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Casaletto — Physical activity and microglia activation 2
Abstract

Physical activity relates to reduced dementia risk, though the cellular and molecular mechanisms are unknown.
We translated animal and in-vitro studies demonstrating a causal link between physical activity and microglial
homeostasis into humans. Decedents from Rush MAP completed actigraphy monitoring (average daily activity)
and cognitive evaluation in life, and neuropathological examination at autopsy. Brain tissue was analyzed for
microglial activation via immunohistochemistry (anti-human HLA-DP-DQ-DR) and morphology (% stage |, Il, or
1), and synaptic protein levels (SNAP-25, synaptophysin, complexin-I, VAMP, syntaxin, synaptotagmin-1).
Proportion of morphologically activated microglia (PAM) was estimated in ventromedial caudate, posterior
putamen, inferior temporal (IT), and middle frontal gyrus. The 167 decedents averaged 90-years-old at death,
two-thirds were nondemented, and 60% evidenced pathologic Alzheimer’s disease (AD). Adjusting for age,
sex, education, and motor performances, greater physical activity associated with lower PAM in the
ventromedial caudate and IT. Relationships between physical activity and PAM in the caudate or IT were
particularly prominent in adults evidencing microinfarcts or AD pathology, respectively. Mediational analyses
indicated that PAM IT mediated ~30% of the relationships between (1) physical activity and synaptic protein in
IT, and (2) physical activity and global cognition, in separate models. However, the size of the mediation
depended on AD pathology ranging from >40% in adults with high AD burden, but <10% in adults with low AD
burden. Lower microglial activation may be a pathway linking physical activity to age-related brain health in
humans. Physical activity may promote AD-related synaptic and cognitive resilience through reduction of pro-
inflammatory microglial states.

Significance statement

Physical activity relates to better cognitive aging and reduced risk of neurodegenerative disease, yet the
cellular and molecular pathways linking behavior-to-brain in humans are unknown. Animal studies indicate that
increasing physical activity leads to decreased microglial activation and corresponding increases in synapto-
and neurogenesis. We objectively monitored physical activity (accelerometer-based actigraphy) and cognitive
performances in life, and quantified microglial activation and synaptic markers in brain tissue at death in older
adults. These are the first data supporting microglial activation as a physiological pathway by which physical
activity relates to brain heath in humans. Though more interventional work is needed, we suggest that physical
activity may be a modifiable behavior leveraged to reduce pro-inflammatory microglial states in humans.

Key words (4-6): exercise; MHCII; HLA; Alzheimer’s disease
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Casaletto — Physical activity and microglia activation 3
Introduction

Physical activity is associated with reduced risk of dementia(Buchman et al., 2012; Hérder et al., 2018)
and dose-dependent cognitive benefits in older adults(Sanders et al., 2019; Ludyga et al., 2020). At the system
level, physical activity interventions show hippocampal growth(Erickson et al., 2011), and increased cerebral
metabolism, perfusion(Boraxbekk et al., 2016; Chapman et al., 2016; Gaitan et al., 2019), and white matter
integrity(Voss et al., 2013; Tarumi et al., 2020). Even in autosomal dominant forms of dementia, greater
physical activity associates with slower symptom manifestation(Muller et al., 2018; Casaletto et al., 2020a).
Yet, the cellular and molecular mechanisms by which physical activity, a systemic intervention, promotes CNS
health remain largely unknown. In fact, not all physical activity interventions show benefits(Barnes et al., 2013;
Lamb et al., 2018). Characterization of the active biological pathways linking physical activity to the brain are
needed to identify those who stand to benefit most and resilience-related pathways amenable for therapeutic
development.

Microglia are the innate immune cells of the brain that shape synaptic connections, become
dysregulated with age and neurodegeneration, and are a potential beneficial target of physical
activity(Hammond et al., 2018; Li and Barres, 2018a). Under homeostatic conditions, microglia promote
phagocytic clearance of debris, support neural differentiation, and refine synaptic pruning, whereas pathogenic
inflammatory signaling can polarize microglia to inhibit neurogenesis and participate in excessive synaptic
engulfment(Hammond et al., 2018; Li and Barres, 2018a). A growing number of animal and human GWAS
studies implicate microglial dysregulation as a contributing factor in neurodegenerative disease(Sims et al.,
2017; Podles$ny-Drabiniok et al., 2020) and clinical trials (e.g., CSF1R inhibitor) are underway targeting
microglial function. Identification of readily available behavioral strategies that promote microglial homeostasis
may be highly complementary to these ongoing efforts.

Decades of seminal works demonstrate that enhancing physical activity modulates glial number and
signaling(Diamond et al., 1964; Hare, 1989). Exercised animals show less microglia activation, lower
expression of hippocampal inflammatory proteins (e.g., IL1B, TNFa), and greater microglial proliferation and
expression of neuroprotective factors (e.g., IGF1)(Ehninger and Kempermann, 2003; Kohman et al., 2012,
2013; Littlefield et al., 2015; He et al., 2017; Mee-inta et al., 2019). Activity-induced microglial differences

correspond with and appear to mediate the neuro- and synaptogenic benefits of physical activity. In-vitro
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Casaletto — Physical activity and microglia activation 4
experiments show activity-related increases in neural progenitor cells are abolished when microglia are

removed from cell culture and microglia isolated from exercised animals can activate neural progenitor cells in
sedentary hippocampal cell cultures(Vukovic et al., 2012b). In humans, physical activity is associated with
peripheral immune system functioning, including acute cytokine changes and longer-term lowered
inflammatory markers(Beavers et al., 2010; Woods et al., 2012; Nascimento et al., 2014; Stigger et al., 2019).
Few studies directly link physical activity to markers of neuroinflammation or microglial functioning in humans.
A recent 16-week randomized exercise trial in adults with mild-to-moderate AD found minimal changes in most
cytokines in cerebrospinal fluid (CSF)(Jensen et al., 2019); however, there were mild increases in CSF soluble
TREM2 (key microglial receptor) among the highest exercisers. Given the important role for microglia guiding
brain aging and neurodegeneration and the casual relationship between physical activity and microglial
homeostasis in animals, a more in-depth understanding of this relationship in humans is needed.

