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1 | INTRODUCTION
Delirium is a common neurologic complication frequently
encountered after major surgery, such as cardiac and or-
thopedic, which can impact neurodegenerative processes
and contribute to significant mortality and morbidity in
older and frail patients.' Indeed, patients with Alzheimer’s
disease (AD) often require orthopedic surgery to repair a
broken limb and become particularly vulnerable to com-
plications, including postoperative delirium (POD), an
acute state of cognitive impairment that develops in the
hospital setting.”™* POD is associated with an increased
1-year mortality and a worsening of cognitive trajecto-
ries in patients with pre-existing neurodegeneration.>®
Despite the prevalence of POD in this population, the
pathophysiology of delirium superimposed on dementia
(DSD) remains poorly understood and without disease-
modifying or prophylactic therapeutic interventions.
Vascular etiologies for cognitive impairment and de-
mentia are a growing research interest, yet the impact
of systemic stressors on the neurovascular unit (NVU)
is far less established, especially in the context of periop-
erative complications. To better understand the putative
impact of surgery on neurovascular and immunological
sequelae, we have developed a model of DSD following
tibial fracture and fixation in CVN-AD mice.” In the ab-
sence of surgical manipulation, the CVN-AD model
displays age-dependent effects including amyloid-p ac-
cumulation,® cerebral amyloid angiopathy (CAA), tau
phosphorylation,*'° microgliosis,® astrogliosis,” NVU
dysfunction,'! increased expression of complement com-
ponents,9 and neuronal degeneration.10 In the CVN-AD
model, signs of neuroinflammation, including astroglio-
sis and microgliosis, appear as early as 12 weeks of age,
spatial cognitive deficits as early as 24 weeks of age, and
neurodegeneration as early as 36 weeks of age.® In our
prior work, we have established that tibial fracture/fixa-
tion worsens the neuroinflammatory, neurodegenerative,
and cognitive sequelae observed in 12-month-old, but not
3-month-old, CVN-AD mice.” These sequelae amyloid-p

drug, prevented inflammatory endothelial activation, breakdown of the BBB,
synapse loss, and microglial activation in our DSD model. Taken together, our
data link post-surgical endothelial activation, microglial MafB immunoreactiv-
ity, and synapse loss as key substrates for DSD, all of which can be prevented by

blood-brain barrier, CVN-AD, delirium superimposed on dementia, leucine-rich repeat kinase
type 2, microgliosis, mixed lineage kinase type 3, neuroinflammation, URMC-099, vascular
cell adhesion molecule type 1

accumulation in the dentate gyrus (DG) region of hippo-
campus, delirium-like behavior as defined by inattention
deficits in the 5-choice serial reaction time task, dramatic
loss of AQP4, and concomitant fibrinogen deposition.’
Since vascular factors, including vascular cell adhesion
molecule type 1 (VCAM-1), have been identified in a pro-
teomics screen as key gateway proteins associated with
pathologic aging,'* we sought to investigate whether sur-
gery impacted VCAM-1 expression and other correlates of
neurovascular vulnerability in DSD.

URMC-099 is a 7-azaindole-based MLK3 inhibi-
tor that was developed using proprietary libraries for
kinase drug design and a cell-free assay system described
in Goodfellow et al. to identify potent MLK3 inhibitors
with favorable pharmacokinetics and CNS penetrance.'?
URMC-099 potently inhibits a wide variety of kinases
with roles in neurodegenerative disease, including MLK3,
LRRK2, and MAP4K4. URMC-099 has proven effective in
mouse models of multiple sclerosis,'* AD,*>'® and inflam-
matory conditions such as nonalcoholic steatohepatitis.'’
We and others have shown that genetic ablation of MLK3,
LRRK?2, or MAP4K4 is therapeutic in a variety of inflam-
matory and neurodegenerative conditions,'” ™ including
orthopedic surgery model of delirium.*

Here, we test the hypothesis that URMC-099 prophy-
laxis prevents damage to the blood-brain barrier (BBB)
and hippocampal synapses resulting from orthopedic sur-
gery in 6- and 12-month-old CVN-AD mice, the former
representing an early stage in AD progression and the lat-
ter late-stage disease.

2 | MATERIALS AND METHODS

2.1 | URMC-099

URMC-099 (M.W. 421) was synthesized as originally
described in Goodfellow et al.'* URMC-099 drug solu-
tions were prepared by dissolving 20 mg of URMC-099
in 0.5-ml sterile dimethyl sulfoxide (DMSO; D8779,
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Sigma-Aldrich, St. Louis, MO). We then added 4-ml
polyethylene glycol 400 (PEG400; 91893-250-F, Sigma-
Aldrich) and 5.5-ml sterile saline (National Drug Code
NDC0409-4888-10) for a final concentration was 2-mg/ml
URMC-099. The vehicle was the same solution minus
URMC-099. Mice were administered (i.p.) three injec-
tions of URMC-099 (10 mg/kg) at 12-h intervals prior
to orthopedic surgery with the last dose being imme-
diately prior to surgery. The volume of URMC-099/ve-
hicle administered was titrated based off body weight
(5 ml/kg; e.g., 0.1 ml/20 g body weight). Drug solu-
tions were coded such that experimenters were blinded
to the experimental conditions for the duration of the
experiments.

