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Matrix metalloproteinases (MMPs) are a family of extracellularly acting proteolytic enzymes with well-recognized
roles in plasticity and remodeling of synaptic circuits during brain development and following brain injury.
However, it is now becoming increasingly apparent that MMPs also function in normal, nonpathological synaptic
plasticity of the kind that may underlie learning and memory. Here, we extend this idea by investigating the role
and regulation of MMP-9 in an inhibitory avoidance (IA) learning and memory task. We demonstrate that following
IA training, protein levels and proteolytic activity of MMP-9 become elevated in hippocampus by 6 h, peak at 12–24
h, then decline to baseline values by ∼72 h. When MMP function is abrogated by intrahippocampal infusion of a
potent gelatinase (MMP-2 and MMP-9) inhibitor 3.5 h following IA training, a time prior to the onset of
training-induced elevation in levels, IA memory retention is significantly diminished when tested 1–3 d later. Animals
impaired at 3 d exhibit robust IA memory when retrained, suggesting that such impairment is not likely attributed
to toxic or other deleterious effects that permanently disrupt hippocampal function. In anesthetized adult rats, the
effective distance over which synaptic plasticity is impaired by a single intrahippocampal infusion of the MMP
inhibitor of the kind that blocks IA memory is ∼1200 µm. Taken together, these data suggest that IA training
induces a slowly emerging, but subsequently protracted period of MMP-mediated proteolysis critical for enabling
long-lasting synaptic modification that underlies long-term memory consolidation.

New information is learned and remembered through functional
and structural modifications of synaptic connections (Bliss and
Collingridge 1993; Rogan et al. 1997; Rioult-Pedotti et al. 1998,
2000; Jorntell and Hansel 2006; Pastalkova et al. 2006; Whitlock
et al. 2006). Several kinds of learning and memory tasks have
been shown to drive changes in neurotransmitter receptor func-
tion and/or localization (Cammarota et al. 1995; Bevilaqua et al.
2005; Rumpel et al. 2005; Whitlock et al. 2006), as well as induce
over time changes in synapse number or morphology (O’Malley
et al. 2000; Geinisman et al. 2001; Eyre et al. 2003; Leuner et al.
2003; Maviel et al. 2004; Lamprecht et al. 2006; Rekart et al.
2007). These observations suggest that there must be learning-
induced cellular mechanisms for coordinating functional and
structural remodeling of synaptic connectivity to enable long-
term memory, but there is little known about the molecules that
could fulfill such a role.

Learning-related, regulated extracellular proteolysis could
be one mechanism for coordinating functional and structural
synaptic plasticity, thereby enabling memory (Huang et al. 1996;
Madani et al. 1999; Calabresi et al. 2000; Pawlak et al. 2002;
Tamura et al. 2006). It is well-recognized that extracellular matrix
(ECM) proteins as well synaptic cell adhesion molecules contrib-
ute to both functional and structural aspects of synaptic plastic-
ity, are modified by learning or plasticity-inducing stimuli, and
in some cases are essential for certain types of memory (Lüthi et
al. 1994; Tang et al. 1998; Bozdagi et al. 2000; Chun et al. 2001;
Chan et al. 2003, 2006; Dityatev and Schachner 2003; Okamura
et al. 2004; Bernard-Trifilo et al. 2005; Huang et al. 2006; Kramar
et al. 2006; Bukalo et al. 2007; Lopez-Fernandez et al. 2007).
Generally, in other tissues of the body, ECM and the cell-surface

proteins through which they interact are maintained and dy-
namically modified by tightly regulated, extracellular proteolysis
mediated by matrix metalloproteinases (MMPs), a family of
mostly secreted, very potent proteolytic enzymes (Sternlicht and
Werb 2001; Stamenkovic 2003). MMPs in brain are synthesized
and secreted by both neurons and neuroglia in an inactive (pro)
form (Szklarczyk et al. 2002; Arai et al. 2003; Nagy et al. 2006;
Bozdagi et al. 2007). Upon removal of the pro-peptide sequence
and other regulatory steps, they become proteolytically active,
where they participate in physical remodeling of the pericellular
microenvironment and cell signaling by liberating latent growth
factors or other ligands harbored in the matrix, or by exposing
cryptic bioactive fragments (Nagase and Woessner 1999; Stern-
licht and Werb 2001).

In brain, MMPs have well-documented roles both in early
development, during axonal pathfinding and circuit formation
(McFarlane 2003), and in maturity under injurious or neuro-
pathological contexts, where they contribute to protracted and
often deleterious remodeling that accompanies inflammation,
stroke, or degeneration (Zhang et al. 1998; Lo et al. 2002; Szklar-
czyk et al. 2002; Reeves et al. 2003). Standing views of MMP
function are expanding, however, because several lines of recent
evidence reveal previously unrecognized roles for MMPs in long-
lasting synaptic plasticity of the kind associated with normal,
nonpathological brain function. In hippocampus, MMP-9 is up-
regulated and becomes proteolytically active selectively during
the maintenance phase of long-term potentiation (LTP) at CA3–
CA1 synapses (Nagy et al. 2006; Bozdagi et al. 2007). Once active,
MMP-9 induces a slowly emerging potentiation of synaptic sig-
nal strength that is mediated by integrins. When MMP-9 activity
is blocked pharmacologically or with specific neutralizing anti-
bodies, the stable maintenance of LTP is significantly impaired,
with no effects on LTP induction or early expression. Similar
findings have been recently reported in rat prefrontal cortex
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(Okulski et al. 2007). This suggests that MMPs may function in
cellular processes that contribute to learning and memory.

