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ABSTRACT: A single stress exposure facilitates memory
formation through neuroplastic processes that reshape
excitatory synapses in the hippocampus, probably requiring
changes in extracellular matrix components. We tested the
hypothesis that matrix metalloproteinase 9 (MMP-9), an
enzyme that degrades components of extracellular matrix and
synaptic proteins such as β-dystroglycan (β-DG43), changes
their activity and distribution in rat hippocampus during the
acute stress response. After 2.5 h of restraint stress, we found
(i) increased MMP-9 levels and potential activity in whole
hippocampal extracts, accompanied by β-DG43 cleavage, and
(ii) a significant enhancement of MMP-9 immunoreactivity in
dendritic fields such as stratum radiatum and the molecular layer of hippocampus. After 24 h of stress, we found that (i) MMP-9
net activity rises at somatic field, i.e., stratum pyramidale and granule cell layers, and also at synaptic field, mainly stratum radiatum
and the molecular layer of hippocampus, and (ii) hippocampal synaptoneurosome fractions are enriched with MMP-9, without
variation of its potential enzymatic activity, in accordance with the constant level of cleaved β-DG43. These findings indicate that
stress triggers a peculiar timing response in the MMP-9 levels, net activity, and subcellular distribution in the hippocampus,
suggesting its involvement in the processing of substrates during the stress response.
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■ INTRODUCTION

The ability of the brain to change and adapt in response to
experience and a fluctuating environment is called neuro-
plasticity. This response involves synaptic remodeling, which
includes formation and stabilization of new neural connections
that enable important and complex processes, such as learning
and memory consolidation.1 The mechanisms that regulate
neuroplasticity can be modulated through several factors. For
instance, the stress response triggered by environmental
challenges (either external or internal) produces a myriad of
mediators that elicit well-orchestrated physiological modifica-
tions that may impact neuroplasticity processes. Stress induced
by an emotional stressor activates the hypothalamic−pituitary−
adrenal (HPA) axis, with a consequent release of adrenal
glucocorticoids (cortisol in humans and corticosterone in rats),
some of the stress hormones that target several limbic
structures, such as the hippocampus.2 This structure is
implicated in the acquisition of episodic or declarative memory
in humans and spatial memory in rodents.3,4 Moreover,
glucocorticoids trigger fast actions in the brain, promoting
the release of glutamate from cortex and hippocampal areas,5,6

accompanied by the subsequent activation of AMPA and
NMDA receptors.5−7 Interestingly, hippocampal formation
negatively regulates HPA axis activity, evidencing their cross
regulation.8

Acute stress seems to facilitate memory formation when the
learning takes place in a stressful context9 but usually impairs
retrieval.10 Probably, facilitation of memory formation involves
neuroplastic processes that allow the reorganization of
excitatory synapses, changing the balance between the
formation and stabilization of dendritic spines that may sustain
the functionality of neural circuits.11 Several studies support the
idea that synaptic remodeling requires dynamic changes in the
expression of cell-surface adhesion molecules (reviewed in ref
12), as well as modifications in components of the extracellular
matrix (ECM).13 The ECM is a meshwork of proteins and
proteoglycans in which proteolytic processing of its compo-
nents supports a physiological mechanism to shape neuronal
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circuits, such as those described in the hippocampus.14 One set
of degradative enzymes corresponds to matrix metalloprotei-
nases (MMPs), which play a key role in both central nervous
system (CNS) development and normal brain functioning.15

Matrix metalloproteinase 9 (MMP-9) and its natural inhibitor,
the tissue inhibitor of metalloproteinase 1 (TIMP-1), are
expressed at low levels in the mature brain; nonetheless, they
are induced in response to physiological and pathological
conditions.16−18 For instance, an increased level of MMP-9
expression has been detected in several brain areas, including
the hippocampus, following fear conditioning.19 Furthermore,
studies have shown that both the expression and proteolytic
activation of MMP-9 occur during the late phase of long-term
potentiation (L-LTP) at CA3−CA1 synapses in the hippo-
campus.20−22 Experiments with cortical primary cultures
exposed to glutamate suggest that the signaling of glutamate
receptors is required for the activation of MMP-9.23 MMPs
cleave a large number of substrates, including growth factors
and precursors,24 components of ECM such as laminin, and the
chondroitin sulfate proteoglycan brevican,25 the intercellular
adhesion molecule I-CAM 5,26 and the neural cell adhesion
molecule N-cadherin,27 among others.
Some in vivo exclusive substrates of MMPs have also been

described in the brain. For instance, Nectin-3 corresponds to a
cellular adhesion, Ig-like, transmembrane protein predomi-
nantly expressed postsynaptically.28 In the hippocampus,
Nectin-3 levels at synaptic sites are reduced by chronic stress;
variations have been associated with an enhancement in the
gelatinolytic activity of MMP-9.29 From a functional point of
view, the lower level of expression of Nectin-3 has been
associated with alterations in cognitive function and social
recognition.29 Additionally, β-dystroglycan 43 (β-DG43), which
was first described as a substrate for MMP-2 and MMP-9 in an
experimental model of autoimmune encephalopathy,30 is also
processed in vivo by MMP-9 in response to enhanced excitatory
neurotransmission in the hippocampus.23 β-DG43 is a dual-
function protein that acts as a signal transducer between the
ECM and the cytoskeleton31 and controls dendritic morpho-
genesis of hippocampal neurons in vitro.32 Similarly, changes in
MMP-9 activity play a key role in neuronal morphology by
promoting the elongation of dendritic spines.21,33 Importantly,
in the hippocampus, β-DG43 and MMP-9 are colocalized in vivo
at the excitatory synapse.23 Considering that stress influences
glutamate neurotransmission5,6 and promotes remodeling of
the brain,34 the aim of this study was to evaluate the
consequences of acute stress on MMP-9 levels and activity in
the hippocampus, variations that may be useful for under-
standing the mechanisms that transform an adaptive response
into a maladaptive one.

