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Abstract

Interleukin-1p (IL-1p) is a pleotropic cytokine known to influence the central nervous system
(CNS) responses to injury or infection. IL-1f also directly induces astrocytic expression of tissue
inhibitor of metalloproteinases (TIMP)-1, a potent trophic factor and regulator of matrix
metalloproteinase activity. In this study we examined the functional relationship between IL-1
and TIMP-1 and determined that the behavior of astrocytes in response to IL-15 is determined by
TIMP-1 expression. Using primary astrocytes from C57BI/6 mice, we found astrocytes from
wildtype (Wt) mice exhibited a robust wound healing response to a scratch wound that was
arrested in response to IL-1B. In contrast, TIMP-1 knockout (TIMP-1KO) astrocytes, exhibited
minimal response to the scratch wound but an accelerated response following IL-1p-treatment. We
also determined that the scratch wound effect in Wt cultures was attenuated by inhibition of Rho
kinase but amplified in the TIMP-1KO cultures. We propose that the specific induction of TIMP-1
from astrocytes in response to IL-1f reflects a previously unrecognized physiological relationship
where the directionality of astrocytic behavior is determined by the actions of TIMP-1. These
findings may provide additional insight into glial responses in the context of neuropathology
where expression of TIMP-1 may vary and astrocytic responses may be impacted by the
inflammatory milieu of the CNS.
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1. Introduction

Astrocytes are known to promote cellular differentiation, regulate synapse function, and
promote axonal regeneration[1-3]. A prominent feature of many neurological diseases and
injuries is 'reactive astrogliosis', which is defined by proliferation, astrocytic phenotype
changes, changes in morphology and gene expression that is believed to reflect pathological
changes in astrocytic functions[4, 5]. The mechanisms regulating astrogliosis are not fully
understood.
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Reactive gliosis can be modeled in vitro by stimulating astrocytes with pro-inflammatory
factors, such as interleukin 1 beta (IL-1f). IL-1p replicates features observed with reactive
gliosis in vivo, including upregulated glial fibrillary acidic protein (GFAP) gene expression
and cellular hypotrophy[6, 7]. Importantly, IL-1f induction of reactive astrogliosis has been
shown to be due to deactivation of the Rho kinase (ROCK) signaling pathway; constitutively
active ROCK was found to eliminate the impaired astrocytic response induced by IL-1p[8].
In addition, it has been shown that this IL-1 effect is partially due to the effect of the
extracellular matrix and cross talk between additional signaling cascades such as ERK1/2,
leaving an area of interest with regard to regulation of IL-1p effects on astrocytes[9].
Interestingly, the ROCK pathway has been implicated in a variety of CNS diseases
including stroke and Alzheimer’s disease (AD) where ROCK inhibitors are potential
therapeutic agents[10]. Astrogliosis is also a hallmark feature of these diseases, suggesting
that pathological changes in ROCK pathway regulation may affect astrocyte functions in
disease.

IL-1p is also known to modify the behavioral response of astrocytes to injury[11], in part,
through altering the astrocyte secretome[12]. Tissue Inhibitor of Metalloproteinase
(TIMP)-1 is a highly inducible secreted protein produced by astrocytes after CNS infection,
inflammation, or injury[4, 5, 13]. TIMP-1 expression is also directly regulated by I1L-13[14—
16]. We have recently determined that reactive gliosis is greatly diminished in the absence
of TIMP-1[2], and that TIMP-1 is a potent activator of astrocytes[2]. Given the ubiquitous
induction of TIMP-1 with acute brain injuries in association with astrogliosis[13], and the
pleiotropic nature of TIMP-1 function[2], we hypothesized that TIMP-1 may impart
physiological responses to astrocytes resulting from IL-18 exposure.

Herein, we report that the astrocyte responses to IL-18 are determined by the production of
TIMP-1 as it regulates the functional effect of by modulating injury-induced activation of
ROCK pathway. These findings provide new information on the functions of astrocytes that
relate to pathology in many CNS diseases.

