
Development/Plasticity/Repair

MMP2 and MMP9 Activity Is Crucial for Adult Visual
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A fundamental regulator of neuronal network development and plasticity is the extracellular matrix (ECM) of the brain. The
ECM provides a scaffold stabilizing synaptic circuits, while the proteolytic cleavage of its components and cell surface pro-
teins are thought to have permissive roles in the regulation of plasticity. The enzymatic proteolysis is thought to be crucial
for homeostasis between stability and reorganizational plasticity and facilitated largely by a family of proteinases named ma-
trix metalloproteinases (MMPs). Here, we investigated whether MMP2 and MMP9 play a role in mediating adult primary vis-
ual cortex (V1) plasticity as well as stroke-induced impairments of visual cortex plasticity in mice. In healthy adult mice,
selective inhibition of MMP2/9 for 7 d suppressed ocular dominance plasticity. In contrast, brief inhibition of MMP2/9 after a
cortical stroke rescued compromised plasticity. Our data indicate that the proteolytic activity of MMP2 and MMP9 is critical
and required to be within a narrow range to allow adult visual plasticity.
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Significance Statement

Learning and recovery from injuries depend on the plasticity of neuronal connections. The brain’s extracellular matrix (ECM)
provides a scaffold for stabilizing synaptic circuits, while its enzymatic proteolysis is hypothesized to regulate homeostasis
between stability and reorganizational plasticity. ECM digestion is facilitated by a family of matrix metalloproteinases
(MMPs). Here, we show that treatments that inhibit MMP2/9 can either inhibit or rescue cortical plasticity depending on cort-
ical state: in the visual cortex of healthy adult mice, inhibition of MMP2/9 suppressed cortical plasticity. In contrast, brief in-
hibition of MMP2/9 after a stroke rescued compromised plasticity. Our data provide strong evidence that an optimal level of
MMP2/9 proteolytic activity is crucial for adult visual plasticity.

Introduction
Ocular dominance (OD) plasticity induced by monocular depri-
vation (MD) has been one of the major paradigms for studying
experience-dependent cortical plasticity since the first observa-
tions nearly six decades ago (Hubel and Wiesel, 1962). In the
mammalian primary visual cortex (V1), neurons of the binocular
zone respond to stimulation of both eyes. In rodents, the contra-
lateral eye dominates visual cortical responses, which can be

modified by depriving the dominant eye of vision for a period of
time (Dräger, 1978). Under standard cage (SC) conditions, OD
plasticity decreases with age and is usually absent in mice older
than postnatal day (P)110 (Lehmann and Löwel, 2008; Sato and
Stryker, 2008). In SC mice, OD plasticity is most pronounced
during the critical period (P21–P40) and mediated by a decrease
in deprived eye V1 responses after 3–4 d of MD, called juvenile
plasticity (Frenkel and Bear, 2004; Espinosa and Stryker, 2012;
Levelt and Hübener, 2012). OD plasticity is still present in early
adulthood (P70–P110) but mechanistically different: an increase
of nondeprived eye V1 responses governs the shift in OD and
requires at least 7 d of MD.

The tightly regulated plasticity of V1, as well as of other brain
circuits, is of outmost importance for adaptation and survival of
an organism in an ever-changing environment. An important
challenge in neuroscience remains to identify the mechanisms
regulating these dynamics in both health and disease. In the last
two decades, it has become clear that many key mechanisms
underlying plasticity are found in the interactions with the
extracellular space surrounding neuronal cells. The extracellular
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matrix (ECM) is a key regulator of both juvenile and adult plas-
ticity. Restructuring of ECM by matrix metalloproteinases
(MMPs), a family of zinc binding, multidomain endopeptidases,
allows synaptic and circuit level reorganization (Berardi et al.,
2004; Ethell and Ethell, 2007; Reinhard et al., 2015). In the CNS,
MMPs also critically influence neuronal function through pro-
teolytic processing of numerous ECM molecules, growth factors,
cytokines, chemokines, and cell adhesion molecules (Ethell and
Ethell, 2007; Huntley, 2012).

Previously, a rapid change in ECM protein composition was
reported during OD plasticity in juvenile mice (Kelly et al.,
2015), and MMPs were shown to be essential for open eye poten-
tiation during 7 d of MD in juvenile rats (Spolidoro et al., 2012).
In particular, our lab has reported that blocking the homeostatic
activity of MMPs led to impairment of plasticity, highlighting
the importance of accurate regulation of MMP activity for allow-
ing adult visual cortex plasticity (Pielecka-Fortuna et al., 2015).
Yet, excessive and prolonged activity of these enzymes is a major
pathologic component of many CNS injuries and diseases such
as stroke, neuroinflammation and demyelination (Rosenberg,
2002; Dityatev et al., 2010; Huntley, 2012; Reinhard et al., 2015).
Increased MMP activity was reported within 24 h of a photothrom-
botically (PT)-induced stroke, and immediate treatment with a
broad-spectrumMMP inhibitor rescued the stroke-induced impair-
ment of both visual cortex (Greifzu et al., 2011; Pielecka-Fortuna et
al., 2015) and barrel cortex plasticity (Cybulska-Klosowicz et al.,
2011; Liguz-Lecznar et al., 2012).

Although the critical role of MMPs for cortical plasticity and
its impairment has become clearer in recent years, our under-
standing of the specific members of the MMP family that regu-
late visual cortex plasticity in health and disease is far from
complete.

Of the 25 known MMPs, MMP2 and MMP9 are relatively
abundant in the cortex and share the same substrates such as
components of the ECM, adhesion molecules, cell surface recep-
tors, growth factors, and other proteinases (Yong, 2005; Ethell
and Ethell, 2007; Reinhard et al., 2015). MMP2 and MMP9 are
secreted MMPs, and they restructure the ECM into a more per-
missive environment through proteolytic processing of numer-
ous ECM molecules on synaptic activity (Ethell and Ethell,
2007). In the visual cortex, MMP9 expression has been detected
with the peak expression pattern occurring at P0–P14, and MD
increases MMP9 mRNA in cortex (Spolidoro et al., 2012). On
the other hand, MMP2 is expressed in the CNS at higher basal
levels than MMP9, and MMP2 is thought to function in OD
plasticity without mRNA upregulation (Reinhard et al., 2015).

It was reported that MMP9 regulates experience-dependent
plasticity and ECM remodeling in juvenile mice (Kelly et al.,
2015), while light reintroduction after dark exposure was shown
to increase the activity of MMP9 and reactivate plasticity in the
adult visual cortex (Murase et al., 2017). In both humans and
rodents, MMP2 and MMP9 are implicated in the pathology of
brain injury by reports of elevated activity after ischemia
(Rosenberg et al., 1998; Castellanos et al., 2003; Horstmann et al.,
2003; Gu, 2005; Yang et al., 2010; Yang and Rosenberg, 2015).

We therefore investigated the role of MMP2/9 activity for vis-
ual cortex plasticity in adult (.P70) mice under various condi-
tions using a combination of in vivo optical imaging of intrinsic
signals and behavioral vision tests. We show that in the healthy
brain, application of the MMP2/9-specific inhibitor SB3CT dur-
ing MD prevented both OD plasticity and experience-enabled
enhancements of the optomotor response of the nondeprived
eye. In contrast, brief inhibition of MMP2/9 after a localized

lesion in primary somatosensory cortex (S1) completely rescued
visual cortex plasticity. Together, these results provide in vivo
evidence that an optimal level of MMP2/9 proteolytic activity is
crucial for adult visual cortex plasticity in both health and
disease.

Materials and Methods
Animals
All experimental procedures were approved by the local govern-
ment: Niedersächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit. Male and female wild-type C57BL6/J mice
were obtained from the mouse colony of the central animal facility
of the University Medical Center, Göttingen, Germany. All mice
were housed with a 12/12 h light/dark cycle, with food and water
available ad libitum.

Seven-day inhibition groups
Mice (n= 19, P70–P90) were housed in SCs (26� 20� 14 cm) in groups
of three to four until the start of experiments. They were housed individ-
ually from day 0 (D0) of MD/noMD for 7 d of MD.

PT/sham groups
Mice (n=35, P70–P90) were housed individually after PT or sham sur-
gery and induction of MD/noMD on d0 for 7 d of MD.

Behavioral vision tests
In order to assess basic parameters of spatial vision, and their experi-
ence-induced changes in mice, both spatial frequency and contrast sensi-
tivity thresholds of the optomotor reflex were measured using a
commercially available virtual-reality optomotor setup (Prusky et al.,
2004). Briefly, the experimental animals were randomly picked and
placed on a round elevated platform in the middle of a box composed of
four monitors and could freely move. Mirrors are positioned at both the
bottom and the top of the box to create the perception of an endless cyl-
inder for the mouse. A rotating virtual cylinder with moving vertical
sine wave gratings (drift speed of 12°/s) was projected on the monitors.
The animals reflexively track the moving gratings by head and upper
body movements for as long as they can see the gratings. Spatial fre-
quency at full contrast, and contrast at six different spatial frequencies
[0.031, 0.064, 0.092, 0.103, 0.192, and 0.272 cycles/° (cyc/°)] was varied
by the experimenter until the threshold of tracking was determined.
Measured contrast sensitivity values were converted into Michelson con-
trasts as described previously (Prusky et al., 2004), and matched to the
animal ID after measurements to enable blind data analyses. Behavioral
testing was performed daily for 7 d in all mice, starting before MD (D0)
in the MD groups to track any experience-enabled enhancement of vis-
ual capabilities. We always measured reflex thresholds through one eye
[the nondeprived (left) eye of MD mice after MD, and the left eye of
noMD mice] by exploiting the fact that the optomotor reflex is elicited
only by temporal to nasal grating movements (Prusky et al., 2004).