Several recent studies support the idea of a role for MMPs in
learning and memory (Meighan et al. 2006; Nagy et al. 2006;
Brown et al. 2007). However, no data have yet been provided
showing that MMP proteolytic activity is actually enhanced in
response to learning. Here, we address this and related questions
using an inhibitory avoidance (IA) task. This is an ideal task for
the question: it is learned in a single trial and creates a strong and
long-lasting memory (Milekic and Alberini 2002).

Results

Elevation of MMP-9 protein levels and proteolytic
activity induced by inhibitory avoidance learning
We first tested effects of IA learning on MMP-9 protein levels in
hippocampus. An experimental group of rats was subjected to IA
training and subsequently killed at times ranging from 1 to 75 h
post-training (Fig. 1A). An unpaired (UP) control group was ex-
posed to the IA context and received the footshock, but these two
experiences were separated by 1 h and were therefore unpaired,
preventing IA learning (Garcia-Osta et al. 2006). Immunoblot
analysis using MMP-9-specific antisera that recognize both pro-
and active-forms shows that IA training induces a gradual and
transient increase in levels of both forms of MMP-9 (Fig. 1B,C).
Protein levels of pro-MMP-9 (Fig. 1B) and active-MMP-9 (Fig. 1C)
become significantly elevated between 3 and 6 h post-training in
comparison with those of unpaired control animals, reach a peak
elevation 24–48 h post-training, then decline to baseline values
by 75 h post-training. We confirmed that MMP-9 protein levels
in the unpaired control group were unchanged by exposure to
either the IA context or footshock, because there were no differ-
ences between unpaired control rats and home cage control rats
in MMP-9 levels (Fig. 1D).

The significant increase in MMP-9 protein levels suggests
that MMP-9 becomes proteolytically active following IA learning.
To test this, hippocampal lysates from the experimental and con-
trol groups of rats described above were subjected to gelatin sub-
strate zymography. In comparison with unpaired control rats,
proteolytic activity of the active form of MMP-9 becomes signifi-
cantly elevated by 12 h following IA learning which is sustained
through 24 h, then returns to baseline values by 48–75 h post-
training (Fig. 2A,B). There were no differences in levels of pro-
teolytic activity between the unpaired control animals and home
cage control animals (Fig. 2C), consistent with the lack of any
differences in protein levels between these two control groups.
Taken together, these data indicate that MMP-9 protein levels
and proteolytic activity are increased specifically in response to
associative learning.

MMP proteolytic activity is required for IA memory
The increase in MMP-9 protein levels and the enhancement of
MMP-9 proteolytic activity by IA learning suggests that MMP-9
contributes to cellular processes underlying IA memory. We
tested this in a series of experiments in which we infused a po-
tent, MMP-2/9-specific inhibitor (Inhibitor II) or vehicle into
hippocampus bilaterally at certain times post-IA training and
tested effects of neutralizing MMP activity on memory retention
at 24 h post-training, a time when animals normally exhibit ro-
bust IA memory (Taubenfeld et al. 1999; Bevilaqua et al. 2005).
We used Inhibitor II because its potency in inhibiting MMP-2
and MMP-9 proteolytic activity has been established previously
using a fluorometric enzymatic assay (Nagy et al. 2006), and, by
blocking MMP-9 activity, it impairs maintenance of hippocam-

pal area CA1 long-term potentiation (LTP) in both acute
slices (Nagy et al. 2006) and in adult rats in vivo (Bozdagi et al.
2007).

In a first series of experiments, we infused the MMP inhibi-
tor into the hippocampus at 1.5 and 9.5 h after IA training (Fig.
3A,B). The goal here was to neutralize MMP activity prior to and
extending into the protracted period over which MMP-9 activity
rises in response to IA training. During IA training, there were no
differences in mean entrance latencies between animals in which
bilateral cannulae were implanted and unoperated control rats
(Fig. 3C, P > 0.4), indicating that the surgical procedures or the
presence of indwelling cannulae per se had no adverse effects on
behavioral performance. At the 24-h retention test, rats receiving

Figure 1. MMP-9 protein levels increase in response to IA training. (A)
Representative immunoblot of hippocampal homogenates prepared
from unpaired (UP) control rats or from rats killed post-IA training at the
times indicated (in hours). Membranes were probed with antibodies that
recognize both pro- and active-forms of MMP-9 (pro-9, act-9, respec-
tively), or GAPDH, which was used as a loading control. (B,C) Graphs
showing quantification of immunoblots from trained and unpaired ani-
mals (n = 4 animals per UP group or per post-training time point,
*P < 0.05 in comparison with levels in UP controls). Levels of both pro- (B)
and active- (C) forms of MMP-9 rise significantly between 3 and 6 h
post-training, peak at 24–48 h, then decline to control levels by 75 h
post-training. (D) Graph showing quantification of immunoblots from UP
and HC control animals (n = 6 UP, n = 3 HC). There were no differences
between these two control groups in levels of pro- or active-MMP-9.
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bilateral infusions of vehicle exhibited robust retention of the IA
response, with entrance latencies that were significantly longer
(442 � 60 sec) in comparison with their own group’s mean train-
ing latency (20 � 4 sec; Fig. 3C, P < 0.0025). Such retention la-
tencies displayed by the vehicle-infused rats were not signifi-
cantly different than those of unoperated control rats (352 � 75
sec; P > 0.4), indicating that the diluent had no effect on IA
memory. In contrast, animals receiving intrahippocampal infu-
sions of MMP inhibitor following IA training exhibited severely
impaired IA memory when tested at 24 h (Fig. 3C). Their group
mean 24-h retention latency (44 � 17 sec) was significantly
shorter than those of the unoperated or diluent groups (Fig. 3C,

P < 0.004). The mean 24-h retention latency of the MMP inhibi-
tor group was not significantly different than their own group’s
mean training latency (15 � 3 sec; P > 0.1), indicating that these
animals were amnesic for IA memory.

