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Abstract

Astrogliosis following spinal cord injury (SCI) involves an early hypertrophic response that serves
to repair damaged blood brain barrier and a subsequent hyperplastic response that results in a
dense scar that impedes axon regeneration. The mechanisms regulating these two phases of
astrogliosis are beginning to be elucidated. In this study, we found that microRNA-21 (miR-21)
increases in a time-dependent manner following SCI in mouse. Astrocytes adjacent to the lesion
area express high levels of miR-21 whereas astrocytes in uninjured spinal cord express low levels
of miR-21. To study the role of miR-21 in astrocytes after SCI, transgenic mice were generated
that conditionally over-express either the primary miR-21 transcript in astrocytes or a miRNA
sponge designed to inhibit miR-21 function. Over-expression of miR-21 in astrocytes attenuated
the hypertrophic response to SCI. Conversely, expression of the miR-21 sponge augmented the
hypertrophic phenotype, even in chronic stages of SCI recovery when astrocytes have normally
become smaller in size with fine processes. Inhibition of miR-21 function in astrocytes also
resulted in increased axon density within the lesion site. These findings demonstrate a novel role
for miR-21 in regulating astrocytic hypertrophy and glial scar progression after SCI, and suggest
miR-21 as a potential therapeutic target for manipulating gliosis and enhancing functional
outcome.

INTRODUCTION

Astrocytes play a critical role after SCI where their response consists of an initial

hypertrophy followed by hyperplasia (Fawcett and Asher, 1999; Barnabe-Heider and Frisen,

2008; Sahni et al., 2010). During the hypertrophic phase, astrocytes become reactive and
exhibit enlarged somata as well as thick processes and increased expression of the
intermediate filament proteins glial fibrillary acidic protein (GFAP) and vimentin (Pekny
and Pekna, 2004). These morphological changes provide a beneficial effect by facilitating
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repair of the blood brain barrier while limiting spread of inflammatory cells (Faulkner et al.,
2004; Sofroniew, 2005; Okada et al., 2006; Herrmann et al., 2008). Contrastingly, during the
hyperplastic response, astrocytes increase in number around the injury site and display much
finer processes, contributing to progression of the glial scar. This glial scar has been shown
to be a significant barrier for axonal regeneration (Fawcett and Asher, 1999; Silver and
Miller, 2004).

MicroRNAs (miRNAS) are post-transcriptional regulators of gene expression (Bartel, 2004).
The primary miRNA (pri-miRNA) is transcribed from the genome by RNA polymerase Il
and processed by Drosha, yielding the precursor miRNA transcript (Carthew and
Sontheimer, 2009). This precursor miRNA (pre-miRNA) is exported into the cytoplasm and
processed by Dicer-containing enzyme complex to produce a hon-coding 20-24 nucleotide
mature miRNA. Mature miRNAs bind to complementary sequences on target messenger
RNA transcripts (MRNAS), resulting in gene silencing through target mRNA degradation
and/or translational repression. miRNAs regulate a diverse set of functions under
homeostatic as well as pathological conditions (Qureshi and Mehler, 2012). Many miRNAs
are altered following SCI (Liu et al., 2009; Liu et al., 2010; Yunta et al., 2012) including
miR-21. Interestingly, miR-21 expression and processing is regulated by bone
morphogenetic protein (BMP) and JAK-STAT signaling pathways, which have been shown
to critically regulate the astrocytic responses after SCI (Setoguchi et al., 2004; Enzmann et
al., 2005; Davis et al., 2008; Matsuura et al., 2008; Sahni et al., 2010; Ahmed et al., 2011,
Kohanbash and Okada, 2012). We have also previously shown that over-expression of
miR-21 in cultured astrocytes causes a decrease in cell size, process thickness and GFAP
expression (Sahni et al., 2010). These observations suggest a potential role for miR-21 in
regulating astrogliosis after SCI.

Here, we investigated the role of miR-21 in astrocytic responses after severe SCI /n vivo. We
found that miR-21 expression increases in astrocytes adjacent to the lesion site. Conditional
over-expression of miR-21 in astrocytes reduced astrocytic hypertrophy after SCI. In
contrast, inhibiting miR-21 using MiRNA sponge technology not only augmented the
hypertrophic response but also increased the number of axons within the lesion at chronic
stages of injury. These data suggest that miR-21 can be targeted therapeutically to enhance
astrocytic hypertrophy and modulate progression of the glial scar to potentially increase
functional recovery after SCI.

MATERIAL AND METHODS
Generation of ROSA-miR21 and ROSA-MSP mice

Transgenic ROSA-miR21 mice were generated by inserting 381 base pairs of the murine
primary miR-21 transcript (Ensembl Genome, mouse chromosome 11 base pairs 86,397,432
— 86,397,811, negative strand) into the Xhol and Notl sites of pPCAG-BigT. pCAG-BigT was
generated from pBigT (Srinivas et al., 2001) by inserting the CAG (CMV-chicken p-actin)
promoter amplified from pCAGGS-Flpe plasmid (Schaft et al., 2001) upstream of the lox-
stop-lox cassette in pBigT. The precursor stem loop of miR-21 is made up of base pairs
86,397,569 — 660 and the mature sequence consists of base pairs 86,397,622 — 643. The
pCAG-BigT-ROSA-miR21 construct was inserted into Pacl and Ascl sites into pPROSA26-
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PA to generate the final targeting vector. The targeting vector was linearized with Kpnl and
electroporated into C57BL/6 ES cells. ES cells were selected for neomycin (PGK-Neo)
expression using G418 and negative selection was performed via a diphtheria toxin-A (DT-
A) cassette in 3’ end of the targeting vector. Homologous recombinants were screened by
Southern blot using probes for 5 and 3’ sites that were external to the vector recombination
arms. To validate the performance of the targeting construct, targeted ES cells were infected
with either Adenovirus encoding for GFP (Ad-GFP) or Cre-recombinase protein (Ad-Cre)
and RNA was extracted using RNAqueous-Micro Kit (Ambion) per manufacturer’s protocol.
Recombinant clones with the highest transgene expression were selected for injection into
C57BL/6 blastocysts. Male chimeras were mated with C57BL/6 females to establish three
independent lines. These lines were found to be similar so only a single line was propagated
and further analyzed. DNA was isolated from tail biopsies and genotyping was performed by
PCR with the following primers: miR21 forward, ATGGCTGTACCACCTTGTCGGATA
and miR21 reverse, AGCATGCCTGCTATTGTCTTCCCA for transgene presence.