MD
ODP was induced by depriving the contralateral (right) eye for 7 d as
described previously (Cang et al., 2005; Pielecka-Fortuna et al., 2015).
Mice were box-anesthetized with 2% isoflurane in a mixture of O2/N2O
(75%/25%), their eyelids were sutured, and the animals were returned to
their home cage for recovery. In stroke animals, MD was performed
directly after the induction of a PT stroke (Greifzu et al., 2011; Pielecka-
Fortuna et al., 2015). Mice were controlled daily to ensure the deprived
eye remained closed. In case of an open MD eye, animals were removed
from additional experiments.

Administration of the gelatinase (MMP2 and MMP9)-specific
inhibitor SB3CT
To specifically inhibit the activity of MMPs 2 and 9 in the visual cortex,
the specific inhibitor SB3CT [chemical name: 2-[[(4-phenoxyphenyl)
sulfonyl] methyl]-thiirane; formula: C15H14O3S2; SelleckChem] was
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used and prepared as previously described with minor modifications as
specified below (Brown et al., 2000; Gu et al., 2005).

Mice were injected intraperitoneally with either 25mg/kg SB3CT (in
10% DMSO, 2% cyclodextrin in 0.9% saline) to a total volume of 200ml,
or with 200ml vehicle (10% DMSO, 2% cyclodextrin in 0.9% saline) that
was filtered [0.2-mm sterile hydrophilic cellulose acetate (CA) mem-
brane; Sartorius AG]. This type of systemic application of SB3CT was
used before and shown to successfully inhibit both MMP2 and MMP9
activity in the brain tissue (Bonfil et al., 2006; Cui et al., 2012;
Ranasinghe et al., 2012; Jia et al., 2014; Cai et al., 2017). The injections
were administered daily for 7 d, starting 1 h after MD/no MD in the 7-d
inhibition group. The mice receiving a PT/sham stroke induction were
injected only once, 1 h after surgery. The inhibitor injections did not
lead to any observable behavioral changes: during the routine monitor-
ing and optomotor measurements, it was impossible for the experi-
menter to recognize the treatment that a particular experimental animal
had received.

Induction of a PT stroke
The PT stroke was always induced in the left S1, i.e., in the same hemi-
sphere where we recorded V1 activation, using the Rose Bengal tech-
nique (Watson et al., 1985) as described previously (Greifzu et al., 2011;
Pielecka-Fortuna et al., 2015). This technique allows lesions with highly
reproducible localization and size. Briefly, mice were box-anesthetized
with 2% isoflurane in a mixture of 1:1 O2/N2O. During surgery, anesthe-
sia was maintained at 0.8–1% isoflurane in 1:1 of O2/N2O delivered via
an inhalation mask. The body temperature was maintained at 37°C using
a heating pad and the mice were placed in a stereotaxic frame. The skin
above the skull was incised, and an optic fiber bundle (aperture: 1.0 mm)
mounted on a cold light source (Schott KL 1500) was positioned 2 mm
lateral to the midline and 1 mm posterior to the bregma. A total of
100-ml rose bengal dye (0.1%, in 0.9% saline) was injected intravenously
into the tail vein. After a 5-min wait, the exposed area was illuminated
(or not illuminated for sham-lesion experiments) for 15min.
Afterwards, the skin above the skull was sutured and animals were
returned to their home cage for recovery. Lesion size was determined at
the end of the behavioral and optical imaging experiments by glial fibril-
lary acidic protein (GFAP) immunostaining (Lai et al., 2014).

Optical imaging of intrinsic signals
Surgery
Mice were box-anaesthetized with 2% halothane in a mixture of O2/N2O
(1:1). The animals received injections of atropine (Franz Köhler, 0.3mg/
mouse, s.c.), dexamethasone (Ratiopharm, 0.2mg/mouse, s.c.), and chlor-
prothixene (Sigma, 0.2mg/mouse, i.m.) and were placed in a stereotaxic ap-
paratus. The body temperature was maintained at 37°C and the heart rate
was monitored throughout the experiment using the attached electrocardi-
ography. Lidocaine (2% xylocaine gel, AstraZeneca GmbH) was applied to
the scalp before incisions. The skin over the visual cortex was incised, and
the exposed area was covered with low-melting point agarose (2.5% in 0.9%
NaCl) and a glass coverslip to create a suitable optical surface and to prevent
the skull from drying. After the surgery, anesthesia was reduced and kept at
0.4–0.6% halothane in 1:1 O2/N2O.

Optical imaging
Mouse visual cortical responses were recorded through the skull using the
“Fourier”-imaging method developed by Kalatsky and Stryker (Kalatsky
and Stryker, 2003) and optimized for the assessment of OD plasticity (Cang
et al., 2005; Pielecka-Fortuna et al., 2015). In this method, a temporally peri-
odic stimulus is continuously presented to the animal, and visual cortical
responses at the specific stimulus frequency are extracted by Fourier analy-
sis. Optical images of intrinsic cortical signals were obtained using a CCD-
camera (coupled charged device; Dalsa 1M30) controlled by custom
software. In order to visualize the surface vascular pattern, V1 was
first illuminated by green light (5506 10 nm) using a 135� 50-mm
lens configuration (Nikon) for hemisphere recordings.

After acquisition of a surface image of blood vessels, the camera
was focused 600mm below the pial surface, illumination was switched to
the red wavelength (6106 10nm) and an additional red filter was

interposed between the camera and the objective to minimize light scat-
ter. Frames were acquired at a rate of 30Hz, temporally binned to
7.5Hz, and stored as 512� 512-pixel images after spatial binning of the
camera image.

Visual stimuli
We presented 2° wide drifting horizontal bars to the animal at a distance
of 25 cm on a high refresh-rate monitor (Hitachi, ACCUVUE, HM-
4921-D, 20 inches). The distance between the two bars was 70°, and they
were presented at a temporal frequency of 0.125Hz. To enable the calcu-
lation of OD, the visual stimulus was restricted to the binocular visual
field of the left V1 (�5° to 115° azimuth, 0° azimuth corresponding to
frontal direction), and either the left or the right eye was stimulated in
alternation.

Data analysis
Fourier analysis was used to extract the signal at the stimulation fre-
quency using custom software and visual cortical maps from the
acquired frames were calculated (Kalatsky and Stryker, 2003). The phase
component of the signal was used to calculate retinotopy, while the am-
plitude component, representing the intensity of neuronal activation
(expressed as fractional change in reflectance �10�4), was used to calcu-
late OD.

First, the ipsilateral eye magnitude map was smoothed to reduce
pixel shot noise with low-pass filtering using a uniform kernel of 5� 5
pixels. Then, a threshold was applied at 30% of peak response amplitude
to eliminate background noise. Afterwards, an OD index (ODI) for every
pixel in this region was calculated as: (C� I)/(C1 I), with C and I repre-
senting the response magnitude of each pixel to visual stimulation of the
contralateral and ipsilateral eye, respectively (Cang et al., 2005). The
ODI ranges from�1 to11, with negative values representing ipsilateral,
and positive values representing contralateral dominance. An ODI value
was computed as the average of the OD scores of all responsive pixels
(all pixels with response amplitude above 30% of peak response).
Consequently, ODIs were calculated from blocks of four runs in which
the averaged maps for each eye had at least a response magnitude of 1 -
� 10�4. All ODI values of one animal (typically three to five) were aver-
aged for further quantification and data display.

In the polar maps, hue encodes visual field position (retinotopy) and
brightness encodes the magnitude of the visual responses. The quality of
the retinotopic maps was assessed by the calculation described previ-
ously (Cang et al., 2005). The most responsive area within V1 was
selected by thresholding at 30% of peak response amplitude of the activ-
ity map. For each of the pixels within this area the difference between its
visual field position and the mean position of its surrounding 24 pixels
was calculated. For maps of high quality, the position differences were
quite small because of smooth progression. The standard deviation of
the position difference was then used as an index of the quality of retino-
topic maps with small values indicating high map quality and vice versa.

To ensure objective and unbiased data analyses, a second person (ex-
perimenter 2) who was blinded for the drug treatment, independently
analyzed the imaging data. This was necessary because the drug solution
needed to be prepared freshly and administered immediately. Therefore,
it was not possible that another lab member prepared and coded the
syringes, so that experimenter 1 (who performed the imaging experi-
ments) needed to prepare the drugs and then, of course, was no longer
blind toward the treatment. The imaging results obtained by experi-
menters 1 and 2 were quantitatively compared, and yielded essentially
similar results, indicating that experimenter 1’s knowledge of the
injected drug/vehicle did not bias our optical imaging results. Tables
comparing the two independent analyses are provided as the Extended
Data Figures 2-1 and 5-1.

Perfusion and tissue preparation
Following optical imaging experiments, mice were deeply anaesthetized
with an intraperitoneal injection of 50mg/kg pentobarbital and perfused
transcardially with PBS (pH 7.4, 0.1 M) for 2min followed by 4% parafor-
maldehyde (pH 7.4) for 8min. The brain was removed and postfixed in
4% paraformaldehyde in PBS (pH 7.4) for 1 d, then transferred to a 10%
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sucrose solution in PBS for 1 d followed by a 30% sucrose solution in
PBS for 1 or 2 d (at 4°C). The brains were frozen in methylbutane at
�40°C and stored at �80°C; 40-mm-thick coronal brain sections were
cut using a microtome.