2.2 | Cell culture

Bend.3 cells? (ATCC CRL-2299; BALB/c origin; gen-
erously provided by Dr. Ning Quan) were cultured in
glutamate-free Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with GlutaMAX (1% v/v) and
fetal bovine serum (FBS; 10% v/v) and maintained in a
humidified 37°C incubator (5% CO,). For immunocyto-
chemistry (ICC), bend.3 cells were seeded at a density of
100 000 cells per well on plasma-cleaned, poly-D-lysine-
coated coverslips in a 12-well plate and allowed to adhere
overnight. Subsequently, bend.3 cells were serum starved
for 30 min, followed by addition of URMC-099 (300 nM
in DMSO). Thirty minutes after URMC-099 pretreat-
ment, PBS or IL-1p (10 ng/ml, a dose informed by Ref.
[12]) was added as indicated. Bend.3 cells were fixed 16 h
post-IL-1p stimulation for ICC. For quantitative reverse-
transcriptase polymerase chain reaction (qRT-PCR),
bend.3 cells were treated exactly as above, except cells
were seeded at 200 000 cells per 12-well plate and lysates
were collected at 6 h post-IL-1f stimulation. Because bio-
logical reproducibility cannot be measured in cell lines, all
cell line experiments were performed once, with all values
and statistics computed across replicate wells.

2.3 | Resazurin assay

Cell viability was assayed using an alamarBlue (Thermo
Scientific; cat# 88952) resazurin metabolism fluores-
cent assay. After the cells reached >90% confluency,
the cells were primed for treatment in a reduced serum
media (DMEM + 1% FBS) for 3 h. URMC-099 (300 nM
in DMSO), IL-1p (10 ng/ml), or their respective controls
were added along with the alamarBlue reagent at a final
concentration of 10% v/v. After 15 h, a spectrophotometer
plate reader (4, = 550 nm, 4., = 590 nm) was used to
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assess the degree of resazurin metabolism in each treat-
ment group. Blank wells containing only 10% v/v alamar-
Blue in the reduced serum media were used to correct for
baseline fluorescence. Viability measurements were con-
ducted over two passages.

2.4 | Animals and orthopedic surgery
APPSwDI/mNos2™/~ AD mice (CVN-AD; kindly pro-
vided by Dr. Carol Colton, Duke University) were bred
and maintained by the Terrando laboratory at Duke
University. The procedures followed to provide tissues
from APPSwDI/mNos2~/~ AD mice were performed in
strict compliance with animal protocols approved by the
Institutional Animal Care and Use Committees (IACUC)
of Duke University (A249-17-11). Mice were housed under
a 12-h light/dark cycle with free access to water and regu-
lar chow. URMC-099 prophylaxis and orthopedic surgery
were performed as described in Miller-Rhodes et al.° on
6- and 12-month APPSwDI/mNos2~'~ mice under isoflu-
rane (Patterson Veterinary, Greeley, CO) anesthesia and
analgesia (buprenorphine, 0.1 mg/kg subcutaneously;
ZooPharm, Laramie, WY). Briefly, a small incision was
performed on the shaft of the tibia followed by muscle
disassociation and stripping of the periosteum. Pinning of
the tibia was performed by inserting a 0.38-mm stainless
steel rod and osteotomy was performed on the upper crest
of the bone. All mice recovered from surgery and were in-
cluded in the study.

2.5 | Immunocytochemistry
Immunocytochemistry was performed per Glynn et al.’s
protocol®* with minor modifications. Briefly, following
fixation in 4% PFA/4% sucrose solution for 15 min at 4°C,
cells were washed with 100 nM glycine (in 1X PBS), fol-
lowed by two more washes in 1X PBS. Cells were permea-
bilized in 0.25% Triton-X for 5 min (followed by two PBS
washes), blocked in 10% bovine serum albumin (BSA) in
1X PBS, and incubated with primary antibodies in 3% BSA
for 1 h at room temperature. Primary antibodies included
rat monoclonal anti-VCAM1 (Abcam, ab19569, clone
M/K-2; 1:250) and Armenian hamster anti-PECAM-1
(CD31; Millipore Sigma, cat no. MAB1398Z, clone 2HS;
1:250). Cells were washed again three times with 1X PBS
and incubated with secondary antibodies in 3% BSA for
45 min at room temperature. Cells were washed a final
three times with 1X PBS, dipped in ddH20 to remove ex-
cess salt, and mounted on microscope slides with Prolong
Diamond anti-fade reagent (ThermoFisher, cat no.
P36961).
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2.6 | Quantitative reverse transcriptase
polymerase chain reaction (qRT-PCR)

RNA was extracted using a spin column RNA isolation kit
(Machery-Nagel). On-column DNase treatment was used
to remove contaminating genomic DNA. Total RNA prep-
arations were then used directly for gPCR (200 ng total
RNA per reaction) using the Luna Universal One-Step RT-
gPCR Kit (NEB, E3006) and target-specific primer/probe
sets (ThermoFisher) or frozen at —80°C until use. The
gPCR primer/probe sets we used include the endogenous
control Ipo8 (Mm01255158_m1), Vecaml (Mm01320970_
ml), Sppl (Mm00436767_m1), Timpl (MmO01341361_
ml), and Collal (Mm00801666_gl). The AACt method
was used to analyze the results.