We monitored objective activity levels via accelerometer-based actigraphy in older adults during life
who completed autopsy with brain tissue quantified for immunohistochemistry-based microglial activation
markers (anti-human HLA-DP-DQ-DR, plus morphology staging) as part of the Rush Memory and Aging
Project (MAP). Prior MAP studies demonstrate that actigraphy-based physical activity is associated with better
cognitive trajectories, reduced incidence of Alzheimer’s dementia(Buchman et al., 2012, 2018), and higher
levels of synaptic proteins in brain tissue(Casaletto et al., n.d.). We aimed to characterize the relationship
between late life physical activity and markers of microglial activation in MAP participants, including regional
and pathology-specific effects. We additionally tested the mediational role of activated microglia on the

relationships between physical activity and (1) synaptic and (2) cognitive outcomes.

Materials and Methods.

PARTICIPANTS

167 decedents from the Rush Memory and Aging Project (MAP) were included(Bennett et al., 2018). All
participants completed annual actigraphy monitoring visits and underwent comprehensive neuropathological
evaluations with brain tissue quantified for microglial markers. MAP data collection began in 1997 and

actigraphy data collection started in 2005. Exclusion criteria was inability to sign an informed consent and the
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Casaletto — Physical activity and microglia activation 5
Anatomical Gift Act. All included participants also signed a repository consent to allow their data to be

repurposed. MAP was approved by a Rush University Medical Center Institutional Review Board and is
conducted in accordance with the latest Declaration of Helsinki, including written informed consent from all
participants.

CLINICAL ASSESSMENTS

Assessment of daily physical activity.

Physical activity was measured continuously for 24 hours/day for up to 10 days per visit with an omnidirectional
accelerometer worn on the non-dominant wrist (Actical; Mini Mitter, Bend; OR). Actical provides estimates of
activity counts per 15 second epochs. Records were visually examined for periods of suspected device
removal. Incomplete days of data were excluded from analyses. Incomplete data were determined based on
inspection of the recordings via an automated program that flagged average daily counts at the extremes:
~0/day or >500/day. Only participants with valid data for 1+ days were included in analyses. Daily raw activity
counts were then averaged based on all 15 second epochs for each day with full actigraphy data. On average
in the MAP cohort, there were more than 3 x 10° activity counts/day; raw counts were divided by 1 x 10°
(approximately 1 SD) to facilitate presentation (Buchman et al., 2012, 2018). Daily actigraphy counts were
averaged across available visits of actigraphy data (mean visits=1.05 (SD=1.2), range: 1-6; Table 1) to create
an indicator of late life activity less heavily influenced by a single time point. We examined how associations
differed using actigraphy averaged across visits versus actigraphy at first visit or last visit. The pattern of
results was the same. To utilize a more representative indicator of late life physical activity levels, average
actigraphy across visits was used in all subsequent analyses following a similar approach in a prior MAP
study(Lim et al., 2020).

Assessment of motor function

Ten motor performances were assessed at baseline and at each annual follow-up visit including grip strength,
pegboard test, finger tapping, gait speed and steps, turn time and steps, pinch strength, leg stand, and toe
stand (Buchman et al., 2012). These performances were summarized into a single global performance metric

(motor10). Motor performance measures were averaged to align this metric with averaged physical activity. All
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Casaletto — Physical activity and microglia activation 6
models adjusted for the summary motor performance metric (i.e., physical activity levels accounting for level of

motor function).

Assessment of cognitive function

Global cognition was estimated using a z-score composite of 17 cognitive tests examining episodic memory,
visuospatial processing, semantic memory, working memory, and processing speed. Cognitive testing is
collected on all participants annually since the inception of Rush MAP in 1997. In the subset of participants
who also completed actigraphy monitoring and microglial markers, participants completed 6.4 annual testing
visits on average (SD= 2.8, range= 1-14 visits). All available cognitive data were incorporated into linear mixed
effects models to estimate the effect of time (years) on cognitive performance. Individual-specific random
cognitive slopes were then extracted from linear mixed models for analyses, per prior publications(Yang et al.,
2018).

Other Clinical Covariates

Demographics variables used in these analyses included age which was based on birth date obtained at

baseline exam, as well as sex and years of education.

POSTMORTEM INDICES

Microglial activation quantification

Brain tissue was analyzed for the presence of major histocompatibility complex 1l (MHCII) related microglia
activation at three stages of severity (stage I, Il, Ill) in four brain regions: midfrontal gyrus, inferior temporal (IT)
gyrus, posterior putamen, and ventromedial caudate. These four regions were originally selected as part of the
larger Rush MAP study to capture both cortical and subcortical areas affected by microglial activation across
different pathologies and cognitive/motor outcomes.

Activated microglia were tagged via immunohistochemistry using an Automated Leica Bond
immunostainer (Leica Microsystems Inc., Bannockborn, IL) and anti-human HLA-DP-DQ-DR antibodies (clone
CR3/43; DaktoCytomation, Capinteria, CA; 1:100 dilution; catalog #MA1-25914). Separately, cells were staged
by a blinded investigator based on morphology: stage | (thin ramified processes), stage Il (rounded cell body

>14um with thickened processes), or stage Il (appearance of macrophages, cell body > 14um) using Stereo



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

Casaletto — Physical activity and microglia activation 7
Investigator 8.0 software (4.0% region sample with 200 x 150um counting frame at 400x magnification). Two

adjacent blocks of tissue (0.5 to 1 cm apart) were quantified and activated microglia counts were upweighted
by stereology software to estimate total number by stage in defined regions. For each stage, number of
activated microglia were summed, divided by area, and multiplied by 10° to obtain a composite average
density by region. In the brain, MHCII is primarily expressed on microglia and generally considered to be a
marker of reactive cells(Hopperton et al., 2018; Swanson et al., 2020); therefore, the HLA-DP-DQ-DR isoforms
quantified here generally reflect densities of “activated microglia” versus total microglial count.