To determine if the significant memory impairment at 24 h
post-training was persistent, we repeated these experiments on a
second series of animals but extended the duration between IA
training and the memory retention test to 72 h (Fig. 4A). As with
the first series of experiments, there were no differences in en-
trance latencies across the unoperated and the cannulated groups
of animals during IA training (Fig. 4B, P > 0.1). At 1.5 and 9.5 h
after training, one cannulated group received bilateral infusions
of vehicle; the other cannulated group received bilateral infu-
sions of Inhibitor II (Fig. 4A). At 72 h, the unoperated animals
displayed robust IA memory as expected (Fig. 4B; Milekic and
Alberini 2002). The vehicle-infused animals displayed a group
mean retention latency that was slightly, but not significantly,
lower than that of the unoperated animals (Fig. 4B, P > 0.2), in-
dicating that this group also had strong IA memory at 72 h. In
contrast, the MMP inhibitor-infused animals displayed signifi-
cantly impaired IA memory when tested at 72 h (Fig. 4B), with a
group mean 72-h retention latency (104 � 36 sec) that was sig-
nificantly shorter in comparison with the 72-h retention laten-
cies of unoperated (410 � 84 sec, P < 0.002) and vehicle-infused
rats (274 � 76 sec, P < 0.05). To rule out the possibility of per-
manent cytotoxic effects of Inhibitor II as a basis for long-lasting
memory impairment, we tested the ability of the MMP inhibitor-
infused animals to relearn the task immediately following the
72-h retention test. We reasoned that, if hippocampal integrity
was sound and uncompromised by the earlier inhibitor infu-
sions, then the animals displaying profound memory impair-
ment at 72 h should be capable of relearning the IA task and
subsequently displaying robust IA memory. At the 72-h retention
test, the inhibitor-infused animals were given a 0.65-mA re-
minder shock upon entering the dark chamber and were retested
for IA memory 24 h later (Fig. 4A). As predicted, these animals
now displayed robust IA memory (Fig. 4B), with a group mean
retention latency (482 � 58 msec) that is comparable to unop-
erated animals tested for IA memory at 24 h post-training
(432 � 84 msec, P > 0.1). Thus, these data indicate that pharma-
cological blockade of MMP-9-mediated proteolysis within the
first 10 h following IA learning produces a persistent memory
impairment that is not likely attributable to permanent, delete-
rious effects on hippocampal function.

We next investigated effects on IA memory retention of
lowering the levels of the MMP inhibitor delivered to the hippo-
campus. For this, a third series of experiments was undertaken
that was similar in design to the others except that only a single
injection of MMP inhibitor or diluent was administered intra-
hippocampally at an intermediate (3.5 h post-training) time
point (Fig. 5A). As expected from the previous series, there were
no differences between groups in mean entrance latencies during
training (Fig. 5B; P > 0.4). At the 24-h retention test, the
mean entrance latency of the vehicle-infused rats was sig-
nificantly longer (339 � 96 sec) in comparison with their own
group’s mean training latency (13 � 5 sec; P < 0.008), indicat-
ing, as expected, a robust IA response. In contrast, rats receiving
a single intrahippocampal infusion of MMP inhibitor had sig-
nificantly impaired IA memory at the 24-h retention test
(Fig. 5B), with a group mean retention latency (80.1 � 26 sec)
that was significantly shorter than the mean 24-h retention
latency of the vehicle-group (P < 0.01). Taken together, these
data suggest that enhanced MMP-9 proteolytic activity in-
duced by IA learning contributes to the cellular processes neces-
sary for IA memory that commence between 3 and 6 h post-
training.