2.7 | Immunohistochemistry

Twenty-four hours after orthopedic surgery, mice were
deeply anesthetized with isoflurane and transcardially
perfused with PBS and subsequently 4% PFA. Brains
were carefully extracted and post-fixed for 24 h in 4%
PFA. Brains were transferred to conical tubes containing
PBS, packed with ice packs, and shipped to the Gelbard
laboratory at the University of Rochester Medical Center.
Free-floating coronal brain sections (40-ym thickness)
were cut using a vibratome and stored in cryoprotectant
(30% PEG300, 30% glycerol, 20% 0.1 M phosphate buffer,
and 20% ddH,0) at —20°C. For immunohistochemistry,
cryopreserved sections were washed three times in 1X
PBS followed by another wash in 0.1 M glycine in 1X
PBS (to reduce autofluorescence). Sections were subse-
quently incubated in blocking buffer (1.5% BSA, 3% nor-
mal goat serum, 0.5% Triton-X, and 1.8% NaCl in 1X PBS)
containing primary antibodies (VCAM1 Millipore Sigma
MAB1398Z 1:200; Tmem119 SySy 1:500; Ibal Wako
PTR2404 1:1000; MafB Atlas HPA005653 1:500; CD68
Serotec MCA1957GA 1:1000; Homer1 SySy 160006 1:500;
PSD95 NeuroMab 75-028 1:500; Piccolo SySy 142104
1:500; C1q Abcam AB71940 1:500; CD31 Millipore Sigma
MAB1398Z 1:250; Fibrinogen Dako A0080 1:200; H3Cit
Abcam ab5103 1:500) in blocking buffer (1.5% BSA, 3%
normal goat serum, 0.5% Triton-X, and 1.8% NaCl in 1X
PBS) overnight at room temperature. Then, sections were
washed thrice in 1X PBS containing 1.8% NaCl before in-
cubating in Alexa Fluor conjugated secondary antibodies
(ThermoFisher), again overnight. Finally, sections were
washed three times with 1X PBS+1.8% NaCl, mounted
on glass slides, and cover-slipped with Prolong Diamond
Antifade Reagent (Invitrogen P36961). When used, the
UV-excitable fibrillar amyloid-f dye Amylo-Glo (Biosensis
TR-300-AG; 1:100) or Alexa-633 Hydrazide (Thermo

Fisher A30634; 1:1000) was diluted in 1X PBS+1.8% NacCl
and applied to sections for 10 min following the first two
post-secondary washes; an additional two washes (1X
PBS+1.8% NaCl) were performed to rinse the sections of
excess Amylo-Glo dye or Alexa-633 Hydrazide.

2.8 | Grid pseudo-confocal
microscopy and image analysis

Slides were coded throughout imaging and analysis to
reduce experimenter bias. We used an Olympus BX-51
microscope equipped with Quioptic Optigrid hardware
(for optical sectioning) and a Hamamatsu ORCA-ER cam-
era. Images were acquired using Volocity 3DM software
(Quorum Technologies). Within each set, light intensity
and exposure settings were kept constant. For ICC, three
images were acquired for each experimental replicate. For
IHC, six images were acquired for each biological repli-
cate. Synaptic punctae were imaged at 60x magnification
(10 pm depth, 0.3 pm step size). To reduce variability due
to differences in vascular coverage (i.e., areas without
synaptic punctae), we selected 300 X 300 pixel ROIs from
each XYZ-stack for analysis. Other markers were imaged
at 20x and 40X magnification. Immunostained objects
were identified and quantified using custom Volocity
workflows. More specifically, for synaptic punctae, the
colocalization of spots and objects were used to identify
punctae. The “Find Spots” function was used to identify
individual puncta based on local intensity maxima and
“Find Objects” function was used to identify punctae with
a minimum intensity threshold; all other quantified ob-
jects were identified using the “Find Objects” function.
Arterial VCAM-1 vessels were defined as VCAM-1 objects
touching Alexa-633 objects. Tmem119"° and Tmem119™
Ibal-positive cells were determined by intensity thresh-
olding (by standard deviation; SD = 1.2). Microglial MafB
intensity was quantified as the sum intensity of MafB
objects contained within Ibal-positive objects and nor-
malized to the number of microglia in each field of view.
Nonmicroglial MafB was quantified as the sum intensity
of MafB objects not contained within Ibal-positive ob-
jects and normalized to the number of MafB+ nuclei per
field. Microglial CD68 was quantified as the sum inten-
sity of CD68 objects contained with Ibal-positive objects.
Extravascular fibrinogen quantified as fibrinogen object
intensity not colocalized with CD31.

2.9 | Statistics

All qPCR statistics were performed on ACt values and
then represented graphically as fold change (2744
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One- and two-way analyses of variance (ANOVAs) with
Holm-Sidak’s or Tukey’s multiple comparison tests were
used to analyze the ICC and THC data as indicated in each
figure legend. Pearson’s correlation was used to com-
pute correlations between VCAM-1 immunoreactivity
and fibrillar amyloid-p volume. All data are presented as
mean + standard error (SEM) with significance at p < .05.