Immunohistochemistry
GFAP staining of PT lesions
To analyze the size and the position of the PT-induced lesion, immuno-
staining with an antibody against GFAP (rabbit polyclonal antibody to
GFAP; Immunologic Sciences) was performed as described previously
(Lai et al., 2014; Kalogeraki et al., 2016). To determine size and location
of the cortical lesions every third section was analyzed under a fluores-
cent microscope (Axioskop 50, Carl Zeiss) using AxioVision (AxioVs 40
4.5.0.0.). Animals in which the lesion extended into the white matter or
V1 were excluded from further analyses.

Wisteria floribunda agglutinin (WFA) staining of perineuronal nets
(PNNs). PNNs were labeled histochemically by WFA, an established
marker for PNNs (Härtig et al., 1992) by N-acetylgalactosamine binding.
Per mouse, three coronal brain sections that included V1 (�2.70–3.88
mm posterior to bregma) were analyzed. The chosen brain sections were
washed with 0.1 M PB three times for 10 min, before being incubated in
a blocking solution (10% donkey serum, 0.3% Triton X-100 in PB, pH
7.4) for 30min at room temperature. After blocking, the brain sections
were incubated with biotin-conjugated lectin WFA (Sigma, dilution
1:1000) antibody in 0.1 M PB including 0.3% Triton X-100 at 4°C over-
night. The next day, the sections were washed 3 times in 0.1 M PB at
room temperature and incubated with the secondary antibody Cy3-con-
jugated streptavidin (Jackson ImmunoResearch, dilution 1:1000) in
0.1 M PB including 0.3% Triton X-100 light protected for 2 h at room
temperature. Afterwards, the brain sections were washed again three
times in 0.1 M PB and transferred on a microscope slide and dried for
30min. The dried brain sections were mounted with Fluoromount
(Southern Biotech), over which a glass cover slip was placed. In the
mounting medium 490.6-diamidin-2-phenylindol (DAPI) was included
for fluorescent staining of all cell nuclei.

Using a fluorescence microscope (Axio Imager.M2, Zeiss) pictures of
the stained sections were taken for PNN quantification. The location of
V1 was identified on the sections with the help of a mouse brain atlas
(Paxinos and Franklin, 2001). The exposure time for the acquisition
was set for every section to minimize differences in external condi-
tions. The images of the sections were acquired using Neurolucida
(version 10.51, MBF Bioscience) and a 10� objective. The filters
were DAPI (Zeiss 49) excitation: 335–383 nm, emission: 420–
470 nm and DSred (Cy3, Zeiss43) excitation: 533–558 nm, emission:
570–640 nm. A two-dimensional image of V1 was taken of three
brain sections per animal. The quantification of the WFA-positive
PNN cells was acquired using Fiji (Schindelin et al., 2012). A set
frame was used to ensure equal conditions for counting PNNs in all
sections. The area of V1 used for counting was measured with Fiji.

Statistical analyses
Representative figures of optical imaging were prepared on Adobe
Illustrator CS6. GraphPad Prism 8.4.0 and IBM SPSS 24.0 were used for
statistical analyses. Graphs were prepared using GraphPad Prism v8.4.0.

In the first part of the study, ODI, and maximum V1 activation from
contralateral and ipsilateral eyes were analyzed using two-way ANOVA
with between-subjects factors of injection and MD, and followed up
with univariate ANOVAs for each dependent variable. Significant two-
way interactions in the univariate ANOVAs were followed up with
Sidak-corrected multiple comparisons to examine whether inhibitor
injection had an effect on OD plasticity. The enhancement of spatial fre-
quency thresholds of the optomotor reflex was analyzed with three-way
mixed ANOVA with between-subjects factors of injection (vehicle, in-
hibitor) and MD (noMD, MD), and repeated measures of days (d0–
d7). To examine the effects of inhibitor injection and MD on the
improvement of spatial frequency threshold over days on MD, signifi-
cant three-way interactions (injection � MD � day) were followed up
by Sidak-corrected tests for simple effects of injection within each level
of MD and day, and, of MD within each level of injection and day,

respectively. Contrast sensitivity thresholds were analyzed using four-
way mixed ANOVA with between-subjects factors of injection and MD,
repeated measures of day (d0 and d7), and the six spatial frequencies at
which the contrast sensitivity was examined. To analyze how injection
and MD affects the changes in contrast thresholds, significant interac-
tions were followed up by Sidak-corrected tests for simple effects of
injection within each level of MD, spatial frequency and day; and of MD
within each level of injection, spatial frequency and day, respectively.

In the second part of the study, ODI and maximum V1 activation
from contralateral and ipsilateral eyes were analyzed using multivariate
ANOVA with between-subjects factors of PT, injection, and MD and
followed up with univariate ANOVAs for each dependent variable.
Significant two-way interactions in the univariate ANOVAs were fol-
lowed up with Sidak-corrected tests for simple effects of injection within
each level of MD, and of MD within each level of injection, to examine
whether inhibitor injection had an effect on OD plasticity. The enhance-
ment of spatial frequency thresholds was analyzed with three-way mixed
ANOVA with between-subjects factors of injection (vehicle, inhibitor)
and MD (noMD, MD), and repeated measures of days (d0–d7). To
examine the effects of inhibitor injection and MD on the improvement
of spatial frequency threshold over days on MD, significant three-way
interactions (injection � MD � day) were followed up by Sidak-cor-
rected multiple comparisons. Contrast sensitivity thresholds were ana-
lyzed using four-way mixed ANOVA with between-subjects factors of
injection and MD, repeated measures of day (d0 and d7), and the six
spatial frequencies at which the contrast sensitivity was examined. To
analyze how injection and MD affects the changes in contrast thresholds,
significant interactions were followed up by Sidak-corrected tests for
simple effects of injection within each level of MD, spatial frequency and
day; and of MD within each level of injection, spatial frequency and day,
respectively.

Results
Treatment with the MMP2 and MMP9-specific inhibitor SB3CT
prevented adult OD plasticity in mice.

Previously, our lab has demonstrated that MMPs play an im-
portant role in adult visual cortex plasticity by showing that
broad spectrum inhibition of MMPs using GM6001 prevented
OD plasticity after 7 d of MD in V1 of adult (three-month-old)
mice (Pielecka-Fortuna et al., 2015).

To probe this mechanism further, here we investigated the
role of MMP2 and MMP9 in adult visual cortex plasticity by
using the specific inhibitor SB3CT. To test whether injections of
SB3CT suppresses adult OD plasticity, we visualized V1 activa-
tion in adult mice (.P70) treated with either inhibitor or vehicle
(control) during the 7 d of MD or noMD period by using in vivo
intrinsic signal optical imaging (Fig. 1). To quantify experience-
dependent V1-activation changes, we calculated an ODI for each
mouse by comparing V1 activation in response to the stimula-
tion of each eye. Figure 1 shows representative examples of opti-
cally recorded activity and polar maps after visual stimulation of
the contralateral (right), and ipsilateral (left) eye, in the binocular
region of the left V1 in both vehicle-treated control (vehicle; Fig.
1B,D), and SB3CT-treated adult mice (SB3CT; Fig. 1C,E). In all
mice without MD (vehicle, n=4; SB3CT, n=4), the contralateral
eye activated V1 more strongly, visible as a darker activity region,
than the ipsilateral eye, regardless of the inhibitor treatment: av-
erage ODIs were positive, and warm colors prevailed the two-
dimensional OD maps (Fig. 1B,C). Thus, inhibitor treatment did
not influence basic V1 activation nor OD.

In contrast, after 7 d of MD (Fig. 1D,E), an OD shift was
observed only in the control, but not the inhibitor (SB3CT-
treated) group. In the control MD group (vehicle_MD, n= 5),
both contralateral and ipsilateral eye stimulation elicited rather
similar V1 activation, whereby visual responses to ipsilateral eye
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Figure 1. Treatment with the MMP2/9 inhibitor SB3CT during the MD period suppressed OD plasticity in adult mouse V1. A, Experimental timeline testing the effect of selective MMP2 and
MMP9 inhibition on visual plasticity in healthy adult mice. Between P70 and P110, a group of mice received MD. From d0 (before MD), mice were checked daily for 7 d in the optomotor setup
for the assessment of both spatial frequency and contrast sensitivity thresholds. One hour after MD, mice of all experimental groups were injected intraperitoneally with SB3CT or vehicle solu-
tion; injections continued until d7, when V1 activity was visualized using intrinsic signal optical imaging. B–E, Representative activity maps of the left binocular V1 and ODI values of vehicle-
injected (B, D) or SB3CT-injected (C, E) mice. Greyscale-coded response magnitude maps, polar maps, two-dimensional OD maps, and histograms of OD scores including the average ODIs are
illustrated. In mice without MD, activity patches evoked by stimulation of the contralateral eye were darker than those of the ipsilateral eye, the average ODI was positive, and warm colors pre-
vailed in the OD maps, indicating contralateral dominance (B, C). In vehicle-injected mice, 7-d MD induced a strong OD shift toward the nondeprived (ipsilateral) eye (D): ipsilateral eye stimula-
tion now caused darker V1-activity patches compared with noMD mice, colder colors appeared in the OD map, and average OD scores shifted to the left. In contrast, SB3CT-injected mice did
not display OD plasticity (E). After MD, the contralateral eye continued to dominate V1 activation, warm colors continued to prevail in the OD map, and the average ODI was not changed (red)
in SB3CT-treated mice (E). Scale bars: 1 mm.
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stimulation were stronger compared with noMD mice. ODI his-
tograms shifted to the left because ODI values were lower, and
colder colors prevailed in the OD maps (Fig. 1D). In contrast, in
SB3CT-treated MD mice (SB3CT_MD, n=6), activity patches of
the deprived, contralateral eye continued to dominate V1, and
ODIs remained positive with warm colored two-dimensional
OD maps (Fig. 1E), indicating suppressed OD plasticity on
MMP2/9-specific inhibitor treatment.