Transgenic ROSA-miR21 sponge (ROSA-MSP) mice were generated by inserting the seven
miR-21 sponge repeat and bovine growth hormone polyadenylation termination sequences
from pCMV-d2eGFP-miR21 (Ebert et al., 2007) into the Xhol and Notl sites of pPCAG-BigT.
Generation and validation of ROSA-MSP chimeras was performed as described above for
ROSA-miR21 mice. Genotyping primers specific for MSP (MSP forwara,
GCTCTATGGCTTCTGAGC; MSP reverse, CGAAAATCTGTGGGAAGTCTTG) were
used to detect germ line transmission by PCR from chimeras and subsequent generations.

Transgenic mouse lines

The ROSA-miR21 and ROSA-MSP lines were maintained in a C57BL/6 background and
were crossed to a GFAP-Cre mouse line (73.12, Jackson Laboratory). Generation and
genotyping of the GFAP-Cre line has been described (Garcia et al., 2004). Genotyping of
offspring was performed as described above for ROSA-miR21 and ROSA-MSP. Offspring
from these matings yielded the following four genotypes: (1) GFAP-Cre;ROSA-miR21/+ (-
MSP/+), (2) GFAP-Cre, (3) ROSA-miR21/+ (-MSP/+), and (4) ROSA-+/+. Transgene
expression was no detected in the last three genotypes and served as wild type (WT)
controls.

Mouse spinal cord injury and animal care

All animal procedures were performed in accordance with the Public Health Service Policy
on Humane Care and Use of Laboratory Animals and all procedures were approved by the
Northwestern University Institutional Animal Care and Use Committee. Transgenic and WT
mice (8-10 weeks of age of both sexes) were anesthetized by inhalation of 2.5% isoflurane
anesthetic in 100% oxygen administered by VetEquip Rodent anesthesia machine. A T11
vertebral laminectomy was performed to expose the spinal cord. The spinal cord was injured
using an IH-0400 Spinal Cord impactor (Precision Systems and Instrumentation) with a 1.25
mm tip with 70 Kdynes of force and 60 seconds of dwell time. Skin was sutured using
AUTOCLIP (9mm; BD Biosciences). For post-operative care, mice were kept on a heating
pad for 24 hours to maintain body temperature. Mice were given Metacam (1mg/kg, s.c.)
and Gentamycin (5mg/kg, s.c.) to minimize discomfort and infection. Bladders were
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manually expressed twice daily. A five-day Gentamycin treatment course (5mg/kg daily,
s.c.) was started in the event of hematuria.

RNA extraction and real-time reverse transcriptase PCR

For total RNA extraction from injured spinal cord tissue, 4 mm long tissue containing the
lesion site was processed with Trizol (Invitrogen) and RNAgueous-Micro kit (Ambion). 4
mm long tissue of same vertebral position was collected from uninjured spinal cords. For
mMRNA studies, 500ng of RNA was used to generate cDNA using oligo-dT primers
(Thermoscript RT-PCR kit, Invitrogen). Real-time PCR was performed using SybrGreen
Master Mix (Applied Biosystems) and Realplex? Mastercycler (Eppendorf, cycling
parameters: 95°C 15s, 60°C 60s for 40 cycles). Reactions were analyzed on 2% agarose gel
to visualize MSP and GAPDH (loading control) amplification products.

The following primers were used:
GAPDH forward, GTCGTGGATCTGACGTGCC;
GAPDH reverse, TGCCTGCTTCACCACCTTC;

MSP RT-PCR forward,
TGAGGACAAACTCTTCGCGGTCTT;

MSP RT-PCR reverse, TTTAAACGGGCCCGCGAT;
Pri/Pre forward, GATACCAAAATGTCAGACAGCCC;
Pri/Pre reverse, TGTACCACCTTGTCGGATAGCT.

For mature miR-21 and snoRNA202 (loading control) RT-PCR, 10ng of total RNA was used
and processed with Tagman gene-specific RT primers and probes (Applied Biosystems)
following manufacturer’s protocols.

Tissue processing and immunohistochemistry

Mice were killed with CO» inhalation, perfused transcardially with cold HBSS (Lonza) and
then fixed with 4% paraformaldehyde in PBS. Spinal cords were dissected and fixed for 2h
at 4°C in 4% paraformaldehyde. Spinal cords were equilibrated in 30% sucrose in PBS
overnight, then embedded in Tissue-Tek OCT embedding compound (Sakura), frozen on dry
ice and stored at -80°C.