2. Materials and Methods

2.1 Primary Astrocyte Cultures

Cultures were developed from cerebral cortices of neonatal C57BL/6 wildtype or TIMP-1
deficient (KO) mouse pups (PO-P3) using a neural tissue dissociation kit (Miltenyi Biotec)
[11, 17]. Cells were plated in T175 flasks for 2 weeks before detachment using trypsin
(Sigma) and re-plating into 24-well plates onto laminin-coated coverglass (Ln, 10 ug/uL;
Sigma Aldrich) The purity of each culture system (GFAP+ cells) was consistent with
previous reports[2, 18], as verified by immunocytochemistry (ICC) for GFAP (1:1000,
Chemicon), and, Iba-1 to identify microglia (1:1000, WAKO).

2.2 Scratch Injury model

A scratch injury ~600um in diameter across a confluent astrocyte monolayer was made
using a sterile P200 pipette tip[11, 19]. At varying times after injury, cells were fixed and
ICC performed. Treatments included: I1L-1f (10 ng/ml; Peprotech)[8, 11]; rm-TIMP-1
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(10ng/mL; R&D) or the TIMP-1 C-terminal domain peptide (amino acids 126-184; Anaspec
Inc.)[2]; GM6001 (12.5 umol/L; Calbiochem)[20]; ROCK-inhibitor, Y-27632 (10 uM;
Fisher)[8]. Scratch injuries were measured perpendicular to the longitudinal axis of the
scratch at a minimum of three points spanning the width of the scratch. Measurements were
then used to determine the amount of recovery relative to baseline (i.e. wound diameter at
time of the scratch, or t=0) for each sample and treatment. The average of each technical
replicate was then compared across biological replicates to assess variability, though all data
points were included in the final analyses.

2.3 ELISA

A TIMP-1 ELISA (Duoset; R&D Systems) was performed on conditioned media samples
according to manufacturer’s protocol, as previously described[2].

2.4 Immunocytochemistry (ICC)

ICC was performed as previously described[2]. Cultures were fixed in 4%
paraformaldehyde, washed and incubated with primary fluorescent conjugated antisera for
Glial Fibrillary Acidic Protein (GFAP-Cy3; 1:1000, Sigma). 4',6-diamidino-2-phenylindole
(DAPI) was added after incubation to counterstain nuclei. Immunoreactivity was visualized
by fluorescence microscopy (Olympus, 1X71) and representative images acquired using
image analysis software (Empix Imaging).

2.5 Rho-associated Kinase (ROCK) Activity Assay

was performed according to manufacturer’s protocol (Cell Biolabs, Inc.). Briefly, protein
lysates were collected from astrocyte cultures and placed in MYPT-1 coated wells; the level
of ROCK activity was measured by optical density to quantify Thr696 phosphorylation of
MYPT-1[21].

2.6 Statistics

Experiments were performed in quadruplicate replicates and then repeated in triplicate.
Comparisons between treatments were made using t-tests, or, where appropriate, a two-way
ANOVA with Bonferroni post-hoc tests was used to evaluate response differences between
genotypes with treatments using GraphPad Prism software (La Jolla, CA). Data are
presented as mean+SEM. The null hypothesis for all experiments was P<0.05.

3. Results

To understand the dynamics of TIMP-1 expression in culture and to determine whether its
expression was altered by a mechanical wound in vitro, we measured levels of TIMP-1 in
conditioned media from Wt cultures either at the time of the scratch (t0), 4 or 24 hours later.
We found that production of TIMP-1 was induced over time by the scratch wound without
any additional stimulus, where TIMP-1 levels were significantly elevated by 4 hours post
injury, and subsequently returned to baseline levels by 24 hours (Figure 1). No significant
changes in TIMP-1 production was found in untreated, unscratched cultures over the same
24 hr time course (Figure 1). Consistent with previous findings we found IL-1p induced a
significant increase in TIMP-1 protein levels in the conditioned media from Wt cultures
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(Figure 1). We next determined what effect mechanical wound stress would have on
induction of TIMP-1 in response to IL-1p treatment. Interestingly, when compared with
either scratched or IL-1f treatment alone, TIMP-1 production in the scratched astrocyte
cultures was delayed and significantly lessened in scratched cultures that were also treated
with IL-1 (Figure 1). These data pointed to a previously unrecognized complexity in the
relationship between IL-18, TIMP-1 and mechanical wound stress in astrocytes.