Figure 2. MMP-9 proteolytic activity increases in response to IA train-
ing. (A) Representative in vitro gelatin zymograph showing time course in
elevation of MMP-9 proteolytic activity post-IA training in comparison
with an unpaired (UP) control rat. The zymograph lanes of the UP control
and the 24-h post-training rats are shown at higher magnification in the
insets, below. The pro-form of MMP-9 is the middle, thick band (pro-9);
the proteolytically active-form of MMP-9 (act-9) is the thin, fainter band
immediately subjacent to the pro-band. The pro-form appears in zymo-
graphs because of some auto-activation following the partially denatur-
ing conditions of SDS gel electrophoresis; the higher molecular weight
activity bands (arrow) may represent unprocessed forms that also un-
dergo some auto-activation (Snoek-van Beurden and Von den Hoff
2005). Asterisks indicate time points (12 and 24 h) of significant elevation
in proteolytic activity in comparison with UP control levels. (B) Graph
showing quantification of MMP-9 proteolysis (active-MMP-9) following
training. MMP-9 activity reaches significantly elevated levels by 12–24 h
post-IA training, then declines to baseline values by 48–75 h (*P < 0.05;
n = 4 animals per group (UP) or per post-training time point). (C) Graph
showing quantification of MMP-9 proteolysis (active-MMP-9) in lysates
from home cage (HC) and UP controls. There are no differences between
these two control groups in levels of MMP-9 proteolysis.
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Spatial limits of LTP impairment following MMP
inhibitor infusion
Our goal for the next series of experiments was to determine the
effective spread of the inhibitor throughout the dorsal hippo-
campus in order to better understand a potential cellular basis for
the effects on IA memory that we observed following infusion of
the MMP inhibitor. The experiments were based on the prior
demonstration that intrahippocampal administration of Inhibi-
tor II blocks maintenance of LTP at CA3–CA1 synapses in adult
rats in vivo, with no effects on induction of LTP or baseline
properties of synaptic neurotransmission (Bozdagi et al. 2007).
Here, in urethane-anesthetized adult rats, stimulating and re-
cording electrodes were positioned in the dorsal hippocampus to
elicit LTP in area CA1 stratum radiatum following tetanic stimu-
lation of the Schaffer-collaterals as described previously (Bozdagi
et al. 2007). After establishing a baseline of synaptic responses, a
single injection of Inhibitor II was placed into the dorsal hippo-
campus at one of several different sites that spanned 0–2100 µm
away from the recording electrode (Fig. 6A,B) using injection
parameters, volumes, and concentrations identical to those used
in the behavioral experiments. Each animal received only a
single inhibitor injection at only one site; the position of the one
injection site in relationship to the position of the recording
electrode varied across animals (Fig. 6B). After allowing time for
diffusion (Fig. 6A), tetanic stimulation of Schaffer-collaterals was
used to elicit LTP of synaptic responses recorded from area CA1
stratum radiatum; synaptic responses were then monitored for
120 min following tetanic stimulation (Fig. 6B,C). Distances be-
tween infusion and recording sites were grouped into three
ranges (in µm: 0–500, 600–1200, 1400–2100). Robust LTP was
evident at 30 min post-tetanic stimulation in all three groups
(gray “LTP” bars, Fig. 6C), consistent with the lack of effects of
the MMP inhibitor on induction of LTP in vivo (Bozdagi et al.
2007). In animals where distances between the inhibitor infusion
site and recording site were �1200 µm, synaptic responses gradu-
ally decayed back to baseline values by 90 min post-stimulation
(black “Decay” bars, Fig. 6C), consistent with impairment of LTP
maintenance. However, at distances �1400 µm separation, the in-
hibitor failed to block LTP maintenance, as LTP persisted through-
out the 120 min recording period (arrow, Fig. 6C). Thus, these data
indicate that a single injection of MMP inhibitor, sufficient for im-
pairing IA memory, affects synaptic plasticity across a relatively spa-
tially limited extent (∼1200 µm) of dorsal hippocampus.

Discussion
Recent studies have revealed previously
unrecognized roles for MMP-mediated
extracellular proteolysis in long-lasting
hippocampal synaptic physiology and
plasticity. In an extension of these ob-
servations, we demonstrate here that
MMP-9 protein levels and proteolytic ac-
tivity are significantly elevated within
hippocampus following inhibitory
avoidance training. The elevation in lev-
els and proteolytic activity commences
between 3 and 6 h post-training, peaks
by 12–24 h, then declines to baseline
values by ∼72 h. When MMP function is
abrogated by intrahippocampal infusion
of a potent gelatinase (MMP-2 and
MMP-9) inhibitor 3.5 h following IA
training, a time point prior to the onset
of up-regulation, IA memory retention is
significantly diminished when tested
1–3 d later. The effect on IA memory is

not likely attributed to toxic or other deleterious effects that per-
manently impair hippocampal function, since animals exhibit
strong IA memory when retrained. In anesthetized adult rats, the
effective distance over which synaptic plasticity is impaired by
intrahippocampal infusion of the MMP inhibitor of the kind that

Figure 3. Intrahippocampal infusion of MMP-9 inhibitor blocks IA memory. (A) Representative Nissl-
stained section through dorsal hippocampus showing the track of the infusion needle used to deliver
MMP inhibitor or vehicle. DG, dentate gyrus; CA1, area CA1. (B) Timeline of blocking experiments.
Animals were trained at time 0 h, then received bilateral intrahippocampal infusions of Inhibitor II or
vehicle at 1.5 and 9.5 h post-training (arrowheads). Retention latencies were then tested at 24 h (test).
(C) Graph showing mean IA training and retention latencies of three groups of rats (n = 9 unoperated;
n = 5 vehicle-infused; n = 6 MMP inhibitor-infused). Retention latency was assessed at 24 h. The MMP
inhibitor-infused rats displayed significantly shorter 24-h retention latencies in comparison with those
of the other two groups (*P < 0.004). Within the MMP inhibitor group, there was no significant
difference between their training and retention latencies, indicating that they were amnesic when
tested for IA memory at 24 h. Data are means + SEM.