Next, we performed a detailed quantification of the optical
imaging data (Fig. 2). Analysis of ODIs showed significant main
effects of MD, inhibitor, and their interaction (MD: F(1,15) = 28.2,
p, 0.001; inhibitor: F(1,15) = 7.0, p, 0.05; interaction: F(1,15) =
6.1, p, 0.05), indicating that the ODIs were dependent on the
combination of injection and MD. Sidak-corrected multiple
comparisons showed that in noMD mice, SB3CT injection had no
significant effect on ODI nor maximumV1 activations, confirming
that V1 activation and basic OD were not disrupted by the inhibi-
tor (all p. 0.05; Fig. 2). As expected from literature values, vehicle-
treated mice without MD had an average ODI of 0.36 0.03,
whereas after 7d of MD, their ODI decreased to 0.16 0.01
(p, 0.001; Fig. 2A). In contrast, ODIs of MD and noMD SB3CT-
treated groups were not different (0.36 0.01 and 0.26 0.04,
respectively; p=0.303; Fig. 2A), indicating that MMP2/9 inhibitor
injection prevented OD plasticity in adult mouse V1 (Fig. 2A).

To understand the mechanism underlying the experience-de-
pendent network changes we analyzed the V1 responses in detail.
In vehicle-treated mice, V1 activation after ipsilateral eye stimu-
lation increased from 1.06 0.1� 10�4 DF/F without MD to
1.56 0.2� 10�4 DF/F after MD (p, 0.01; Fig. 2B). Thus, the
OD shift was mediated by increased V1 responses on visual stim-
ulation of the nondeprived eye, in line with previous litera-
ture on the typical V1-activation changes after 7 d of MD in
young adult mice (Sawtell et al., 2003; Hofer et al., 2006;
Sato and Stryker, 2008; Levelt and Hübener, 2012). In con-
trast, SB3CT-injected mice did not show a significant increase of
nondeprived eye V1 responses after MD (p. 0.05), and the con-
tralateral eye continued to dominate V1 responses (p, 0.05; Figs.
1E, 2B). Surprisingly, while V1 activation via the contralateral eye
was similar to vehicle-treated mice in baseline (without MD), after
MD, contralateral V1 activation of SB3CT-injected mice decreased
compared with the noMD group (p, 0.05).

Moreover, we also tested the effect of MMP2/9 inhibition on
ECM degradation, using WFA staining of perineuronal nets
(PNNs) in V1 of vehicle, and SB3CT-treated adult mice. PNNs
are an important component in the ECM and their degradation
has been shown previously to enhance OD plasticity (Pizzorusso
et al., 2002). To determine whether PNNs were altered on MMP2/
9 inhibitor treatment, we counted WFA-positive PNNs on WFA-
stained V1 sections (Fig. 3A). V1 of SB3CT-injected mice had sig-
nificantly higher numbers of PNNs (SB3CT: 80.286 15.86 PNN/
mm2, SB3CT_MD: 86.326 8.23 PNN/mm2) compared with vehi-
cle-injected mice (vehicle: 59.076 7.89 PNN/mm2, vehicle_MD:
64.726 7.23 PNN/mm2, p=0.037, unpaired t test; Fig. 3B). Thus,
we confirmed that our paradigm of systemic administration of the
MMP2/9 inhibitor SB3CT indeed led to higher number of PNNs
compared with control conditions.

To summarize, daily injections of SB3CT, a MMP2/9-specific
inhibitor for the duration of a 7-d MD was sufficient to prevent
OD plasticity in V1 of adult mice, most likely by suppressing the
improvement of nondeprived eye responses in binocular V1.
Overall, our data suggest that MMP2/9 proteolytic activity is crit-
ical for accommodating adult OD plasticity, possibly through
ECM degradation.

Treatment with the MMP2 and MMP9-specific inhibi-
tor SB3CT prevented experience-enabled improvements of
basic visual abilities

To further understand the role of MMP2/9 proteolytic activ-
ity in the behavioral context of visual abilities, we have utilized
the virtual reality optomotor setup. Spatial vision of rodents, i.e.,
basic parameters of visual capabilities, like the spatial frequency
and contrast sensitivity thresholds of the optomotor reflex and
their experience-enabled enhancements can be quantified by
using optomotry (Prusky et al., 2004, 2006).

To this end, all experimental mice were tested on d0 (before
MD) to obtain a baseline value for spatial vision. Then, during
the following 7 d of MD (or no MD), both spatial frequency and
contrast sensitivity thresholds of the optomotor reflex were
measured daily during monocular vision, in both vehicle-treated
and SB3CT-treated animals.

Figure 2. Quantification of ODIs (A) and V1 activation (B) in vehicle-injected (black) and
SB3CT-injected (green) mice with or without MD. A, Administration of SB3CT for 7 d abol-
ished OD plasticity in MD mice. Symbols represent ODI values of individuals; filled circles rep-
resent mice without MD and half-filled circles mice with MD; mean values are shown as
horizontal lines. B, V1 activation (fractional change in reflectance �10�4) elicited by stimu-
lation of the contralateral (C) or ipsilateral (I) eye without and after MD (deprived eye is
marked by a black filled circle on the x-axis). In vehicle-treated mice, the OD shift was pri-
marily mediated by an increase of open (ipsi) eye responses in V1, while after SB3CT treat-
ments, there was no significant increase in open eye responses of MD mice receiving
injections. Multivariate ANOVA, followed up by Sidak-corrected multiple comparisons. Mean
6 SEM, *p, 0.05, **p, 0.01, ***p, 0.001. Tables comparing the two independent
analyses are provided as the Extended Data Figure 2-1.
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The analysis of spatial frequency thresholds showed that there
were significant main effects of MD, inhibitor, and time (MD: F(1,15)
= 52.6; inhibitor: F(1,15) = 21.3; time: F(1.41,21.12) = 59.8, all p, 0.001),
which were qualified by significant three-way interactions (time �
injection � MD: F(7,105) = 23.7, p, 0.0001), indicating that the
change in thresholds over 7d depended on the combination of both
injection and MD. There were also significant main effects of MD,
inhibitor, time, and spatial frequency on contrast sensitivity thresh-
olds (MD: F(1,15) = 28.9; inhibitor: F(1,15) = 23.8; time: F(1,15) = 73.9;
spatial frequency: F(1.9,27.9) = 219.8; all p, 0.001), which were quali-
fied by significant four-way interactions (time � injection � MD �
spatial frequency: F(1,15) = 13.2). Thus, at each spatial frequency, con-
trast sensitivity thresholds between days 0 and 7 depended on the
combination of both inhibitor treatment andMD. Baseline values on
d0 were alike between all groups (all p. 0.05), and consistent with
previous literature, but the effect of the drug over time varied
depending on whether mice received MD or not (Prusky et al., 2004;
Lehmann and Löwel, 2008).

As expected from previous publications (Prusky et al., 2006;
Lehmann and Löwel, 2008; Pielecka-Fortuna et al., 2015), both

spatial frequency and contrast sensitivity thresholds did not
change in noMD groups, and the MMP2/9 inhibitor treatment
(SB3CT) did not affect basal visual capabilities of noMD mice
over 7 d (for both spatial and contrast thresholds: p. 0.05).
Thus, the SB3CT injections did not interfere with basal visual
capabilities (Fig. 4).

Next, we focused on the effect of SB3CT on the experience-
enabled improvements of visual abilities. Comparison of noMD
and MD mice within the SB3CT-treated group showed that spa-
tial frequency and contrast sensitivity thresholds at any spatial
frequency did not improve significantly over 7 d (all p. 0.05).
After 7d of MD, the spatial frequency thresholds of SB3CT-
treated MD mice increased by only 3.96 0.4% (d0/d7: 0.386
0.002/0.396 0.003 cyc/°; Fig. 4A). Consequently, SB3CT_MD
mice had significantly lower values than vehicle-treated MD
mice on d7 after MD (p, 0.05). In contrast, mean spatial fre-
quency threshold of vehicle-injected MD mice increased by
16.86 0.02% over 7 d of MD (d0/d7: 0.386 0.003/0.446 0.005
cyc/°; contrast sensitivity, Table 1; Fig. 4). The significant
improvement of MD on contrast sensitivity thresholds in vehi-
cle-injected mice was observed at all six measured spatial fre-
quencies (all p, 0.001).

In summary, treatment with the MMP2/9 inhibitor
SB3CT for the duration of MD suppressed the experience-
induced improvements of both the spatial frequency and
the contrast sensitivity thresholds of the optomotor reflex
of the open eye without modifying basic visual abilities.
Our behavioral vision assessments thus highlight MMP2/9
as essential players in cortex-dependent experience-driven
enhancements of visual capabilities.

A single injection of the MMP2 and MMP9-specific inhibitor
SB3CT rescued stroke-induced visual plasticity impairments

We had previously described that a small PT lesion in the S1
can severely impair visual plasticity in V1 (Greifzu et al., 2011,
2014). Increased expression of MMP9 have been detected within
hours to days following stroke in nonhuman primates (Heo et
al., 1999), rats (Romanic et al., 1998; Rosenberg et al., 1998), and
mice (Fujimura et al., 1999; Asahi et al., 2001; Turner and Sharp,
2016). Moreover, in acute stroke, MMP2 is activated as one of
the first responses (Yang and Rosenberg, 2015). However, which
MMPs are upregulated is highly dependent on the type, localiza-
tion, and strength of the ischemic insult (Turner and Sharp,
2016). After a cortical stroke, cortical plasticity is compromised
in the infarct and peri-infarct regions, but can be restored by
broad-spectrum inhibition of MMPs in both somatosensory and
visual cortex (Cybulska-Klosowicz et al., 2011; Liguz-Lecznar et
al., 2012; Pielecka-Fortuna et al., 2015). We therefore examined
whether also a brief treatment with the MMP2/9-specific inhibi-
tor SB3CT can rescue visual cortex plasticity in adult mice after a
PT stroke in S1.