■ RESULTS AND DISCUSSION
Physiological Parameters. Adult male rats were acutely

stressed by motion restraint for 2.5 h. This stressor produces
the activation of the HPA axis, inducing a fast secretion of
corticotropin releasing hormone (CRH).35 We evaluated the
effectiveness of the restraint procedure by measuring fecal
output, which is driven by CRH release in the brain.36,37 A
significant increase in the number of fecal pellets voided by
stressed animals was observed during the 2.5 h of restraint in
comparison to the number voided by unstressed animals (P <
0.0001) (Figure 1A). We also found that after this stress
procedure, there was an almost 28-fold increment in cortico-
sterone (CORT) levels in comparison to those of controls (P <

0.0001) (Figure 1B). Twenty-four hours after the acute stress
session, CORT levels were higher than those of controls (P <
0.0368; 12-fold) but lower than those of stressed animals (P <
0.0086) (Figure 1B). Therefore, acute restraint stress activates
the HPA axis, with the consequent increase in fecal pellet
output and CORT release.

Effect of Acute Stress on MMP-9, β-DG43, TIMP-1, and
MMP-2 Protein Levels. We investigated by Western blot
whether acute stress promotes variation in levels of MMP-9, its
substrate (β-DG43), its enzymatic regulator (TIMP-1), and
MMP-2. A representative blot of the whole hippocampal extract
is shown in Figure 2A, and a rise in the level of MMP-9 was
detected (Figure 2B). Nonparametric Kruskal−Wallis analysis
indicated differences between groups (P = 0.0012), and Dunn’s
analysis indicated that during the stress procedure, there was a
50% increase in MMP-9 immunoreactivity in the whole
hippocampal extract (P < 0.05) (Figure 2B). During the
recovery period after stress (i.e., 24 h after the stress
procedure), MMP-9 levels were reduced in comparison to
those from the stress period (P < 0.01), reaching levels similar
to that of the control group (Figure 2B). Interestingly, this

Figure 1. Effect of acute restraint stress on fecal pellet output and
serum corticosterone levels. (A) The graph shows means ± the
standard error of the mean (SEM) of the number of fecal pellets
released by control unstressed rats and stressed rats with 2.5 h of
restraint stress. Data were analyzed by a nonparametric one-tail
Mann−Whitney test. (B) Acute restraint stress promotes an increase
in serum corticosterone levels at the end of the stress session (S 2.5),
returning to levels similar to that of the control 24 h poststress (PS
24). Data were analyzed with a nonparametric Kruskal−Wallis test (P
< 0.0001), followed by Dunn’s post hoc test. Control animals (C)
were maintained in the home cage for 2.5 h (n = 12); stressed animals
(S) were maintained in the home cage for 2.5 h (n = 36). Part of the
stressed group was sacrificed immediately (S 2.5) (n = 16), and the
rest of the animals were sacrificed 24 h poststress (PS 24) (n = 20). *P
< 0.05; **P < 0.01; ****P < 0.0001.
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increment in MMP-9 levels was not accompanied by changes in
the levels of its natural negative regulator, TIMP-1 (Figure 2C),
or its substrate, β-DG43 (Figure 2D), either during or after the
acute stress session. On the other hand, nonparametric
Kruskal−Wallis analysis of MMP-2 levels indicated differences
between groups (P = 0.0015), and Dunn’s analysis indicated
that levels of this enzyme were diminished 24 h after stress in

comparison to those of the control (P = 0.0234) and stressed
(P = 0.0335) (Figure 2E) groups.
To examine whether these changes occur at synaptic sites, we

used a synaptoneurosome preparation that corresponds to a
fraction enriched with dendritic excitatory spines.38 Electron
micrographs of this fraction showed enrichment in structures
such as resealed axon terminals (containing vesicular

Figure 2. Effects of acute stress on levels of MMP-9, its natural inhibitor (TIMP-1), its substrate (β-DG43), and MMP-2. (A) Representative
immunoblots against MMP-9, TIMP-1, β-DG43, and MMP-2. (B) Graph showing the ratio between MMP-9 and β-actin. Data were analyzed by a
nonparametric Kruskal−Wallis test (P = 0.0012) followed by Dunn’s post hoc test. Control (C) (n = 5), animals stressed for 2.5 h that were
sacrificed immediately (S 2.5) (n = 5), and animals sacrificed 24 h poststress (PS 24) (n = 5). (C) Ratio between TIMP-1 and β-actin (C, n = 7; S
2.5, n = 5; PS 24, n = 4) and (D) β-DG43 and β-actin (C, n = 4; S 2.5, n = 4; PS 24, n = 4). (E) Ratio between MMP-2 and β-actin. Data were
analyzed by a nonparametric Kruskal−Wallis test (P = 0.0015) followed by Dunn’s post hoc test (C, n = 6; S 2.5, n = 3; PS 24, n = 5). (F)
Representative immunoblots against MMP-9, TIMP-1, β-DG43, MMP-2, and PSD-95 in the synaptoneurosome fraction. (G) Graph showing the
ratio between MMP-9 and PSD-95. Data were analyzed by a nonparametric Kruskal−Wallis test (P = 0.0133) followed by Dunn’s post hoc test (C, n
= 5; S 2.5, n = 3; PS 24, n = 6). (H) Ratio between TIMP-1 and PSD-95 (C, n = 6; S 2.5, n = 3; PS 24, n = 6). (I) Ratio between β-DG43 and PSD-
95. Data were analyzed by a nonparametric Kruskal−Wallis test (P = 0.0179) followed by Dunn’s post hoc test (C, n = 6; S 2.5, n = 3; PS 24, n = 6).
(J) Ratio between MMP-2 and PSD-95 (C, n = 6; S 2.5, n = 3; PS 24, n = 5). *P < 0.05; **P < 0.01.
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structures) associated with resealed postsynaptic compart-
ments, which were characterized by a densely stained
membrane and represented the postsynaptic density (see
Figure S1A). Western blotting analysis did not detect
immunoreactivity for the glial marker [glial fibrillary acidic
protein (GFAP)] or the nuclear marker (LAP-2a) in the
synaptoneurosome fraction (see Figure S1B). In contrast, this
fraction was enriched with synaptophysin (a presynaptic
marker) and PSD-95 (a postsynaptic marker) (see Figure
S1B). Moreover, MMP-9 and MMP-2 were poorly detected in
the nuclear fraction, and the nuclear fraction was enriched with
both TIMP-1 and β-DG43 (see Figure S1B). We then evaluated
the effect of acute stress and recovery period on synaptoneur-
osome fraction protein levels using PSD-95 as a loading control
(Figure 2F). Kruskal−Wallis analysis revealed significant
differences in MMP-9 levels between groups (P = 0.01), and