A summary index of the proportion of morphologically activated microglia (PAM) was calculated

following a recently validated approach(Felsky et al., 2019):

PAM, = 23
T[Sl + 52, + 53,

r represents each of the four regions and S1-3 represent microglial densities across activation stages. PAM
was developed to be a sensitive index of the most activated microglia states consistent with disease(Felsky et
al., 2019). For example, iterative model fitting and sensitivity analyses demonstrated that PAM was a better
discriminator of AD pathology compared to examination of microglia at individual stages. As such, we selected
PAM as our primary outcome to reflect a global index of microglia activation, which also reduced issues
regarding multiple comparisons.

Assessment of Brain Neuropathologies.

Global AD pathology was summarized from counts of three indicators: neuritic plaques, diffuse plaques, and
neurofibrillary tangles, as determined by microscopic examination of silver-stained slides from 5 regions
(midfrontal cortex, midtemporal cortex, inferior parietal cortex, entorhinal cortex, and hippocampus). The
regional measures for each pathology type were averaged to obtain summary measures, and the three
summary measures were averaged to obtain measures of global AD pathology. Hippocampal sclerosis was
quantified unilaterally in a coronal section of the midhippocampus at the level of the lateral geniculate body,
and graded as present or absent based on severity of neuronal loss and gliosis in CA1 and/or subiculum. A
semi-quantitative summary of cerebral amyloid angiopathy (CAA) in 4 neocortical regions (midfrontal,

midtemporal, parietal, and calcarine cortices) was utilized using a severity rating scale (0 = None; 1 = Mild; 2 =

7
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Casaletto — Physical activity and microglia activation 8
Moderate, 3 = Severe). LBD was measured using four stages of a-synuclein distribution in the brain based on

a standardized procedure and neuropathologist’s evaluation (0 = not present, 1= nigral-predominant, 2 =
limbic-type, 3= neocortical-type). Presence of TDP-43 cytoplasmic inclusions in neurons and glia were
determined for each region (yes vs. no) and four stages of TDP-43 distribution were identified (0=None, 1=
Amygdala, 2 = Amygdala + Limbic, 3= Amygdala + Limbic + Neocortical). Macro and microinfarcts were
determined as present or missing (0=None, 1 = One or more). Arteriolosclerosis was defined based on a
semiquantitative grading system (0=None, 1 = Mild, 2= Moderate, 3 = Severe) of histological changes
commonly found in the small vessels of the brain during aging, including intimal deterioration, smooth muscle
degeneration, and fibrohyalinotic thickening of arterioles with consequent narrowing of the vascular lumen in
the vessels of the anterior basal ganglia. Atherosclerosis severity was determined by visual inspection and
ranged from None or possible (0) to Severe (3- In more than half of all visualized arteries, and/or more than

75% occlusion of one or more vessels).

Synaptic protein. Synaptic integrity was quantified as average levels of 6 synaptic proteins previously shown
to demonstrate significant relationships with physical activity (SNAP-25, complexin-1, synaptophysin,

synpatotagmin-1, syntaxin, VAMP)(Casaletto et al., n.d.).

Frozen gray matter samples were used to prepare homogenates at a consistent protein concentration,
followed by serial dilution for ELISA(Honer et al., 2012). Average synaptic levels were estimated within the
ventromedial caudate, posterior putamen, and inferior temporal and middle frontal gyri, separately, to
correspond with microglial marker regionality. Monoclonal antibodies quantified synaptophysin, synaptotagmin-
1, SNAP-25, syntaxin, VAMP, and complexin-I(Matthew et al., 1981; Honer et al., 1989, 1993; Takahashi et al.,
1995). Values were expressed in log10 units and standardized within regions for each participant. Individual
protein levels provide information regarding integrity of the presynaptic compartment, higher values indicate
more protein available and have been associated with better cognitive aging(Honer et al., 2012; Boyle et al.,

2013a).

Statistical Analyses



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

Casaletto — Physical activity and microglia activation 9
Our overarching goal was to determine the relationship between physical activity and microglial

markers in older adults, including examination of the moderating effect of neuropathologies. We additionally
tested microglial activation as a mediating pathway between physical activity and 1) synaptic or 2) cognitive
outcomes.

We evaluated bivariate correlations between physical activity (daily actigraphy counts) and proportion
of morphologically activated microglial (PAM) globally, as well as in the ventromedial caudate, posterior
putamen, inferior temporal (IT) gyrus and middle frontal gyrus. We adjusted p-values for False Discovery Rate
(FDR) associated with four comparisons; FDR adjusted p-values <0.05 were considered statistically significant.

Next, we examined how relationships between physical activity and microglial activation may be altered
in the context of other pathologies. To reduce potential for overfitting with our relatively small sample size, we
entered 9 pathology predictors as covariates in a single multivariable model and applied a backward stepwise
regression approach (i.e., DLB, CAA, macroinfarcts, microinfarcts, TDP43, hippocampal sclerosis,
arteriolosclerosis, CVDA, global AD). The model included fixed covariates adjusting for age, sex, education,
and motor10 performances and optimized for minimum Bayesian information criterion (BIC) using combined
removal rules for pathology indicators. Next, we evaluated a series of individual models testing the moderating
effect of each pathology (average physical activity x pathology) predicting microglial activation to determine if
observed relationships were more relevant in individuals with specific pathologies. In sensitivity analyses, we
further tested if relationships between physical activity and PAM were driven by individuals at specific clinical
disease stages (NCI vs. MCI vs. dementia) or by sex via regression interaction models.

