbar spinal cord
segments.
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Materials and methods
Case selection and sample collection

Aging dog data used in this study has been previously
published (Toedebusch et al. 2018). Aging companion
dogs (8 years of age or older) were presented to the
University of Missouri between July 2012 and
March 2016 for euthanasia and donation for research
purposes. All pet owners signed an informed consent
form (approved by the University of Missouri Animal
Care and Use Committee, protocol #8339). Young adult
dogs (1 year of age) used in this study were research
dogs housed at the University of Missouri in compliance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by the
University of Missouri Animal Care and Use Commit-
tee (protocol #8339). All dogs had normal neurological
examinations and normal histopathology of the caudal
thoracic spinal cord. Information regarding age, breed,
sex, and weight are provided in Supplementary Table 1.

Dogs were humanely euthanized and tissue samples
were collected. The fourth lumbar (L4) and eighth cer-
vical (C8) spinal segments were isolated; the dura mater
was removed, and the segment was hemisected. The
spinal cord was divided into halves. The left half was
prepared for immunofluorescence studies, and the right
half was flash frozen for gene expression assays. Briefly,
the left half was immersion fixed in 10% neutral buft-
ered formalin, cryoprotected with 30% sucrose solution,
and stored at — 80 °C until sectioning, at which time
30-um transverse serial sections were made through the

segment with a Leica CM1900 cryostat at — 20 °C.
Three consecutive sections were pooled in each well
and stored in a cryoprotective solution at — 20 °C prior
to immunostaining.

Immunofluorescence

Three sections/dog were randomly selected to represent
cranial, middle, and caudal L4 sections for immuno-
staining. Tissue was washed three times for 5 min with
Tris-buffered saline with 0.5% Triton X-100 (TBST)
(Sigma) at room temperature (RT) and blocked for 1 h
at RT on a shaker (10% normal goat serum, 1% bovine
serum albumin in TBST). For microglia identification,
rabbit polyclonal antibody anti-ionized calcium-binding
adaptor molecule (Iba-1) (Wako Pure Chemical Indus-
tries, Ltd., Chuo-Ku, Osaka, Japan; 1:1000) was used.
To provide microglia phenotype information, co-
application of mouse monoclonal antibody anti-
arginase-1 (eBioscience, San Diego, CA, USA; 1:400)
or mouse monoclonal anti-inducible nitric oxide syn-
thase (iNOS) (EMD Millipore Corporation, Temecula,
CA, USA; 1:400) was used. Sections were incubated
overnight at4 °C in primary antibody. The sections were
washed three times for 5 min in TBST at RT and incu-
bated with IgG (heavy and light) anti-mouse or anti-
rabbit secondary antibodies that were conjugated with
either Alexa Fluor 488 or 555 (Molecular Probes,
Invitrogen, Carlsbad, CA, USA; 1:1000) diluted in fresh
blocking buffer at RT for 1 h. Tissue was then washed
three times for 5 min at RT. Tissue was mounted with

Table 1 Primer sets used for real-time PRC reactions. Accession numbers are provided for each gene of interest. Primer sets were generated

using PRIMER3 software. All primer sets were validated as described in the “Methods” section

Gene name Accession # Forward primer (5’ to 3") Reverse primer (5' to 3')

ApoE XM 005616460 TCTGGTATCCCTGAGTCCTAC AACCTTCATCTTCCAGCCG
Argl XM 532053 GAGGAGGGGTGGAAAAAGG TAGGGACATCAACAAAGGGC
CIQA XM 535367 TTCAGTGGCTTCCTCATCTTC GAGCGGACCATAGAAACCAG
IGF1 NM 001313855 GAGGCTAGAGATGTACTGTGC AGTTCTTGTTTCCTGCACTCC
ILIRA NM_001003096 TGTGTCCATTCCGTGCTTC GGGCTCTCATACATCCTTCTG
L6 NM 001003301 GAGGGCTGTTCGGATAATGTAG TGACTGGAGAAAGGAATGCC
iINOS NM_001313848 CGGGACTTCTGTGATGTTCAG TGGAGTACAGCGACATTGATC
TNF-alpha NM_001003244 CAACTGGAGAAGGGTGATCG TGATTCCAAAGTACACCTGCC
TREM?2 XM 005627313 AATCATAAAGCCAGACCCCAG TCGTCTTTCCCTTGAGTTGC
GAPDH NM_001003142 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
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Vectashield with 4',5-diamidino-2phenylindole (DAPI)
(Vector Labs, Burlingame, CA, USA).

