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Abstract Aging and stroke alter the composition of the
basement membrane and reduce the perivascular distribu-
tion of cerebrospinal fluid and solutes, which may contrib-
ute to poor functional recovery in elderly patients. Follow-
ing stroke, TGF-f3 induces astrocyte activation and subse-
quent glial scar development. This is dysregulated with
aging and could lead to chronic, detrimental changes with-
in the basement membrane. We hypothesized that TGF-[3
induces basement membrane fibrosis after stroke, leading
to impaired perivascular CSF distribution and poor
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functional recovery in aged animals. We found that CSF
entered the aged brain along perivascular tracts; this pro-
cess was reduced by experimental stroke and was rescued
by TGF-f3 receptor inhibition. Brain fibronectin levels
increased with experimental stroke, which was reversed
with inhibitor treatment. Exogenous TGF-f3 stimulation
increased fibronectin expression, both iz vivo and in pri-
mary cultured astrocytes. Oxygen-glucose deprivation of
cultured astrocytes induced multiple changes in genes
related to astrocyte activation and extracellular matrix
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production. Finally, in stroke patients, we found that serum
TGF-f3 levels correlated with poorer functional outcomes,
suggesting that serum levels may act as a biomarker for
functional recovery. These results support a potential new
treatment strategy to enhance recovery in elderly stroke
patients.

Keywords Amyloid-{3 - Astrocyte - Basement
membrane - Cerebrospinal fluid - Stroke - TGF-f3

Introduction

Ischemic stroke is the leading cause of acquired disabil-
ity in the elderly worldwide (Feigin et al. 2019). Pro-
gressive cognitive and functional decline commonly
occurs after stroke in aged individuals, although the
mechanism underlying this progressive impairment is
understudied (Ivan et al. 2004; Reitz et al. 2008). Fol-
lowing stroke, transforming growth factor- (TGF-f3)
levels rise within the ischemic penumbra and activate
astrocytes, which contributes to increased glial scarring
within the aged brain (Krupinski et al. 1996; Doyle et al.
2010; Manwani et al. 2011). Prior studies indicate that
TGF-f3 plays a neuroprotective role in the early stages of
both ischemic and hemorrhagic stroke in young animals
(Cekanaviciute et al. 2014; Taylor et al. 2017). Howev-
er, chronic activation of astrocytes by TGF-[3 has been
shown to be detrimental and may contribute to progres-
sive functional decline after stroke in the aged popula-
tion (Wyss-Coray et al. 1997; Buckwalter et al. 2002). In
support of this hypothesis, constitutive overexpression
of TGF-f3 has been shown to increase the production of
extracellular matrix proteins and promote functional
decline in animal models of Alzheimer’s disecase
(Wyss-Coray et al. 1995, 1997, 2000; Buckwalter
et al. 2002). While multiple studies have characterized
similar changes in the basement membrane after stroke
and other types of brain injury, it is not clear whether
TGF-f signaling to astrocytes mediates these changes
after stroke (Hamann et al. 2002; Jullienne et al. 2014;
Parham et al. 2016).

The basement membrane serves several established
functions in the brain, including regulation of the
perivascular distribution of cerebrospinal fluid (CSF)
(Engelhardt and Sorokin 2009; Thomsen et al. 2017;
Howe et al. 2018). Perivascular CSF distribution is
thought to facilitate the clearance of waste products
from the brain parenchyma (Morris et al. 2016). Briefly,
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CSF is transported from the subarachnoid space (SAS)
along the basement membrane (Morris et al. 2016;
Albargothy et al. 2018). Once there, solutes from the
CSF and interstitial fluid (ISF) intermix and facilitate
clearance by multiple potential mechanisms (Iliff et al.
2012; Albargothy et al. 2018). Currently, the mecha-
nisms for CSF-ISF solute exchange are a matter of
debate, and at least four different mechanisms have been
postulated: (i) Para-arterial influx of the CSF, CSF and
ISF intermix in the brain parenchyma driven by convec-
tion, and then paravenous efflux (Iliff et al. 2012, 2013,
2014; Xie et al. 2013; Kress et al. 2014); (ii) peri-arterial
CSF influx through the vascular basement membrane
and peri-arterial ISF efflux (Hawkes et al. 2011, 2012;
Albargothy et al. 2018); (iif) CSF retention in the
paravascular spaces on the surface of the brain (Ma
et al. 2019); and (iv) CSF distribution through all vessel
types (Lochhead et al. 2015; Pizzo et al. 2018). Thus,
while all of the above studies support the observation
that perivascular CSF distribution occurs, the kinetics
and physiological mechanisms that produce this phe-
nomenon remain unclear. Therefore, to negate the effect
of such kinetic movements of CSF and ISF solutes, we
limited the scope of the present study to only focus on
the distribution of CSF tracers at a single time-point
after stroke.