postanalysis showed no changes during the 2.5 h stress period.
However, a significant increase of approximately 2.5-fold over
the control value was observed 24 h poststress (P < 0.05)
(Figure 2G), indicating synaptic sites were enriched with
MMP-9 during the stress recovery period. Interestingly, TIMP-
1 levels did not differ in comparison to those of unstressed
animals (Figure 2H). In contrast, Kruskal−Wallis analysis (P =
0.02) and postanalysis revealed a significant (P < 0.05)
enrichment with β-DG43 (uncleaved form) at synaptic sites
24 h poststress (Figure 2I). In contrast to the total hippocampal
extract, MMP-2 levels in the synaptoneurosome fraction were
not modified by experimental conditions (Figure 2J).
MMP-9 is expressed in adult brain neurons of the cerebral

cortex, cerebellum, and hippocampus.39 Several investigations
have demonstrated that MMP-9 gene expression, translation,
and activity are tightly controlled. For instance, the MMP-9

Figure 3. Effect of stress and recovery period on the MMP-9 immunoreactivity of hippocampal regions. (A−C) Representative confocal fluorescent
photomicrographs showing MMP-9 (red fluorescence) and Hoechst-labeled nuclei (blue fluorescence), at 10× magnifications of rat hippocampus;
40× magnifications of CA1 (D−F) and DG (G−I) are also shown. The bottom panel displays a quantitative analysis, showing that acute restraint
stress promotes an increment in MMP-9 immunofluorescence in the stratum radiatum of CA1 and the molecular layer of dentate gyrus (DG),
returning to control levels 24 h poststress in both synaptic layers. On the other hand, MMP-9 immunofluorescence levels in both the stratum
pyramidale and the granule cell layer were insensitive to stress and recovery period. Abbreviations: C, control animals; S 2.5, animals stressed for 2.5
h that were sacrificed immediately; PS 24, animals sacrificed 24 h poststress; DG, dentate gyrus; SO, stratum oriens; SP, stratum pyramidale; SR,
stratum radiatum; ML, molecular layer; GC, granule cell layer; PL, polymorphic layer. Data were analyzed by a nonparametric Kruskal−Wallis test,
followed by Dunn’s post hoc test (C, n = 7; S 2.5, n = 5; PS 24, n = 6). *P < 0.05; **P < 0.01.
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gene is constitutively expressed in the brain but is also induced
under conditions of enhanced excitatory neurotransmission, i.e.,
seizures40 and LTP.17,18 Furthermore, minutes after hippo-
campal LTP induction, MMP-9 mRNA dendritic transport is
triggered,16 accompanied by a fast translation and activation of
this enzyme.20 Transport of MMP-9 mRNA to dendrites
triggered by neuronal activity involves the fragile X mental
retardation protein (FMRP),41 which acts as a translational
repressor.42 Because MMP-9 levels can be locally modulated by
neuronal activity, we evaluated changes in MMP-9 immunor-
eactivity at hippocampal subfields. A global analysis at low
magnification showed an increment in MMP-9 immunoreac-
tivity after 2.5 h of stress, an effect not observed 24 h poststress
(Figure 3A−C). Comparison at a higher magnification showed
that stress increases MMP-9 immunoreactivity in the stratum
radiatum of CA1 (compare panels D and E of Figure 3) and the
molecular layer of dentate gyrus (compare panels G and H of
Figure 3). Quantitative analysis indicated that stress induces an
increase in immunoreactivity, almost 35 and 70% in the stratum
radiatum of CA1 and the molecular layer, respectively (Figure
3, bottom panel). Twenty-four hours poststress, MMP-9

immunoreactivity at the stratum radiatum (compare panels D
and F of Figure 3) and the molecular layer (panels G and I of
Figure 3) seems to be slightly higher than control values;
nonetheless, statistical analysis indicated no significant differ-
ences.
Both biochemical analysis and immunofluorescence ap-

proaches showed an increase in MMP-9 levels at 2.5 h of
stress, an increment that was also observed in the
synaptoneurosome fraction, but with a delay of 24 h after the
stress procedure. The changes detected in the whole hippo-
campal extract along with those in synaptic layers may be
driven by vesicular trafficking from the soma to the dendritic
compartment. Indeed, in hippocampal cultured neurons, MMP-
2- and MMP-9-containing vesicles are preferentially distributed
in the somato-dendritic compartment and are also found within
dendritic protrusions, supporting a mechanism by which MMPs
can be secreted, to act extracellularly on their substrates.43

Effect of Acute Stress on MMP-9 Potential Activity.
Next, we indirectly evaluated whether the increase in the level
of MMP-9 is accompanied by changes in its activity,
considering the proteolytic processing of β-DG43 as a marker

Figure 4. Stress promotes β-DG43 cleavage, along with a rise in potential MMP-9 activity, but only in the total hippocampal homogenate. (A)
Representative immunoblots against β-DG30 and β-DG43. (B) Graph showing the processed β-DG30/β-DG43 ratio. Data were analyzed by a
nonparametric Kruskal−Wallis test (P = 0.0145), followed by Dunn’s post hoc test (C, n = 4; S 2.5, n = 4; PS 24, n = 4). (C) Representative gelatin
zymograph showing MMP-9 potential in vitro activity. (D) Graph showing the relative activity of MMP-9 in experimental groups. No variation was
observed in MMP-2 activity. Data were analyzed by a nonparametric Kruskal−Wallis test (P = 0.0125), followed by Dunn’s post hoc test (C, n = 4; S
2.5, n = 4; PS 24, n = 4). (E) Representative immunoblots against β-DG43, β-DG30, and PSD-95 of the synaptoneurosome fraction. (F) Graph
showing the relative abundance of DG30/β-DG43 (C, n = 5; S 2.5, n = 3; PS 24, n = 4). (G) Representative gel zymograph showing MMP-9 activity.
(H) Graph showing the relative activity of MMP-9, obtained from gelatin zymography. No variation was observed in MMP-2 activity (C, n = 3; S
2.5, n = 3; PS 24, n = 3). *P < 0.05.