Microglia quantification and phenotype determination

Alpha motor neurons were identified by autofluores-
cence, location within the ventral horn, and their rela-
tively large size. Individual motor neurons were cen-
tered in the imaging field, and images were collected in
a z-plane at 1-pm sections throughout the depth of each
motor neuron at 63X. All alpha motor neurons identified
in each section were imaged separately. Post-imaging,
three concentric circles were drawn around the neuronal
soma via ImagelJ software. Each circle had an increasing
radius of 6 um, the average microglial cell body diam-
eter (Toedebusch et al. 2018).

Microglial quantification and phenotyping were con-
ducted in a double-blinded manner. Each blinded coun-
ter recorded the number of microglial cells within each
ring as determined by Iba-1 immunoreactivity (IR). To
ensure cells were not counted twice, the nucleus must
have been visible to count the cell. To phenotype
microglial cells, we evaluated protein expression of
reciprocal enzymes involved in arginine metabolism
within microglial cell bodies, arginase-1, and inducible
nitric oxide synthase (iNOS) (Morris Jr. 2004).
Arginase-1 expression has been correlated with neuro-
protective phenotypes, whereas iNOS expression has
been correlated with neurotoxic phenotypes (Colton
2009). Microglia cells that were double-labeled (Iba-1
and arginase-1 or iNOS) were counted. Counts were
normalized to the volume of tissue sampled in cubic
meters.

Quantitative polymerase chain reaction

For spinal cord tissue samples, total RNA was isolated
using Trizol as per manufacturer’s protocol (Invitrogen).
cDNA was generated from 500 ng total RNA primed
with a mixture of oligo-dT and random hexamers that
was reverse transcribed using qScript cDNA SuperMix
(QuantaBio). The final volume of the reverse transcrip-
tion reaction was 20 pL, and following heat inactivation
of the enzyme, samples were diluted in ultrapure water
to a final volume of 100 pL.

We designed or modified, and independently validat-
ed primer sets for use in absolute quantitation of copy
number for 9 distinct genes of interest (see Table 1).
These primer sets amplified genes that are associated
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with pro-inflammatory (INOS, IL-6, TNF-«), anti-
inflammatory (ARG-1, IGF'1, ILIRA), and phagocytic
(APOE, CIQA, TREM?2) microglia. Primer sets were
designed using Primer3 software (Untergasser et al.
2012). These primer sets are listed in Table 1. Validation
for each set of primers was performed using a 4x cDNA
serial dilution series from young dog spinal cord as a
template. We evaluated the efficiency and fit of the
curves generated. We rejected any primer set that did
not produce an efficiency of at least 0.9 and an R* value
0f'0.95 from the cDNA dilution series. Only experimen-
tal quantification cycle (Cq) values that fell within the
boundaries of the validated curves were used for
analysis.

qPCR reactions consisted of primer pairs at a final
concentration of 2.5 uM, 5 uL cDNA template, and
SSoAdvanced Universal SYBR Green Supermix
(BioRad) per manufacturer’s protocol. Reactions were
carried out on a CFXConnect (BioRad) machine with a
three-step cycle of 95 °C, 15 s; 60 °C, 20 s; and 72 °C,
20 s, followed by a melt curve ramp from 65 to 95 °C.
Data were acquired during the 72 °C step, and every 0.5
°C of the melt curve. All reactions were run as 10 pL
triplicates, and the average Cq used as the data point for
a given sample. Care was taken at each step to minimize
assay variability: samples were processed in parallel, the
same batch of reverse transcriptase was used for all
samples, and PCR runs were designed to maximize the
number of samples run in each batch.

Statistics
Microglial quantification

The primary tool used for the statistical analysis of
volume normalized total cell counts was a generalized
linear mixed effects model using group (young adult,
aging), ring (1, 2, 3), and their potential interaction as
fixed effects. As there may have been variability asso-
ciated within individuals as well as the particular spinal
sections that were examined, the ID of the dog, as well
as the section, was considered as random effects. Fur-
thermore, the sections were different between the dogs,
so we considered the section effect to be nested within
the effect of the dogs. Because the normalized total cell
count was right skewed, strictly positive value, the
gamma distribution was used to model the response
variable, with plots empirically demonstrating this dis-
tribution to be an excellent fit. An example of the
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histogram of the normalized total cell counts and corre-
sponding gamma fit produced by this approach was
previously published (Toedebusch et al. 2018).