3 | RESULTS
3.1 | Effect of URMC-099 on brain
endothelial cell activation in vitro

Although URMC-099’s pharmacokinetic properties allow
it to readily cross the BBB and achieve therapeutic concen-
trations in the CNS to act directly on microglia, its thera-
peutic efficacy in in vivo models of systemic inflammation
may be attributable, at least in part, to actions on the cer-
ebrovascular endothelium. To test whether URMC-099
can inhibit the activation of brain endothelial cells (BECs)
under inflammatory conditions, we analyzed VCAM-1
and PECAM-1 (CD31) immunoreactivity (IR) on bend.3
cells, a murine cerebral microvascular endothelial cell
line,?' following stimulation with the pro-inflammatory
cytokine IL-1f (10 ng/ml, as previously used in Ref.
[12]) alone or in combination with URMC-099 (300 nM).
Twenty-four hours following IL-1p stimulation, bend.3
cells upregulated VCAM-1 (p = .0268), but not PECAM-1
immunoreactivity (Figure 1A-C). URMC-099 pretreat-
ment virtually abolished the IL-1p-induced increase in
VCAM-1 immunoreactivity (p < .0141; Figure 1A,B).
Additionally, it also reduced the basal immunoreactivity
of PECAM-1 by 24% after IL-1p stimulation but failed to
reach significance (p = .186; Figure 1A,C). We next char-
acterized the effect of URMC-099 on the transcriptional
response of bend.3 cells to IL-1p. In addition to Veaml,
we assayed the expression of Sppl1, Timpl, and Collal—
all of which are upregulated in activated BECs in vivo in
murine disease models of core BBB dysfunction.”® We
focused on Sppl, Timpl, and Collal because of their re-
spective roles in BBB repair following injury,** preserving
BBB integrity,” and functional integrity of extracellular
matrix proteins,? respectively. IL-1p upregulated Veaml
expression 59.16-fold (p < .0001) and elicited smaller (<2-
fold) increases in SppI (p = .0002) and Timpl (p = .0004)
mRNA (Figure 1D). Of these genes, URMC-099 pretreat-
ment significantly reduced VecamlI (p < .0001) and Spp1
(p = .0008) mRNA levels (Figure 1D). In addition, IL-1f
decreased the expression of Collal by 25% versus control
(p = .0077), an effect that was not modulated by URMC-
099 pretreatment (Figure 1D). Changes observed due to
URMC-099 and/or IL-1p were independent of viability
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(Figure 1E). Together, these experiments demonstrate
that URMC-099 exerts anti-inflammatory effects on BEC
activation in vitro.

3.2 | URMC-099 prophylaxis

inhibits cerebrovascular VCAM-1
immunoreactivity after orthopedic surgery
in CVN-AD mice

Based on our in vitro BEC results, we hypothesized that
URMC-099 prophylaxis would inhibit cerebrovascu-
lar inflammation in the stratum lacunosum moleculare
(SLM) of CVN-AD mice following surgery. We focused
on the SLM because it is a hippocampal subregion that
has been implicated in AD and delirium.*”*® Orthopedic
surgery elicited a 1.7-fold increase in total VCAM-1 vol-
ume in the SLM relative to naive, vehicle-treated con-
trols (18 542.5 + 2318.7 um® vs. vehicle-treated controls
10840.8 +2825.2 Mm3;p <.0001; Figure 2A-D,E). In agree-
ment with our in vitro data, URMC-099 prophylaxis de-
creased total VCAM-1 in the SLM (12 679.7 + 1698.5 pm?;
p = .0006; Figure 2E). To determine whether these ef-
fects were specific to arterial or venous BECs, we used
the arterial-specific dye Alexa 633 hydrazide’—which
binds to elastin fibers present in arterioles—to distin-
guish between arterial and venous VCAM-1 objects in
our analysis. Arterial VCAM-1 accounted for 27.3% of
total VCAM-1 volume; furthermore, there were no main
effects of surgery [F(1, 20) = 3.53; p = .08] nor URMC-099
treatment [F(1, 20) = 0.22; p = .65] on arterial VCAM-1
levels (Figure 2A’-D’,E). In contrast, we observed signifi-
cant main effects of surgery [F(1, 20) = 15.27; p = .0009]
and URMC-099 [F(1, 20) = 14.32; p = .0012] on venous
VCAM-1 levels, mirroring the differences between
groups observed in total VCAM-1 volume. In order to
eliminate the possibility of more vessels as a contribu-
tor of increased VCAM-1 volume, we assessed VCAM-1
mean fluorescence as a measure of fluorescent intensity
normalized to its volume. Mean VCAM-1 fluorescent in-
tensity has been shown to be aberrant in other vasculopa-
thy states such as diabetic retinopathy.*® In our model,
PECAM-1 was found to be inadequate to assess total
vascular volume as its expression changed following sur-
gical trauma. In addition, tomato-lectin was found to sig-
nificantly co-stain more microglia that vasculature, thus
not offering a reliable quantification in the blood vessels
(data not shown). We found orthopedic surgery induced a
47% increase in VCAM-1 density compared to sham mice
(5873.6 + 425.2 a.u./um’ vs. sham 3993.9 + 108.4 a.u./um?;
p < .001; Figure 2F). Furthermore, pretreatment of
URMC-099 prevented VCAM-1 induction in mice that
received orthopedic surgery compared to vehicle-treated
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FIGURE 1 URMC-099 inhibits BEC activation in vitro. Serum-deprived bend.3 cells were pretreated with URMC-099 (099) or DMSO
for 30 min, after which cells were stimulated with IL-1f (10 ng/ml). (A) Representative images of VCAM-1 and PECAM-1 staining in bend.3
cells; scale bar = 15 pm. (B) Quantification of PECAM-1 immunoreactivity (IR) normalized to the number of cells, represented as fold
change. (C) Quantification of VCAM-1 immunoreactivity normalized to the number of cells, represented as fold change. (D) qPCR analysis
of bend.3 transcriptional response to IL-1 and URMC-099 treatment. (E) Quantification of Resazurin Viability fluorescence, represented as
fold change to blank controls (N = 7 cell culture wells). Values presented as mean + SEM (N = 4 cell culture wells). **p < .01, ***p < .001,
**¥p < .0001 for indicated comparisons; one-way ANOVA with Dunnett’s multiple comparison test (B-D)