Our previous studies had determined that TIMP-1 can directly activate astrocytes[2], but the
functional implications of this activation had not been previously addressed. To examine
how TIMP-1 influences the behavior of primary astrocytes in culture, we compared
confluent primary Wt and TIMP-1KO astrocyte cultures and assessed their response to a
scratch wound[11]. We found significant recovery in Wt astrocytes by 24 hours after the
scratch (Figure 2), however, TIMP-1KO astrocytes exhibited minimal recovery (Figure 2).
Since (a) IL-1f induces TIMP-1 expression, (b) IL-1[ treatment attenuated the production of
TIMP-1 when the culture was scratched, and (c) IL-1p treatment is also known to arrest
scratch recovery in astrocyte cultures[8, 11], we next examined the effect IL-1f on scratch
recovery in TIMP-1KO astrocytes. Consistent with previous work[8, 11], we found that
administration of IL-1p (10ng/mL) was sufficient to arrest recovery in Wt glial cells,
whereas application of IL-1 was found to increase the rate of scratch wound recovery in
TIMP-1KO cultures (Figure 2). Thus, the physiological response of astrocytes to IL-1B was
inverted in the absence of TIMP-1.

To confirm that TIMP-1 was responsible for these differences in the astrocytic response to
the scratch injury, we examined whether we could recover a "wildtype" phenotype by
introducing TIMP-1 to the TIMP-1KO astrocytes. Application of recombinant murine (rm)-
TIMP-1 protein was found to significantly improve wound recovery (P=0.0017, Figure 3A).
TIMP-1 is well-characterized as a dual function protein, with both metalloproteinase-
inhibitory function and a receptor-mediated growth factor function. To determine what
function of TIMP-1 mediated the scratch recovery, we then applied a recombinant peptide of
TIMP-1 which encompassed only the trophic factor domain and found that it significantly
improved scratch wound recovery (Figure 3B). When we applied GM6001 (12.5uM), a non-
selective broad spectrum MMP inhibitor compound, to either TIMP-1KO cultures (Figure
3C) or Wt cultures (Figure 3D) and measured the scratch response, we found that GM6001
did not significantly alter the scratch wound response of either genotype (P=0.3369; Figure
3C,D). This result indicated that deficit in scratch wound response in TIMP-1KO astrocyte
cultures was a result of a trophic factor action of TIMP-1 and not via inhibition of MMPs.

To determine why the physiological response of astrocytes to IL-1f is inverted in
TIMP-1KO astrocytes, we examined how TIMP-1 may influence IL-1p regulation of Rho
GTPases[8]. The ROCK pathway is important for cell shape, motility, and migration[22].
ROCK activity was measured in cell lysates from Wt and TIMP-1KO cultures that had been
either treated with IL-1p, or vehicle, and either a ROCK inhibitor (ROCKIi, Y-27632; 10
UM), or vehicle control. Basal ROCK activity in TIMP-1KO astrocytes was significantly
lower than basal levels measured in Wt cultures (P<0.01, Figure 4A). Treatment with I1L-1f
increased ROCK activity in both Wt and TIMP-1 KO cultures (Figure 4A), with the increase
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in IL-1p induced ROCK activity in TIMP-1 KO cultures equal to levels in untreated Wt
cultures (P>0.05).

To evaluate the functional impact of these differences in ROCK activity, we performed the
scratch assay on Wt and TIMP-1KO astrocyte cultures using ROCKi and IL-1f (Figure 4B).
Addition of ROCK:i to Wt cultures dropped ROCK activity to levels equal to basal levels in
TIMP-1KO cultures (not shown), and there was a significant decrease in the ability of the wt
astrocytes to recover from the injury (Figure 4B). Addition of IL-1f to ROCK:i treated Wt
cultures significantly impaired wound healing resulting in negative recovery (i.e. wound
widening). In contrast, application of the ROCKi to TIMP-1KO astrocyte improved the
scratch wound response compared to baseline scratch response in these cultures (ANOVA,
P<0.005; Figure 4B), and, there was no measurable effect of IL-13 over that of ROCKIi
treatment in the knockout cultures (Figure 4B)