Prior work has shown that stroke impairs the
perivascular distribution of CSF and promotes the focal
trapping of CSF-derived solutes (Wang et al. 2017),
which may lead to the sequestration of waste products
within fibronectin-rich segments of the basement mem-
brane (Howe et al. 2018). Disruption of perivascular
CSF distribution has been associated with poor func-
tional recovery after stroke and other types of brain
injury, although it is unclear whether or not impairment
of perivascular CSF distribution is reversible under dis-
ease conditions (Iliff et al. 2014; Howe et al. 2018). The
current study tested the hypothesis that TGF-{3 signaling
to aged astrocytes promotes remodeling of the basement
membrane, leading to impairment in perivascular CSF
distribution and poor functional recovery after stroke.
We first evaluated the responses of astrocytes to ische-
mic injury, modeled in vivo by distal middle cerebral
artery occlusion (DMCAO) in young and aged mice, as
well as in vitro by oxygen-glucose deprivation (OGD)
of primary astrocyte cultures. We treated aged mice with
a TGF-f3 receptor-1 antagonist after DMCAO and ex-
amined the impact on astrogliosis, basement membrane
composition, functional recovery, and perivascular CSF
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distribution. We then investigated the effects of TGF-[3
signaling to astrocytes on the production of basement
membrane components both in vitro and in vivo. Finally,
we explored whether serum TGF-f3 levels predicted
recovery of neurological function in human stroke pa-
tients. Overall, our results indicate that TGF-[3 is a major
regulator of stroke-induced changes in basement mem-
brane composition and perivascular CSF distribution
and provides a potential new treatment strategy to im-
prove recovery in elderly stroke patients.

Methods
Experimental stroke and tissue processing

Young (3-month-old) and aged (20-month-old) male C57/
BI6 mice (Charles River, National Institute of Aging) were
used for all in vivo experiments. Permanent distal middle
cerebral artery occlusion (DMCAO) was performed as
previously described, according to the STAIRS criteria
(Doyle and Buckwalter 2014). Briefly, mice were anesthe-
tized with isoflurane, the dorsolateral cranium was incised,
and a burr hole was drilled to expose the distal MCA.
Following induction of ischemia by MCA cauterization,
the burr hole was closed with dental cement, and the
incision sutured. Sham surgeries were performed without
cauterization. All surgeries were performed under aseptic
conditions, and mice were periodically monitored for signs
of pain, infection, or weight loss following the procedure.
At the time of sacrifice, mice were then deeply anesthe-
tized with Avertin (250 mg/kg) and perfused with heparin-
ized PBS. For studies requiring fresh tissue, the brain was
immediately extracted and placed on ice. The cortex was
isolated by blunt dissection and snap-frozen on dry ice. For
histological studies, mice were perfused with 4% PFA and
whole brains extracted. Mice were group housed and fed
standard dry chow ad libitum and kept on a 12-h light-dark
cycle. All protocols were approved by the UTHealth
TACUC and carried out in an AAALAC-approved facility.
Randomization and blinding were maintained for all
experiments.

Primary cortical astrocyte culture

P1 mixed-sex pups (C57/Bl16) were bred in-house for the
generation of primary glial cultures. P1 pups were anes-
thetized on ice and decapitated, and then cortices were
dissected for isolation of primary cells. Cortical tissue

was dissected and placed in HBSS (Ca>*Mg”**-fiee). The
meninges and subcortical tissue were removed, and the
remaining cortices were placed in enzymatic digestion
buffer. Following incubation, cells were then re-
suspended in culture media (DMEM, 10% FBS), then
plated on poly-D-lysine-coated culture vessels. The fol-
lowing day, the media was replaced, which continued once
weekly until the completion of experiments. The remain-
ing microglia were then depleted at 14 days in vitro (DIV)
with 50 mM solution leucine methyl ester as previously
described (Hamby et al. 2006). Oxygen-glucose depriva-
tion (OGD) and in viro stimulation experiments were
carried out at 19-21 DIV in balanced salt solution (BSS),
supplemented with 10 mM glucose for normoxic (NO)
controls. Cultures were washed with NO or OGD media
three times prior to the experiment to fully remove the
culture media. In treated cells, BSS was supplemented
with recombinant human TGF-31 (3 ng/mL) and A3, 49
(10 puM). Immediately prior to OGD, media was equili-
brated with 5% CO, balanced with nitrogen. Following the
addition of equilibrated media, cells were placed in a
warmed hypoxic chamber and subjected to OGD for 6 h.
Cells were then harvested (6-h time-point), or supplement-
ed with 10 mM glucose and incubated for 18 h at 37 °C
(24-h time-point).

TGF-f receptor antagonist treatment and gait analysis

The TGF-3 receptor antagonist, GW788388 Hydrate,
was reconstituted in 50% DMSO, 42.5% water, and
7.5% ethanol to a concentration of 10 mg/mL. Alzet
osmotic pumps were loaded with GW788388 or vehicle
alone. At 7 DPI, mice were anesthetized and the pump
implanted subcutaneously over the dorsal back muscu-
lature. Drug was infused at a rate of 10 mg/kg/day, as
previously described (de Oliveira et al. 2012). Follow-
ing 7 days of treatment, motor function was assessed
using DigiGait (Mouse Specifics) at 14 DPI. Mice were
first acclimated to the system, and then the speed was
gradually increased to 10 cm/s in aged animals. Loco-
motion was recorded for 60 s, and then parameters of
gait were analyzed with DigiGait software by a separate
blinded investigator.