To evaluate variable significance, a full model con-
taining all fixed effects was compared with one without
the variable under consideration. If a likelihood ratio test
determined these two fit models to be statistically dif-
ferent, it was the case that the variable provides signif-
icant contribution to the model and should be retained.
When the variable was not significant, it was removed,
and the model without that term became the new model
under consideration. Once a final model was reached,
pairwise comparisons with a Tukey adjustment were
used to compare across groups within a ring, and be-
tween rings within a group to examine the effect of these
variables.

Microglia phenotype determination

In this analysis, we examined if a microglial cell was
arginase-1 positive or iNOS positive separately. Thus, a
large proportion of phenotype observations have “0”
counts. As the gamma distribution used previously re-
quires the response to be strictly positive and there was
an excess of “0” counts for phenotype determination,
this analysis was conducted in a two-step approach. In
step 1, a logistic regression was used to examine the
probability of having a positive count for a particular
phenotype compared with not observing any cells of
that phenotype. This allowed us to determine if there
were any defining characteristics in the rings or groups
that yield “0” or nonzero counts. In step 2, we consid-
ered only those observations that had positive counts
and used a generalized linear model to examine how the
counts varied between the groups and rings. As before, a
full model containing all fixed effects was compared

Table 2 Quantification of the number of motor neurons with
activated microglia expressing iNOS (pro-inflammatory) or Arg-
1 (anti-inflammatory) proteins. Aging dogs had more motor neu-
rons with closely associated activated microglia compared with
young adult dogs (74% vs. 18%; p < 0.0001). Of the activated

with one without the variable under consideration to
evaluate variable significance. Again, when a final mod-
el was determined, we examined plots and pairwise
comparisons for comparing the rings and groups.

To compare the proportion of motor neurons with
closely associated activated microglia between aging
and young adult dogs, a two sample Z test of proportions
was performed (Table 2). To compare the proportion of
anti- and pro-inflammatory microglia within the activat-
ed microglia population of the aging and young adult
groups, a one-sample proportion test was used.

qPCR

Fold difference in expression between young adult and
aging animals was calculated and plotted using the
AACq method with glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) as the control gene for normaliza-
tion and relative expression (Livak 1997). There were
no significant differences in GAPDH expression be-
tween any of the groups measured. All data were
expressed as fold expression change relative to young
adult animals. For statistical analyses, data were con-
firmed to be normally distributed and passed an equal
variance test, and then mean ACq compared between
young adult and aging groups for a given gene via
unpaired ¢ tests.

Results
Aging dog microglia exhibited an activated morphology

Consistent with previous reports in the dog (Chung et al.
2010) and other species (Boche et al. 2013; Chung et al.
2010; Crain et al. 2013), we observed morphologic

microglia observed, young adult dogs had a higher proportion of
anti-inflammatory microglia (76% vs. 24%; p = 0.0009), while
aging dogs had an equivalent distribution between anti- and pro-
inflammatory microglia (52% vs. 48%; p = 0.36)

Young adult dogs Aging dogs
# MN examined 223 227
Total # (%) MN with activated microglia 41 (18%) 168 (74%)
Distribution between pro- and anti-inflammatory microglia iNOS Arg-1 iNOS Arg-1
10 (24%) 31 (76%) 81 (48%) 87 (52%)
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differences between microglia from young adult and
aging dogs. A ramified morphology, exhibited by many
fine processes, was observed in young adult dogs (Fig.
1a). On the contrary, microglia from aging dogs com-
monly exhibited decreased process ramification consis-
tent with activation (Fig. 1b) (Conde and Streit 2006).