Twenty-five um-thick frozen longitudinal sections were cut on Leica CM3050S cryostat and
collected on Superfrost Plus slides (VWR). Every eleventh section was placed on the same
slide such that each section was 250 um from the previous one on the slide. Five sections
were placed on each slide, spanning 1250 pm of the width of the spinal cord to ensure that
the injury area was captured. Sections were kept at -80°C until staining. For
immunohistochemistry, slides were thawed to room temperature and washed 3 x PBS for
five minutes, incubated in 10% donkey serum in PBS 0.1% Triton X-100 for 1h at room
temperature. Slides were then incubated with primary antibodies diluted 1:1000 in 1% BSA
in PBS 0.1% Triton X-100. The following day, slides were washed 3 x PBS 0.1% Triton
X-100 for five minutes, incubated with Alexa Fluor-conjugated antibodies (Invitrogen,

J Neurosci. Author manuscript; available in PMC 2013 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhalala et al.

Page 5

1:1000) and Hoechst nuclear stain (1:1000) for 1.5h at room temperature. Slides were again
washed 3 x PBS 0.1% Triton X-100 for 5 minutes, then mounted with Prolong Gold anti-
fade reagent (Invitrogen). The following primary antibodies were used: GFAP (Dako rabbit
IgG; Sigma mouse 1gG,), galectin-3 (R&D systems goat 1gG), vimentin (Millipore chick
IgY), SMI-312 (Covance mouse 1gGy).

Tissue imaging and fluorescence intensity measurements

Stained tissue sections from WT and transgenic mice were imaged using a Leica DM6000
confocal microscope as described by Sahni et al (2010). Briefly, the number of tissue
sections that contained the spinal cord injury was counted for each animal. The middle of
the lesion was then determined and that corresponding section, as well as the sections 250
um lateral to it, were imaged. Imaging focused on the lesion area as well as tissue within
1000 um rostral and caudal to the lesion. Each section was scanned with identical laser
power, amplification gain, offset values and number of stacks, as well as imaged in the same
session to avoid signal fading. Confocal Z-stacks were then processed with ImageJ, using
the Z-project feature to sum Z-slices to create one two-dimensional image for each channel.
Mean grey area was measured for each channel. Authors were blinded with respect to the
experimental groups during all imaging and fluorescence intensity measurements.

For axon density measurements, GFAP- and SMI-312-stained sections were imaged as
described above and analyzed using the Feature J Hessian ImageJ plugin (Grider et al.,
2006; Sahni et al., 2010). Z-stacks for each channel were summed together using Z-project
and processed using the “smallest eigenvalue” and setting smoothing scale as 1.0.
Monochrome images were opened in Adobe Photoshop CS4 and the interior of the lesion
(demarcated by the edge of GFAP expression) was outlined and corresponding SMI-312
area was selected. This area was imported into ImageJ and SMI-312 staining was measured
to determine percent of lesion area with SMI-312 staining.

mMiRNA in situ hybridization

In situ hybridization was performed as described elsewhere (Obernosterer et al., 2007).
Briefly, tissue sections were incubated overnight with miRCURY LNA 5°-,3’-Digoxigenin
(DIG) double labeled mature miR-21 probe (Exigon) at 53°C. The next day, slides were
incubated overnight with Anti-DIG alkaline phosphatase conjugated antibody (Roche,
1:2000). Alkaline phosphatase substrate deposition using NBT/BCIP reaction was
performed and sections were imaged using an Olympus BX50 microscope with a Spot
Insight 6 camera. Slides were then washed in PBS and incubated with rabbit anti GFAP
antibody (Dako, 1:1000), diluted in 1% BSA PBS + 0.1% Triton X-100 overnight. Slides
were then washed 3 x PBS 0.1% Triton X-100 and stained with DAB Peroxidase (\Vector
Labs). Images of the same sections as above were taken.

miR-21 sponge luciferase validation

HEK 293T cells were transfected using Lipofectamine 2000 following the manufacture’s
protocol (Invitrogen). Plasmids were transfected as previously described (Ebert et al., 2007)
using the following ratio: 0.1x TK-Renilla (gift from Anjenn Chenn Lab, Northwestern
University), 1x pPCMV-luc-miR21-B (Addgene), and 8x combination of pCMV-d2eGFP-
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CXCR4 and pCMV-d2EGFP-21 (Addgene). Luciferase activity was determined 24h after
transfection using the Dual Luciferase Reporter System (Promega), allowing for
simultaneous detection of luciferase and renil//atransfection control.

Statistical analyses

For all comparisons between WT and transgenic mice, Student’s unpaired t-test was used.
For comparison of transcripts expressed after spinal cord injury in WT mice and luciferase
expression in HEK 293T cells, one-way ANOVA single factor was performed followed by
Tukey’s post hoc t-test for comparison within groups. p-values < 0.05 were deemed
significant. Values in graphs are shown as mean + standard error of the mean (SEM).

RESULTS

Mature miRNA-21 expression is increased adjacent to lesion sites following severe SCI

Adult C57BL/6 mice received severe automated impaction injuries followed by persistent
compression of the spinal cord, analogous to most human SCI (Scheff et al., 2003; Engesser-
Cesar et al., 2005). RNA was extracted from uninjured spinal cords as well as spinal cords 4,
14 and 35 days post injury (DPI), encompassing both acute and chronic stages of astrogliosis
following SCI (Sahni et al., 2010). To determine levels of primary and precursor miR-21
(Pri/Pre miR-21) by quantitative real-time PCR (gPCR), we used primers that bind to the 5’
and 3’ ends of the pre-miRNA, thereby amplifying both the primary and precursor
transcripts (Bartel, 2004; Sahni et al., 2010). Pri/Pre miR-21 was increased by 1.5 fold at 14
DPI and 2.5 fold by 35 DPI (Fig 1A) compared to uninjured spinal cord. Levels of mature
miR-21 were increased threefold at both 4 and 14 DPI but were increased 23 fold at 35 DPI
(Fig 1B). The much greater increase in mature miR-21 compared to Pri/Pre miRNA at 35
DPI suggests enhanced processing into the mature form rather than increased expression of
the primary and/or precursor transcripts.