Intracisternal injection protocols
Fresh aCSF was prepared in dH,O. For individual ex-

periments, aCSF was supplemented with vehicle, re-
combinant TGF-B1, "*C-Inulin, and/or TR-dextran (3
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kD). The aCSF mixture was infused into the cisterna
magna at a rate of 2 plL/min over 5 min, after which
mice were transferred to a warmed cage for the remain-
der of the experiment. For studies involving fluorescent
tracers, sections were imaged under fluorescence with a
Leica DMi8 microscope at x 10 magnification. For all
tracer uptake measurements and IHC quantification, a
blinded investigator imaged the lateral cortex (0.38 mm
anterior to Bregma, 2.5 mm lateral, 1.5 mm ventral).
Fluorescence intensity was quantified in Imagel by a
separate blinded investigator as previously described
(Howe et al. 2018).

Immunostaining

Fixed brain sections (24 um thickness) or primary astro-
cytes were washed three times for 5 min in wash buffer.
Heat-mediated antigen retrieval was performed in sodium
citrate buffer. Slides were washed, blocked, and incubated
with primary antibodies overnight (anti-GFAP-Cy3
[Mouse, 1:1000, Millipore Sigma, cat. C9205],
Lycopersicon esculentum lectin [1:100, Vector Laborato-
ries, cat. DL-1177], anti-AQP4 [Rabbit, 1:5000, Millipore
Sigma, cat. HPA014784], anti-integrin-«5 [Rabbit, 1:100,
Abcam, cat. EPR7854], or anti-fibronectin [Rabbit, 1:100,
Abcam, cat. ab2413]). Slides were incubated with second-
ary antibodies (Goat, 1:1000, Abcam, Alexa-Fluor 488/
594/647), washed and coverslipped. Specificity of fluores-
cent signals was confirmed with secondary-only controls.
The use and standardization of antibodies for the fluores-
cent immunohistochemical studies were performed ac-
cording to the manufacturer’s protocol and our previous
study (Howe et al. 2018).

Protein isolation, SDS-PAGE, and Western blot

For in vivo experiments, the right cortex was thawed on
ice and manually homogenized in NP-40 lysis buffer.
For in vitro experiments, cells were washed, and then
lysed within the culture dish using 1x RIPA buffer.
Following sonication and centrifugation, the superna-
tant was removed and diluted to 4 mg/mL in Laemmli
buffer supplemented with {3-mercaptoethanol, then
heated to 95 °C for 5 min. Then, 40 pg of protein was
loaded into each gel lane, run and then transferred to a
PVDF membrane. Blots were washed, blocked, and
probed with primary antibody overnight (anti-fibronec-
tin [Rabbit, 1:1000, Abcam, cat. ab2413], anti-vimentin
[Rb, 1:1000, Abcam, cat. ab92547], anti-GFAP [Rabbit,
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1:500, Cell Signaling, cat. 12389S], and anti-{3-actin
[mouse/HRP conjugated, 1:50,000, Sigma, cat.
A3854]. Blots were then probed with secondary anti-
body (HRP-conjugated goat anti-rabbit secondary anti-
body [1:10,000, Vector Laboratories, cat. PI-1000]) and
imaged using a Bio-Rad ChemiDoc Imager. The use and
standardization of antibodies for western blotting were
performed according to the manufacturer’s protocol and
our previous study (Howe et al. 2018).

Multiplex assays

The absolute level of TGF-1 was quantified using a
Bio-Plex Pro TGF-$ Assay (Bio-Rad, cat.
171W4001M). Briefly, cortical lysates were diluted to
8 mg/mL in 1% NP40 buffer, then underwent acid-
mediated antigen retrieval, and were further diluted in
dH,O + BSA to a final concentration of 1 mg/mL.
Subsequent steps were performed according to the man-
ufacturer’s instructions. Plates were read with the
Luminex-based Bio-Plex 200 using the manufacturer’s
protocol.

RNA isolation, cDNA synthesis, and qPCR
measurement of gene expression

RNA was harvested and purified using the RNEasy
Mini Kit (Qiagen) and 25 png of RNA was placed into
a cDNA synthesis reaction (iScript). Gene expression
was measured by qPCR (Table S1). All assays were
performed according to the manufacturer’s instructions.

Liquid scintillation counting

Samples were thawed on ice, then placed in 5-mL glass
vials and dissolved in 1 mL solvable (Perkin-Elmer) over-
night at 37 °C. Homogenates were vortexed and mixed
with 4 mL Hionic-Fluor scintillation cocktail (Perkin-
Elmer). *C-Inulin emissions were counted between 20
and 150 KeV with a Perkin-Elmer TriCarb LSC.

Correlation of clinical course with serum TGF-31 levels

Our study cohort consisted of 41 imaging-confirmed
ischemic stroke patients. All patients were part of a
prospective stroke registry where relevant clinical data
was catalogued and assessed throughout inpatient stay,
which enrolled patients between 2013 and 2015 at a
comprehensive stroke center (Hartford Hospital,



GeroScience (2019) 41:543-559

547

Hartford CT). Serum samples were obtained from is-
chemic stroke patients 24 h after symptom onset, proc-
essed within 2 h, and stored at — 80 °C for future use.
Patients or their families were consented for both sample
collection and data registry participation, which was
approved by the Institutional Review Board at Hartford
Hospital. Our primary outcomes were the National In-
stitutes of Health Stroke Scale (NIHSS) score at dis-
charge, and the ANIHSS during inpatient stay (admis-
sion NIH-discharge NIH). Serum levels of TGF-[3 were
quantified by multiplex ELISA using the TGF-3 3-
PLEX (Bio-Rad).