Young adult and aging dogs had equivalent numbers
of microglia in close approximation to the motor
neuron, but aging dogs had increased microglia
outside the ring system

To examine the microglia cell number in close proxim-
ity to motor neurons of the lumbar spinal cord, we used
a modified Sholl’s method (Sholl 1953) to apply a ring
system around the cell body of L4 alpha motor neurons
(Fig. 2a). Microglial number was increased closest (ring
1) to the motor neuron cell body for both young adult
and aging dogs (Fig. 2b). For young adult dogs, the
increase was significant for ring 1 compared with ring
3 (p < 0.0001) and outside the ring (p < 0.0001). In
aging dogs, the increase was statistically significant for
ring 1 versus all other rings (p < 0.0001 all compari-
sons). Microglial number was not significantly different
between young adult dogs versus aging within the rings
(ring 1, p = 0.5567; ring 2, p = 0.4763; ring 3, p =
0.5554). However, aging dogs had increased microglia
outside the ring system compared with young adult dogs
(p =0.0025).

Arginase-1-expressing microglia were increased
in close approximation to motor neurons in young adult

dogs

To begin phenotyping microglial cells, we evaluated
protein expression of reciprocal enzymes involved in

Young Adult

DAPI

Fig.1 Microglia in aging lumbar spinal cords exhibited morphol-
ogy consistent with activation. Representative images of lumbar
spinal cord microglia (Iba-1; green). a Microglia from young adult

@ Springer

arginine metabolism within microglial cell bodies, argi-
nase-1, and inducible nitric oxide synthase (iNOS)
(Morris Jr. 2004). While arginase-1 was detected in both
young adult and aging dog microglia (Fig. 3a, b), iNOS
was rarely detected in adult dog microglia (Fig. 3c). A
subset of aging dog microglia had positive immunore-
activity (IR) for iNOS (Fig. 3d).

Using a generalized linear model, we examined the
probability of identifying arginase-1- or iNOS-
expressing microglia in close approximation to motor
neurons and outside the ring system. Compared with
young adult dogs, there was a greater probability of
identifying arginase-1-expressing microglia within
(Fig. 4a; p < 0.001) and outside (Fig. 4c; p < 0.001)
the ring system in aging dogs. Similarly, there was a
greater probability of identifying iNOS-expressing mi-
croglia in aging dogs within (p < 0.001) and outside the
ring system (p < 0.001) compared with young adult
dogs. Moreover, in both young adult and aging dogs,
there was a greater probability of identifying microglial
cells expressing arginase-1 and iNOS outside the ring
system versus within the ring system (young adult dogs,
p =0.0011; aging dogs, p < 0.001).

Given the probability of identifying a double-
labeled microglia cell around a motor neuron was
greater in aging dogs compared with young adult
dogs, we quantified the total number of motor neurons
with closely associated double-labeled microglia
(Table 2). Of the 227 motor neurons evaluated in
aging dogs, 168 (74%) of them had closely associated
arginase-1- (n = 87) or iNOS-expressing (n = 81)
microglia (Table 2). Conversely, few young adult
dog motor neurons had closely associated double-
labeled microglia (41/223 (18%)). Taken together,
aging dogs had more motor neurons with closely
associated activated microglia compared with young

Aging Lumbar SC

dogs tended to have long, branching processes. b A subset of
microglia from aging dogs exhibited decreased ramification of
their processes, which was consistent with activation
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Fig. 2 Microglial density was greatest in close approximation to
motor neurons in both young adult and aging dogs. a Using a
modified Sholl’s method (Sholl 1953), concentric rings were
placed around each motor neuron cell body. Each ring increased
in diameter by 6 puM, the average microglial cell body diameter
(originally published in Toedebusch et al. 2018). The total num-
bers of microglia cells within each ring, and outside the ring
system, were quantified. b A generalized linear mixed effect
model with nested effects identified an interaction between ring
and group. When the number of microglia within each ring for
young adult dogs was compared, there was no difference between
microglial number between ring 1 and ring 2 (223 observations; p
= 0.1723), but ring 1 had increased microglia versus ring 3 (p <

adultdogs (74% vs. 18%; p < 0.0001). Of the activated
microglia observed, young adult dogs had a higher
proportion of anti-inflammatory microglia (76% vs.
24%; p = 0.0009), while aging dogs had an equivalent
distribution between anti- and pro-inflammatory mi-
croglia (52% vs. 48%; p = 0.36).