Mature miR-21 was detectable at low levels by /in situ hybridization in uninjured spinal cord
(Fig 1C-C”). However by 4 DPI mature miR-21 expression was increased in cells 500um
rostral and caudal to the injury site (Fig 1D-D’), and by 7 and 14 DPI abundant expression
was found in cells bordering the lesion area (Fig 1E-F’). By 35 DPI, mature miR-21
expressing cells were found both around the lesion area and condensed within the lesion
core. Our previous findings indicated that cultured astrocytes express mature miR-21 (Sahni
et al., 2010). To determine if astrocytes express miR-21 /n vivo following SCI, we co-stained
for GFAP protein, a marker of astrocytes. At 4, 7, and 14 DPI, GFAP-expressing cells
bordering the injury site expressed mature miR-21 (Fig 1D”-F”, arrowheads), and by 35 DPI
GFAP-expressing cells both bordering the lesion and within it expressed the miRNA (Fig
1G”, arrowheads). Thus astrocytes express increased levels of miR-21 after SCI with the
most abundant expression occurring during the later phase of astrogliosis.

Generation of transgenic mice to modulate miR-21 function in astrocytes

Based on these findings, we hypothesized that miR-21 has a crucial function in astrocytic
response following SCI. To investigate this, we generated mice that contain transgenes that
conditionally either express or inhibit mature miR-21 from the ROSA26 locus. ROSA26
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locus is an ideal genomic locus because it is easily targeted for transgene insertion and is
expressed ubiquitously in all cell types (Srinivas et al., 2001). The mouse pri-miR-21
sequence was cloned into the pCAG-BigT vector, placing it 3’ to a neomycin selection
cassette with a transcriptional stop signal flanked by loxP sites and driven by the CAG
promoter (Fig 2A). The addition of the CAG promoter to the targeting construct was
designed to enhance transgene expression from the ROSA26 locus. This arrangement
allowed for cell-specific expression by permitting transgene expression only in cells that also
express Cre-recombinase (Srinivas et al., 2001). The pCAG-BigT-ROSA-miR21 plasmid
was then cloned into pPROSA26-PA and recombined into the ROSA26 locus in C57BL/6 ES
cells. Targeted ES clones were screened by PCR for homologous recombination into the
ROSA26 locus (data not shown). ES clones positive by PCR were then further confirmed by
Southern blot analysis using a probe hybridizing to the 5” arm (Fig 2D) and 3’ arm (data not
shown) of the ROSA26 locus. Five appropriately targeted ES clones were expanded and
infected with adenovirus expressing either Cre recombinase (Ad-Cre) or GFP (Ad-GFP) to
characterize mature miR-21 expression. ES clones expressed approximately 8-fold higher
levels of mature miR-21, as detected by gPCR, when infected with Ad-Cre compared to Ad-
GFP, indicating Cre recombination of loxP sites allowed for pri-miR-21 transcription and
proper processing into mature miR-21 (Fig 2F). Three targeted ES clones were used to
generate chimeric mice and male chimeras were mated with C57BL/6 females to generate
three founder lines. These lines were found to be similar as they exhibited germ line
transmission and transgene expression in cultured neural cells when infected with Ad-Cre
(data not shown). One line, designated ROSA-miR21, was used for subsequent studies.

We utilized miRNA sponge technology to generate transgenic mice that inhibited miR-21
function (Ebert et al., 2007). The miR-21 sponge (MSP) is a transcript that contains seven
repeats of a 21-nucleotide sequence that is complimentary to mature miR-21, thereby acting
as an inhibitor or “sponge” to compete for mature miR-21 away from endogenous targets
(Fig 2B). miRNA sponge technology has been used effectively to inhibit the /n vivo function
of other miRNAs (Dey et al., 2011; Luikart et al., 2011; Ma et al., 2011). A three nucleotide
sequence containing base pair mismatches with mature miR-21 is present in the repeat
sponge sequence to prevent enzymatic degradation of the MSP-mature miR21 complex
(Bartel, 2004; Ebert et al., 2007). We tested the functionality of the MSP in 293T cells,
which express mature miR-21 (Ebert et al., 2007). 293T cells were transfected with pCMV-
Luc-miR21-B (which expresses firefly luciferase transcript containing a miR-21 sponge in
the 3’UTR), Tk-Renilla luciferase (to serve as transfection control), as well as varying ratios
of pPCMV-d2eGFP-miR21 (destabilized eGFP with miR-21 sponge in 3’UTR) and pCMV-
d2eGFP-CXCR4 (destabilized eGFP with a non-binding sponge sequence CXCRA4, see
Materials and Methods). As increasing amounts of pCMV-d2eGFP-miR21 were transfected
into 293T cells, the d2eGFP-miR21 transcript competed for endogenous miR-21 away from
the miR-21 binding firefly luciferase transcript. This relieved the translational repression on
firefly luciferase by miR-21, thereby increasing firefly luciferase expression, indicating that
MSP functionally inhibits miR-21 (Fig 2C). The MSP sequence was cloned into pCAG-
BigT and ROSA26-targeted ES clones were generated as described above. These clones
were confirmed by PCR and Southern blot analyses (Fig 2E). Additionally, as the MSP
transgene does not express an endogenous molecule, gPCR amplification of MSP was only
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seen in RNA from Cre-infected targeted ES cells processed in the presence of reverse
transcriptase enzyme (Fig 2G). One line, designated ROSA-MSP, was used for subsequent
studies.

miR-21 regulates astrocytic response after severe SCI

We investigated the role of miR-21 in astrocytes by mating the ROSA-miR21 and ROSA-
MSP mice with a GFAP-Cre line (73.12), in which Cre expression is under the control of a
modified sequence of the full mouse GFAP gene (Garcia et al., 2004). These matings
resulted in mice with astrocytes that either over-expressed miR-21 (GFAP-Cre;ROSA-
miR21, GCMIR) or inhibited miR-21 function (GFAP-Cre;ROSA-MSP, GCMSP). Litters
contained Mendelian ratios of genotypes and transgenic mice exhibited no gross
developmental or behavioral abnormalities. Expression of mature miR-21 and MSP was
confirmed in uninjured spinal cords (Fig 3A,B). Examination of uninjured spinal cords from
transgenic mice revealed that astrocytes appeared similar compared those of WT controls
(Fig C-F). These findings indicated that miR-21 does not have a significant role in astrocyte
homeostasis.