Statistics

All statistical analyses were performed using Prism 7. Data
are reported as mean (+) SEM with the number of biolog-
ical replicates (1) per group. When only two groups were
compared, Student’s ¢ test (two-tailed) with or without
Welch’s correction was applied where appropriate. When
three groups were compared, one-way ANOVA with
Tukey’s test for multiple comparisons was performed.
When four or more groups were compared, two-way
ANOVA with either Tukey’s or Dunnett’s test for multiple
comparisons was utilized (denoted in figure legends). For
analysis of clinical data, the relationship between TGF-3
and discharge NIH or ANIH was analyzed by linear
regression. Multivariate analysis was also performed, con-
trolling for patient gender, age, and NIH admission score.
All statistical analysis was performed using Prism 7 and
Microsoft Excel. Asterisks indicate statistical significance
levels based on the p value: *p < 0.05, **p < 0.01, and
*ikp < 0.001.

Results

DMCAO produced widespread reactive astrogliosis that
worsened with aging

To assess how ischemia alters astrocyte activation in
astrocytes adjacent to the cerebral vasculature, we first
performed DMCAO on young (3-month-old) and aged
(20-month-old) male mice. We examined astrocyte mor-
phology in aged animals at 7 days post-injury (DPI) by
IHC and counterstained with lectin to label the vascular
basement membrane (Fig. 1a). Perivascular GFAP (/7]
= 3.1, p = 0.018) and lectin (f[7] = 9.7, p < 0.001)
expression significantly increased in the aged brain after

DMCAO, with no significant change in perivascular
AQP4 expression (f[7] = 0.4, p = 0.677). To compare
DMCAO-induced changes in reactive gliosis between
young and aged mice, we dissected the ipsilateral cortex
at 7 DPI and assessed the expression of both GFAP and
vimentin, an additional marker of reactive gliosis, by
Western blot of cortical lysates (Fig. 1b). Consistent
with prior studies (Doyle et al. 2010; Manwani et al.
2011), we found that aging (F[1, 19] = 21, p < 0.001)
and DMCAO (F[1, 19] = 50.8, p < 0.001) produced
statistically significant increases in cortical GFAP ex-
pression, with a trending interaction between aging and
DMCAO (Fig. 1b, (i), F[1, 19] = 3.5, p = 0.076).
Similarly, we also found that both aging (Fig. 1b (ii)
F[1, 18] = 11.2, p = 0.004) and DMCAO (F[1, 18] =
68.9, p < 0.001) increased vimentin expression within
the cortex. A significant interaction effect of age and
stroke on vimentin expression (F[1, 18] = 8.9, p =
0.008) was also found. We also found that DMCAO
increased peri-infarct cortical TGF-31 levels at 7 DPI
(F[1, 18] = 74.05, p < 0.001), with no significant effect
of aging (Fig. 1b (iii). Overall, these data indicate that
DMCAQO induces cortical astrocyte reactivity, which is
potentiated by aging. Since DMCAO increased TGF-[31
levels similarly in both young and aged animals, further
studies are needed to determine whether the aged astro-
cyte is more sensitive to TGF-f31, or if other molecular
signaling pathways mediate increased gliosis in aged
animals.

Treatment with a TGF-f3 receptor antagonist rescued
DMCAO-induced impairments in motor function,
reactive gliosis, and perivascular CSF distribution

in aged animals

In order to directly determine if chronic TGF-f3 activation
plays a detrimental role in post-stroke recovery, we per-
formed DMCAO on aged animals and then treated them
with continuous peripheral infusion of GW788388 Hy-
drate, a specific TGF-f3 receptor-1 (ALKS) antagonist,
from 7 to 15 DPI (Gellibert et al. 2006; de Oliveira et al.
2012). This extended time-point was chosen to minimize
the potential impact of our intervention on injury volume,
as previous studies have shown that TGF-f3 is neuropro-
tective in the early phases of infarction (Cekanaviciute
et al. 2014). We hypothesized that delayed treatment with
an ALKS5 antagonist would reduce gliosis and fibronectin/
integrin-oS expression following DMCAO, potentially
normalizing the perivascular CSF distribution within the
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DMCAQO increased GFAP expression in aged animals and which was reversed by drug treatment (Fig. 2b (if) F[2,
newly found that this was significantly rescued by drug 12]1=5.8, p =0.017). These changes in astrocyte reactivity
treatment (Fig. 2b (i), F[2, 12] = 6.2, p = 0.014). We also and fibrosis correlated with alterations in perivascular CSF
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Fig. 1 Aging worsens reactive gliosis after DMCAO. a (i, ii)
Representative fluorescent mosaic micrographs from aged mice
showed increased levels of lectin and GFAP staining throughout
the injured hemisphere after DMCAO (7 DPI). Scale Bar = 750
pum. (iii—viii) Three-dimensional reconstruction showed altered
astrocyte morphology within the ipsilateral perivascular region
following DMCAO in aged animals, identified by AQP4 staining.
Scale bar = 50 um. b Quantification of perivascular GFAP (i),
lectin (ii), and AQP4 (iii) staining in aged animals at 7 DPL. n =4—
5 mice per group. Data were analyzed by Student’s  test. ¢ (i, ii)
Densitometry analysis of cortical lysates showed the highest levels
of GFAP and vimentin expression in aged mice with DMCAO at 7
DPI. (iii) Multiplex ELISA showed increased expression of TGF-
(31 in cortical lysates in both age groups at 7 DP1. n = 5-8 mice per
group. Data were analyzed by Tukey’s post hoc test for multiple
comparisons. Significance: ns, no significance, *p < 0.05; **p <
0.01; ***p < 0.001. Data are plotted as mean + SEM