To gain insight into the density of activated microglia
cells around a particular motor neuron, we evaluated the
number of arginase-1 or iNOS-expressing microglia per
motor neuron. Therefore, in this analysis, we only con-
sidered motor neurons with nearby positively labeled
microglia. We compared the average number of labeled
microglia within and outside the ring system using a

0.0001) and versus outside the rings (p < 0.0001). In aging dogs,
ring 1 had significantly increased number of microglia from all
other rings and outside the rings (227 observations; p < 0.0001 all
comparisons). Comparison of microglial number between young
adult and aging dogs did not reveal differences in any of the rings
(ring 1, p = 0.5567; ring 2, p = 0.4763; ring 3, p = 0.5554).
However, the average number of microglia was increased in aging
dogs compared with young adult dogs outside the ring system (p =
0.0025). Data is displayed as the estimated mean with 95% con-
fidence interval. **, difference between young adult and aging
dogs, p < 0.01; +, difference from ring 1 young adult dogs, p <
0.001; #, difference from ring 1 aging dogs, p < 0.001

generalized linear model. Within the ring system, aging
dogs had a decreased density of arginase-1-expressing
microglia compared with young adult dogs (Fig. 5a; p =
0.0027). However, outside the ring system, this relation-
ship was reversed, as aging dogs had an increased
density of arginase-1-expressing microglia compared
with young adult dogs (Fig. Sc; p < 0.001). Within the
ring system, we observed no difference in the number of
iNOS-expressing microglial between groups (Fig. 5b; p
= 0.3638). However, iNOS-expressing microglial cell
density was increased in aging dogs compared with
young adult dogs outside of the ring system (Fig. 5d; p
<0.001). Additionally, there was an increased density of
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Arg-1 DAPI

iNOS DAPI

Fig. 3 Aging, but not young adult, microglia expressed both
arginase-1 and inducible nitric oxide synthase (iNOS). Represen-
tative images of lumbar spinal cord microglia (Iba-1; green) in
close proximity to motor neurons (outlined in white dotted line). a
When observed, positive immunoreactivity for arginase-1 (Arg-1;
orange) was punctate near the microglia nucleus in young adult
dogs. b Diffuse arginase-1 immunoreactivity was commonly

arginase-1 and iNOS-expressing microglia within com-
pared with outside the ring system in young adult dogs
(p <0.001; p < 0.001) and aging dogs (p < 0.001; p <
0.001).

Aging dog lumbar spinal cord, but not cervical spinal
cord, has increased levels of mRNA for genes associated
with reactive microglia compared with young adult dogs

Regional specificity in microglia phenotype has been
previously demonstrated in dog spinal cord (Ensinger
etal. 2010). To gain insights into the phenotypic state of
microglia in aging dog spinal cord, we examined the
levels of genes associated with pro-inflammatory versus
anti-inflammatory phenotypes (Lively and Schlichter
2018) in young adult and aging dogs. Moreover, we
evaluated a subset of genes encoding proteins involved
in phagocytosis and proteolysis (Donkin et al. 2010;
Jiang et al. 2008), which have been observed to have
increased mRNA steady-state levels in microglia from
neurodegenerative disease models (Chiu et al. 2013;
Nikodemova et al. 2014).

@ Springer

observed in the microglial cell body in aging dogs (originally
published in Toedebusch et al. 2018). ¢ The majority of young
adult microglia did not demonstrate immunoreactivity for iNOS. d
iNOS immunoreactivity localizes to the microglia cell body in
aging dogs (originally published in Toedebusch et al. 2018). Scale
bar 10 uM

In the cervical spinal cord, we observed no differ-
ences in steady-state levels between young adult and
aging dogs for all genes examined (Fig. 6). However, in
lumbar spinal cord, aging dogs had increased levels of
both pro-inflammatory (IL-6; p = 0.028), and anti-
inflammatory genes (/L-/Rc; p = 0.005) (Fig. 7) relative
to young adult dogs. Moreover, aging dogs had signif-
icantly increased levels of phagocytic/proteolytic genes
ApoE (p =0.047), CIQA (p = 0.029), and TREM2 (p =
0.005) (Fig. 7) relative to young adult dogs.