Lastly, we examined relationships between PAM indicators with global cognition and synaptic integrity,
separately. We only examined PAM regions that showed significant associations with physical activity. Finally,
based on our findings, models were integrated and tested in two comprehensive moderated mediation models
(Figure 3). Specifically, we tested if IT PAM mediated the relationship between physical activity and synaptic or
cognitive outcomes (separately), and if this mediation was further moderated by AD pathology. We tested
hypotheses of moderated mediation (Model 7) using SPSS PROCESS macro package (Hayes, n.d.). The
conditional indirect effect (i.e., mediating effect of ITPAM at differing levels of AD pathology) was estimated

using a 5000-sample bootstrap procedure via bias-corrected 95% confidence intervals (Cl) to test significance.
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Casaletto — Physical activity and microglia activation 10
If Cls do not contain 0, the conditional indirect relationship is considered statistically significant. The magnitude

of the mediation (i.e., proportion of the X-Y relationship explained by mediator) was estimated by calculating:
(indirect effect) / (total effect) x 100%. We adjusted for age, education, sex, and motor10 composite scores in
all final models. Moderated mediation models were conducted using packages in SPSS and all other analyses

were conducted in IMP14.

Results
167 participants completed actigraphy monitoring and neuropathological evaluation for microglial activation
markers in brain tissue. Participants averaged 86-years-old at first actigraphy evaluation and three years until
autopsy. The cohort was roughly evenly distributed across clinical diagnoses (i.e., no cognitive impairment
{NCI}, MCI, dementia) and about 60% met NIA-Reagan criteria for neuropathological AD (Table 1).

[Table 1]

Correlational analyses examining the four regions of microglia activation evidenced moderate, positive
correlations between PAM striatal markers (PAM ventromedial (VM) caudate and posterior putamen: r= 0.66,
p<0.001) and between PAM cortical markers (PAM IT and middle frontal gyrus: r=0.67, p<0.001), but small
associations in PAM markers across striatal to cortical regions (r range= 0.20 to 0.27, ps<0.02). Greater global
PAM activation was not strongly associated with age at death (r=0.13, p=0.15), education (r=0.01, p=0.87), or
sex (t= -0.74, p=0.45). Greater average physical activity was associated with younger age (r=-0.25, p=0.002)
and better average motor performance scores (r=0.37, p<0.001), but did not significantly relate to sex (t= -0.49,
p=0.63) or education (r=-0.07, p=0.37).

Bivariate associations demonstrated a modest, inverse relationship between average physical activity
and global PAM that did not reach significance (r=-0.17, p=0.053). Regionally, this relationship appeared to be
driven by PAM in the VM caudate (r=-0.20, FDR-adj. p=0.04) and IT gyrus (r=-0.19, FDR-adj. p=0.04; Figure
1). Relatively smaller associations were observed between physical activity and PAM in the posterior putamen
(r=-0.15, FDR-adj. p=0.08) and middle frontal gyrus (r=-0.07, FDR-adj. p=0.36). Given the observed region-
specific associations, all subsequent models examined PAM in the VM caudate and IT gyrus as primary

outcomes of interest.

10
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Casaletto — Physical activity and microglia activation 11
[Figure 1]

Physical Activity and Microglia Activation: Pathology-specific effects.
Adjusting for age, sex, and education, backward stepwise regression tested simultaneous entry of nine
common pathology indicators on the relationship between physical activity and PAM in the VM caudate or IT.
Models indicated that adjustment for pathology burden did not explain further variance or alter the size of the
relationship between physical activity and PAM in the VM caudate (Table 2). However, adjustment for global
AD pathology increased the effect size of the relationship between physical activity and PAM in the IT gyrus
(Table 2). We further covaried for average motor performance scores in both models to adjust for effect of
motor symptoms contributing to physical activity engagement (i.e. reverse directionality). With adjustment, the
relationship between physical activity and VM caudate PAM slightly increased (= -0.19 to -0.22), while the
relationship between physical activity and IT PAM slightly decreased (B = -0.20 to -0.17); in both final models,
physical activity remained a statistically significant predictor, while motor performance was not (ps>0.33; Table
2).

[Table 2]

Next, we tested the moderating effect of individual pathology indicators to determine if the relationship
between physical activity and reduced regional PAM was specific to adults with certain pathologies. There was
a significant interaction between physical activity and microinfarcts on VM caudate PAM (interaction b= -0.02,
se=0.01, p=-0.19, p=0.037), as well as between physical activity and AD pathology on IT PAM (interaction
b=-0.02, se=0.006, B=-0.18, p=0.01; Figure 2). Individuals with microinfarcts demonstrated a stronger
relationship between physical activity and decreased PAM in the VM caudate. Similarly, individuals with
greater AD pathology burden demonstrated a stronger relationship between physical activity and lower PAM
IT. Framed another way, high physical activity adults with microinfarcts or high AD pathology burden
demonstrated disproportionately lower microglial activation compared to their low activity peers with the same
pathology burdens. No other statistically significant interactions emerged (all p-values>0.10).

[Figure 2]

11
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Casaletto — Physical activity and microglia activation 12
Further adjusting for clinical diagnosis (NCI vs. MCI vs. dementia), model estimates remained

unchanged and no interactions were observed (all p-values>0.30). Additionally, there were no interactions

between physical activity and sex (all p-values>0.46).

Physical activity, Microglial activation and Synaptic or Cognitive outcomes.

To build on prior works showing an association of physical activity with synaptic and cognitive
outcomes(Casaletto et al., n.d.; Buchman et al., 2012, 2018) and to inform clinical relevance of our findings, we
evaluated relationships between PAM in the VM caudate or IT gyrus with synaptic proteins and cognitive
function.

Adjusting for age, sex, and education, higher PAM IT was associated with declining global cognition
(b=-0.57, se=0.12, B=-0.36, p<0.001) consistent with a recent report (Felsky et al., 2019), as well as lower
synaptic integrity markers in the IT gyrus (b=-3.67, se=1.31, B=-0.22, p=0.006). VM caudate PAM did not
relate to cognition (b=-0.10, se=0.17, B=-0.05, p=0.57) or synaptic markers in the VM caudate (b=-1.90,
se=1.51, B=-0.11, p=0.21).