distribution (Fig. 2¢, d). We found that DMCAO signifi-
cantly inhibited perivascular CSF distribution (measured
as the distribution of fluorescently-labeled 3 kDa dextran
[TR-d3], a fluid-space marker), which was rescued by drug
treatment (Fig. 2d (i), F[2, 12] = 5.4, p = 0.022). Overall,
these data show that ALKS activation induces reversible
impairments in perivascular CSF distribution after
DMCAQO in aged animals.

To determine whether improvements in perivascular
CSF-ISF exchange correlated with improved functional
recovery from DMCAO, we performed DigiGait analy-
sis on mice at 14 DPI. We found that contralateral
(injured) forelimb function was impaired by DMCAO,
and that this was rescued with ALKS antagonist treat-
ment (Fig. 3a (i), F[2,11] = 5.7, p = 0.02). As an
additional control, we did not observe any significant
effect of DMCAO or treatment on the ipsilateral
(uninjured) forelimb (Fig. 3a (i), F[2,11] = 1.1, p =
0.355). Interestingly, these functional improvements in
gait symmetry were not associated with reductions in
histological damage following DMCAO, measured as
hemispheric volume at 15 DPI (Fig. 3b, f{6] =1.38,p =
0.23). As such, these findings show that delayed ALKS
inhibition can improve functional outcomes, without
significantly affecting the severity of the initial injury.

TGF-1 signals to astrocytes to increase fibronectin
expression

To confirm our finding that TGF-f3 signaling increases
fibronectin expression and impairment of perivascular
CSF distribution, we intracisternally injected naive
young mice with recombinant TGF-{31, and collected
the cerebral cortex for Western blot 24 h later. We found

that TGF-31 stimulation significantly upregulated fibro-
nectin expression (Fig. 4a, /5] = 2.62, p = 0.047). We
also measured CSF influx by intracisternal infusion of
"4C-inulin, an additional fluid space marker, and found
that treatment with TGF-31 significantly reduced the
distribution of "*C-inulin within the brain (Fig. 4a (if),
7] = 2.75, p = 0.029). Taken together with the preced-
ing experiments, these findings further support the role
of TGF-f1 as a negative regulator of perivascular CSF
distribution.

The preceding experiments indicate that increased
fibronectin after stroke is mediated by TGF-f3. We next
sought to identify the cellular target of TGF-3 that
mediates these phenotypes. We hypothesized that
TGF-f3 signals to astrocytes to upregulate fibronectin
expression. To test this hypothesis, we first treated pri-
mary murine astrocytes in vitro with recombinant
TGF-31 peptide for 24 h, and then measured fibronectin
expression by Western blot and ICC. We found TGF-f31
significantly increased the expression of fibronectin in
whole-cell lysates (Fig. 4b (i), f[6] = 4.91, p = 0.003),
which was also observed with ICC quantification (Fig.
4b (ii), f[4] = 4.3, p = 0.012). Overall, these results
indicate that astrocytes produce fibronectin in response
to TGF-f31.

Exposure to OGD, TGF-f31, and Af3;4¢ impacts
astrocyte phenotypes and the expression of extracellular
matrix-related genes

Given the association between CSF influx and the drain-
age of amyloid-f3 (Af3) along perivascular tracts identi-
fied in previous studies (Iliff et al. 2012; Howe et al.
2018), we next sought to characterize how hypoxia,
TGF-f3, and amyloid-f3 (Af3) interact to influence astro-
cyte phenotypes and basement membrane composition.
Previous work indicates that TGF-[3 promotes astrocyte
activation after stroke (Cekanaviciute et al. 2014). Ad-
ditionally, others have shown that stroke can increase
amyloid plaque formation, which worsens inflammation
and functional outcomes (Nguyen et al. 2018). Follow-
ing activation after stroke, reactive astrocytes transition
to an anti-inflammatory “A2” phenotype (Zamanian
et al. 2012), which could change the complement of
basement membrane components that they produce. In
contrast, since the soluble form of A3 (Af31.40) has been
shown to provoke inflammatory cytokine production by
astrocytes (Vincent et al. 2002; Smits et al. 2002; Zhang
et al. 2017), we hypothesized that it would promote a
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Fig. 2 TGF-3 receptor antagonism reduces fibrosis and
improves perivascular CSF distribution following DMCAO.
Beginning at 7 DPI, mice were treated with continuous
subcutaneous infusion of vehicle or GW788388 Hydrate, a
TGF-3 receptor antagonist, at a dosage of 10 mg/kg/day. a
Representative images showing increased GFAP and fibro-
nectin expression in the peri-infarct cortex following
DMCAO (15 DPI), which is rescued with continuous subcu-
taneous infusion of GW788388 (10 mg/kg/day) by Alzet
pump. Scale bar = 100 pm. b Fluorescence intensity quan-
tification of GFAP and fibronectin expression. ¢ Representa-
tive images showing decreased dextran distribution in the
ipsilateral hemisphere following DMCAO (15 DPI), which
is reversed by GW788388 treatment. Scale bar = 1 mm.
Inset: magnified tracing showing distribution of tracer from
the cortical surface. d Fluorescence intensity quantification
of tracer distribution from the cortical surface. n = 4-5 per
group. Data are analyzed by two-way ANOVA with Tukey’s
post hoc test for multiple comparisons. *p < 0.05. Data are
presented as mean + SEM