However, modulation of miR-21 led to profound differences in astrocytes after SCI. In WT
injured spinal cords at 14 DPI, astrocytes adjacent to the lesion exhibited hypertrophic
somata and processes with increased GFAP immunofluorescence, characteristic of reactive
astrocytes (Fawcett and Asher, 1999; Barnabe-Heider and Frisen, 2008; Sahni et al., 2010).
In contrast, lesion-adjacent astrocytes in GCMIR mice were smaller with thinner processes
(Fig 4A,B). Quantification of GFAP immunofluorescence showed a marked reduction in
GCMIR mice within 200 pum of the lesion site as well as 300-500 pm away (Fig 4C).
Further, vimentin immunofluorescence, which is also increased in reactive astrocytes, was
significantly reduced in GCMIR mice (Fig 4D,E). Notably the lesion size was about 80%
larger in GCMIR mice compared to WT control (WT, 155,988 + 971 um?%; GCMIR, 276,169
+351 pm?2, n = 4 mice, p < 0.03). Moreover, compaction of galectin-3+ cells, a specific
marker for activated microglia (Byrnes et al., 2009; Byrnes et al., 2011), was prominent
around the lesion area in WT injured spinal cords but was less apparent in GCMIR injured
cords (Fig 4A,B). These data demonstrate that miR-21 attenuated formation of reactive
hypertrophic astrocytes, and that the astrocytic changes were associated with an increase in
lesion size and a reduction in microglial compaction. miR-21 has been shown to increase
proliferation of some cell types (Si et al., 2007; Moriyama et al., 2009; Wang et al., 2009).
We examined expression of Ki67, a nuclear protein necessary for proliferation, and did not
find any differences in numbers of Ki67-exressing cells at 14 DPI between WT and GCMIR
injured cords (data not shown). Moreover, miR-21 has also been found to inhibit cell death
(Krichevsky and Gabriely, 2009). However, we also did not detect any changes in cleaved
caspase 3 (CC3) expression, a marker of apoptosis (data not shown).

Conversely in GCMSP mice at 14 DPI, lesion-adjacent astrocytes were more hypertrophic
with denser processes compared to WT controls (Fig 5A,B). GFAP staining intensity in
GCMSP mice was increased nearly 40% within 100 um of the lesion edge and 24% within
200 um of the lesion (Fig 5C,E). The heightened reactivity of the astrocytes was further
evidenced by a significant increase in vimentin immunofluorescence (Fig 5D,F). Thus,
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inhibiting miR-21 augmented the hypertrophic, reactive phenotype of astrocytes. However
compaction of microglia (Galectin 3+) was not changed at 14 DPI in GCMSP mice (Fig
5A). There was no difference in lesion size between GMSP and WT injured cords and there
were no changes in numbers of Ki67+ and CC3+ cells around the injury area (data not
shown). Thus, the observed increase in endogenous miR-21 at 14 DPI acts to limit astrocytic
hypertrophy.

By 35 DPI, formation of the glial scar as well as an increase in astrocytes around the lesion
has occurred (Barnabe-Heider et al., 2010). These astrocytes in the chronic stages of the
glial scar have finer processes and smaller somata compared to astrocytes at 14 DPI
(compare WT in Fig 4A,B to Fig 6A,B). The number of astrocytes surrounding the lesion
area did not differ between WT and GCMIR mice (Fig 6A,B). However, GFAP
immunofluorescence was significantly reduced within 200 um of the lesion area in the
GCMIR mice (Fig 6C). Vimentin staining was also significantly reduced in GCMIR animals
(Fig 6D,E).

In contrast, analysis of GCMSP cords 35 DPI continued to show the opposite phenotype
from the one observed in GCMIR animals. Astrocytes adjacent to the injury site in GCMSP
mice remained hypertrophic compared to the finer processed astrocytes seen in the WT
cords (Fig 7A,B) with increased levels of GFAP staining within 200um of the lesion area
(Fig 7C). Galectin-3+ microglia distribution was not significantly changed, although it
trended towards an increase within 200 pm of the injury site (WT, 84.1 + 9.0 A.U.; GCMSP,
102.9 £ 6.8, n = 3-6 mice, p=0.12). Increased levels of vimentin staining adjacent to the
injury site (Fig 7D,E) provided further evidence of enhanced reactivity of astrocytes in
GCMSP injured cords. Thus, inhibiting miR-21 function can sustain astrocytic hypertrophy
into more chronic stages after SCI.

Inhibition of miR-21 function contributes to a more permissive glial scar

A major limitation in improving outcomes after SCI is presence of the glial scar, a hostile
environment for axon regeneration. We immunostained injured spinal cords for the pan-
axonal neurofilament marker SMI-312 (Masliah et al., 1993; Ulfig et al., 1998) at 35 DPI.
As expected in a severely injured spinal cord, very few axons were present in the lesion area
of WT animals (Fig 8A). Strikingly, GCMSP lesion areas contained nearly twice as much
SMI-312 staining, indicating an increased presence of axons within the injury site (Fig 8A-
C). In contrast, SMI-312 staining in GCMIR spinal cords was unchanged from WT (WT,
1.00 £ 0.27 percent SMI-312+; GCMSP, 0.95 + 0.09, n = 3-5 mice, p= 0.83). These findings
suggest that inhibiting miR-21 function in astrocytes may offer a potential therapeutic
approach for mitigating some of the deleterious effects of SCI.