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.7b00387
ACS Chem. Neurosci. 2018, 9, 945−956

949

http://dx.doi.org/10.1021/acschemneuro.7b00387


Figure 5. Effect of stress and recovery period on gelatinolytic activity detected by in situ zymography in the hippocampus and its sensitivity to the
MMP inhibitor. Gelatinolytic activity appeared as green fluorescence produced after incubation of coronal brain sections (35 μm thick) with the
fluorogenic substrate DQ gelatin. The images in panels A−C represent epifluorescent photomicrographs (without inhibitor, w/o inh) showing
hippocampus subfields (C, n = 6; S 2.5, n = 5; PS 24, n = 5). To test whether gelatinolytic activity was related to MMP-9 activity, adjacent coronal
slices were incubated prior to and during the incubation with DQ gelatin in the presence of 250 nM MMP inhibitor (MMP inh) (C, n = 6; S 2.5, n =
3; PS 24, n = 4). Abbreviations: SP, stratum pyramidale; SR, stratum radiatum; ML, molecular layer; GC, granule cell layer (scale bar, 50 μm). The
bottom panel shows a quantitative analysis of fluorescence intensity, showing that the PS 24 procedure promotes an increment in gelatinase activity
in the stratum radiatum of CA1 and the molecular layer of dentate gyrus, the pyramidal cell layer, and the granule cell layer. Data were analyzed by a
nonparametric Kruskal−Wallis test, followed by Dunn’s post hoc test. *P < 0.05; **P < 0.01.
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of in vivo enzyme activity.23,30 To visualize uncleaved β-DG43
and cleaved product (30 kDa, β-DG30), we exposed the
Western blot short and long periods to obtain a linear signal
response (Figure S2). In controls, we detected a 30 kDa
immunoreactive band in whole hippocampal homogenates
(Figure 4A), indicating baseline proteolytic processing of β-
DG43. Furthermore, stress produced a significant increase of
almost 70% in the β-DG30/β-DG43 ratio [Kruskal−Wallis P =
0.0145 (Figure 4B)], which was coincident with the increased
MMP-9 levels (Figure 2B) and accumulation of β-DG30 form
24 h poststress (Figure 4B). We then used substrate gel
zymography, which is a technique that reveals gelatinolytic
activities and their molecular weights. In the case of MMP-2
and MMP-9, the technique detects the activities related to
zymogens, activated forms, and those of the enzyme released
from the binding of its TIMP.44 Gel zymography performed
with the total homogenate of hippocampus revealed five
activities (Figure S3, lines 2−4 and gelatinolytic activities
labeled as a−e) that migrated at molecular weights between 250
and 70 kDa, which have been described as MMP-9 activities
found in human plasma.45 The activity in rat serum around 70
and 90 kDa corresponded to MMP-2 and MMP-9, respectively
(Figure S3, lines 5 and 6, respectively). In other biological
samples, the gelatinolytic activity observed at 130 kDa has been
associated with MMP-9 heterodimers that may contain
NGAL46 or TIMP-1.47,48 On the other hand, the activities
detected at a high molecular weight (>180 kDa) may
correspond to multimeric forms of MMP-9.49,50 We decided
to evaluate the effect of stress and recovery period on the
potential activity (i.e., zymogen; both active and those released
from its inhibitor) of the MMP-9 monomer (near 90 kDa) and
MMP-2 (near 70 kDa), because this information may be useful
as a measure of enzyme levels. Figure 4C shows an increase in
the potential activity of MMP-9 by stress, but not in that of
MMP-2. Kruskal−Wallis analysis of MMP-9 data indicated
significant differences among groups (P = 0.0125), and Dunn’s
post hoc test indicated an increment in MMP-9 potential
activity in stressed animals in comparison to that seen during
the recovery period (P = 0.0284) (Figure 4D), with no effect
on MMP-2 potential activity (Figure 4D).
Our next step was to evaluate variation in the processing of

β-DG43 in the synaptoneurosome fraction, given that synaptic
membranes of sheep brain51 and somatodendritic compart-
ments in rodents23,52,53 are enriched with this protein. We
found that neither the β-DG30/β-DG43 ratio (Figure 4F) nor
the potential activity of MMP-9 and MMP-2 evaluated by gel
zymography was modified by stress or the recovery period in
synaptoneurosomes (Figure 4E,H). The differences in MMP-9
potential activity between whole hipocampal extracts and
synaptoneurosomes that we detected may be explained, in part,
by the fact that the synaptoneurosome-enriched fraction lacks
extracellular components, in contrast to the whole hippo-
campus extract. Thus, it is plausible that these differences may
be due to MMP-9 present in the extracellular environment,
where its secretion and subsequent activation by processing
may be triggered in response to enhanced neuronal activity.
To evaluate changes more locally, we then used in situ

zymography of brain sections, an experimental approach that
detects net protease activities (but not inactive pro-enzyme and
enzyme−endogenous inhibitor complexes) through the de-
quenched fluorescein signal from cleaved fluorescein-conju-
gated gelatin.44 In control animals, we detected the highest
fluorescence in the stratum pyramidale of CA1 and the granule

cell layer of dentate gyrus (Figure 5A,G), i.e., in areas of high
cell density. Because of technical limitations of epifluorescent
microscopy, we were unable to specify whether the gelatinase
activity was located in the cytoplasm and/or nuclei. On the
other hand, we detected the lowest gelatinolytic activity in the
stratum radiatum (28% vs stratum pyramidale) and the
molecular layer (21% vs the granule cell layer) (Figure 5A,G).
The effects of stress and recovery period on gelatinase