pro-inflammatory “Al” activation state that may be
associated with further changes in basement membrane
composition. Since the mechanism of these transitions
are not known, we first evaluated how these potentially
opposing stimuli regulate the intrinsic transcription of
activation genes in primary astrocytes under oxygen-
glucose deprivation (OGD), an in vitro model of hyp-
oxia. We found that A (3,49 and OGD induced opposing
Al and A2 gene expression profiles, respectively; nei-
ther of which were significantly impacted by TGF-f31
(Fig. 5a; Table S2).

To further examine the role of TGF-31 and OGD in
regulating astrocyte function, we next broadly assessed
how these stimuli impacted the production of basement
membrane components by primary astrocytes, which
may disrupt the perivascular microenvironment through
the basement membrane. To accomplish this, we exam-
ined the mRNA levels of agrin (AGRN), collagen XVI
(COLI6A1I), fibulin-5 (FBLNY), fibronectin (FN1),
perlecan (HSPG?2), syndecan-2 (SDC2), integrin-o5
(ITGAY), integrin-31 (ITGBI), and amyloid precursor
protein (APP) immediately following OGD, as well as
with co-stimulation with TGF-31 and A4 (Fig. 5b).
We found that exposure to OGD significantly reduced
agrin expression (p < 0.001) but upregulated
integrin-5, a co-receptor for fibronectin (p = 0.001)
(Huang et al. 2015; Su et al. 2016). Co-stimulation
differentially impacted fibulin (» = 0.011) and
syndecan-2 expression (p = 0.036). Finally, we also
observed several statistically significant interaction ef-
fects between OGD and co-stimulation on the

expression of agrin (p = 0.005), collagen XVI (p =
0.026), fibrillin (p = 0.018), and fibronectin (p =
0.037). There was no significant impact of OGD or co-
stimulation on APP expression. Overall, these data in-
dicate that A2 astrocytes produce a unique group of
basement membrane proteins after stroke and suggest
that TGF-31 further modulates the production of these
components without impacting APP expression.

High serum TGF-31 predicts poor functional recovery
in human stroke patients

Finally, we verified the relevance of our studies to
humans by examining how serum TGF-f31 levels cor-
relate with functional deficits in patients with ischemic
stroke (Table 1). Linear regression analysis showed a
trend towards higher levels of serum TGF-31 in patients
with more severe neurological deficits at discharge, as
measured by the NIH Stroke Scale (NIHSS; p = 0.09).
Similarly, there was also a trend towards higher levels of
serum TGF-f31 and reduced recovery of neurological
function during hospital stay in our patient cohort (p =
0.07) (Fig. 6). Multivariate analysis was then performed,
controlling for patient age, sex, and initial neurological
deficits. This analysis revealed that elevated serum
TGF-B1 was a significant, independent predicter of
greater neurological deficits at discharge (p = 0.03)
and diminished improvement in neurological deficits
during hospital stay (p = 0.03) (Table 1, Table S3).
While these data suggest a detrimental role for
TGF-31 in the days following stroke, further studies
are required to assess basement membrane fibrosis and
long-term functional recovery in stroke patients. In ad-
dition, it is unclear to what degree peripheral TGF-{31
levels reflect signaling within the ischemic brain, neces-
sitating additional studies examining CSF cytokine
levels.

Discussion

While aging has been shown to increase glial scarring
around the initial injury site after experimental stroke
(Doyle etal. 2010), we found that this enlarged glial scar
also extends along the peri-infarct vessels, which form a
continuous network throughout the ipsilateral cortex.
Previous studies have shown that TGF-3 signaling
drives glial scar formation after stroke (Cekanaviciute
et al. 2014), as well as small vessel disease in animal
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Fig.3 TGF-p receptor antagonism improves functional outcomes
after DMCAO in aged animals. a (i) Utilization of the contralateral
(injured) forelimb during locomotion, measured on DigiGait as
area per second at 14 DPI. (ii) Utilization of the ipsilateral
(uninjured) forelimb during locomotion at 14 DPI. Data are ana-
lyzed by one-way ANOVA with Tukey’s post-hoc test for multiple

models of Alzheimer’s disease (Wyss-Coray et al. 1995,
1997, 2000; Buckwalter et al. 2002). The present study
identifies novel effects of TGF-{3 signaling to astrocytes
on the production of basement membrane components,
and their physiological correlates in aging and after
stroke. It also indicates that peripheral TGF-3 levels
may provide a clinically useful biomarker to identify
patients who are at risk for functional decline after
stroke. Taken as a whole, these findings are significant,
because they provide a new potential pathophysiologi-
cal mechanism that links acute macrovascular insults to
chronic microvascular changes, with the potential to
improve functional recovery in millions of elderly
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are analyzed by Student’s # test, n = 4-5 per group. *p < 0.05. ns,
no significance. Data are presented as mean + SEM

stroke survivors worldwide (Gorelick et al. 2011;
Feigin et al. 2019).