DISCUSSION

miR-21 is expressed at low levels in the uninjured spinal, and neither over-expression of
miR-21 nor of the miR-21 sponge produced observable phenotypic changes in astrocytes in
uninjured spinal cords. These findings suggest that the miRNA is not necessary to maintain
homeostasis in astrocytes. However, levels of miR-21 increased significantly following SCI
with the greatest expression of miR-21 observed at five weeks post-SCI. At that time there
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was a 2.5-fold increase in pri/pre miR-21 but a 23-fold increase in mature miR-21 levels,
indicating that the increase predominantly reflected enhanced miR-21 processing into the
mature form rather than increased transcription of the primary form or processing into the
precursor form. Such regulation of miRNA processing is a frequently observed mechanism
for modulating the function of miRNAs (Newman and Hammond, 2010). miR-21 is not the
only miRNA that changes levels of expression in response to spinal cord injury induced by
various injury paradigms (Liu et al., 2009; Liu et al., 2010; Madathil et al., 2011; Strickland
etal., 2011; Ziu et al., 2011; Liu et al., 2012), but changes in miR-21 are a consistent
observation. Collectively these observations, coupled with the highly conserved sequence of
mature miR-21, suggest that miR-21 is important for neural responses to injury.

Since we noted previously that miR-21 is expressed by cultured astrocytes (Sahni et al.,
2010), we analyzed astrocytic expression of miR-21 after SCI by /n situ hybridization for
mature miR-21. Mature miR-21 was expressed in GFAP+ astrocytes adjacent to the lesion
site at both early and later stages of the glial response to injury, and levels of elevated
expression were maintained in astrocytes during the entire five weeks of our analyses.
Although astrocytes are not the only cell that expressed miR-21 in the injured spinal cord,
these observations supported a potentially important role for the miRNA in astrocytic
responses to injury. To understand the functional significance of miR-21 in the astrocytic
response, we therefore generated transgenic mice with altered levels of miR- 21 specifically
in astrocytes.

The GCMIR mouse conditionally over-expresses primary murine miR-21 from the ROSA26
locus under control of the GFAP promoter. We included portions of the primary sequence in
our transgenic mouse line because BMP signaling, which is prominent after SCI, affects
miR-21 processing and we wanted to preserve that biological phenomenon in our system
(Davis et al., 2008; Sahni et al., 2010). We found that over-expression of miR-21 in
astrocytes abrogated the hypertrophic response that is initially seen after severe SCI
(Barnabe-Heider and Frisen, 2008). Astrocytes in these animals did not exhibit the normal
increase in soma size or process thickness, nor did they display the normal increase in
expression levels of reactive markers such as GFAP and vimentin. This effect of miR-21 was
consistent with our previous report that over-expression of miR-21 in cultured astrocytes
reduced cell size, process thickness and GFAP expression (Sahni et al., 2010). Interestingly,
a similar effect on cell morphology has been reported in cardiomyocytes, where they
develop fine processes when miR-21 is over-expressed (Sayed et al., 2008), suggesting a
conserved role for miR-21. Hypertrophic reactive astrocytes help repair the blood-brain
barrier and limit infiltration of inflammatory cells into the parenchyma, thereby limiting the
extent of damage. Consequently, the lesion size was increased in the GCMIR mice two
weeks after injury. These findings indicate that expression of miR-21 attenuates the
hypertrophic reactive response of astrocytes to injury.

To more clearly define the physiological role of endogenous miR-21 in the astrocytic
response, we generated transgenic mice that utilize miRNA sponge technology to inhibit
miR-21 function. miRNA sponges act as competitive inhibitors for miRNAs as the sponge
transcript is expressed at higher levels and contains more binding sites than the typical target
MRNA (Ebert et al., 2007). This type of miRNA inhibition has been used successfully /in
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vitro as well as /n vivoto study the function of other miRNAs (Valastyan et al., 2009; Ma et
al., 2010; Dey et al., 2011; Luikart et al., 2011; Akerblom et al., 2012), although to the best
of our knowledge, we have generated the first transgenic mouse that utilizes miRNA sponge
technology to inhibit miR-21 function. Astrocytic hypertrophy after SCI was enhanced in
GCMSP injured spinal cords not only during the early phases of the glial injury response
when hypertrophy normally occurs, but even at later stages when astrocytes are typically
smaller with finer processes. We also detected almost a two-fold increase in axon density
(SMI-312+) through the lesion core in GCMSP cords. Since the transgene was expressed
only in astrocytes, the changes in axon density were non-cell autonomous effects on neurons
indicating that inhibiting miR-21 function in astrocytes creates a lesion environment that is
more conducive for axons. It is unclear whether this is due to enhanced sparing of axons,
increased axonal growth into the injury site or both. Regardless these findings suggest that
regulation of miR-21 function in astrocytes influences axonal responses to SCI.

miRNAs function by inhibiting translation of target mMRNAs. Target prediction algorithms
such as TargetScan and PicTar identify numerous genes that could potentially serve as
mediators of miR-21 function, such as programmed cell death protein 4 (PDCD4) and
phosphatase and tensin homolog (PTEN). However we could not detect significant changes
in PTEN protein levels when miR-21 function was modulated in astrocytes, nor did we see
changes in levels of PDCD4 (data not shown). It is therefore likely that miR-21 functions in
astrocytes to control a distinct set of yet unidentified gene targets, which in turn regulate
astrocytic size and glial scar formation after SCI. The GCMIR and GCMSP mice developed
in this study can potentially be used to discern such genes to identify novel targets for
therapeutics.