activity are displayed in panels B and C and panels H and I of
Figure 5, respectively. Kruskall−Wallis analysis of quantitative
data revealed the effect of treatments on the stratum pyramidale
(P = 0.0038) and granule cell layer (P = 0.0025). Postanalysis
indicated a significant increase in gelatinase activity in the
stratum pyramidale (P = 0.0084) and the granule cell layer (P =
0.0067) during the stress recovery period in comparison to the
level during stress (Figure 5, bottom panel). As in the somatic
cell layer, we detected an increase in gelatinolytic activity in the
stratum radiatum and the molecular layer, and the Kruskal−
Wallis test indicated a significant effect of the procedure (P =
0.0388 and P < 0.0001, respectively). Dunn’s post hoc analysis
indicated a significant increase in gelatinolytic activity 24 h after
stress in the stratum radiatum and molecular layer (Figure 5,
bottom panel; P = 0.0420 and P = 0.0017, respectively).
To gain some insight with respect to the type of protease that

was activated, we used a MMP inhibitor, CAS 1177749-58-4
(IC50 values of 5 nM for MMP-9, 113 nM for MMP-13, and
1050 nM for MMP-1 reported in vitro54), that has been
previously used in a chronic stress model that evaluated MMP-
9 activity in the hippocampus.29 The increase in gelatinolytic
activity observed 24 h after the stress procedure in both somatic
and synaptic layers (compare panels C and F of Figure 5 and
panels I and L of Figure 5) was blocked by 250 nM MMP
inhibitor. A similar prevention was observed using 0.3 mM
PMSF, a serine-protease inhibitor, in the presence of cation
chelator 1 mM EDTA (Figure S4).
In our study, the changes in gelatinase activity observed

during the stress recovery period in somatic and synaptic layers
were sensitive to PMSF/EDTA and 250 nM MMP inhibitor
that is expected to inhibit mostly the activity of MMP-9 and
partially the activity of MMP-13. Furthermore, considering that
gelatin is not the preferred MMP-13 substrate,55 we inferred
that MMP activity that increased 24 h after a single stress
session is related to MMP-9. In addition, we must note that the
activity detected by in situ zymography corresponds to the
active form of the enzyme. It is well-known that MMP-9 is
released in its latent form and activated extracellularly,56 and in
our model, it is possible that stress-induced neuronal activity
may favor the release and processing of MMP-9. Therefore,
gelatinolytic activity insensitive to enzyme inhibitors (MMP-9
inhibitor I and PMSF/EDTA) could correspond to other
gelatinases that, in part, are activated during tissue processing
for in situ zymography.
We highlight the fact that MMP-9 and MMP-2 have different

responses in terms of their protein levels and distribution
profiles in cellular and synaptic compartments. Net MMP
activity, its sensitivity to MMP inhibitor, and the rise in MMP-9
protein levels at synaptoneurosomes are findings that occur
during the stress recovery period, allowing us to postulate that
stress triggers a delayed response, inducing an increase in
MMP-9-dependent gelatinolytic activity. Strikingly, in synapto-
neurosomes, we did not observe any processing of the in vivo
MMP-9 substrate β-DG43; in contrast, we observed an increase
in its levels. In a model of autoimmune encephalomyelitis,
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interestingly, some reports have shown that blood−brain
barrier leukocyte infiltration involves β-DG43 processing in
brain parenchyma and seems to require MMP-9 and MMP-2
activities.30 In our study, we observed that MMP-2 levels were
reduced during the stress recovery period in whole hippo-
campal extracts but remained invariable at synaptoneurosomes
under all experimental conditions. We do not know the
functional significance of this finding, but it supports the notion
that in whole extracts, MMP-9 could be, in part, responsible for
β-DG43 processing during stress.
Studies have characterized β-DG43 as a transmembrane

protein that mediates the interaction with the cytoskeleton,57

but its role must be clarified. Nonetheless, dystroglycan KO
mice show blunted LTP at CA3−CA1 hippocampal synapses
elicited by high stimulation frequency, in contrast to the results
for WT mice.58 In our study, stress triggered β-DG43 processing
in whole hippocampal extracts, an effect sustained 24 h
poststress. Indeed, β-DG43 has a role not only in excitatory
synapses but also as a scaffold protein at GABAergic synapses.59

This suggests that β-DG43 processing observed in this study
may not be restricted to excitatory synapses. In mature
hippocampal cultures, α-DG (α-dystroglycan) has been
shown to colocalize with β-DG and GABAAR clusters, but
not with glutamate AMPA receptor clusters.53 Additionally,
hippocampal neurons displaying elevated synaptic activity
showed increased levels of expression and exposure of α- and
β-DG in the plasma membrane.53 Moreover, the αβ-
dystroglycan complex is necessary for the clustering of
GABAARs and has been proposed to be part of a homeostatic
mechanism in response to enhanced synaptic activity.53 Thus,
in our study, the increase in β-DG43 levels 24 h poststress at
synaptic sites may correspond to a mechanism triggered to
diminish neuronal excitability produced by stress.
Considering the increased activity detected by in situ

zymography in neuronal and synaptic areas, it is possible that
MMP-9 participates in the shedding of other neuronal
substrates triggered by the stress response. A favored secretion
of MMP-9 from the dendritic compartment may occur with
enhanced glutamate neurotransmission16 that in our model
may occur under acute stress, as in other brain areas.5,6 Thus,
released MMP-9 may be rapidly activated to cleave several
substrates. For instance, I-CAM-5, which is important in the
regulation of elongation and maturation of dendritic spines, is
cleaved by MMP-9 following NMDA receptor activation.60