To assess the size and location of the PT lesions, we con-
ducted GFAP-immunofluorescence analyses. PT lesions were
localized in the left S1,;1.16 0.2 mm anterior from the anterior
border of V1, 2.26 0.2 mm lateral to the midline, and 1.16
0.2 mm posterior to bregma. The average size of the lesions was
0.76 0.1 mm in the mediolateral and 0.66 0.1 mm in anterior-
posterior directions. Our measurements revealed that there were
no differences in lesion sizes nor locations between SB3CT-
treated and vehicle-treated PT mice (t test, all p. 0.05).

As expected from our previous data, 7 d of MD did not
induce OD shifts in the vehicle-injected PT-lesioned mice
(PT_vehicle_MD, n=4). The deprived, contralateral eye contin-
ued to yield darker activity patches in V1 compared with the

Figure 3. Daily injection of the MMP2/9-specific inhibitor SB3CT increased PNNs in V1,
stained with WFA. A, WFA-positive staining of PNNs in vehicle-injected (left) and SB3CT-
injected (right) mice. PNNs were identified by their shape and bright circular outline through-
out the layers of V1. One example of each condition is displayed. On the right, noMD/MD
conditions of vehicle-injected mice are shown. On the left, noMD/MD conditions of SB3CT-
inejcted mice are shown. Scale bar: 100mm. B, Quantification of PNNs in V1. Number of
WFA-positive PNNs were significantly higher in SB3CT-injected mice, regardless of MD. From
each brain, three sections containing V1 were analyzed. ANOVA followed up by Sidak-cor-
rected test for simple effects. Scale bar: 100mm. Mean 6 SEM, *p, 0.05, **p, 0.01,
***p, 0.001.
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ipsilateral (open) eye, average ODIs remained positive and two-
dimensional OD maps were still dominated by warm colors; all
indicative of a typical contralateral eye dominance in binocular
V1 (Fig. 5D). However, a single intraperitoneal injection of the
MMP2/9 inhibitor SB3CT (PT_SB3CT_MD, n=5) was able to res-
cue OD plasticity in PT-lesioned mice: V1 activation via the contra-
lateral and ipsilateral eye were similar, ODI values decreased
strongly, OD maps exhibited colder colors, and the ODI histograms
shifted to the left (Fig. 5D).

We next quantified all optically recorded V1 maps (Fig. 6).
There were significant main effects of MD and PT (MD: F(1,27) =
24.5, p, 0.001; PT: F(1,27) = 5.2, p, 0.05), and two-way interac-
tions of MD, PT, and inhibitor injections on ODIs (MD � PT:
F(1,27) = 4.8, p, 0.05; PT � injection: F(1,27) = 5.4, p, 0.05).
Thus, the effect of MD and inhibitor depends on whether or not

the mice received a PT lesion, and inhibitor
treatment alone did not have an effect on OD
plasticity.

After MD, vehicle-treated PT mice had a
mean ODI of 0.26 0.03 (n= 4), similar to
values recorded from noMD mice (p. 0.05).
In contrast, the SB3CT-injected PT mice had
a significantly lower mean ODI of 0.16 0.02
(n= 5) after 7 d of MD (p, 0.05), indicating
that OD plasticity, impaired by a localized S1
lesion, was rescued by a single injection of
SB3CT in adult mice (Fig. 6A). Mice without
MD of both PT and sham groups had similar
ODI values (all p. 0.05).

In sham-lesioned mice, both MD groups
had significantly lower ODI values than their
noMD counterparts did (sham_vehicle: 0.26
0.02, sham_vehicle_MD: 0.16 0.03, p, 0.01;
sham_SB3CT: 0.36 0.04, sham_SB3CT_MD:
0.16 0.02, p, 0.01). Importantly, a single dose
of inhibitor did not prevent the OD shift
induced by MD (p. 0.05; Fig. 6A), in contrast
to our observations in nonlesioned mice after
seven consecutive injections of SB3CT (Fig. 2).

To further examine the mechanisms res-
cuing OD plasticity after stroke, we analyzed
V1 responses elicited by contralateral and ip-
silateral eye stimulation. In SB3CT-treated
PT mice, V1 activation via the contralateral
eye decreased from 1.36 0.1� 10�4 DF/F
(noMD) to 1.16 0.04� 10�4 DF/F after MD,
while V1 activity via the ipsilateral eye
increased from 0.76 0.1 without MD to
0.96 0.1� 10�4 DF/F after MD. In the
PT_vehicle_MD group, deprived eyes contin-
ued to dominate V1 activation (contralateral:
noMD: 1.36 0.2� 10�4 DF/F, MD: 1.16
0.2� 10�4 DF/F; ipsilateral: noMD: 0.56 0.1�
10�4 DF/F, MD: 0.86 0.2� 10�4 DF/F; p.
0.05; Fig. 6B). V1 responses elicited by contralat-
eral eye stimulation were significantly higher
than those after ipsilateral eye stimulation in ve-
hicle-treated PT mice with or without MD
(PT_vehicle_MD/noMD, p, 0.05), in SB3CT-
treated PT mice with MD. However, contralat-
eral eye responses in V1 were reduced such that
there was no significant difference in V1 activa-
tion between contralateral and ipsilateral eye
stimulation (PT_SB3CT_MD contra: 1.076

0.04 � 10�4 DF/F, ipsi: 0.896 0.07� 10�4 DF/F, p. 0.05; Fig. 6B).
Thus, SB3CT treatment rescued OD plasticity in PT-lesioned mice,
as there was a clear OD shift mediated by decreased V1 responses to
deprived eye stimulation.

In summary, our data demonstrate that a single injection of
the specific MMP2/9 inhibitor SB3CT, applied immediately after
lesion induction, can rescue OD plasticity which is otherwise lost
after a PT lesion in S1 (Greifzu et al., 2011). Taken together, our
data confirm that an S1 stroke has long-range effects and com-
promises cortical plasticity in binocular V1 but also demonstrate
for the first time that plasticity can be rescued by an immediate
treatment with the MMP2/9-specific inhibitor SB3CT against
upregulated MMP2/9 activity.

Figure 4. Injection of the MMP2/9 inhibitor SB3CT prevented experience-induced enhancements of both the spatial
frequency (A) and contrast sensitivity (B) thresholds of the optomotor reflex of the open eye in adult mice after MD
(half-filled circles). A, Spatial frequency threshold values in cyc/° are plotted against days, for mice without (filled circles)
and with MD (half-filled circles) for both vehicle-treated (black) and SB3CT-treated (green) mice. After 7 d of MD, spatial
frequency thresholds improved significantly in vehicle-injected MD mice when compared with mice without MD and
SB3CT-injected MD mice. In contrast, SB3CT-injected MD mice did not significantly increase thresholds until D7, while
control MD mice improved significantly each day. Mice without MD did not show any change over days. Three-way mixed
ANOVA was used, followed up by Sidak-corrected tests for simple effects. B, In vehicle-treated MD mice, contrast sensitiv-
ity thresholds of the open eye increased significantly after 7-d MD compared with both noMD mice (filled circles) and
SB3CT-injected noMD mice (blue). SB3CT MD mice (blue, half-filled circles) had significantly lower contrast sensitivity
thresholds than vehicle-injected mice (black, half-filled circles), similar to noMD mice (filled circles). Gratings left of the
y-axis illustrate the contrast steps for a given (constant) spatial frequency. Four-way mixed ANOVA, followed up by
Sidak-corrected tests for simple effects. Mean6 SEM, *p, 0.05, **p, 0.01, ***p, 0.001.
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A single injection of the MMP2/9-specific inhibitor SB3CT
after a cortical lesion recovered experience-driven visual abilities

As previously shown, a PT stroke in S1 prevented the experi-
ence-induced improvements of optomotor reflex thresholds of
the nondeprived eye after MD (Greifzu et al., 2011), but
enhancements of both spatial frequency and contrast thresholds
could be rescued by a brief broad-spectrum inhibition of MMPs
(Pielecka-Fortuna et al., 2015). To test whether a selective (and
brief) inhibitor of MMP2/9 activity can also act therapeutically,
we first acquired baseline optomotor thresholds, then induced
the S1-stroke lesion, treated experimental animals with the
MMP2/9 inhibitor SB3CT and continued with daily optomotor
testing during the 7-d MD (or noMD) period in both PT-
lesioned and sham-lesioned mice (Table 2; Fig. 7).

We observed significant main effects of MD, PT, and time (p
, 0.001) on spatial frequency thresholds, which were qualified
by significant four-way interactions of MD, surgery, inhibitor,
and time, suggesting that the improvements in spatial frequency
threshold over 7 d depended on the combination of PT, inhibi-
tor, and MD (F(1,26) = 7.3, p= 0.01; Greenhouse–Geisser cor-
rected). There were also significant main effects of MD, time,
and spatial frequency (p values , 0.001) on contrast sensitivity
thresholds. These main effects were qualified by significant five-
way interactions of MD, PT, inhibitor, spatial frequency, and
time, indicating that the improvement of contrast sensitivity
thresholds at each spatial frequency over 7 d depended on the
combination of PT, inhibitor, and MD (F(1.4,36.5) = 10.6,
p, 0.001; Greenhouse–Geisser corrected). Our baseline values
(before MD/stroke/treatment) were alike in all groups (all
p. 0.05), and consistent with previous literature (Prusky et al.,
2004; Lehmann and Löwel, 2008; Pielecka-Fortuna et al., 2015),
and the effect of inhibitor varied depending on whether mice
were subjected to PT and/or MD.