Discussion

Aging has a profound impact on the structure and func-
tion of the central nervous system (CNS). What is
becoming increasingly clear is that these age-
associated alterations might reflect changes in the aging
CNS microenvironment. Microglia, a central constituent
of the CNS microenvironment, continually monitor and
respond to local environmental changes by altering their
active state (Bickford et al. 2017). Not surprisingly, age-
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related changes in microglia have been associated with
molecular alterations in the aging CNS. Microglia in
aged rat brains displayed hypertrophy of perinuclear
cytoplasm and decreased process ramification (Conde
and Streit 2006). Furthermore, aged microglia
responded differently than young cells to local stimuli.
Aged microglia responded more dramatically to pro-
inflammatory signals while showing diminished, or
even absent, responses to anti-inflammatory signals
(Lee et al. 2013), referred to as age-related microglial
priming (Bickford et al. 2017). Along with age-related
molecular alterations, aging resulted in an increased
susceptibility to neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, and amyotro-
phic lateral sclerosis (Niccoli and Partridge 2012). In
fact, recent evidence correlates activated, phagocytic
microglia with increasing cognitive decline in rhesus
macaques (Shobin et al. 2017), underscoring the impor-
tance of microglia in the context of aging and age-

related disease. However, what remains unclear is what
role, if any, age-related alterations in CNS microenvi-
ronments contribute to disease susceptibility.
Age-related changes in CNS microenvironments are
not necessarily uniform throughout the CNS. Regional
differences in microglia have been observed in aging
mouse brain (Grabert et al. 2016). Our analysis extended
this observation to the spinal cord of aging dogs. mRNA
levels demonstrated regional microglial differences in ag-
ing spinal cords. Based upon mRNA levels, lumbar mi-
croglia appeared more activated than microglia from cer-
vical spinal cords (Figs. 6 and 7). Furthermore, our results
suggested that the microenvironment near lumbar motor
neurons was altered with aging. There was an increased
number of motor neurons with nearby activated microglia
in aging dogs (Table 2). As with our genetic analysis, the
activation state of these microglia was not specifically
polarized, as there were equal number of motor neurons
with closely associated arginase-1 and iINOS-expressing
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microglia (Table 2). Of note, aging dogs had both in-
creased numbers of total microglia and an increase in the
proportion of arginase-1 and iNOS-expressing microglia
compared with young adult dogs, suggesting that the
relative abundance of these two proteins was greater in
aging dog spinal cord. However, we did not detect a
difference in mRNA levels for these two genes. This
may be due to differential production and/or turnover rates
of these particular mRNAs and proteins. Furthermore,
mRNA was quantified from spinal cord homogenate.
Conversely, double-labeled microglial cells were counted,
but the abundance of protein detected was not quantified.
Therefore, while more cells expressed arginase-1 and
iNOS in aging dogs, we cannot make conclusions regard-
ing the relative protein abundance between groups.

@ Springer

Previous analyses suggested that the number of lumbar
spinal cord microglia expressing markers associated with
a pro-inflammatory phenotype was the same in aging and
degenerative myelopathy (DM) affected dogs
(Toedebusch et al. 2018). Both age and homozygosity of
the mutant SOD1% allele were considered risk factors
for developing DM (Awano et al. 2009; Zeng et al. 2014).
However, while cells of the cervical spinal cord express
only mutant SOD1%*%%, DM pathology invariantly began
in the thoracolumbar spinal cord, resulting in reduced
hindlimb motor function in affected dogs (Awano et al.
2009; Averill Jr 1973; March et al. 2009). Taken together
with our current results, it is interesting to speculate that
DM pathology initiates in the thoracolumbar spinal cord
due to a confluence of risk factors, which suggests that
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Fig. 6 Levels of microglia phenotypic markers were not different
in the cervical spinal cord between young adult and aging dogs.
mRNA levels of common pro-inflammatory (iNOS, IL-6, TNF-«),
anti-inflammatory (Arg-1, IGF-1, ILIR«), and phagocytic/
proteolytic genes (ApoE, C1QA, TREM?2) were not different

neither risk factor is sufficient to initiate DM on its own.
We have demonstrated that microglia in aging cervical
spinal cords are similar in phenotype to microglia in
young adult cervical spinal cords. Thus, in aging cervical
spinal cords, microglia are not yet primed. Therefore, the
combination of primed microglia and mutant SOD 15X,
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Lumbar Spinal Cord mRNA
Fold-change normalized to Young Adult Dogs

iNOS IL-6 TNF-a  ARG1

Anti-inflammatory

IGF1 IL1Ra  APOE

Phagocytic/Proteolytic

between groups in hemisected C8 spinal cord segments. Data are
displayed relative to young adult dogs. Young adult dogs, n = 6;
aging dogs, n = 5. Comparisons based on unpaired ¢ tests; bars
represent group mean and standard error of the mean (SEM)

as in the lumbar spinal cord, may be sufficient to trigger
DM pathology.