The current study examines how TGF-f3 signaling
influences perivascular CSF distribution after an ische-
mic insult to the aged brain. Previous work has shown
that perivascular CSF influx contributes to the clearance
of macromolecules, including toxic waste products,
from the brain parenchyma (Iliff et al. 2012, 2013).
However, perivascular CSF influx becomes disrupted
in aging, stroke, and other types of brain injury (Kress
et al. 2014; Wang et al. 2017; Howe et al. 2018). Our
previous study identified the basement membrane as a
potential mediator of the abnormal perivascular
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impairs perivascular CSF influx. a (i) In the brain, cortical lysates
showed increased fibronectin expression by densitometry analysis
by 24 h after intracisternal TGF-f31 infusion. (ii) The cortical
distribution of CSF containing '“C-inulin was reduced in mice
pre-treated with TGF-31. n = 3—4 per group. b Stimulation of
primary astrocytes with TGF-f3 increased fibronectin expression.

distribution of fluid and solutes after stroke, with in-
creased expression of fibronectin specifically promoting
the binding of soluble A 3;_4o within the basement mem-
brane (Howe et al. 2018). The present study builds on
these findings and shows that TGF-f3 signaling induces
basement membrane fibrosis and chronically impairs
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(1) Quantification of fibronectin expression changes in primary
murine astrocytes by western blot. n = 4-5 per group. (if) ICC
and image quantification showing increased fibronectin expres-
sion in primary murine astrocytes with stimulation. Quantitative
data are analyzed by Student’s # test. Significance: *p < 0.05; **p <
0.01. Scale bar = 100 um. Data are presented as mean = SEM

perivascular CSF distribution after stroke in aged ani-
mals, providing a new mechanism by which brain injury
can lead to prolonged functional impairment in the
elderly (Feigin et al. 2019). While these findings are
exciting, further studies are required to determine
whether other TGF-3-responsive molecules, in addition
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Fig. 5 Expression of cellular phenotype and basement
membrane-related genes in primary astrocytes following acute
stimulation. a Heat map showing variation in expression of genetic
markers of astrocyte phenotype following 6 h of ischemia and/or
co-stimulation (TGF-31 [3 ng/mL]; Af31.40 [10 uM]) . ddCT
values were plotted as Z-scores. b (i—viii) Expression (ddCT) of
basement membrane-related genes. (ix) Expression of APP. n =5-
8 per group. Heat map data in panel a were analyzed by two-way
ANOVA with Dunnet’s test for multiple comparisons to compare
ddCT values of experimental groups against vehicle/NO control.
All other expression data in panel b are analyzed by two-way
ANOVA with Tukey’s post hoc test for multiple comparisons.
Significance: *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations:
AGRN, agrin; APP, amyloid precursor protein; COL16A1, colla-
gen XVI; FBLNS, fibulin-5; FN1, fibronectin; HSPG2, perlecan;
NO, normoxia; ischemia, oxygen-glucose deprivation; SDC2,
syndecan-2; ITGAS, integrin-«5; ITGBI1, integrin-1. Astrocyte
phenotyping criteria were based on previously published panels
(Zamanian et al. 2012; Liddelow et al. 2017)

to fibronectin, contribute to the observed derangements
in perivascular CSF distribution after stroke. Further-
more, additional studies are also required to determine
whether these changes in basement membrane compo-
sition contribute to the formation of vascular amyloid
plaques.

Given the relationship between basement membrane
composition and TGF-f3 activation, we sought to deter-
mine whether TGF-f3 signaling could be antagonized to

Table 1 Serum TGF-31 levels as predictive biomarkers of out-
comes after ischemic stroke. 7op: Demographic and admission
variables of the ischemic stroke patients utilized in this study.
Bottom: multivariate association of serum TGF-f31 levels and
functional recovery. Serum levels were correlated with discharge
NIHSS and ANIHSS, controlling for confounding factors of pa-
tient age, gender and initial stroke severity (NIH on admission).
Data are analyzed by multivariate regression (n = 41 patients)

Patient demographics
n=41 Mean
Sex (48.7% female)

Standard deviation

Patient age 71.5 years 13.5 years
NIHSS on admission 9.07 6.99
NIHSS on discharge 4.53 5.72
ANIHSS at discharge 4.53 5.07

Multivariate regression results
Outcome measure

Poor discharge NIHSS
ANIHSS at discharge predict

Statistical significance
p=0.03
p=0.03

Serum TGF-B1 and Clinical Course

50000+
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20000+

[TGF-B1], pg/mL
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0 T T T T 1
-5 0 5 10 15 20