Follow-up tests indicated that the spatial frequency and con-
trast sensitivity thresholds of the optomotor reflex of PT-lesioned
vehicle-treated (control) mice (PT_vehicle_MD, n= 4) remained
unchanged over 7 d of MD (spatial frequency threshold: change:
0.56 0.1%, D0/7: 0.3786 0.003/0.3816 0.002 cyc/°; contrast
threshold, Table 3; both p. 0.05; Fig. 7). In contrast, SB3CT
treatment rescued the experience-enabled optomotor enhance-
ments after MD in PT mice (PT_SB3CT_MD, n=5), both for
spatial frequency thresholds (change: 14.36 1.7%; D0/7:
0.376 0.001/0.436 0.009 cyc/°) and for contrast thresholds
(Table 2; both p, 0.001; Fig. 7). The MD-induced threshold

improvements of PT_SB3CT_MD mice were also higher than
without MD (both p, 0.001; Fig. 7). Together, these data indi-
cate that a brief treatment with the MMP2/9 inhibitor SB3CT
against excessive MMP2/9 activity within 24 h of a PT lesion in
S1 rescued the otherwise impaired experience-induced enhance-
ments of visual abilities in adult mice.

To exclude an effect of the surgical interventions on our
results, we also analyzed the visual abilities of sham-treated mice
(similar surgery but no PT lesion), and established that MD, as
expected from previous literature, induced an experience-de-
pendent increase in both spatial frequency and contrast sensitiv-
ity thresholds of the optomotor reflex, regardless of the injection
(vehicle/SB3CT). Thus, a single SB3CT injection after MD did
not interfere with experience-induced improvements of vis-
ual capabilities in sham control mice (all p, 0.001; Fig. 7), in
contrast to seven injections of this selective MMP2/9 inhibi-
tor (Fig. 2).

In summary, our behavioral vision assessments establish that
upregulation of MMP2/9 after a localized cortical lesion in S1
contributes to the impairment of experience-driven improve-
ments of optomotor thresholds in adult mice. Furthermore,
MMP2/9 inhibition can potentially be used therapeutically to
rescue compromised plasticity: a single injection of the selective
MMP2/9 inhibitor SB3CT, administered 1 h after lesion induc-
tion, is sufficient to rescue the experience-enabled optomotor
improvements.

Discussion
The objective of our study was to examine the role of MMP2 and
MMP9 in adult visual cortex plasticity in both health and disease.
We hypothesized that the proteolytic activity of MMP2 and
MMP9 allows experience-induced neuronal plasticity in the
healthy visual cortex, while the upregulation of these ECM-
digesting enzymes upon a cortical lesion contributes to the
observed impairments of visual cortical plasticity (Pielecka-
Fortuna et al., 2015). To this end, we have used injections of the
MMP2/9-specific inhibitor SB3CT and a combination of behav-
ioral vision tests, in vivo optical imaging and immunohistochem-
istry. SB3CT was previously shown to be a highly selective and
specific inhibitor of gelatinases MMP2 and MMP9, with the abil-
ity to cross the brain-blood barrier (Brown et al., 2000; Gu,
2005). Therefore, we would like to interpret our results of SB3CT
treatment as showing that inhibition of MMP2 and MMP9 has a
major effect on adult cortical plasticity in both health and dis-
ease. In particular, our results provide evidence that the activity
of MMP2 and MMP9 is critical for visual plasticity in healthy
adult animals, while their upregulation following a cortical lesion
must be counteracted to accommodate visual plasticity in injured
brains.

MMP2/9 in healthy visual cortex
In the healthy adult brain, remodeling of the ECM is an impor-
tant regulator of synaptic function and plasticity (Frischknecht
and Gundelfinger, 2012). An enhancement of OD plasticity fol-
lowing the degradation of the mature ECMwas first documented
in rat V1 (Pizzorusso et al., 2002, 2006). It has been established
that maturation of the ECM contributes to the stability of exist-
ing nerve cell connections, while tightly regulated endogenous
degradation can locally shift the balance toward plasticity, ena-
bling new experience-induced changes (Gundelfinger et al.,
2010; Reinhard et al., 2015). This enzymatic degradation is facili-
tated largely by MMPs, whereby the expression and activity of

Table 1. Optomotry-measured contrast sensitivity comparisons before and after
MD

Spatial
frequency (cyc/°)

Contrast sensitivity
d0 [100/(%value*0,985)]

Vehicle Vehicle_MD SB3CT SB3CT_MD

0.031 2.66 0.05 3.76 0.06 3.66 0.03 3.76 0.07
0.064 12.86 0.15 11.86 0.10 12.86 0.25 11.76 0.35
0.092 10.76 0.10 10.36 0.55 10.16 0.38 9.96 0.36
0.103 9.36 0.39 9.06 0.70 9.06 0.21 9.26 0.46
0.192 7.86 0.39 7.16 0.33 7.96 0.07 7.26 0.26
0.272 4.06 0.04 3.86 0.07 4.06 0.03 3.76 0.09

d7
0.031 3.66 0.05 5.16 0.25 3.66 0.04 3.96 0.08
0.064 12.96 0.15 29.76 1.25 12.76 0.20 13.76 0.71
0.092 10.76 0.10 26.36 2.09 10.16 0.35 11.66 0.61
0.103 9.266 0.25 23.26 3.76 9.06 0.20 11.06 0.76
0.192 7.96 0.40 16.46 2.64 7.96 0.06 8.26 0.36
0.272 4.06 0.04 5.46 0.18 4.06 0.04 4.06 0.10
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Figure 5. Brief treatment with the MMP2 and MMP9-specific inhibitor SB3CT rescued adult OD plasticity in V1 after a stroke in S1. A, The experimental design to test the effect of MMP2
and MMP9 inhibition on OD plasticity after a PT stroke in S1. A small (1 mm in diameter) lesion in S1 was induced on young adult mice (P70–P90) using PT. Shortly after (1 h), half of the PT
mice received MD. One hour after MD, mice were injected with SB3CT or vehicle solution and returned to their home cages. Starting from d0 before MD, mice were checked daily in the optomotor
setup for the assessment of spatial frequency and contrast sensitivity thresholds of the optomotor reflex for the following 7 d. On d7, optical imaging of intrinsic signals was performed, after which
the mice were perfused, and the brains were harvested. After tissue preparation and immunohistochemistry, PT lesions were measured. Representative activity maps of binocular V1 and ODI values
of the left hemisphere measured by optical imaging of intrinsic signals in PT-lesioned, one-time vehicle-injected (B, D) or SB3CT-injected (C, E), or sham-treated vehicle-injected (F, H) or SB3CT-
injected (G, I), mice are displayed. In PT mice without MD (B, C), activity patches evoked by stimulation of the contralateral eye were darker than those of the ipsilateral eye, the average ODI was
positive, and warm colors prevailed in the OD maps, indicating contralateral dominance in the left hemisphere binocular V1. Vehicle-injected PT mice with MD (deprived eye is marked by black filled
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various MMPs changes depending on the brain region and de-
velopmental stage (Ethell and Ethell, 2007; Reinhard et al., 2015).
MMP9 has been extensively characterized in the mouse brain,
and it is implicated in mediating plasticity in various brain
regions, including juvenile and adult visual cortex (Yong, 2005;
Huntley, 2012; Kelly et al., 2015; Reinhard et al., 2015; Murase et
al., 2017). MMP2 also has a similar structure and substrate speci-
ficity as MMP9, and both MMP2 and MMP9 expression tend to
co-localize at individual excitatory synapses (Huntley, 2012). In
response to long-term potentiation (LTP) induction, MMP9 rap-
idly becomes proteolytically active at perisynaptic sites and is
essential for maintenance of LTP and local remodeling (Meighan
et al., 2006; Nagy et al., 2006).

With respect to visual cortical plasticity after MD, MMP9 was
previously shown to be required for the increase of open eye
responses in juvenile mice (Kelly et al., 2015). Here, we report
that OD plasticity in adult V1 is also depending on MMP2/9 ac-
tivity, because treatment with the MMP2 and MMP9-specific in-
hibitor SB3CT blocked plasticity and prevented an increase of
V1 activation through the open, nondeprived eye. This observa-
tion expands previous findings from our lab, in which chronic
treatment with a broad-spectrum MMP inhibitor prevented
open eye potentiation and compromised OD plasticity (Pielecka-
Fortuna et al., 2015). Thus, specific inhibition of MMP2/9 led to
a similar level of suppression in open eye potentiation in V1 of
adult mice following MD.

It is plausible that the effects observed with the broad-spec-
trum inhibition of MMPs were, in fact, predominantly because
of the inhibition of MMP2/9, given that the results obtained in
the two studies are very similar. Since MMP2 has low basal levels
of activity in mouse cortex (Wilczynski et al., 2008), including
the visual cortex (Murase et al., 2017), MMP9might play a bigger
role for OD plasticity in the adult visual cortex.