Although this study did not define the signaling molecules that activate the miR-21 response
to injury, prior work suggests that BMP signaling may be important. BMP signaling
increases levels of miR-21 in vascular smooth muscle cells by regulating processing into the
mature form, analogous to the findings of this study as levels of BMP4 and of BMP
receptors increase in response to SCI (Setoguchi et al., 2001; Chen et al., 2005; Sahni et al.,
2010). Further, we recently reported that BMP receptors la (BMPRIa) and 1b (BMPRIb)
modulate miR-21 levels differently in cultured astrocytes; BMPRIb signaling increases
miR-21 while BMPRIa signaling counters the increase (Sahni et al., 2010). We also found
that BMPRIa ablation in astrocytes causes deficits in astrocytic hypertrophy and
consequently results in increased lesion size after SCI, similar to what we found here in the
GCMIR mice. Conversely, BMPRIb ablation enhances glial scar progression after SCI,
similar to what is seen in the GCMSP injured spinal cords. Thus it is plausible that BMPRIa
signaling enhances astrocytic hypertrophy by limiting miR-21 expression while BMPRIb
signaling inhibits it by increasing miR-21. JAK-STAT signaling is also activated after SCI,
and the miR-21 regulatory sequence contains a highly conserved 300 base pair region
consisting of two STAT3 binding sites (Loffler et al., 2007). JAK-STAT signaling is thus an
activator of pri-miR-21 transcription. But STAT3 ablation in astrocytes limited the early
astrocytic hypertrophy after SCI and increased invasion of inflammatory cells within the
lesion (Herrmann et al., 2008) which would not be the predicted response. However it is not
clear whether JAK-STAT signaling increases levels of mature miR-21 after SCI, and the
balance between BMP and JAK-STAT in injured spinal cord astrocytes is also unclear. The
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availability of the GCMIR and GCMSP mice should help to define the relationship after SCI
between miR-21 and these signaling pathways.

This study was a short (five week) study designed to examine the effects of miR-21 in acute
and chronic stages of astrogliosis. It would be unlikely to have functional regeneration or
significant improvement in motor function in such a timeframe. Further, it is unlikely that
this single molecular intervention will be sufficient to lead to significant enhancement in
function. However, future studies that combine regulation of miR-21 function with other
interventions that address additional aspects of the cellular changes after SCI offer a
promising new approach to treatment of SCI.

In summary, we have found that levels of mature miR-21 increase in astrocytes in response
to SCI and that the increase is maximal during the later phase of astrogliosis. miR-21 over-
expression in astrocytes attenuates the beneficial hypertrophic response, whereas inhibiting
the miRNA augments it, suggesting that it has a significant role in regulating astrocytic
hypertrophy and glial scar progression. Moreover, inhibition of miR-21 function in
astrocytes has the additional beneficial effect of increasing axonal density through the glial
scar. These findings suggest miR-21 as a potential molecular target for manipulating gliosis
and enhancing functional outcome after SCI.
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Figure 1. miR-21 is expressed after severe spinal cord injury
RNA was extracted from injured spinal cord 4, 14 and 35 days post injury (DPI) as well as

from uninjured spinal cord tissue. A, Transcript levels of Pri/Pre miR-21 increase ~2.5-fold
at 35DPI compared uninjured tissue. B, Mature miR-21 levels increased by threefold at 4
and 14DPI compared to uninjured tissue, and by 23-fold at 35DPI. Error bars indicate SEM.
n=3-4 mice, *p<0.05 compared to uninjured cord by ANOVA. C-G, /n situhybridization for
mature miR-21 revealed expression around lesion area Scale bar, 500 um. C’-G’,
Immunohistochemistry for GFAP revealed co-localization with mature miR-21, especially in
astrocytes adjacent to lesion site (C”’-G” arrowheads). Scale bar, 200 pm.
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Figure 2. Design and validation of transgenic micethat over-expressor inhibit miR-21
A, Murine primary mir-21 and miR-21 sponge (MSP) sequence was inserted into ROSA26

targeting construct 3’ to PGK-neomycin cassette containing a trimer of the SV40
polyadenylation sequence (3xpA)) flanked by loxP sites. The transgene is driven by a CAG
promoter with a splice acceptor site (SA). This design allows for controlled expression of
primary miR-21 or MSP via recombination of loxP sites by Cre-recombinase protein. (A,
Ascl; E, EcCoRV; P, Pacl; R, EcoRlI; S, Sall; Sa, Sacll; X, Xbal.) See Material and Methods
for transgenic mouse generation. B, MSP transcript contains seven repeats of sequence
complimentary to mature miR-21. Base pair mismatch minimizes enzymatic degradation of
MSP-miR-21 pair. C, Functional inhibition of mature miR-21 by MSP was tested in HEK
293T cells. Increasing amounts of pPCMV-d2eGFP-miR21 (M) compared to pCMV-d2eGFP-
CXCR4 (C) sequestered miR-21, allowing for increased expression of pPCMV-Luc-miR21-B
(firefly luciferase). (1C:0M — pCMV-d2eGFP-CXCR4 plasmid only, 0.5C:0.5M — equal
amounts of pCMV-d2eGFP-CXCR4 and pCMV-d2eGFP-miR21. 0C:1M — pCMV-d2EGFP-
miR21 only.) n=3, **p<0.01 by ANOVA, compared to 1C:0M. D,E, Southern blot analyses
for 5’ integration of ROSA26 targeting construct for miR-21 and MSP mice, respectively.
Five clones and WT are shown for ROSA-miR21. Four clones are shown for MSP. F,
ROSA-miR21 ES cells confirmed ROSA26 integration by Southern blot and PCR exhibited
~8-fold mature miR-21 expression when infected with Ad-Cre compared to Ad-GFP. G,
Similarly, confirmed ROSA-MSP ES cells expressed MSP RNA in the presence of Cre (+C)
and when RNA was processed by reverse transcriptase (+R). GAPDH served as control for
gPCR. Two clones outlined by dashed lines are shown.
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Figure 3. Modulation of miR-21 does not affect astrocytes under homeostatic conditions
A, Uninjured spinal cords from GCMIR expressed five-fold more mature miR-21compared