Given observed relationships between PAM IT with 1) physical activity, moderated by AD pathology;
and 2) cognitive and synaptic outcomes, we integrated models to test two final (separate) moderated mediation
models (Figure 3). We hypothesized that the positive relationship between physical activity and cognitive or
synaptic integrity outcomes would be mediated by lower PAM in the IT gyrus, and that this effect would be
most prominent in individuals harboring AD pathology. The conditional indirect effects in both final moderated
mediation models were significant supporting the hypothesized relationships (Table 3; Figure 3). Examining
direct and indirect effects, approximately 35% of the relationship between physical activity and synaptic
proteins in the IT was estimated to be mediated through PAM IT (in individuals with average AD burden). The
magnitude of the mediational effect was larger in those with greater AD pathology (i.e., 47% in those with high
AD pathology (84"™%ile)) and smaller in those with lower AD pathology (i.e., 1% in those with low AD pathology
(16"%ile)). Similarly, approximately 32% of the relationship between physical activity and cognition was

estimated to be mediated through PAM IT. Again, the magnitude of the mediation was larger in individuals with

12
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Casaletto — Physical activity and microglia activation 13
greater AD pathology (i.e., 44% in those with high AD pathology burden (84™%ile)) and smaller in those with

lower AD pathology burdens (i.e., 8% in those with low AD pathology (16"%ile SD)).
[Table 3, Figure 3]
IT PAM cognitive models were particularly driven by performances in semantic and episodic memory
(Table 4). To support specificity, we further show that moderated mediation models examining VM caudate
PAM did not reach significance (Table 5), suggesting the observed relationships may be most clinically
relevant in the IT.

[Tables 4 and 5]

Discussion

Physical activity induces glial changes and microglia mediate activity-related neurogenesis in animal
models(Diamond et al., 1964; Ehninger and Kempermann, 2003; Choi et al., 2008; Vukovic et al., 2012b). We
describe the first human data showing greater physical activity is associated with a lower proportion of
microglial activation in brain tissue, and this effect mediates the relationship between activity and synaptic or
cognitive outcomes. The observed relationships were independent of motor function and severity of cognitive
impairment, both of which could impact physical activity engagement. The characteristics of the relationship
demonstrated regional specificity to microglia in the VM caudate and IT gyrus and was particularly pronounced
in individuals with microinfarcts and/or AD pathology. Of clinical relevance, only PAM in the IT gyrus mediated
the relationship between physical activity and synaptic or cognitive outcomes, and this relationship was
dependent on degree of AD burden. Namely, lower IT microglial activation explained >40% of the beneficial
relationship between physical activity and synaptic or cognitive outcomes in adults with greater AD burden;
only minimal variance (<10%) was mediated by IT microglial activation in adults with low AD pathology. Our
data are limited by the observational design, preventing implications regarding causality and bidirectionality of
effects are likely (i.e., microglial activation causing less physical activity engagement). Nonetheless, these data
suggest that reduced microglial activation may be a meaningful pathway linking physical activity to age-related
brain health in humans, and adults who stand to clinically benefit most from physical activity may be those with

AD-related microglial activation.
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Our data directly build on and translate a growing number of animal studies highlighting microglial

functioning as a nexus between physical activity and brain health. Longstanding in-vivo studies of exercised
animals show proliferation of glia, increased expression of neurotrophic factors by microglia, as well as
reductions in pro-inflammatory microglia activation states in brain tissue(Ehninger and Kempermann, 2003;
Kohman et al., 2012, 2013; Littlefield et al., 2015; He et al., 2017; Mee-inta et al., 2019). It is important to note
that microglial quantification in our data utilized a common antibody indicative of reactive microglial (anti-
human HLA-D- DQ-DR) along with morphologic staging. Our microglial outcome therefore represents the
proportion of highest activated microglia(Felsky et al., 2019) thought to be reflective of “M1” pro-inflammatory
microglial phenotypes. Although we show that greater physical activity is related to lower proportion of
microglial activation, we cannot yet evaluate potential relationships between physical activity with total
microglial number or preponderance of protective states (e.g., “M2” states). However, recent data demonstrate
that HLA-DR expression at least modestly correlates with expression of a panel of other proteins reflective of
other microglial states and functions (e.g., TMEM119, CD163, CD32, L-Ferritin) in Iba-1+ cells from human
brain tissue, supporting utility and some generalizability of this approach(Swanson et al., 2020). Interestingly,
HLA-DR expression appears to be equally represented in gray and white matter tissue and may be present on
both microglia and perivascular monocyte cells. Taken together, it is possible the observed relationship
between physical activity and lower HLA-DP-DQ-DR expression may reflect both “true” microglial and/or
perivascular monocyte activation states in gray and white matter. Microglia are highly heterogeneous and
dynamic cells with a host of physiologic functions. It is possible that we did not fully capture other forms of
microglial activation not reflected by HLA isoforms. Additionally, the precise molecular cascade through which
physical activity promotes microglial homeostasis are not clear, although complement and coagulation
signaling are highly implicated(De Miguel et al., 2019; Horowitz et al., 2020). Further work is needed to more
systematically elucidate questions regarding upstream microglial signals, proliferation, and protective
phenotypes induced by activity behaviors in humans.