Juvenile Mmp9 knock-out mice manifest reduced excitatory
synapse and spine density and weakened OD plasticity following
MD (Kelly et al., 2015). Additionally, MM9 regulates feed-for-
ward thalamic inputs to the cortex (Murase et al., 2017). MMP2
and MMP9 proteolysis might mediate OD plasticity by promot-
ing the weakening of excitatory synapses onto inhibitory neurons
and strengthening of excitatory synapses onto excitatory neurons
(Murase et al., 2017). Typically, the growth and strengthening of
excitatory synapses onto excitatory neurons are linked to MMP9
(Kaliszewska et al., 2012; Ganguly et al., 2013; Lebida and
Mozrzymas, 2017), but the weakening of thalamic inputs to fast-
spiking interneurons was only recently associated with MMP9
(Murase et al., 2017). Although this report of MMP9 effect on
disinhibition is very intriguing, it is important to note that there
is a complex relationship between ECM integrity and neuronal
excitability, which varies across brain regions, and depends on
the PNN composition of the region (Murase et al., 2017).
Nonetheless, MMP2 and MMP9 might be involved in the modu-
lation of neuronal excitability in adult OD plasticity.

Adult SC-raised mice usually display OD plasticity after 7 d of
MD until P110 (Gordon and Stryker, 1996; Lehmann and Löwel,

2008; Sato and Stryker, 2008). As previously reported, one of the
mechanisms by which MMP9 might mediate adult OD plasticity
is elevated proteolytic activity at thalamic inputs to the visual
cortex on experience-dependent neuronal activity (Murase et al.,
2017), where effects on various components of the ECM includ-
ing gelatin, aggrecan, laminin, and collagen are exerted (Ethell
and Ethell, 2007; Huntley, 2012). Thus, inhibition of proteolytic
activity of gelatinases may lead to a severe impairment of plastic-
ity. Moreover, structural and functional OD plasticity was absent
in MMP9 knock-out mice, and rescued by hyaluronidase, that
degrades key components of the ECM (Murase et al., 2017). To
address the effect of MMP2/MMP9 inhibition on the degrada-
tion of ECM, we have utilized WFA staining of PNNs, which are
specific ECM structures responsible for synaptic stabilization in
the adult brain. Our data show that the daily administration of
SB3CT led to significantly higher PNN counts in V1, i.e., reduced
ECM degradation as shown byWFA staining, compared with ve-
hicle-injected control mice. These results indicate that MMP2/9
play an important role in the organization of PNNs in the visual
cortex, and the loss of their enzymatic activity might lead to a
less permissive local environment, which subsequently affects
OD plasticity. Our results further emphasize that MMP2/9 is in-
dispensable for extracellular proteolysis in response to increased
neuronal activity to reorganize a nonpermissive ECM into a plas-
ticity-accommodating local environment (Milward et al., 2007;
Gundelfinger et al., 2010; Huntley, 2012).

May other MMPs be also involved in visual plasticity?
Notably, MMP3 is also expressed in the visual cortex, and cleaves
and activates both MMP2 and MMP9 (Ogata et al., 1992;
Gonthier et al., 2007). In the visual cortex of MMP3-deficient
mice, neuronal morphology is aberrant (Aerts et al., 2015).
However, the morphologic and functional consequences
observed in MMP3-deficient mice might be largely because of
reduced activation of MMP2 and MMP9 by MMP3. Aerts and
colleagues remark on the reduced pro-MMP9 activation on
MMP3 knock-out (Johnson et al., 2011) and suggest MMP9 as
the actual effector for the observed shift in spine length distribu-
tion toward shorter, more mature spines. Consistently, MMP9
increases spine lengthening and is necessary to maintain LTP,
and is upregulated on synaptic activity (Nagy et al., 2006; Ethell
and Ethell, 2007). Moreover, inhibition of MMP2 and MMP9 in
our own paradigm likely induces complex cellular cascades,
including compensatory upregulation of other redundant MMPs
that can activate ODP to a lesser extent, which is not possible
when using a broad spectrum inhibitor (Pielecka-Fortuna et al.,
2015). Consistent with this hypothesis, MMP9 deficiency was
shown to lead to a compensatory increase in MMP8 expression
(Chiao et al., 2012).

Additionally, brain-derived neurotrophic factor (BDNF) is
one of the factors implicated in interactions with both MMP2/9
activity and synaptic plasticity (Lu and Martinowich, 2008;
Kuzniewska et al., 2013). BDNF expression and MMP2/9 activity
are upregulated on neuronal activity (Ethell and Ethell, 2007;
Kuzniewska et al., 2013; Reinhard et al., 2015). Interestingly, pro-
teolytic conversion of proBDNF (proform) to mBDNF (mature
BDNF) is processed by MMP2 and MMP9, among others (Lee et
al., 2001; Hwang et al., 2005; Ethell and Ethell, 2007). Notably,
proBDNF and mBDNF elicit opposite biological effects by acti-
vating two distinct receptor systems: proBDNF promotes long-
term depression (LTD) through the activation of p75 receptor in
the hippocampus, while mBDNF-TrkB signaling is critical for
the early phase of LTP (Lohof et al., 1993; Chao and Bothwell,
2002; Lu, 2003; Yang et al., 2009). BDNF is upstream of the

/

circles) did not show OD plasticity (D). In contrast, a single injection of the MMP2/9 inhibitor
SB3CT after the PT lesion rescued OD plasticity so that MD induced a strong OD shift toward
the nondeprived eye (ipsilateral; E). Likewise, in sham-lesioned mice, neither vehicle nor SB3CT
injections compromised OD plasticity, nor MD induced an OD shift toward the nondeprived eye
(H, I). Data display same as Figure 1. Scale bars: 1 mm. Tables comparing the two independent
analyses are provided as the Extended Data Figure 5-1.
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regulation of MMP9 expression and activity in neurons, yet
MMP2 and MMP9 modulate BDNF activity in a feedforward
cycle. Thus, accumulation of proBDNF because of the lack of
MMP2/9 activity, caused by SB3CT, could negatively affect

neuronal remodeling and weaken activity dependent changes.
Inhibition of MMP2 and MMP9, and consequent restriction of
proteolytic activation of BDNF may therefore be contributing to
the loss of V1 plasticity in adult SB3CT-treated mice. Future

Figure 6. Quantification of OD plasticity on the brief (1-d) inhibition of MMP2/MMP9 with SB3CT after a PT lesion in S1: both ODIs (A) and V1 activation (B) without and with MD in the var-
ious treatment groups (vehicle/SB3CT and PT/sham lesion) are illustrated. A, Optically imaged ODIs of mice injected with vehicle (black/gray) or SB3CT (dark green, light green). Symbols repre-
sent ODI values of individuals (squares specify PT-lesioned mice, circles sham-lesioned mice). In PT mice with MD, a single systemic administration of SB3CT on d0 rescued the impaired OD
shift (impaired by PT in vehicle-treated mice). B, V1 activation elicited by stimulation of the contralateral (C) or ipsilateral (I) eye without and after MD. Multivariate ANOVA, followed up by
Sidak-corrected tests for simple effects. Data display as in Figure 2. Mean6 SEM, *p, 0.05, **p, 0.01, ***p, 0.001.
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experiments should elucidate the mechanism of MMP2 and
MMP9 action in relation to BDNF signaling for OD plasticity in
adult and juvenile mice.

MMP2/9 in disease
As discussed, MMP2 and MMP9 activity support healthy brain
development and function, while excess enzymatic activity can
have deleterious consequences after brain injury or disease
(Agrawal et al., 2008; Huntley, 2012). The expression of many
MMPs has been reported to change in response to injury or neu-
rologic diseases (Yong, 2005; Reinhard et al., 2015). In the barrel
cortex, MMP activity increased within 24 h of a PT-induced

stroke, and treatment with a broad-spectrum MMP inhibitor
during stroke induction partially recovered lesion-diminished
plasticity (Cybulska-Klosowicz et al., 2011; Liguz-Lecznar et al.,
2012). Similarly, our laboratory has previously shown that com-
promised plasticity in the visual cortex after a localized cortical
stroke in S1 (Greifzu et al., 2011) was rescued by a 1-d treatment
with a broad-spectrum MMP inhibitor after stroke induction
(Pielecka-Fortuna et al., 2015). Although studies using broad-
spectrum inhibitors yielded promising results in animal models
of stroke, their low specificity and systemic toxicity makes their
translational use difficult if not impossible (Coussens et al., 2002;
López-Otín and Overall, 2002; Gu, 2005). More specific treat-
ment options are therefore strongly needed. Notably, MMP9
shows increased expression after stroke in humans (Castellanos
et al., 2003; Horstmann et al., 2003; Gu, 2005), nonhuman
primates (Heo et al., 1999), and rodents (Romanic et al.,
1998; Fujimura et al., 1999; Justicia et al., 2003), which has
been linked to numerous complications including excito-
toxicity, neuronal damage, apoptosis, blood brain barrier
disruption, and neuroinflammation (Chaturvedi and Kaczmarek,
2014). Furthermore, prolonged MMP2-mediated proteolysis has
been implicated in many CNS injuries (Justicia et al., 2003; Huntley,
2012). While upregulation of specific MMPs is highly dependent on
the type, localization, and strength of the ischemic insult (Turner
and Sharp, 2016), particularly the expression of MMP2 and MMP9
is altered following stroke and traumatic brain injury, causing alter-
ations in blood-brain barrier permeability (Romanic et al., 1998;
Fujimura et al., 1999; Planas et al., 2001). Importantly, a cortical
stroke elevates activity of MMPs not only in the infarct tissue, but
also in regions surrounding the infarct (Rosell et al., 2006; Dong et
al., 2009). Here, the focal stroke induction was induced in the S1, in