Figure 4. IA memory impairment following MMP-9 inhibition is per-
sistent. (A) Timeline of experiments. The initial training and infusion
schedule (arrowheads) was identical to that shown in Fig. 3, but, in these
experiments, retention latancies were first assessed at 72 h (test 1). The
MMP inhibitor-infused rats were then retrained immediately following
the 72-h retention test and retested for IA memory 24 h later (test 2). (B)
Graph showing mean IA training and retention latencies of three groups
of rats (n = 10 unoperated; n = 9 vehicle-infused; n = 8 MMP inhibitor-
infused). The MMP inhibitor-infused rats had significantly shorter 72-h
retention latencies in comparison with those of the other two groups
(*P < 0.05, **P < 0.01), indicating significantly impaired IA memory.
There was no significant difference in Test 1 retention latencies between
the unoperated and vehicle-infused control groups (P > 0.2). The MMP
inhibitor-infused rats were immediately retrained and tested 24 h later
(Test 2). Now, they exhibited retention latencies that were significantly
longer than their own group’s Test 1 latency (**P < 0.01), and similar in
magnitude to that of unoperated control animals tested at 24 h (P > 0.1).
These experiments demonstrate that IA memory impairment at 72 h is
not a reflection of toxic or other deleterious effects that permanently
disrupt hippocampal function. Data are means + SEM.
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blocks IA memory is ∼1200 µm. Since LTP is a form of long-
lasting synaptic plasticity that is induced by IA training (Whit-
lock et al. 2006) and thought to represent a cellular basis for
memory consolidation (Bliss and Collingridge 1993; Silva 2003),
these data overall suggest that IA training induces a slowly
emerging, but subsequently protracted, period of MMP-mediated
proteolysis critical for enabling long-lasting synaptic modifica-
tion that underlies long-term memory consolidation.

The delayed onset of MMP-9 up-regulation and activation
following training suggests that MMP-9-mediated proteolysis is
not involved in early cellular mechanisms enabling short-term IA
memory that can be recalled within the first few hours, but in-
stead is related selectively to later-occurring cellular plasticity
mechanisms that stabilize longer-term memory. Such mecha-
nisms very likely involve the maintenance of long-lasting
changes in synaptic strength, such as LTP. Tetanically evoked
LTP of CA3–CA1 synapses exhibits an early phase that reflects
fast post-translational modifications of certain synaptic proteins
including AMPA-type glutamate receptors (Bredt and Nicoll
2003) and a maintenance phase that requires additional mecha-
nisms including mRNA transcription and protein synthesis (Rey-
mann and Frey 2007). Previous studies of the role of MMP-9 in
LTP at CA3–CA1 synapses using acute hippocampal slices (Nagy
et al. 2006) or in urethane-anesthetized adult rats in vivo
(Bozdagi et al. 2007) have shown that MMP-9 becomes proteo-
lytically active within area CA1 stratum radiatum during the
maintenance phase of LTP, and, when its proteolytic activity is
neutralized with either broad-spectrum MMP inhibitors or MMP-
9-specific blocking reagents, the maintenance of LTP is abolished
without any effects on the induction or early expression of LTP,
or on baseline properties of synaptic neurotransmission. This
time course of activation and role in stable expression, but not
induction, of LTP under experimentally induced conditions (te-
tanic stimulation) is consistent with how the regulation and
function of MMP-9 might contribute to later-occurring processes
of long-term memory consolidation triggered by behavioral ex-

perience. Inhibitory avoidance training induces LTP at CA3–CA1
synapses that exhibits many of the molecular and temporal fea-
tures of tetanically evoked LTP, including rapid changes in AMPA
receptor phosphorylation, localization, and binding (Camma-
rota et al. 1995; Whitlock et al. 2006), as well as later, stable
expression of synaptic potentiation lasting at least 4 h post-IA
training (when experiments were terminated) (Whitlock et al.
2006). Thus, infusion of the gelatinase inhibitor at 3.5 h post-IA
training, prior to the period of onset of MMP-9 up-regulation, is

Figure 6. Range of effective blockade of synaptic plasticity across dor-
sal hippocampus following infusion of MMP-9 inhibitor. A combination of
pharmacological and electrophysiological methods was applied to ure-
thane-anesthetized adult rats in order to determine the effective distance
over which a single intrahippocampal infusion of MMP-9 inhibitor blocks
maintenance of LTP of CA3–CA1 synapses. Parameters of infusion were
identical to those used to block IA memory. (A) Schematic showing time-
line and experimental design. (B) Surface view schematic of rat brain
showing position of stimulating (Stim) and recording (Rec) electrodes
used to elicit LTP in area CA1, and the positions of single inhibitor infu-
sions into the dorsal hippocampus (black circles). Each animal received
only a single infusion. (Left) Representative EPSP traces shown at two such
positions: potentiation decayed back to baseline by 90 min post-tetanic
stimulation (post-tet stim) when infusion site distances were �1200 µm
away from the recording site (upper trace), while no effects on LTP were
observed when infusion site distances were �1400 µm away from the
recording site (lower trace). (C) Distances between recording and infusion
were grouped into three ranges. LTP was elicited reliably in all experi-
ments (gray “LTP” bar, taken at 30 min post-tetanic stimulation), but
decayed back to baseline at sites �1200 µm separation distance (black
“Decay” bars). Only at sites �1400 µm separation was LTP maintained
(arrow).

Figure 5. A single, post-training infusion of MMP-9 inhibitor blocks IA
memory. (A) Timeline of experiment. The design is identical to that
shown in Fig. 1, except that only a single infusion (arrowhead) of vehicle
or MMP inhibitor was made at 3.5 h post-training. (B) Graph showing IA
training and retention latencies of vehicle-infused rats (n = 7) or MMP
inhibitor-infused rats (n = 9). Retention latencies were assessed at 24 h.
MMP inhibitor-infused rats displayed significantly shorter entrance laten-
cies in comparison with those of the vehicle-infused group (*P < 0.01).
Data are means + SEM.
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likely to have impaired the stable maintenance of IA training-
induced LTP. Such IA-associated LTP within area CA1 is widely
distributed (Whitlock et al. 2006), consistent with theoretical
and previous experimental mapping studies suggesting that IA
and other forms of learning engage widely distributed neural
circuits throughout hippocampus (Buzsaki et al. 1990; Treves and
Rolls 1994; Guzowski et al. 1999; Taubenfeld et al. 2001; de Hoz
et al. 2005; Fletcher et al. 2006). Our experiments here showing
that the maintenance of LTP was impaired up to ∼1200 µm from
the site of the inhibitor infusion suggest that acute interference
with synaptic plasticity mechanisms over a spatially limited ex-
tent within dorsal hippocampus has significant effects on behav-
ioral performance.