4. Discussion

Our data confirm previous findings that ROCK activation is important for recovery from a
scratch injury in Wt astrocytes[8]. However, our data also indicate that inhibition of ROCK
in TIMP-1KO astrocytes elicited an opposite response to Wt cultures. These data imply that
the physiological impact of IL-1 on astrocytes may be determined, in part, by the
production and ability of astrocytes to express TIMP-1. TIMP-1 is a top candidate gene
upregulated in two models of astrogliosis[5], and we have previously shown that TIMP-1 is
important for astrocyte activity in vivo[2]. There is also an emerging understanding that
TIMP-1 is dynamically regulated and that dysregulation of TIMP-1 expression by astrocytes
may contribute to context under which astrocytes respond in a variety of neurological
diseases. We postulate that many of the actions of TIMP-1 in this context are not MMP-
mediated but rather through a receptor-mediated signaling mechanism. Previous studies
have reported TIMP-1 activation of PI3K and Akt signaling in non-neural cells[23], though
these process have not yet been directly confirmed in CNS cell types[24]. Future studies on
the trophic actions of TIMP-1 may provide important insights into the acute effect of
inflammation on astrocytes in disease, where a rapid elevation in TIMP-1 have been
associated with CNS repair. In contrast, elevated expression of TIMP-1 is not always
observed in several chronic inflammatory neurodegenerative diseases, including HIV-
encephalomyelitis and multiple sclerosis (MS)[25-27], suggesting that a reduced propensity
of astrocytes to express TIMP-1 may result from chronic inflammation and then
significantly impact how astrocytes function/respond in these chronic disease states.

In this study, we wanted to further elucidate the contribution and function of astrocytes in
response to IL-1p, which has been shown to be important for the formation of the glial scar
because the mechanism that generates the astroglial phenotype of the reactive astrocytes is
still not fully understood. A better understanding of the regulation of astrocyte reactivity
could provide a beneficial insight into astroglial heterogeneity in function and phenotype in
disease. In particular, the role of TIMP-1 and the ability of astrocytes to react to external
stimulation. These previous observations have lead to our study to understand a potential
mechanism for TIMP1 regulation of astrocyte activity. On a cellular level, our data are also
consistent with primary human astrocyte cultures from MS lesion biopsies, which have been
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reported to exhibit increased proliferation and migratory capacity when compared with
cultures derived from non-diseased brain or spinal cord regions[28]. Although measurement
of TIMP-1 produced in the context of human disease-specific astrocyte cultures has not yet
been reported, our findings would suggest that the behavior of astrocytes may strongly
influenced by TIMP-1 expression and this would change over time as a result of the chronic
inflammation during disease.

We have found that the astrocyte response to IL-1f is linked to the presence of TIMP-1, and
that this response is coupled to the activity of the ROCK pathway. The ROCK pathway has
been implicated in many cell functions including migration. It is important to highlight that
the cellular response to a scratch wound is complex and is known to engage many signaling
pathways related to cell proliferation, migration and cell death[29]. For instance, cdc42,
another GTPase shown to impact astrocyte behavior in the scratch assay[19], also interacts
with ROCK signaling[30]. Based on our scratch assay data (Figure 4), the absence of
TIMP-1 dramatically influenced the magnitude of scratch wound recovery by regulating
ROCK activity in response to IL-1p. It is possible that a mechanism for TIMP-1 regulation
of astrocyte responses to IL-1p may involve signaling molecules such as cdc42.
Interestingly, another upregulated gene in response to astrogliosis, is lipocalin 2 (Icn2)[5],
which also has been previously shown to play an important role in astrocytic reactivity is
also positively regulated by ROCK pathway signaling[31]. Previous studies have found that
stimulating Icn2 can act to polarize the function of astrocytes[32] by activating the ROCK
pathway and stimulating reactive gliosis[31]. If TIMP-1 is found to regulate Icn2 expression,
future studies may provide a plausible ROCK-mediated mechanism by which astrocytic
reactivity, astrogliosis, and wound healing may be managed TIMP-1.

Dysfunction of astrocytes is recognized as an underlying etiology of a number of
neurological diseases including: MS, AD, and amyotrophic lateral sclerosis (ALS)[2, 13,
33-37]. Reactive astrocytes surround MS plaques and are thought to impair
remyelination[38], which suggests an important role for astrocytes in the pathology of MS.
In AD, activated astrocytes have been shown to release pro-inflammatory factors that
promote inflammation and foster Ap deposition[36]. Astrocytes are thought to cause of
motor neuron degeneration in ALS[37, 39]. TIMP-1 has been implicated in all of these, and
other, neurodegenerative diseases. Therefore, our findings may have broad implications for
understanding astrocytic functions in a variety of neurodegenerative diseases[13].