mice (4949.8 + 275.6 a.u./um? p < .05; Figure 2F). To
rule out a potential contribution of A burden on cer-
ebrovascular VCAM-1 levels, we visualized fibrillar Af
in the SLM using the UV dye Amylo-Glo (Figure 2A-D).
We did not detect significant differences in fibrillar Ap

between any experimental condition (Figure 2G), nor
was there any correlation between fibrillar Ap levels and
total VCAM-1 levels in the SLM (Figure 2H). Overall,
these results indicate that URMC’s effect is to reduce
capillary and venular VCAM-1 levels in the SLM. These

FIGURE 2 URMC-099 prophylaxis prevents the induction of VCAM-1 in the SLM of 6-month-old CVN-AD mice following surgery.
Six- and twelve-month-old CVN-AD mice (N = 6/group) received three doses i.p. of URMC-099 (10 mg/kg) prior to undergoing sham

or orthopedic surgery. Brains were harvested 24 h post-surgery for IHC. (A-D) Representative images depicting VCAM-1 (green) and
fibrillar AB (cyan). (A’-D’) Representative images depicting arterial VCAM-1 vessels using the artery-specific dye Alexa 633-hydrazide
(magenta); images correspond to experimental conditions represented by A-D; scale bar = 32 pm. (E) Quantification of VCAM-1 volume
venous VCAM-1 volume (white bars) and arterial VCAM-1 volume (blue bars) at 6 months of age. (F) Quantification of VCAM-1 intensity
normalized to volume at 6 months of age. (G) Quantification of fibrillar AB. (H) Correlation between total VCAM-1 volume and fibrillar
AB volume at 6 months of age. (I) Quantification of total VCAM-1 volume (full bars), venous VCAM-1 volume (white bars), and arterial
VCAMS-1 volume (blue bars) at 12 months of age; statistical comparisons are shown for total VCAM-1. (J) Quantification of VCAM-1
intensity normalized to volume at 12 months of age. Values presented as mean + SEM (N = 6); *p < .05, ***p < .001, ****p < .0001 for
indicated comparisons; two-way ANOVA with Holm-Sidak’s multiple comparison test (E,F) or Pearson’s coefficient (D)
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data further suggest that therapeutic intervention ear- 3.3 | URMC-099 prophylaxis prevents

lier in the course of neuropathogenesis may elicit better
outcomes in this DSD model. In support of this interpre-
tation, experiments in 12-month-old CVN mice demon-
strated advanced pathology in hippocampal SLM with
limited efficacy by URMC-099 in the late stages of the
disease (Figure 2L,J).

vascular neutrophil NET formation and
barrier dysfunction after orthopedic
surgery in CVN-AD mice

To further evaluate barrier dysfunction in CVN-AD
mice after surgery, we measured fibrinogen
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FIGURE 3 URMC-099 prevents vascular damage in the SLM of 6-month-old CVN-AD mice following orthopedic surgery. Six-month-
old CVN-AD mice (N = 6/group) received three doses i.p. of URMC-099 (10 mg/kg) prior to undergoing sham or orthopedic surgery.

Brains were harvested 24 h post-surgery for IHC. (A) Representative images depicting CD31/Pecam1 (green) and fibrinogen (red) with
arrows being sites of fibrinogen leak; scale bar = 16 pm. (B) Quantification of extravascular fibrinogen. (C) Quantification of CD31/