Furthermore, chronic stress triggers the cleavage of Nectin-3, a
cell adhesion molecule, in a process suggested to be related to
MMP-9 activity.29 Additionally, new MMP-9 substrates have
been identified by mass spectrometry in the glutamate-
stimulated synaptoneurosomal fraction of the hippocampus:
synaptic cell adhesion molecule-2 and collapsing response
mediator protein-2.61 Finally, we do not yet know whether
MMP-9 action corresponds to a favorable or unfavorable stress
response.
Summary and Conclusions. Physiologically, synaptic

plasticity allows a fine-tuning of molecular modifications that
prepare neurons to respond properly to environmental
challenges. The adaptive stress response to external stimuli
involves a myriad of mediators that modulate neuroplastic
mechanisms. Here, we have described that in the hippocampus,
restraint stress affects levels of MMP-9 (but not those of MMP-
2), one of the most described matrix metalloproteinases in
brain. This increase in MMP-9 levels was accompanied by an
increase in the level of cleaved β-DG43. Additionally, levels of

MMP-9 and β-DG43 expression were increased at synaptic
zones 24 h poststress, without changes in potential enzyme
activity, in the absence of β-DG43 processing. Nonetheless, we
observed enhanced net MMP-9 activity by in situ zymography
at soma and synaptic areas, suggesting that this enzyme may
degrade other substrates different from β-DG43, which will be
important to discover in future studies.
In conclusion, our data suggest that an acute psychosocial

stress paradigm produces an increment in MMP-9 enzyme
levels, which probably is activated extracellularly during stress
recovery. Future knowledge of the neurobiological significance
of these changes will be useful for understanding the impact of
a single stress exposure on hippocampal functioning.

■ METHODS
Animals. Adult male Sprague-Dawley rats (320−350 g) derived

from a stock maintained at Universidad de Chile were used. They were
allowed free access to pelleted food and water and were maintained
with a controlled temperature (22 °C) and a controlled photoperiod
(lights on from 7:00 a.m. to 7:00 p.m.). Efforts were made to minimize
both the number of animals used and their suffering. The rats were
handled according to guidelines outlined and approved by the Ethical
Committee of the Faculty of Chemical and Pharmaceutical Sciences,
Universidad de Chile, and the Science and Technology National
Commission (CONICYT), in compliance with the National Institutes
of Health Guide for Care and Use of Laboratory Animals (8th ed.,
2011).

Acute Stress Model. The rats were handled once per day for 7
days prior to the experimental procedures. The handling procedure
consisted of picking up the rat, weighing it, and finally returning it to
its home cage. The rats were randomly assigned to weight-matched
groups (control and stress), and we did not use other criteria for
animal grouping (such as basal state of anxiety). In this study, we used
restraint stress, which was performed in a different room and consisted
of placing the rats for 2.5 h in Plexiglass tubes (25 cm × 8 cm) that
were wide enough to allow comfortable breathing but restricted
movement (n = 18). To evaluate poststress effects, another group of
animals was stressed for 2.5 h and sacrificed 24 h after the stress period
(n = 20). The stress session was performed between 9:00 a.m. and
12:00 p.m. to avoid any effects associated with changes in circadian
rhythms. Unstressed animals were left undisturbed in their home cage
(control group; n = 20). Animals were euthanized by decapitation, and
hippocampi were rapidly dissected at 4 °C, frozen under liquid N2, and
kept at −80 °C until protein levels could be determined by Western
blot analyses. Furthermore, brains from another experimental group
obtained by decapitation were rapidly frozen with isopentane and
stored at −80 °C until the gelatinase activity in brain sections could be
determined. Another group of animals was anesthetized with
isofluorane [1.5% (v/v) in air] and then intracardially perfused with
heparinized (2 IU/mL) saline, followed by 4% PFA/PBS, as we have
previously described.62 In these animals, it was not possible to obtain
blood samples for the determination of corticosterone levels. Brains
were postfixed in the same solution for 24 h and then dehydrated in
30% (p/v) sucrose/PBS. Finally, brains were rapidly frozen with
isopentane and stored at −80 °C until immunofluorescence could be
determined.

Serum Corticosterone Levels. Trunk blood samples were
collected for the determination of serum corticosterone (CORT)
levels. Special care was taken to avoid predecapitation stress during the
decapitation procedure, so the other animals were left outside the
room. Blood was then centrifuged at 4000g for 15 min, and serum was
collected and stored at −20 °C. Hormone levels were determined
using a Corticosterone ELISA Kit (Enzo, catalong no. ADI-900-097),
using the instructions provided with the kit.

Isolation of the Hippocampal Extract and Synaptoneur-
osome-Enriched Fractions. Each hippocampus was thawed for 5
min in a homogenization buffer containing 0.35 M sucrose, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4),
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0.25 mM dithiothreitol, protease inhibitor cocktail (Roche), 0.125 mM
Na3VO4, 2 mM NaF, and 0.25 mM sodium pyrophosphate. All
procedures were conducted at 4 °C. The tissue was homogenized with
a glass−Teflon homogenizer (30 strokes at 2 revolutions/segment;
Heidolph motor RZR 2050 electronic). Cell debris and nuclei were
removed by centrifugation at 1000g for 10 min. The pellet was
rehomogenized and then centrifuged as described above. The pellet
was resuspended in 10 mM HEPES (pH 7.4), 0.25 mM dithiothreitol,
protease inhibitor cocktail (Roche), 0.125 mM Na3VO4, 2 mM NaF,
and 0.25 mM sodium pyrophosphate and was considered as a nucleus-
enriched fraction. On the other hand, the supernatants were pooled
and considered as a fraction enriched with soluble and membranous
components, with a low nucleus contamination level. One aliquot was
taken for Western blotting analysis, and the remaining supernatant was
used for the preparation of a synaptoneurosome-enriched fraction,
following a described protocol,63 with some modifications. The
supernatant was passed sequentially through a series of filters, with
decreasing pore sizes of 100, 80, 30, and 10 μm (Millipore, Darmstadt,
Germany). The final filtrate was centrifuged at 18000g for 20 min at 4
°C to obtain a pellet enriched with synaptoneurosomes. Protein levels
were measured by the bicinchoninic acid method, following the
instructions supplied with the kit (Thermo Scientific, Rockford, IL).
Finally, an aliquot of each fraction was boiled immediately in Laemmli
sample buffer and stored at −80 °C until Western analysis could be
performed.
Western Blot. A total of 15 or 30 μg of proteins was resolved on