Further, we found the relationship between physical activity and lower PAM was regionally specific and
dependent on burden of pathologies common within those regions. For instance, the physical activity-PAM

relationship in the VM caudate was particularly driven by individuals with microinfarcts (common region for
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cerebrovascular disease), whereas in the IT gyrus, the relationship was driven by individuals with AD

pathology (prominent region of AD accumulation). These data suggest that older adults with greater pathology
burden but high activity levels show disproportionately lower disease-related microglial activation compared to
low activity peers with the same pathology burden. Or framed another way, among adults with low activity
levels, pathology burden shows a stronger relationship with microglial activation, an effect that is attenuated
among those with high physical activity levels. The apparent regionality of the activity-PAM relationship was
not necessarily hypothesized. However, given that microinfarcts and AD pathologies preferentially affect
caudate and IT regions, perhaps physical activity is most relevant for disease-related microglial activation and
these regions were simply susceptible to disease. Taken together, it is possible that these “regional”
relationships reflect disease effects. This may be particularly relevant in the AD models. HLA-DR was originally
identified and developed to represent microglial activation because of its proclivity to surround amyloid plaques
in AD; in other words, our use of HLA-DR may be particularly sensitive to AD-related microglial activation.
Indeed, we found that AD-related microglial activation significantly mediated the beneficial relationship
between physical activity and synaptic or cognitive functioning. These latter data converge closely with in-vivo
animal exercise studies showing decreased microglial activation concurrently with increased synaptic integrity
markers and improved behavior in AD transgenic mice(Xiong et al., 2015; He et al., 2017), as well as AD in-
vitro experiments demonstrating microglia as a mediator the synapto- and neurogenic benefits of exercise(Choi
et al., 2008; Vukovic et al., 2012a). In the context of typical brain development, microglia are critical modulators
of healthy synaptic pruning, a process hypothesized to go awry and become destructive in neurodegenerative
states(Schafer et al., 2012, 2013; Li and Barres, 2018b). Our data lend further human support towards these
models, suggesting that activity-related reductions in neurotoxic microglial states may be intimately related to
maintenance of synaptic integrity in the context of amyloid and tau pathology. Given that AD is the most
common form of dementia and a majority (>65%) of older adults die with AD pathology (regardless of clinical
status)(Boyle et al., 2013b; Ossenkoppele et al., 2015), our findings help guide our understanding of how and
in whom physical activity may confer “resilience” for a substantial portion of the aging population.

These data have several implications for therapeutic approaches to cognitive aging. First, these data

help inform more precision-health approaches for physical activity recommendations — namely, older adults
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with greater AD pathology burden and particularly AD-related microglial activation may demonstrate greatest

gains in synaptic and cognitive outcomes following exercise. Given the increased accessibility and reliability of
AD biomarkers (e.g., plasma), risk-stratification may be a useful approach to prescribe exercise in clinic and
useful for prospective behavioral intervention studies aiming to capture the largest effects. Although reliable
microglial markers are not yet clinically available, in research, CSF proteins (e.g., STREM2, MCP-1, YKL-40) or
molecular PET ligands (e.g., TSPO )(Werry et al., 2019) reflecting glial activation are underway and may have
utility as risk-stratification and/or exercise prognostication and monitoring tools. It is possible that not all older
adults will benefit from exercise(Barnes et al., 2013; Lamb et al., 2018). We suggest that more precise
targeting and monitoring tools (e.g., pathology-risk or biomarker stratification) are needed to identify individuals
who may benefit. Physical activity is also associated with development of age-related cognitive reserve and
resilience (i.e., clinical outperformance of neuropathological burden). For instance, physical activity attenuates
brain-to-cognition relationships, such that high activity older adults demonstrate better cognitive performances
than their low activity peers, despite comparable levels of neurodegeneration or white matter injury(Casaletto
et al., 2020a, 2020b). Our data suggest that reduced microglial activation may be one pathway through which
physical activity promotes cognitive resilience, particularly in the context of AD pathology. Identification of
biological pathways, and ultimately molecules, underlying cognitive reserve and resilience are high import
targets for cognitive aging. Characterization of resilience-related behaviors may be an effective strategy to
uncover these pathways.

There are several important limitations. First, our observational design precludes conclusions regarding
directionality or causality of effects. It is likely that the relationship between physical activity and microglial
activation is bidirectional, and some effects are at least in part related to reverse causality (i.e., microglial
activation leading to reductions in physical activity). However, these data build on experimental animal models
showing at least some directional beneficial effects of activity on microglial homeostasis. We also statistically
adjusted for factors that may contribute to reverse causality (i.e., motor symptoms, clinical severity). Regarding
pathology-specific findings, our metric of global AD pathology was continuous which may have allowed
detection of effects with higher sensitivity compared to other categorical pathology indicators (e.g., ordinal

grading of LBD, TDP-43, etc.). Additionally, microglial and other pathology markers may be influenced by
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agonal and other effects of death on tissue. We did not observe a significant relationship between post-mortem

interval and microglial markers (r range= 0.09 to 0.12, all p-values >0.11) or an effect of post-mortem interval in
our models (data not shown). In most pathologic processes, the histologic evidence of microglia activation
takes hours if not days. Indeed, with hypoxia there appears to be minimal effect on microglia activation if death
occurs within hours, such that agonal events are unlikely to change morphology. However, illnesses that are
more subacute or chronic proximate to death could potentially influence microglia activation and may confound
results. Regarding physical activity quantification, though actigraphy provides a more objective indicator of
activity levels, these analyses cannot determine how engagement in structured or specific exercise activities
may specifically impact brain outcomes. Lastly, the cohort of older adults from MAP who completed both
actigraphy monitoring and quantification of microglial markers was relatively small and homogeneous.
Comprehensive characterization of these relationships in cohorts representing diverse cultural, socioeconomic,
and pathologic risk factors are needed to determine generalizability and inform precision behavioral
intervention goals.

Despite the limitations, these are the first data supporting microglial activation as a physiological
pathway by which physical activity supports brain heath in humans. These findings contribute to our
fundamental understanding of brain development in late life and the biological pathways that may connect
everyday behaviors to the brain. Though more interventional work is needed, we suggest that physical activity

may be a modifiable behavior leveraged to reduce pro-inflammatory microglial states in humans.
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Table 1. Participant clinical and pathological characteristics at baseline actigraphy visit. Mean and SD reported
unless otherwise specified. MMSE = Mini mental status exam; IQR = interquartile range. Daily physical activity
counts divided by 1 x 10° (approximately 1 SD) to facilitate presentation.