The functional involvement of MMPs in IA memory de-
scribed here is based on the use of an MMP inhibitor (Inhibitor II)
known to be a potent blocker of MMP-2 and MMP-9 proteolytic
activity (Nagy et al. 2006). Although Inhibitor II was originally
reported as being highly selective for MMP-2 and MMP-9, with
little or no inhibitory effects on other MMPs (Tamura et al. 1998),
more recent studies suggest that Inhibitor II may also affect the
activity of members of the related ADAMs (a disintegrin and me-
talloproteinase) family (Mifune et al. 2005), which, along with
MMPs, are members of the metzincin superfamily (Sternlicht and
Werb 2001). Thus, we cannot rule out that some of the effects we
observed on IA memory retention with Inhibitor II could be at-
tributed to involvement of ADAMs or possibly even other metal-
loproteases. Nevertheless, our data show clearly that MMP-9 pro-
teolytic activity is up-regulated by IA learning. Additionally, the
effects on hippocampal LTP elicited in vivo in the presence of an
MMP-9-specific function-blocking antibody are identical to
those observed using Inhibitor II or other broad-spectrum MMP
inhibitors (Bozdagi et al. 2007), indicating that the major effects
of the pharmacological inhibitors, including Inhibitor II, on
long-lasting synaptic plasticity are largely attributable to block-
ade of MMP-9 activity without major “off-target” effects on other
types of proteases. Finally, in preliminary experiments, we have
injected the function-blocking MMP-9 antibody intrahippocam-
pally and observed IA memory deficits when tested at 24 h simi-
lar to those observed with Inhibitor II (V. Nagy and G.W. Hunt-
ley, unpubl.), consistent with the idea that the effects of Inhibi-
tor II on IA memory are largely attributable to blockade of MMP
activity.

Once proteolytically active within hippocampus, MMP-9
causes a slowly emerging synaptic potentiation that is mutually
occluded by tetanically evoked LTP (Bozdagi et al. 2007) and is
mediated by integrin receptors (Nagy et al. 2006). It is known
that integrin receptors are required both for the consolidation of
LTP (Staubli et al. 1990; Bahr et al. 1997; Chun et al. 2001; Kra-
mar et al. 2002; Huang et al. 2006), as well as for some types of
hippocampal-dependent learning and memory tasks (Chan et al.
2003, 2006). In the context of the present study, it is possible that
MMP-9 contributes to long-term IA memory via cleavage and/or
exposure of latent ligands that then bind to and activate integrin
receptors, although the role of integrins in IA memory specifi-
cally has not been tested. It is not clear at present whether
MMP-9 participates in other forms of hippocampal-dependent or
independent memory, for example, as part of a general mecha-
nism of synaptic plasticity, or whether its role is limited to IA
memory. Like MMP-9, integrins, as discussed above, are also re-
quired for LTP maintenance generally, but targeted deletion of
the �1 subunit produces deficits in working memory selectively,
without affecting spatial or contextual memories (Chan et al.
2006). It also remains unknown what the endogenous target sub-
strates of MMP-9 proteolysis are during LTP or memory. Gener-
ally, MMPs cleave a potentially large number of extracellular ma-
trix proteins and other cell-surface or cell-adhesion molecules

(Sternlicht and Werb 2001), many of which are expressed in hip-
pocampus and are involved in synaptic plasticity and/or memory
(Strekalova et al. 2002; Dityatev and Schachner 2003). A recent
study (Michaluk et al. 2007) has identified �-dystroglycan (�-dg)
as an activity-dependent target of MMP-9 cleavage in cultured
cortical neurons. �-dg is a transmembrane protein that links, via
association with �-dystroglycan, proteins of the extracellular ma-
trix with the actin cytoskeleton (Higginson and Winder 2005).
Whether and under what natural conditions such cleavage
would occur in vivo, and the functional consequences of such
cleavage, remain unknown.

Another likely contribution of MMP-9 to mechanisms en-
abling long-term memory is to facilitate synaptic structural re-
modeling, since one canonical function of MMPs throughout all
tissues is in remodeling of the cellular microenvironment (Sta-
menkovic 2003). Synaptic remodeling in hippocampus both ac-
companies long-lasting LTP (Hosokawa et al. 1995; Engert and
Bonhoeffer 1999; Toni et al. 1999; Weeks et al. 2001; Lang et al.
2004; Matsuzaki et al. 2004; Nägerl et al. 2004) and occurs with
several hippocampal-dependent associative learning and
memory tasks (Geinisman et al. 2001; Eyre et al. 2003; Leuner et
al. 2003; Rekart et al. 2007). Stereological analyses of synapse
density in the dentate gyrus molecular layer have shown that
spine number begins to increase ∼3 h post-IA training, peaks by
6 h, then returns to baseline values by 72 h (O’Malley et al. 2000).
This time course of synaptic remodeling parallels that over which
MMP-9 is regulated by IA training. MMPs can cleave structural
molecules of the synapse, including, for example, cadherins
(Steinhusen et al. 2001; Monea et al. 2006), and MMP-7 has
been shown to influence spine morphology in cultured hippo-
campal neurons (Bilousova et al. 2006). Further, following LTP
of CA3–CA1 synapses in vivo, focal “hotspots” of MMP-9-
immunopositive gelatinolytic puncta are distributed throughout
the neuropil of area CA1 stratum radiatum that codistributes
with synaptic molecular markers, thus indicating that MMP-
mediated proteolysis is ideally positioned to modify locally syn-
aptic structure and function (Bozdagi et al. 2007).