Phagocytosis is an essential microglial function for
maintenance of CNS homeostasis (Nadjar 2018). but there
are regional differences in canine microglia phagocytic
capacity (Ensinger et al. 2010). Importantly,

D Young Adult Dogs

. Aging Dogs

k3

C1QA TREM2

Pro-inflammatory

Fig. 7 Aging dog lumbar spinal cord had increased levels of
genes associated with reactive microglia. mRNA levels of all
pro-inflammatory markers were increased in aging dogs. Howev-
er, only increases measured in IL-6 reached statistical significance.
mRNA levels of anti-inflammatory markers IGF1 and IL1R«x
were increased with IL1R« increases reaching statistical

Anti-inflammatory

Phagocytic/Proteolytic

significance. All phagocytic/proteolytic mRNA levels (ApoE,
CI1QA, TREM?2) were significantly increased in L4 spinal cord
segments in aging dogs. Data are displayed relative to young adult
dogs. Young adult dogs, n = 6; aging dogs, n = 5. *p < 0.05.
Comparisons based on unpaired ¢ tests; bars represent group mean
and standard error of the mean (SEM).
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thoracolumbar spinal cord microglia had reduced phago-
cytic capacity compared with cervical spinal cord microg-
lia (Ensinger et al. 2010). Furthermore, it has been well
documented that aging results in reduced microglia
phagocytic capacity (Floden and Combs 2011; Njie et al.
2012; Ritzel et al. 2015). While we did not directly
evaluate microglia phagocytic function in this study,
arginase-1 expression has been positively correlated with
phagocytic activity (Cherry et al. 2015). In our study, there
were more motor neurons with nearby arginase-1-
expressing microglia in aging dogs, suggesting a region-
ally increased stimulus for microglial phagocytosis. How-
ever, while the density of total microglia near motor
neurons was similar, the density of arginase-1 positive
microglia was reduced in aging dogs relative to young
adult dogs (Fig. 5). This may suggest that in the face of
increased stimulus, the magnitude of the microglial phago-
cytic response was diminished in aging dogs. Thus, inef-
fective microglia phagocytosis may provide a sustained
stimulus for pro-inflammatory microglial activation in the
aging dog spinal cord.

Age-associated defects in blood-CNS barrier func-
tion, resulting in increased vascular permeability, have
been documented in several species including mice
(Hafezi-Moghadam et al. 2007), humans (Montagne
et al. 2015), and dogs (Su et al. 1998). Notably, in-
creased vascular permeability was increased in the aged
spinal cord compared with the aged brain (Ritzel et al.
2015). Blood-spinal cord barrier (BSCB) compromise
resulted in the accumulation of plasma proteins in the
neuroparenchyma (Winkler et al. 2012) and has been
recognized as a source of continued inflammation
(Ritzel et al. 2015). Cerebrospinal fluid analysis in two
aging dogs in this study demonstrated increased protein
concentration with a normal cell count (data not shown),
consistent with a compromised BSCB (Chen et al.
2012). Taken together, our data provokes the consider-
ation that increased pro-inflammatory stimuli from a
compromised BSCB, coupled with reduced microglia
phagocytic capacity, might be sufficient to compromise
the thoracolumbar microenvironment resulting in initial
selective vulnerability for neurodegeneration.

Conclusions
‘We have demonstrated that regional functional specific-

ity of canine spinal cord microglia is exacerbated with
age. Increased insult to the spinal cord, coupled with

@ Springer

phagocytic inefficiencies, may contribute to priming of
lumbar, but not cervical, spinal cord microglia. There-
fore, the stereotypic onset of DM pathology likely re-
sults from the culmination of several risk factors includ-
ing the regional specificity of microglia priming, in-
creasing age, and mutant SOD1%4°%, These findings
warrant further study of aging canine microglia to fur-
ther elucidate the complex mechanisms leading to mi-
croglia priming and the initiation of age-related neuro-
degenerative disease.
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