N=167
Age, vy | 85.9 (5.8)
Education, y | 14.6 (2.6)
Sex (%, n; Female) | 66.5% (111)
MMSE (median, IQR) | 27 (25, 29)
Average Physical Activity (Daily Counts) | 2.10 (1.15)
Actigraphy visits (%, n) | 1.05 (1.2) range: 0-6
100% (167)
64.1% (107)
34.7% (58)
18.6% (31)
10.8% (18)
1.8% (3)

OO WNE

Neurocognitive diagnosis (%, n)
Clinically Normal | 39.5% (66)

Mild Cognitive Impairment | 27.5% (46)
Dementia | 32.9% (55)

Years to death | 3.2 (1.6)
Post-mortem interval, hrs (median, IQR) | 6.3 (5.2, 8.3)
Pathologic Alzheimer’s Disease (Reagan criteria, %, n) | 59.9% (100)
Proportion of Morphologically Activated Microglia (PAM)
Inferior temporal gyrus | 0.08 (0.06)
Middle frontal gyrus | 0.09 (0.06)
Ventromedial caudate | 0.06 (0.05)
Posterior Putamen | 0.09 (0.05)
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regional proportion of morphologically activated microglia (PAM).

Estimate(se);
Std. Beta
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Table 2. Final backward stepwise regression models evaluating the relationship between physical activity and

PAM Ventromedial Caudate

PAM Inferior Temporal Gyrus

Age

Sex
Education
Motor10

AD pathology

Physical activity

*p<0.01; *p<0.05

0.001 (0.001);
0.09

-0.004 (0.005);
-0.08

0.0003 (0.002);
0.02

0.03 (0.03);
0.10

-0.01 (0.004);
-0.23

0.001 (0.001);

0.06

0.01 (0.005);
0.12

0.002 (0.002):
0.07

-0.02 (0.03);
-0.06

0.04 (0.007);
0.39*

-0.009 (0.004);
-0.17*

Note. Age, sex, education, motorl10 and physical activity were locked effects in models and 9 pathology
indicators were evaluated (AD pathology, arteriolosclerosis, CAA, TDP-43, DLB, microinfarcts, macroinfarcts,
CVDA, hippocampal sclerosis) and optimized for minimum BIC using combined entry rules.
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Casaletto — Physical activity and microglia activation 24
Table 3. Moderated mediation models examining the mediating effect of inferior temporal microglial activation
(PAM IT) on the relationship between physical activity and (Model 1, N=156) global cognitive outcomes or
(Model 2, N=154) synaptic integrity markers in the inferior temporal gyrus.

Effect se p 95%ClI
Moderation effect (Physical activity x AD pathology - PAM IT)

Age | 0.0005 0.0008 0.49 -0.001, 0.002

Sex | -0.015 0.009 0.11 -0.032, 0.033
Education | 0.0017 0.0017 0.32 -0.0017, 0.005

Motor10 | -0.026 0.030 0.39 -0.085, 0.033

AD pathology | 0.076 0.016 <0.001 0.045, 0.011

Physical activity | 0.001 0.006 0.89 -0.011, 0.012
Physical activity x AD | -0.016 0.007 0.014 -0.029, -0.003

Model 1: Direct effect (Physical activity = Cognition)

Age | 0.005 0.0012 <0.001 0.002, 0.007
Sex | -0.024 0.015 0.11 -0.052, 0.005
Education | -0.002 0.003 0.54 -0.007, 0.004
Motor10 | 0.089 0.048 0.065 -0.006, 0.184
PAMIT | -0.50 0.12 <0.001 -0.734, -0.267
Physical activity | 0.017 0.007 0.011 0.004, 0.030

Model 1: Conditional Indirect effects (Physical activity -> PAM IT -> Cognition, at levels of AD pathology)

Index of Moderated | Index: 0.008 0.005 - 0.002, 0.019
Mediation
AD pathology --
Low (16"%ile) 0.002 0.003 -0.005, 0.006
Medium (50"%ile) 0.004 0.003 0.002, 0.01
High (84"™%ile) 0.011 0.005 0.003, 0.023

Model 2: Direct effect (Physical activity = Synapse IT)

Age | 0.026 0.014 0.055 -0.005, 0.053

Sex | -0.032 0.161 0.84 -0.351, 0.287

Education | 0.012 0.030 0.69 -0.047, 0.072
Motor10 | -0.036 0.53 0.95 -1.084, 1.012

PAMIT | -3.573 1.34 0.008 -6.22, -0.928

Physical activity | 0.105 0.073 0.154 -0.040, 0.249

Model 2: Conditional Indirect effects (Physical activity -> PAM IT -> Synapse IT, at levels of AD pathology)

Index of Moderated | Index: 0.057 0.033 -- 0.007, 0.135
Mediation
AD pathology --
Low (-1 SD) 0.002 0.020 -0.038, 0.042
Medium (Average) 0.029 0.018 0.001, 0.070
High (+1 SD) 0.076 0.037 0.016, 0.161
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Casaletto — Physical activity and microglia activation 25
Note. AD = Alzheimer’s disease; IT = inferior temporal gyrus; PAM = proportion of morphologically activated
microglia. Both models estimated indirect effects of PAM IT (mediation) conditional on AD pathology burden
(moderation) using 5000-sample bootstrapping. 16™%ile roughly corresponds to -1 SD and 84" %ile roughly
corresponds to +1 SD.
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Table 4. Moderated mediation models examining the mediating effect of inferior temporal (IT) microglial
activation (PAM) on the relationship between physical activity and episodic or semantic memory slopes

(N=156).
Effect se p 95%ClI
Episodic Memory: Direct effect (Physical activity - Episodic Memory)
Age | 0.004 0.0014 0.002 0.002, 0.007
Sex | -0.026 0.016 0.11 -0.058, 0.006
Education | -0.002 0.003 0.49 -0.008, 0.004
Motor10 | 0.067 0.053 0.21 -0.038, 0.172
PAMIT | -0.458 0.131 <0.001 -0.716, -0.199
Physical activity | 0.014 0.007 0.070 -0.001, 0.028