Functional Improvement (ANIHSS)
Fig. 6 Univariate association of serum TGF-{31 levels with func-
tional recovery in ischemic stroke patients. Linear association
between ANIHSS (admission NIHSS-discharge NIHSS) and se-

rum TGF-f levels in ischemic stroke patients at 24-h post-symp-
tom onset. Data are analyzed by linear regression

promote post-stroke recovery. To examine this relation-
ship, we performed experimental stroke in mice and
employed a selective pharmacologic inhibitor of TGF-[3
receptor-1 (ALKS) that was administered in the chronic
phase of injury. In addition to its translational relevance,
this strategy allowed us to avoid any significant effects on
infarctsize, as the stroke is histologically complete by day
3 inthe DMCAO stroke model (Gellibert et al. 2006). We
found that delayed ALKS antagonism reduced gliosis,
reduced the expression of basement membrane fibronec-
tin to sham levels, and improved functional outcomes
following DMCAO in aged animals. While prior work
has suggested a beneficial role for TGF-f3 signaling in the
early stages of ischemic injury in young animals
(Cekanaviciute et al. 2014), the present study differs in
that we utilized aged animals, and allowed for a delay in
drug administration to avoid altering the volume of the
initial injury. Taken together, these studies suggest a
biphasic role for TGF-f3 signaling, where moderate acti-
vation may provide early neuroprotection, but laterhave a
negative impact on functional recovery. The negative
impacts of prolonged TGF-f31 exposure may be worse
in aged animals, which is associated with increased glial
scarring and impaired neurological function after stroke
(Doyle et al. 2010; Manwani et al. 2011). This may
provide an additional mechanism driving functional de-
cline after stroke in the aged population, but more studies
are needed to specifically evaluate the causal relationship
between fibronectin over-expression in the basement
membrane and poor functional recovery.
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The current study also indicates that astrocyte
activation after stroke is dependent on multiple
factors within the brain microenvironment. Using
in vivo mouse models, previous work showed that
Al astrocytes are induced by peripheral LPS stim-
ulation, while A2 astrocytes are induced after
MCAO (Zamanian et al. 2012). We newly found
that OGD was sufficient to induce an A2 phenotype
in primary astrocyte cultures. Additionally, while
previous studies found that treatment with TGF-{3
inhibits Al astrocyte activation (Liddelow et al.
2017), we found that the A2 phenotype remained
intact even with TGF-3 co-stimulation under OGD
conditions. We also newly found that AP 49 stim-
ulated classical A1l astrocyte activation and
inhibited the transition to A2 that is seen after
OGD. In addition, we also found that astrocyte
phenotypes are associated with different genetic
expression of basement membrane components that
have been implicated in the pathogenesis of small
vessel disease and vascular cognitive impairment
(Thomsen et al. 2017). The present findings sug-
gest that OGD and Af;40 interact to modulate
astrocyte phenotypes, which could influence recov-
ery from stroke in vivo due, in part, to modulation
of fibronectin expression and CSF flow within the
basement membrane. Additional studies should be
undertaken to further characterize the role of astro-
cyte polarization in the regulation of solute flux in
the basement membrane, as well as to identify
additional potential changes in other targets, in-
cluding laminin and collagen subtypes.

The impact of aging on the expression of TGF-3
after stroke remains understudied. Microglia and
monocyte-derived macrophages are thought to be
major cellular sources of TGF-f3 within the brain
after stroke (Yeo et al. 2019). Previous studies have
shown that TGF-f3 expression increases in the brain
(Krupinski et al. 1996) and blood (Jiang et al. 2017)
after stroke, leading to increased Smad signaling and
reactive gliosis, which is further increased by aging
(Doyle et al. 2010; Cekanaviciute et al. 2014). While
the current study also showed increased glial scarring
in the aged brain after stroke, surprisingly, it did not
find a significant effect of aging on the absolute
concentration of TGF-f3 in the brain. One explana-
tion for this discrepancy is that the aged brain may
exhibit increased sensitivity to TGF-f3, such that
similar infarct volumes and TGF-f3 levels produce
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increased glial scarring compared to that seen in the
young brain. Further studies should address how
aging alters expression of the TGF-3 receptor com-
plex, downstream signaling proteins and epigenetic
changes in TGF-{3-responsive regions of the genome
that occur with aging (Reviewed in Koellhoffer et al.
2017; Nickel et al. 2018). Such studies may help to
develop more specific therapies that target patholog-
ically increased gliosis after stroke, without affecting
TGF-f3 signaling throughout the body.

In summary, the present study supports the hy-
pothesis that TGF-f3 induces gliosis and is a major
negative regulator of perivascular CSF distribution,
which is mediated, in part, by its effects on basement
membrane composition. Astrocyte-specific knock-
outs, including TGF-f3 receptor-1/2, or the down-
stream Smad proteins may be of further use in under-
standing how aging increases gliosis after stroke.
Additionally, further studies are needed to better
characterize the cellular sources of TGF-f3 after
stroke. Longitudinal studies with transgenic models
of Alzheimer’s disease would be useful to correlate
these durable changes in physiology with the chronic
development of small vessel disease and to assess the
long-term impact of basement membrane remodeling
and altered perivascular CSF distribution on brain
function. These changes in basement membrane
composition and function could impair
neurovascular coupling after stroke, which is hy-
pothesized to play a major role in the development
of both gait disturbances and cognitive impairment
(Ungvari et al. 2017; Tarantini et al. 2017). Overall,
targeting TGF-3 signaling could provide a novel
therapeutic strategy to improve basement membrane
composition, perivascular CSF distribution, and the
overall function of the neurovascular unit in the is-
chemic brain, which may eventually lead to strate-
gies to augment functional recovery in human stroke
patients.
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