5. Conclusions

Astrocyte responses to IL-1p are profoundly influenced by the production of TIMP-1
through modulation of the ROCK pathway. These findings provide new information on how
TIMP-1 may control astrocyte function and impact astrocyte function(s) in a variety of CNS
diseases.
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Abbreviations

IL-1P Interleukin-1f

TIMP-1 Tissue Inhibitor of Metalloproteinase-1

ROCK Rho Kinase

MMP Matrix Metalloproteinase.
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Highlights
e  TIMP-1KO astrocytes exhibited an arrested response to a scratch wound.

» IL-1 treatment, which arrested scratch response in Wt cultures, instead evoked
a robust recovery to scratch in TIMP-1KO astrocyte cultures.

e Inhibition of Rho kinase in Wt cultures arrested scratch response to IL-1p, but
enhanced scratch response in TIMP-1KO cultures.

»  Astrocytic expression of TIMP-1 strongly influences the response of astrocytes
to IL-18

Neurosci Lett. Author manuscript; available in PMC 2016 November 16.
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Figure 1. TIMP-1 induction in response to mechanical injury and inflammation
Analysis of TIMP-1 production in primary cultures 0, 4, and 24 hrs in response to control

(squares) or IL-1f treatment (triangles) and scratch wound (red lines). 2-way ANOVA,
P<0.0002; where **** P<0.0001 Cntl w/ IL-1p vs. Cntl; **P<0.01 Scratch w/ IL-1p vs.
Cntl w/ IL-1B, and * P<0.05, Scratch w/ IL-1p or Scratch vs Cntl.
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Figure 2. The physiological effect of IL-1f on astrocytes is inverted in TIMP-1KO cultures
(A). Representative images of WT and TIMP-1KO astrocytes treated with vehicle or IL-1f.

(B). Quantitative analysis of scratch recovery (in percent) from baseline scratch wound in
confluent Wt and TIMP-1KO astrocyte cultures treated with vehicle or IL-1f (10 ng/
ml).ANOVA, P<0.0001; **, P<0.01 TIMP-1KO Cntl vs. Wt Cntl; *** P<0.001, Wt Cntl vs
TIMP-1KO Cntl or Wt IL-1f, and P<0.002 TIMP-1KO IL-1f vs. TIMP-1KO Cntl. Scale bar

Neurosci Lett. Author manuscript; available in PMC 2016 November 16.
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Figure 3. Introduction of recombinant TIMP-1 restores Wt-like phenotype response to
TIMP-1KO cultures
(A) Quantification of scratch recovery (in percent from baseline) in TIMP-1KO astrocyte

cultures treated with either vehicle or rm-TIMP-1 (10 ng/ml). (B). Quantification of scratch
recovery in TIMP-1 KO astrocyte cultures treated with a C-terminal peptide of TIMP-1
[TIMP-1(C); 10 ng/ml]. (C,D) Quantification of scratch recovery in TIMP-1KO and
wildtype astrocyte cultures treated broad spectrum MMP-inhibitor, GM6001, or vehicle
(control). Student's t test:; ***, P=0.001.
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Figure 4. Diminished astrocytic Rho kinase activity in absence of TIMP-1
(A). ROCK activity measured in Wt and TIMP-1KO astrocytes treated with either IL-10 or

vehicle (control). Two-way ANOVA; ** P=0.007 for genotype, P<0.018 for treatment
effect. (B). Quantification of scratch recovery in Wt and TIMP-1KO astrocyte cultures (in
percent from baseline scratch) when treated with either IL-1f or IL-13 and Rho kinase
(ROCK) inhibitor. Two-way ANOVA, ** P<0.0009 for genotype interaction, and P<0.01
for IL-1p treatment. (C) Hypothesized IL-1f pathway regulation of RhoK and the influence
of TIMP-1 where the absence of receptor-mediated signaling via TIMP-1 (i.e. TIMP-1KO)

modifies the physiological response of astrocytes to IL-1p.
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