10% sodium dodecyl sulfate−polyacrylamide gels and then blotted
onto 0.2 μm nitrocellulose (for proteins with molecular weights of >35
kDa) or PVDF membranes (for proteins with molecular weights of
<35 kDa). After several washes with TBS (Tris-buffered saline; 20 mM
Tris, 150 mM NaCl, pH 7.5), membranes were blocked for 1 h and
then incubated overnight at 4 °C with the desired primary antibody
(see Table 1). After three rinses in TBS 0.1% Tween-20 (each lasting 5
min), blots were incubated with horseradish peroxidase (HRP)-
conjugated anti-rabbit (1:10000, Thermo Scientific, Waltham, MA),
HRP-conjugated anti-mouse (1:10000, 0.08 ng/μL, Thermo Scientific,
catalog no. PA196831), or HRP-avidin/biotinylated anti-goat (1:1000,
Vector Laboratories, Burlingame, CA) secondary antibodies at room
temperature for 2 h. Membranes were then incubated with an
enhanced chemiluminescent substrate (PerkinElmer Life Sciences,
Boston, MA) and detected by X-ray film or a chemiluminescence
imager (Syngene, Cambridge, U.K.). To obtain reliable data from
Western blot analysis, we varied the time of membrane exposure to
discard saturation of the β-DG43 signal and the same piece of
membrane was exposed for a longer period of time to obtain a reliable
signal over the background of the β-DG30 signal. Band intensities were
determined and analyzed with the Un-Scan-It software (http://www.
silkscientific.com; RRID SCR_013725). The levels of β-actin and

PSD-95 from samples of homogenate and synaptoneurosome fractions
were used to verify equivalent protein loading, respectively. We chose
PSD-95 as a normalizer because β-actin levels are very low in the
synaptoneurosomal fraction.

Electron Microscopy. To characterize the synaptoneurosomal
fraction, an aliquot was fixed overnight with 2.5% glutaraldehyde in
sodium cacodylate buffer (0.1 M, pH 7.0). The pellet was washed with
the same buffer three times for 2 h. Samples were postfixed with 1%
osmium tetroxide for 90 min and then washed in doubly distilled
water. Samples were stained with 1% uranyl acetate for 1 h and then
dehydrated in a battery of acetone, with increasing concentrations (50,
70, 95, and 100%) over 20 min. Samples were embedded in Epon
resin/acetone mixture (1:1) overnight, placed in fresh pure Epon resin,
and allowed to polymerize at 60 °C for 48 h. Thin sections (60 nm)
obtained with an ultramicrotome (Sorvall MT5000) were stained with
uranyl acetate (4% in methanol) for 2 min and finally stained with lead
citrate for 5 min. Observations were performed on a Philips
(Eindhoven, The Netherlands) Tecnai 12 Biotwin electron micro-
scope at 80 kV, as we have previously described.62

Immunofluorescence Detection of MMP-9 and Quantitative
Analysis. Coronal slices of 35 μm (bregma −2.3 to −3.8) from frozen
brains64 were obtained in a cryostat (HM500 O, Microm, Heidelberg,
Germany) and then processed for immunofluorescence detection, as
previously reported,62 with some modifications. In brief, brain slices
were permeabilized with 0.1% Triton X in PHEM buffer [PHEM-B, 60
mM PIPES, 25 mM HEPES, 5 mM EGTA, and 1 mM MgCl2 (pH
7.2)] for 15 min and then incubated with 50 mM NH4Cl for 5 min.
After several washes, slices were incubated in a blocking solution (2%
FBS, 2% BSA, and 0.2% fish gelatin in PHEM-B) for 1 h and then
incubated overnight with a 1:300 dilution of the MMP-9 antibody (3.3
μg/μL, Abcam, catalog no. ab58803) in a 50% PHEM blocking
solution. After three washes with PHEM-B, slices were incubated
overnight at 4 °C with a 1:300 dilution of the anti-mouse fluorescent
secondary antibody (Alexa-568, Molecular Probes, Invitrogen, Eugene,
OR). Finally, all sections were counterstained with Hoechst 33342
(0.5 μg/mL in PBS) and mounted with DAKO fluorescent mounting
medium (DAKO, Carpinteria, CA). Negative controls were obtained
in the absence of a primary or secondary antibody. To quantify the
variation in immunoreactivity, images were captured using a Motic EF-
N Plan 40× (0.65 NA) lens in a fluorescence microscope (Motic BA
310, Epi LED FL), in which settings of exposure time and gain were
adjusted using the negative control (i.e., without a primary antibody)
to fix the baseline, and held constant to ensure that all images were
digitized under identical resolution. Some representative images were
obtained with a Zeiss (Oberkochen, Germany) LSM 700 confocal
laser scanning microscope. Confocal z-stacks separated by a z-step of 2
μm were captured using a Plan-Apochromat 10× (0.3 NA) and 40×
(1.4 NA) Zeiss oil immersion objective and a 0.5× digital zoom.

Table 1. Primary Antibodies and Blocking Conditions Used during Western Blotting

antigen description of immunogen source, host species, catalog no., RRID
concentration

used
primary antibody
blocking solution

MMP-9 human MMP-9 amino acids 626−644 Abcam, mouse monoclonal, catalog no. ab58803,
RRID AB_944235

3.3 μg/mL 4% BSA/TBS, 0.1%
Tween 20

MMP-2 peptide mapping at the C-terminus of MMP-2 of
human origin

Santa Cruz, goat polyclonal, catalog no. SC-6838 0.66 μg/mL 2% nonfat milk/PBS,
0.1% Tween 20

TIMP-1 NS0-derived recombinant rat TIMP-1 R&D Biosystems, goat polyclonal, catalog no. AF580,
RRID AB_355455