The cellular pathways and mechanisms coupling IA training
with MMP-9 up-regulation and activation remain unknown.
NMDA receptor activity during IA training may be involved, as
NMDA receptors are required both for IA learning (Izquierdo and
Medina 1997), and for the up-regulation of MMP-9 protein levels
and onset of MMP-9 proteolytic activity during hippocampal LTP
(Nagy et al. 2006; Bozdagi et al. 2007). The up-regulation in
MMP-9 protein levels likely reflects increased transcriptional and
translational activity, as these represent major mechanisms regu-
lating MMP levels in other tissues (Sternlicht and Werb 2001).
Several temporally discrete waves of protein synthesis are trig-
gered by IA training, including one that spans 3–6 h post-training
(Quevedo et al. 1999), which corresponds to the time period
when MMP-9 levels begin to rise. Further, the promoter region of
MMP-9 contains binding sites for the transcription factor nuclear
factor-kappa B (NF-�B) (Sato and Seiki 1993); transcriptional ac-
tivity of NF-�B is increased following IA training with a time
course consistent with driving the increase in MMP-9 levels as we
have shown here (Freudenthal et al. 2005). Additionally, a recent
microarray analysis of gene regulation following IA training re-
vealed an overrepresentation of genes regulated at ∼3 h post-IA
training that contained within their promoter regions NF-�B
binding sites (O’Sullivan et al. 2007). In addition to MMP-9, it is
likely that IA training induces changes in MMP regulatory pro-
teins and possibly other MMPs. For example, TIMPs (tissue in-
hibitors of MMPs), which are endogenous protein inhibitors of
active MMPs, are regulated by certain learning and memory tasks
and, when eliminated genetically, display learning and memory
deficits (Jaworski et al. 2005; Jourquin et al. 2005; Chaillan et al.
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2006). It is possible that the narrower temporal window of sig-
nificantly elevated proteolytic activity revealed by zymography
(12–24 h) in comparison with the broader temporal window of
significantly elevated levels of the active form of the protein re-
vealed by immunoblot (6–48 h) reflects training-induced func-
tional regulation of the active form of the protein by TIMPs.

In conclusion, the present observation that MMP proteo-
lytic activity is both regulated during, and contributes to, an IA
learning and memory task is important because a predominant
view of MMP function in mature brain is that MMPs are activated
under pathophysiological contexts (see the introduction). The
present study contributes to a growing body of evidence that
MMPs also play crucial roles in normal, nonpathological synaptic
and behavioral plasticity.

Materials and Methods

Animals
This study was carried out on 104 adult male Long-Evans rats and
12 adult male Sprague-Dawley rats, all weighing 200–250 g at the
time of behavioral testing or electrophysiology. The Sprague-
Dawley rats were used only for in vivo electrophysiology as de-
scribed below; all other experiments were conducted on the
Long-Evans rats. All procedures involving live animals were ap-
proved by Mount Sinai’s Institutional Animal Care and Use Com-
mittee, and adhered strictly to Institutional and NIH guidelines
for the care and treatment of animals. Rats were housed indi-
vidually in a temperature- and light-controlled vivarium, and
allowed free access to food and water. They were allowed mini-
mally 5 d to habituate to the vivarium prior to experimentation.

Surgery
Rats were anesthetized with a mixture of ketamine (50 mg/kg)
and xylazine (5 mg/kg, i.m.) and placed in a stereotaxic instru-
ment. Guide cannulae (22 gauge, Plastics One) were implanted
bilaterally using the coordinates (from bregma): 4.0 mm poste-
rior, �2.6 mm lateral, and 2 mm ventral from the skull surface.
Two anchoring screws fastened into the skull and dental cement
were used to immobilize the cannulae, which were capped with
stylets to prevent clogging. Animals were allowed to recover for 3
d after surgery, then were handled daily for an additional 7 d
prior to IA training to habituate them to the infusion procedure.
Twice prior to IA training (at 24 h before, and immediately be-
fore), an infusion needle extending 1.5 mm longer than the
guide cannulae was briefly inserted into and withdrawn from the
guide cannulae.