to WT as detected by gPCR. B, Similarly, MSP expression was detected by gPCR in
GCMSP uninjured spinal cords but not WT. C,D, No differences from WT and GCMIR
spinal cord astrocytes were observed at low and high magnification, respectively. E,F,
Likewise, astrocytes from WT and GCMSP spinal cords were indistinguishable at low and
high magnification, respectively. Scale bars: C,E — 100um; D,F — 25 um. *p<0.02.
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Figure 4. miR-21 attenuates astrocytic hypertrophy 14DPI after SCI
WT and GCMIR21 mice were analyzed 14DPI after SCI. A, Longitudinal cross-sections

revealed that astrocytes were less hypertrophic and expressed less GFAP (red) in GCMIR21
mice compared to WT. Compaction by astrocytes of activated microglia marker Galectin 3+
(green) was also reduced in GCMIR21 mice compared to WT. Scale bar, 100 um. B,
Magnified images of astrocytes adjacent to lesion showed smaller astrocytes with thinner
processes in GCMIR21 mice compared to WT. (GFAP, red; DAPI, blue.) Scale bar, 10 um.
C, Quantification of GFAP immunofluorescence (IF) (arbitrary units, A.U.) 0-200 um and
300-500 um away from lesion edge. D, Vimentin immunofluorescence (green) is also
reduced in astrocytes adjacent to injury site in GCMIR21 mice compared to WT. Dashed
white lines indicate lesion edge. Scale bar, 100 um. E, Quantification of vimentin staining
within 200 pm of injury site. n=4, *p<0.05 by Student’s t-test.
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Figure5. Inhibition of miR-21 function enhances astrocytic hypertrophy 14DPI after SCI
WT and GCMSP mice were analyzed 14 DPI after SCI. A, In GCMSP injured spinal cord,

astrocytes displayed more GFAP (red) immunofluorescence and were hypertrophic with
thicker processes compared to WT. Distribution of galectin 3+ microglia (green) was
unchanged. Scale bar, 100 pm. B, Higher magnification of astrocytes adjacent to injury
demonstrates increased hypertrophy in GCMSP mice. Scale bar, 10 pm. C, Quantification
shows increased GFAP staining 0-200 um from injury site. D, GFAP (red) and vimentin
(green) immunofluorescence is increased adjacent to injury site in GCMSP mice. E,F,
Quantification of GFAP and vimentin staining, respectively, 0-100 um from lesion edge. n=4
mice, *p<0.05 by Student’s t-test. Dashed white lines indicate lesion edge.
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Figure 6. miR-21 reduces GFAP immunofluorescencein injured spinal cords at a chronic stage
WT and GCMIR spinal cords were analyzed 35 DPI after injury. A, Astrocytes expressed

less GFAP (red) in GCMIR mice compared to WT around lesion, but still maintained
compaction of activated microglia (Galectin 3, green). Scale bar, 100 um. B, Magnified
images (from A) showed equal numbers of astrocytes but reduced GFAP staining (red) in
GCMIR. Scale bar, 25 pm. C, GFAP immunofluorescence is reduced with 200 um of lesion
in GCMIR mice. D, GFAP (red) and vimentin (green) is reduced in GCMIR astrocytes
adjacent to lesion. E, GCMIR astrocytes showed reduced vimentin immunofluorescence.
n=3-5 mice, **p < 0.01 by Student’s t-test. Dashed white lines indicate lesion edge.
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Figure 7. Astrocytic hypertrophy is maintained at chronic stages of injury in GCM SP mice
WT and GCMSP spinal cords were analyzed 35 DPI after injury. A, Astrocytes had more

GFAP staining (red) and remained hypertrophic in GCMSP mice, compared to finely
processed astrocytes seen in WT cords. Scale bar, 100 um. B, High magnification shows
increased GFAP immunofluorescence (red) and hypertrophy in astrocytes around lesion site
in GCMSP cords. Scale bar, 25 pm. C, Quantified GFAP immunofluorescence is increased
0-200 pm from injury edge in GCMSP, but is unchanged 300-500 pm. D, Vimentin
immunofluorescence (green) is greatly increased adjacent to lesion in GCMSP, indicating
sustained reactive astrocytes. Scale bar, 100 um. E, Quantified vimentin
immunofluorescence is increased in GCMSP injured cords 0-200 um from lesion edge.
n=3-6 mice, *p<0.05, **p<0.01. Dashed white lines indicate lesion edge.
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Figure 8. Inhibition of miR-21 increases axonal neurofilament expression through thelesion site
A, Staining for the pan-axonal neurofilament marker SMI-312 (green) was increased within

the lesion site, demarcated by the astrocytic GFAP border (dashed white ling), in GCMSP
mice compared to WT mice 35 DPI after injury. Scale bar, 100 um. B, Higher magnification
(yellow boxes demarcated in A) of SMI-312 staining. Scale bar, 25um. C, Quantification of
percent of lesion area that is SMI-312+ demonstrated nearly a twofold increase in GCMSP
mice normalized to WT. n=3-6 mice, *<0.05 by Student’s t-test.
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