Table 3. Optomotry-measured contrast sensitivity comparisons of running
wheel (RW) groups before and after MD

Contrast sensitivity [100/(%valuep0,985)]
Day 0

Spatial frequency (cyc/deg) RW1Vehicle1MD RW1SB3CT1MD

0.031 3.7560.04 3.7260.04
0.064 11.4460.06 11.9960.25
0.092 10.9860.10 11.2060.17
0.103 10.5460.26 10.6960.12
0.192 7.3860.18 7.4960.15
0.272 3.6460.03 3.6360.03

Day 7
0.031 4.6360.07 4.1660.06
0.064 21.2860.34 15.2760.98
0.092 20.2160.25 14.1161.05
0.103 19.1760.25 13.2660.89
0.192 11.2160.26 9.0960.26
0.272 4.4760.08 4.0160.08

Table 2. Optomotry-measured contrast sensitivity comparisons of PT/sham groups before and after MD

Contrast sensitivity [100/(%value*0,985)]

PT_vehicle PT_vehicle_MD PT_SB3CT PT_SB3CT_MD
Spatial frequency (cyc/°) d0

0.031 3.76 0.07 3.86 0.07 3.86 0.08 3.56 0.03
0.064 12.26 0.33 11.96 0.15 11.66 0.25 11.26 0.66
0.092 11.56 0.22 10.86 8.93 10.76 0.42 9.96 056
0.103 10.36 0.43 8.96 0.10 9.86 0.38 8.26 0.41
0.192 7.46 0.30 7.06 0.17 7.66 0.33 7.26 0.31
0.272 3.86 0.06 4.16 0.05 4.06 0.04 3.96 0.08

d7
0.031 3.76 0.07 3.86 0.08 3.86 0.09 4.46 0.08
0.064 12.26 0.33 12.06 0.17 11.76 0.17 23.56 3.37
0.092 11.56 0.22 11.16 0.18 10.76 0.42 21.26 3.22
0.103 10.036 0.43 9.06 0.06 9.86 0.38 16.16 2.39
0.192 7.46 0.30 7.16 0.20 7.66 0.33 14.56 2.59
0.272 3.86 0.06 4.26 0.06 4.16 0.04 5.06 0.19

Sham_vehicle Sham_vehicle_MD Sham_SB3CT Sham_SB3CT_MD
d0

0.031 3.76 0.08 3.66 0.08 3.86 0.05 3.56 0.03
0.064 11.96 0.20 11.96 0.19 11.96 0.12 11.76 0.16
0.092 10.76 0.40 11.16 0.23 11.26 0.13 10.76 0.37
0.103 9.76 0.56 10.16 0.31 9.86 0.43 8.76 0.36
0.192 7.36 0.23 6.96 0.15 6.96 0.11 7.16 0.35
0.272 3.96 0.10 3.86 0.01 3.96 0.06 4.06 0.01

d7
0.031 3.76 0.08 4.66 0.08 3.86 0.05 4.16 0.16
0.064 11.96 0.20 22.36 1.04 11.96 0.09 18.76 1.77
0.092 10.76 0.40 21.76 0.61 11.26 0.13 17.76 1.81
0.103 9.76 0.56 19.86 1.05 9.86 0.43 13.26 1.22
0.192 7.36 0.23 11.26 0.46 6.96 0.11 10.36 0.79
0.272 3.96 0.10 5.16 0.15 3.96 0.06 4.86 0.19
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the close vicinity of V1, which is in the peri-infarct area. Notably,
we show here that selective inhibition of MMP2 and MMP9 was
sufficient to recover OD plasticity in the visual cortex after an S1
stroke in adult mice.

Interestingly, administration of SB3CT had failed to provide
protection against a hypoxic ischemic insult in neonatal rats
(Ranasinghe et al., 2012). This is in line with our observations of
the unchanged lesion size in PT mice on the inhibition of
MMP2/9. In our paradigm, we have induced a lesion in the S1,
and tested the rescue of OD plasticity in the distant V1 on MM2/
9 inhibition. Unchanged lesion size and rescue of impaired OD
plasticity indicate that neuroprotection after a stroke and recov-
ery of plasticity near the lesion might be differentially mediated,
and require different temporal regulation of MMP2 and MMP9
activity.

The comparison of our results with the literature highlights
the complexity of finding an adequate treatment for recovery fol-
lowing an ischemic stroke that would both minimize the lesion

size and rescue the cortical plasticity.
Regarding potential clinical relevance of
SB3CT, our present results show that a
single dose of SB3CT 24 h within stroke
induction was able to rescue otherwise
compromised plasticity are very encourag-
ing; still, future experiments should test
whether downregulation of excessive
MMP2 and MMP9 activity even later af-
ter stroke could also act therapeutically.

Excessive and protracted MMP2 and
MMP9 mediated proteolysis has been
shown to be a major pathologic element of
many CNS injuries and diseases (Huntley,
2012). There are several potential mecha-
nisms by which elevated levels of MMPs
may disrupt OD plasticity after a stroke in
S1. It is for example plausible that MMP2
and MMP9 inhibition rescue OD plasticity
after a stroke induction in S1 by impeding
the negative effects of disrupted homeosta-
sis early on. For instance, one of the conse-
quences of MMP9 upregulation on brain
damage is excessive degradation of the
ECM protein laminin, which leads to neu-
ronal apoptosis (Gu, 2005). Inhibiting
overexpression of MMP2 and MMP9 after
PT might contribute to the observed rescue
of OD plasticity, possibly by protecting against
laminin degradation and subsequent neuronal
cell death. Additionally, induction of an ische-
mic insult leads to a propagating wave of neu-
ronal and glial depolarization, called cortical
spreading depression (Schroeter et al., 1995).
Spreading depression alters blood brain barrier
permeability by activating MMP9 (Gursoy-
Ozdemir et al., 2004), and it might contribute
to impairment of OD plasticity as well. It is
possible that inhibition of MMP2/9 shortly af-
ter stroke induction could reduce spreading
depression in the cortex, contributing to the
rescued visual plasticity. Additionally, after a
focal stroke, the balance of neuronal inhibition
and excitation is disrupted, and neuron hyper-
excitability on elevated levels of glutamate
and reduction of GABAergic receptors are

observed in peri-infarct regions, which is hypothesized to also
lead to subsequent excitotoxicity and cell death (Neumann-
Haefelin et al., 1995; Schiene et al., 1996; Murphy and Corbett,
2009). Thus, it is conceivable that treatment with the MMP2
and MMP9 inhibitor SB3CT shortly after the stroke downre-
gulated these elevated MMPs, improved disrupted excitation/
inhibition balance and contributed to the rescue of OD plas-
ticity in the visual cortex, which can be interpreted as located
in the peri-infarct region of the stroke in S1.

In our study, we have also investigated the behavioral
relevance of MMP2 and MMP9 in visual capabilities of
mice. Under normal conditions, daily testing in the opto-
motor setup after MD induces a cortex-dependent and ex-
perience-enabled enhancement of spatial vision through
the nondeprived eye (Prusky et al., 2006). Here, we report
that MMP2/9 inhibition during the MD period suppressed
enhancements in both the spatial frequency and contrast

Figure 7. Injection of the MMP2/9 inhibitor SB3CT after the induction of a PT lesion in S1 rescued experience-enabled
enhancements of both the spatial frequency (A) and contrast sensitivity (B) thresholds of the optomotor reflex in adult
mice. A, Spatial frequency threshold values in cyc/° are plotted against days for PT (squares), sham (circles), in mice without
(filled symbols) and with MD (half-filled symbols), both for vehicle (black/gray) and SB3CT (dark green, light green) treat-
ment. Seven days of MD induced a significant increase in spatial frequency threshold in SB3CT-injected PT-treated mice
each day but not in vehicle-injected PT mice. In contrast, sham-lesioned mice showed significant threshold increases over
days after MD (half-filled squares) compared with noMD mice, regardless of the type of injection (vehicle/SB3CT). B,
Likewise, SB3CT treatment after PT rescued the experience-induced increase in contrast sensitivity thresholds of the open
eye after MD: PT mice receiving a single SB3CT injection (dark green) had higher contrast thresholds, while the contrast
thresholds of vehicle-treated PT mice (black) were significantly lower compared with SB3CT-injected PT mice. Sham-
lesioned MD mice also had significantly higher contrast thresholds at every spatial frequency compared with noMD mice,
regardless of treatment (vehicle and SB3CT). Gratings left of the y-axis illustrate the contrast steps for a given (constant)
spatial frequency. Mixed ANOVA followed up by Sidak-corrected test for simple effects. Mean 6 SEM, *p, 0.05,
**p, 0.01, ***p, 0.001.
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sensitivity thresholds of the optomotor reflex, while control
mice displayed the typical experience-enabled improve-
ments in spatial vision. Conversely, the brief inhibition of
MMP2/MMP9 immediately after a cortical stroke rescued
otherwise impaired optomotor improvements. Our results
thus indicate that MMP2/9 have nonredundant functions in
both OD plasticity and activity-dependent improvements of
visual abilities in adult mice.

Together, the present data considerably extend our previ-
ous findings, emphasizing an important regulatory role of
MMP2/9 for preserving adult cortical plasticity: reduction of
MMP2/9 activity blocked plasticity in healthy adult mice,
while suppressing overactivity that occurs after a cortical
lesion rescued otherwise compromised plasticity. We would
like to highlight that it is very encouraging for the develop-
ment of clinically relevant therapeutic approaches that al-
ready a single treatment with the selective MMP2/9 inhibitor
briefly after lesion induction rescued plasticity in the adult
brain.
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