Pecaml intensity normalized to CD31/Pecaml volume. (D) Representative images depicting CD31/Pecam-1 (green) and NET marker,
H3Cit (magenta) with arrows being sites of colocalization; scale bar = 16 pm. (E) Quantification of neutrophil NET marker, H3Cit. Values
presented as mean + SEM (N = 6); *p < .05 for indicated comparisons; two-way ANOVA with Holm-Sidak’s multiple comparison test (C-E)
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extravasation out of CD31+ vessels in the SLM at 24 h
(Figure 3A). Surgery induced a robust 2.8-fold increase
of fibrinogen out of the vascular lumen compared to
naive vehicle-treated controls (1931.4 + 508.4 um® vs.
sham 687.6 + 105.7 Mm3; p < .05), which was effec-
tively prevented by URMC-099 (920.110 + 224.1 pum?;
p < .05; Figure 3B) with arrows being sites of fibrin-
ogen leakage outside of the lumen. Extravascular fi-
brinogen deposition was co-localized with an induction
of CD31 expression (Figure 3C), further highlighting
the key role of neurovascular damage in this model of
DSD. To assess the contribution of neutrophils to bar-
rier dysfunction, we measured the formation of neu-
trophil extracellular traps (NETs) using citrullinated
histone H3 (H3Cit) a hallmark of NETSs. Interestingly,
we found orthopedic surgery caused significant 10.2-
fold increase of NETs along the vascular lumen in
the SLM (822.7 + 351.7 um’ vs. vehicle-treated sham
80.1 + 22.2 me3; p < .05; Figure 3D,E). Formation of
perivascular NETs was prevented with pretreatment of
URMC-099 compared to vehicle-treated surgical mice
(110.2 + 38.8 um®; p < .05; Figure 3D,E). Interestingly,
histological assays did not show any visible Ly6G+ neu-
trophils in the SLM (data not shown).

3.4 | URMC-099 prophylaxis ameliorates
synapse loss following orthopedic surgery
in CVN-AD mice

Mouse models of POD and AD feature synaptic dys-
function and loss as pathological correlates of cognitive
decline.’ ™ To this end, we quantified synaptic punc-
tae corresponding to pre- (Piccolo) and post-synaptic
(Homer1, PSD95) elements in the SLM of mice 24 h post-
surgery (Figure 4). Surgery reduced Piccolo+ synaptic
punctae by 33% (p = .011; Figure 4A,C), and Homerl+
and PSD95+ postsynaptic punctae by 10%-14% (p = .023
and p = .046, respectively; Figure 4A,B,D,E) relative to
naive controls. URMC-099 pretreatment prevented loss of
Piccolo+, PSD95+, and Homer1+ punctae comparable to
control levels.

3.5 | URMC-099 prophylaxis

prevents the induction of MafB in
microglia following orthopedic surgery in
CVN-AD mice

Lineage-specific transcription factors have recently been
shown to regulate pathological microglial states under
neurodegenerative and inflammatory conditions.***”
In particular, the transcription factor MafB was shown
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recently to drive activation of spinal cord microglia in
a mouse model of neuropathic pain.*® Furthermore, we
have recently demonstrated that basal levels of MafB in
microglial cells are dependent on availability of lipids in
the extracellular milieu either from serum or from apop-
totic debris of dying microglial cells.*® Not only are ap-
optotic cells rich sources of lipids, so too are synapses.’’
Thus, we hypothesized that the neurodegenerative se-
quelae observed in our DSD model might also drive the
upregulation of microglial MafB as a marker of micro-
gliosis. To this end, we evaluated the levels of the tran-
scription factor MafB in SLM microglia following surgery
and URMC-099 prophylaxis in CVN-AD mice. We visu-
alized microglia using the pan-macrophage marker Ibal
and the microglia-specific marker Tmem11938; only Ibal
cells co-labelled with Tmem119 were defined as micro-
glia. Tmem119™ cells accounted for >95% of Ibal+ cells
in our image set the rest expressing Tmem119 at low lev-
els (Figure S1A,B). We observed no effects due to surgery
[F(1,20) = 0.748; p = .397] and treatment with URMC-099
[F(1,20) = 0.789; p = .384] on counts of Ibal+Tmem119™
and Ibal+Tmem119" cells (Figure S1B). Orthopedic sur-
gery increased the mean MafB immunoreactivity per cell
in SLM microglia (p = .011), an effect that was abrogated
by URMC-099 prophylaxis (p = .046; Figure 5A-C). MafB
induction in SLM microglia appeared homogenous in
our frequency histogram analysis (Figure 5C). Overall,
URMC-099 prevented the effect of surgery on microglial
MafB induction. MafB is expressed in other CNS cell types,
namely neurons.*****° To determine whether the induc-
tion of MafB was limited to microglia, we quantified the
expression of nonmicroglial MafB immunoreactivity (i.e.,
Ibal™ MafB objects). We observed no main effects of sur-
gery [F(1, 20) = 0.9857; p = .3326] nor URMC-099 treat-
ment [F(1, 20) = 1.266; p = .2738] on nonmicroglial MafB
immunoreactivity (Figure S2). These results indicate the
microglial MafB, but not neuronal MafB, is increased fol-
lowing orthopedic surgery in CVN-AD mice.

3.6 | Orthopedic surgery and URMC-099
do not affect C1q deposition and microglial
CDé68/Ibal immunoreactivity in CVN-