Conditional Indirect effect:

Index of Moderated
Mediation
AD pathology
Low (16"%ile)
Medium (50" %ile)
High (84"%)

Semantic

Age

Sex

Education
Motor10

PAM IT

Physical activity

Conditional Indirect effe

Index of Moderated
Mediation
AD pathology
Low (16"%ile)
Medium (50" %ile)
High (84"%)

s (Physical activity -> PAM IT -> Episodic Memory, at levels of AD pathology)

Index: 0.008 0.004 -- 0.001, 0.016
0.002 0.003 -0.005, 0.005
0.004 0.002 0.001, 0.009
0.010 0.004 0.003, 0.020

Memory: Direct effect (Physical activity - Semantic Memory)

0.003 0.014 0.014 0.007, 0.006
-0.031 0.160 0.056 -0.351, 0.287
0.012 0.030 0.69 -0.062, 0.008
0.006 0.053 0.92 -0.098, 0.110
-0.538 0.130 0.0001 -0.794, -0.282
0.021 0.007 0.005 0.007, 0.036

cts (Physical activity -> PAM IT -> Semantic Memory, at levels of AD pathology)

Index: 0.009 0.005 -- 0.002, 0.020
0.002 0.003 -0.006, 0.006
0.004 0.003 0.002, 0.010
0.011 0.005 0.003, 0.024

Note. IT = inferior temporal gyrus; PAM = proportion morphologically activated microglia. Models estimated
indirect effects of PAM IT (mediation) conditional on AD burden (moderation) using 5000-sample

bootstrapping.
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Casaletto — Physical activity and microglia activation 27
Table 5. Moderated mediation models examining the mediating effect of ventromedial caudate microglial
activation (PAM) on the relationship between physical activity and (Model 3, N=134) global cognitive outcomes
or (Model 4, N=131) synaptic integrity markers in the ventromedial caudate.

Effect se p 95%ClI
Moderation effect (Physical activity x Microinfarct 2 PAM VM caudate)
Age | 0.001 0.002 0.16 -0.0004, 0.0026
Sex | 0.004 0.009 0.63 -.0136, 0.022
Education | 0.001 0.0017 0.32 -0.002, 0.005
Motor10 | 0.033 0.031 0.30 -0.030, 0.095
Microinfarcts | 0.044 0.018 0.016 0.008, 0.079
Physical activity | -0.003 0.005 0.51 -0.013, 0.006
Physical activity x | -0.015 0.007 0.042 -0.030, -0.005
Microinfarcts

Model 3: Direct effect (Physical activity = Cognition)

Age | 0.005 0.002 0.001 0.002, 0.008
Sex | -0.009 0.017 0.61 -0.043, 0.026

Education | -0.007 0.003 0.058 -0.013, 0.0002
Motor10 | 0.10 0.057 0.078 -0.012, 0.216
PAM VM Caudate | 0.005 0.17 0.98 -0.330, 0.339
Physical activity | 0.020 0.008 0.010 0.005, 0.035

Model 3: Conditional Indirect effects (Physical activity -> PAM VM Caudate -> Cognition, with or without
microinfarcts)

Index of Moderated | Index: -0.001 0.0024 -- -0.004, 0.005
Mediation
Microinfarcts -
No 0.000 0.009 -0.002, 0.002
Yes -0.001 0.003 -0.005, 0.006

Model 4: Direct effect (Physical activity = Synapse VM Caudate)

Age | 0.018 0.014 0.19 -0.009, 0.045
Sex | 0.073 0.159 0.65 -0.243, 0.388
Education | 0.068 0.032 0.63 -0.003, 0.005
Motor10 | 0.029 0.032 0.04 0.004, 0.132
PAM VM Caudate | -1.685 1.557 0.28 -4.77,1.40
Physical activity | 0.084 1.39 0.16 -4.72,0.771

Model 4: Conditional Indirect effects (Physical activity -> PAM VM Caudate -> Synapse VM Caudate, with
or without microinfarcts)

Index of Moderated | Index: 0.0234 0.0261 - -0.021, 0.082
Mediation
Microinfarcts --
No 0.005 0.012 -0.016, 0.036
Yes 0.029 0.030 -0.026, 0.094
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Note. VM caudate = ventromedial caudate; PAM = proportion morphologically activated microglia. Models
estimated indirect effects of PAM VM caudate (mediation) conditional on microinfarct burden (moderation)
using 5000-sample bootstrapping.
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Casaletto — Physical activity and microglia activation 29
Figure 1. Scatterplots depicting bivariate relationships between average physical activity and proportion of
morphologically activated microglia (PAM) across regions (raw data). Fitted regression line and 95% ClI
depicted.
Note. Daily physical activity counts divided by 1 x 10° (approximately 1 SD) to facilitate presentation. *p<0.05.
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Casaletto — Physical activity and microglia activation 30
Figure 2. Plots of predicted relationship between physical activity and microglial activation as moderated by
pathology. Fitted regression lines and 95%CI bands depicted.

Note. Interaction regression models adjusted for age, sex, education, and motor10 composite. VM Caudate =
ventromedial caudate; IT = inferior temporal gyrus.; AD = Alzheimer’s disease. Daily physical activity counts
divided by 1 x 10° (approximately 1 SD) to facilitate presentation.
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Casaletto — Physical activity and microglia activation 31
Figure 3. Conceptual diagram of moderated mediation models.

Models examine the mediating effect of inferior temporal microglial activation (PAM IT) on the relationship
between physical activity and global cognitive outcomes (Model 1, N=156) or synaptic integrity markers in the
inferior temporal gyrus (Model 2, N=154). Both models estimated indirect effects of PAM IT (mediation)
conditional on AD pathology burden (moderation). Values indicate unstandardized estimates.
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Model 1: Synaptic integrity markers
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