0.3 ng/mL 3% nonfat milk/TBS,
0.1% Tween 20

β-actin synthetic actin N-terminal amino acids
DDDIAALVIDNGSGK

Sigma-Aldrich, mouse monoclonal, catalog no.
A5316, RRID AB_476743

45 ng/mL 3% nonfat milk/TBS,
0.1% Tween 20

β-dystroglycan synthetic human C-terminal amino acids
PKNMTPYRSPPPYVP

Vector Laboratories, mouse monoclonal, catalog no.
VP-B205, RRID AB_2336241

1:200 dilution 1.5% nonfat milk/
PBS

GFAP GFAP from pig spinal cord Sigma-Aldrich, mouse monoclonal, catalog no.
G3893, RRID AB_477010

0.1 mg/mL 1% nonfat milk/PBS,
0.1% Tween 20

LAP-2a rat LAP2 amino acids 34−156 BD Biosciences, mouse monoclonal, catalog no.
611000, RRID AB_398313

0.5 μg/mL 3% nonfat milk/TBS,
0.1% Tween 20

synaptophysin rat synaptophysin amino acids 205−306 BD Biosciences, mouse monoclonal, catalog no.
611880 RRID AB_399360

1.25 ng/mL 2% nonfat milk/PBS,
0.1% Tween 20

PSD-95 synthetic peptide of residues 50−150 of mouse
PSD-95 conjugated to KLH

Abcam, rabbit polyclonal, catalog no. ab18258, RRID
AB_444362

0.5 ng/mL 0.5% BSA/PBS
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Settings for pinhole size, aperture gain, and offset were held constant.
To allow direct comparison of different data sets, imaging was
performed using the same parameters for laser excitation (i.e.,
intensity) and photomultiplier tube gain (i.e., sensitivity) in each set
of samples.
In Situ Zymography. In situ gelatinolytic activity was assessed

using a commercially available kit (EnzChek Gelatinase/Collagenase
Assay Kit, Molecular Probes, Karlsruhe, Germany). Cryosections (35
μm) were slowly unfrozen and then preincubated with the reaction
buffer [50 mM Tris (pH 7.4), 5 mM CaCl2, and 1 μM ZnCl2] for 30
min. After that, brain sections were covered with reaction buffer
containing highly quenched fluorescein-conjugated gelatin (50 μg/
mL) and incubated for 6 h at 37 °C in a humidified chamber. To gain
insight into the gelatinolytic activities detected in brain slices, we used
250 nM MMP inhibitor CAS 1177749-58-4 (Merck) or a mix of
protease inhibitors, such as PMSF (inhibitor of serine proteases, 0.3
mM) and 1 mM EDTA, which was used to inhibit calcium proteases
and metalloproteases. Coronal adjacent slices were preincubated for 30
min with the inhibitors, which remained during the incubation with
fluorescein-conjugated gelatin.
Sections were then fixed with 4% PFA at 4 °C for 30 min. After

several washes, nuclei were stained with Hoechst as described above
and finally embedded with DAKO fluorescent mounting medium
(DAKO), and images were captured using a Motic EF-N Plan 10×
(0.25 NA) lens in a fluorescence microscope (Motic BA 310, Epi LED
FL). In this assay, cleavage of the quenched substrate by a proteinase
results in an increase in fluorescein fluorescence. Sections previously
fixed with 4% PFA and then incubated with the solution of fluorescein-
conjugated gelatin were used as negative controls. This control was
selected to adjust the background fluorescence to zero, because it
includes both the fluorescence of the fixated tissue and the basal signal
of DQ-gelatin. To allow direct comparison of different data sets,
imaging was performed using the same parameters of laser excitation
(i.e., intensity) and photomultiplier tube gain (i.e., sensitivity) for all
samples.
Image Processing. All the images were processed using ImageJ

(http://imagej.nih.gov/ij) tools. For immunofluorescence and in situ
zymography quantification, several areas of the hippocampus were
selected for analysis (stratum radiatum, stratum pyramidale, molecular
layer, and granule cell layer). Mean fluorescence intensities were
measured by one experimenter blinded to the animal condition.
Gelatin Zymography. Gelatinase activity was assessed in whole

hippocampal homogenates and synaptoneurosome fractions. Briefly,
protein extracts were obtained under the same conditions described
above, but without DTT. Aliquots of 500 μg of proteins were added to
500 μL of gelatin Sepharose beads (GE Healthcare, catalog no. 17-
0956), previously incubated with assay buffer [50 mM Tris (pH 7.5),
500 mM NaCl, 10 mM CaCl2, and 0.01% Tween 20] and adjusted to a
final volume of 3 mL with assay buffer. After overnight incubation with
constant agitation, beads were centrifuged at 15000g and 4 °C and
washed three times with assay buffer. Proteins were eluted from the
beads by incubation with assay buffer containing 10% DMSO for 30
min at 37 °C, with constant agitation. Supernatants were recovered by
centrifugation of beads and mixed with nonreducing loading buffer.
Equal volumes were resolved on 10% sodium dodecyl sulfate−
polyacrylamide gel electrophoresis gels containing 1 mg/mL gelatin as
a substrate, and then the gel was washed four times with 2.5% Triton
X-100 and incubated in developing buffer [2.5 mM Tris (pH 8.0), 200
mM NaCl, and 5 mM CaCl2] for 72 h at 37 °C. The gel was fixed and
stained simultaneously with 25% (v/v) isopropyl alcohol, 10% TCA,
and 0.1% Coomassie Brilliant Blue R-250 and destained with 10%
acetic acid and a 30% methanol solution. Images were obtained with
Syngene imager (Syngene, Cambridge, U.K.). Band intensities were
determined and analyzed with Un-Scan-It software (http://www.
silkscientific.com; RRID SCR_013725), and results were expressed as
arbitrary densitometric units relative to controls.
Statistics. Statistical analyses were performed using GraphPad

Prism (GraphPad Software Inc., San Diego, CA). Data are expressed as
means ± the standard error of the mean and were processed by
nonparametric analysis. Differences between groups were analyzed

with the Mann−Whitney U test for comparison of two groups and the
Kruskal−Wallis test for comparison of three or more groups, followed
by Dunn’s post hoc test.
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