AD mice

The opsonin C1q mediates microglia-dependent synapse
loss in diverse contexts***" and is transcriptionally regu-
lated by MafB.** These observations raise the possibility
that microglia eliminate synapses via increased C1q depo-
sition following orthopedic surgery. Although C1q expres-
sion was very robust throughout the SLM (Figure 6A), in
agreement with previous findings by Stephan et al.,** we
observed no effects of surgery [F(1, 20) = 0.4938; p = .4903]
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FIGURE 4 URMC-099 prevents synapse loss in the SLM of CVN-AD mice following orthopedic surgery. Six-month-old CVN-AD mice
(N = 6/group) received three doses i.p. of URMC-099 (10 mg/kg) prior to undergoing sham or orthopedic surgery. Brains were harvested
24 h post-surgery for IHC. (A) Representative ROIs depicting PSD95+ (postsynaptic) and Piccolo+ (presynaptic) puncta; scale bar = 11 pm.
(B) Representative ROIs depicting Homer1+ (postsynaptic) puncta; scale bar = 11 pm. (C) Quantification of presynaptic Piccolo+

puncta, represented as fold change. (D) Quantification of postsynaptic PSD95+ puncta, represented as fold change. (E) Quantification of
postsynaptic Homer1+ puncta, represented as fold change. Values presented as mean + SEM (N = 6); *p < .05, **p < .01, **p < .001 for
indicated comparisons; two-way ANOVA with Holm-Sidak’s multiple comparison test (C-E)

nor URMC-099 treatment [F(1, 20) = 0.0280; p = .8689]
on Clq deposition (Figure 6B). We next quantified the
lysosomal marker CD68, whose expression is associated
with activated phagocytic microglia** in Ibal+ cells in the
SLM. However, these cells in the SLM contained high lev-
els of CD68 regardless of condition; but neither orthope-
dic surgery [F(1, 20) = 0.8440; p = .3692] nor URMC-099
treatment [F(1, 20) = 0.8440; p = .3692] altered CD68 lev-
els in Ibal+ cells (Figure 6C). We then quantified changes
in microglia activation utilizing the pan-myeloid marker,
Ibal. Although not well understood, during microgliosis
expression of Ibal is increased along with a thickening
of processes. After surgery, we found there is a positive
trend of Ibal expression along with a negative trend in
surface area compared to sham (p = .0511 and p = .0921,
respectively; Figure 6C,D). Taken together, these results
demonstrate that C1q, in contrast to its roles during brain
development and models of AD,***! does not participate

in microglial phagocytosis of synapses in this orthopedic
model of DSD.

Based on our results in this model of DSD, we have
summarized URMC-099’s different sites of action in a
visual abstract (Figure 7). Overall, in CVN-AD mice re-
ceiving orthopedic surgery, URMC-099 prophylaxis ex-
erts therapeutic effects—including reduced endothelial
VCAM-1 expression, neurovascular damage, and synaptic
loss.

4 | DISCUSSION

Here, we show that URMC-099 prophylaxis is effective in
the CVN-AD mouse model of DSD prior to the onset of
age-dependent progressive vascular injury by mitigating
brain endothelial cell activation (i.e., VCAM-1 and CD31
induction), vascular damage (fibrinogen leak and NET
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FIGURE 5 URMC-099 prevents changes in MafB microglial expression in the SLM of CVN-AD mice following orthopedic surgery.
Six-month-old CVN-AD mice (N = 6/group) received three doses i.p. of URMC-099 (10 mg/kg) prior to undergoing sham or orthopedic
surgery. Brains were harvested 24 h post-surgery for IHC. (A) Representative images depicting the pan-macrophage marker Ibal (magenta),

the microglia-specific marker Tmem119 (green), and the transcription factor MafB (blue); scale bar = 16 pm. (B) Quantification of mean

MafB intensity per microglia. (C) Frequency histogram showing the number of microglia per MafB intensity bin (bin size = 1.0 x 10° a.u.).
(C, inset) Frequency histogram depicting cell frequencies with high MafB intensity. Values presented as mean + SEM (N = 6); *p < .05 for
indicated comparisons; two-way ANOVA with Holm-Sidak’s multiple comparison test (B, E)

deposition), and synaptic loss. The correlation of these
events with the induction of microglial MafB immunore-
activity suggests, but does not prove, a role for microglia
in mediating the effects of systemic inflammation (i.e., or-
thopedic surgery) on synaptic integrity in these mice. Our
findings are consistent with the model proposed by Yousef
et al.'* to explain the deleterious effects of aged plasma on
microglia. In fact, this model posits pro-inflammatory cy-
tokines present in the systemic milieu of aged mice (e.g.,
TNF-a and IL-1)—the same ones induced systemically in
our orthopedic surgery model*>**—upregulate VCAM-1
on BECs, leading to sustained inflammatory activity at
the BBB interface and transmission of inflammatory sig-
nals from the inflamed endothelium to microglia'? and by
extension, microglial phagocytosis of hippocampal syn-
apses. Although it can be hypothesized that URMC-099
may exert its effects peripherally leading to cerebrovascu-
lar dysfunction, we have previously shown that URMC-
099 does not affect neutrophil expansion.*® It can still be

argued that URMC-099’s therapeutic potential may act
directly on modulating neutrophil activation and the re-
lease of NETs. Specifically, MLK3, one of the main targets
of URMC-099, is responsible for neutrophil chemotaxis.*’
Nonetheless, we contend that URMC-099 exerts at least
some of its therapeutic effects by inhibiting vascular sign-
aling through leukocyte adhesion molecules (VCAM-1
and PECAM-1/CD31) and preservation of the BBB that
would otherwise initiate the inflammatory cascade that
leads to microgliosis and synaptic loss.

Systemic factors induce changes in microglial reactiv-
ity by multiple mechanisms. BECs relay systemic inflam-
matory signals to microglia via soluble factors*** and
direct microglial contacts with BECs.*** In addition,
breakdown of BEC tight junctions permits the direct entry
of systemic factors (e.g., fibrinogen, systemic complement
protein, etc.), many of which profoundly affect microg-
lial function.>**> Finally, peripheral leukocytes can infil-
trate the CNS and release inflammatory factors to nearby
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FIGURE 6 URMC-099 pretreatment does not change C1q or CD68 expression levels after surgery in the SLM of CVN-AD mice
following orthopedic surgery. Six-month-old CVN-AD mice (N = 6/group) received three doses i.p. of URMC-099 (10 mg/kg) prior

to undergoing sham or orthopedic surgery. (A) Representative image of C1q (green) localizing in the SLM; scale bar = 60 pm. (B)
Quantification of C1q volume in the SLM. (C) Representative images depicting the pan-macrophage marker Ibal (green), the lysosomal
marker CD68 (magenta); scale bar = 11 um. No effects were observed on CD68 expression (D), but surgery increased Iba-1 expression
and decreased surface area with a trend in URMC-099-mediated decreases (E, F). Values presented as mean + SEM (N = 6); *p < .05 for
indicated comparisons; two-way ANOVA with Holm-Sidak’s multiple comparison test (B-D)

cells. Indeed, CCR2+ monocytes infiltrate the hippocam- majority (>95%) of SLM Ibal+ cells also expressed the
pal parenchyma via the choroid plexus following ortho- microglia-specific marker Tmem119°® (Figure S1), indi-
pedic surgery in mice.’®” In the present study, the vast cating that they were not peripherally derived. We believe
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the Tmem119-negative cells were either perivascular mac-
rophages, which lack Tmem119 expression,” or reactive
microglia that have downregulated their expression of
this marker.® In addition, we did not observe any Ly6G+
neutrophils in the brain parenchyma. Based on our data,
we conclude that the proinflammatory signals induced
by orthopedic surgery are transmitted to microglia via
an indirect mechanism that may involve leukocyte teth-
ering to VCAM-1 but without leukocyte infiltration into
the brain parenchyma. Prolonged tethering of proinflam-
matory leukocytes to vulnerable sites in the cerebrovascu-
lature may be responsible for the pathological effects we
observed, including damage to the BBB, loss of synaptic
elements, and increased MafB immunoreactivity in SLM
microglia, although the choreography of these cascading
events remains unclear. Cellular and signaling intermedi-
aries involved in these events, while beyond the scope of
the present experiments, remain an active area of interest
in future studies.

Microglia pathologically interact with synaptic ele-
ments in mouse models of neurodegeneration and neu-
roinflammation.'***°¢%2 Because microglia mediate
synapse loss in mouse models of AD via complement-
dependent pruning processes,*® and tibial fracture/fix-
ation upregulated MafB, which in turn transcriptionally
regulates C1q,** we investigated whether synapse loss
in our DSD model might also depend on Clq. Here, we
did not observe changes in C1q deposition or microglial
CD68 immunoreactivity following orthopedic surgery
in CVN-AD mice (Figure 6). It is worth noting, how-
ever, that Clq is deposited at high levels in the SLM of
wild-type* and CVN-AD mice (this study). Moreover,
we observed high levels of CD68 selectively in SLM mi-
croglia compared to surrounding regions across all our

Neuron

conditions. Thus, these two factors may predispose the
SLM of CVN-AD mice to synaptic loss following systemic
and/or CNS inflammation. We cannot discount the pos-
sibility that synaptic loss may be due to fibrinogen leak-
age. In the context of AD, fibrinogen has been shown to
bind to CD11b causing synaptic pruning independent
of amyloid plaques.” We cannot completely exclude the
possibility that our synaptic data reflect changes in the ex-
pression of genes encoding Piccolo, PSD95, and Homer],
as has been observed in AD patients,® or the clustering
of these proteins in synaptic structures (that would influ-
ence their ability to form punctae). Even so, changes in
synaptic gene expression correlate with cognitive impair-
ment in AD patients,***> and microglial depletion amelio-
rates pathological changes in synaptic gene expression in
mouse AD models.®® Notwithstanding these possibilities,
we believe our results are most consistent with a synaptic
engulfment mechanism because MafB has been shown
to be upregulated in macrophage following efferocytosis
in vitro** and in neurodegenerative contexts like periph-
eral nerve injury35 ; thus, we interpret microglial MafB in-
duction as a sign of synaptic engulfment. Corroboration
of MafB-mediated synaptic engulfment at the nanoscale
level, while beyond the scope of these experiments, re-
mains topic of investigation in future studies. Thus, we be-
lieve the amelioration of synaptic loss we observed in our
model of DSD is likely dependent on microglia, which are
tractable targets for URMC-099 prophylaxis in protecting
the neurovascular unit from postoperative complications
including delirium and dementia.

Overall, we demonstrated that orthopedic surgery
perturbs the BBB, induces microgliosis, and causes syn-
aptic damage in 6-month-old CVN mice; furthermore,
we showed that URMC-099 prophylaxis abrogates these
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pathological effects. Based on these findings, we conclude
that our therapeutic approach may significantly decrease
the deleterious effects of DSD in the elderly population at
risk for morbidity and mortality after surgery.
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