Inhibitory avoidance task
All behavioral training and testing were performed during the
morning hours (9:00 am–12:00 pm) in a sound- and light-
attenuated room. The IA apparatus consisted of a rectangular box
divided into two compartments separated by a sliding door. The
safe compartment was white and illuminated by a light attached
to the lid; the shock compartment was dark. For IA training,
animals were placed into the lit safe compartment facing away
from the door, which was in the closed position. After 10 sec of
exploration, the sliding door was raised automatically, allowing
the rat to enter the dark compartment. At 1 sec after entering
with all four paws, the door closed automatically, and a brief
footshock (2 sec, 0.65 mA) was delivered via the floor grid. Ani-
mals were left in the dark compartment for 15 sec following the
shock, then returned to their home cages for variable periods
depending on the experiments as described in the Results. Rats
were subsequently tested for IA memory at 24 or 72 h post-
training by placing them back into the safe lit compartment as
described. Retention was assessed by measuring their latency to
reenter the dark compartment. The experiment was terminated
either when the rat entered the dark compartment (in which case
the door would close) or if 540 sec elapsed while they remained
in the lit safe compartment. In the experiments in which animals

were tested for retention at 72 h, those that reentered the dark
chamber were given a second footshock (2 sec, 0.65 mA), re-
turned to their home cages, then retested for IA memory 24 h
later as described above. For biochemical experiments, controls
consisted of home cage (HC) rats that were neither exposed to
the training apparatus nor received a footshock, and unpaired
(UP) control rats that were allowed to explore the compartments
and received a footshock, but these two experiences were un-
paired in time. This was accomplished by placing rats in the lit
safe compartment and allowing them to enter and explore the
dark compartment for 15 sec, but without receiving a footshock.
Animals were returned to their home cages for 1 h, then brought
back and footshocked directly (2 sec, 0.65 mA), without further
exploration. Previous studies have shown that such UP controls
fail to form IA memory or display IA training-induced changes in
expression of certain genes (Garcia-Osta et al. 2006). After foot-
shock, UP control rats were returned to their home cages and
were sacrificed at 24 or 48 h post-shock.

Drug delivery
Rats received bilateral intrahippocampal infusions of MMP in-
hibitor or diluent at two time points (1.5 and 9.5 h) or one time
point (3.5 h) post-IA training, depending on the experiment as
described in the Results. Both the inhibitor and the diluent were
delivered through an infusion needle inserted into, and extend-
ing 1.5 mm below, the guide cannulae, placing the tip into the
hippocampus. The needle was attached, via polyethylene tubing,
to a Hamilton syringe fitted into an infusion pump. A total of 2
µL of MMP inhibitor or diluent was delivered, per side, at a rate
of 0.3 µL/min. The needle was left in place for 1–2 min to allow
for diffusion into the parenchyma. Animals were subsequently
returned to their home cages until tested for memory retention.
To block MMP-9 activity, a potent gelatinase (MMP-2 and MMP-
9) inhibitor was used (250 µM Inhibitor II [Calbiochem] diluted
in 0.6% dimethylsulfoxide [DMSO]). This MMP inhibitor was
chosen because its potency in blocking MMP-2 and MMP-9 pro-
teolytic activity over a range of concentrations has been estab-
lished previously using a fluorometric enzymatic assay (Nagy et
al. 2006). Functionally, at the concentration used, Inhibitor II
blocks the maintenance phase of LTP at CA3–CA1 synapses in
acute slices and in adult animals in vivo, as well as blocks a slowly
emerging synaptic potentiation induced by exogenously applied
recombinant-active MMP-9 (Nagy et al. 2006; Bozdagi et al.
2007). Control animals received injections of the diluent (0.6%
DMSO) alone. At the termination of the experiments, rats were
killed by intracardiac perfusion (4% paraformaldehyde, 10 min).
Brain sections were Nissl-stained and used to verify placement of
the infusion needle.

Immunoblotting
IA training-induced changes in levels of MMP-9 were assessed by
immunoblotting according to procedures described in detail pre-
viously (Bozdagi et al. 2007) with some modifications. None of
the animals used for immunoblotting had received cannulae or
any other kind of surgery. Hippocampi from IA-trained (n = 4 per
time point), unpaired (n = 6) and home cage (n = 3) control ani-
mals were removed bilaterally at various times post-training, as
indicated in the text, and snap frozen. Tissue was homogenized
using a hand-held Teflon homogenizer in the following solution:
50 mM Tris-HC (pH 7.6), 150 mM NaCl, 5 mM CaCl2, 0.05%
NaN3, and 1% Triton X-100. Homogenates were centrifuged at
4°C for 15 min at 12,000g. Pellets were discarded and superna-
tants were subjected to either SDS-polyacrylamide gel electro-
phoresis and Western blotting or in vitro gelatin-substrate zy-
mography as described below. Fifty micrograms of tissue homog-
enate (determined by Bio-Rad Protein Assay) were mixed with
2� reducing sample buffer (0.125 M Tris-HCl, at pH 6.8, 20%
glycerol, 4% SDS, 0.003% Bromophenol blue, and 5% 2-mercap-
toethanol), boiled for 2 min, then loaded onto a 10% SDS-
polyacrylamide gel and electrophoresed. Gels were then trans-
ferred onto membranes which were probed with antisera to
MMP-9 (1:500; Torrey Pines Biolabs). The specificity of the anti-
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MMP-9 antisera has been verified previously (Nagy et al. 2006).
The antisera recognize recombinant pro- and active-forms of
MMP-9 in Western blots of recombinant proteins and hippocam-
pal lysates, but does not cross-react with either form (pro- or
active-) of the structurally and functionally related MMP-2. Fol-
lowing incubation in HRP-conjugated secondary antibodies, an-
tibody binding was visualized using SuperSignal West Pico Lu-
mino/Enhancer Solution (Pierce) and developed on X-Omat LS
Imaging Film (Eastman Kodak). Blots were then stripped and
reprobed with antisera to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; 1:5000; Trevigen), which was used as a loading
control. Blots were scanned and analyzed by Metamorph soft-
ware using densitometry. Within each lane, pro- and active-
MMP-9 band intensities were normalized against the appropriate
GAPDH band intensities; data were expressed as a ratio of MMP-9
levels in trained animals versus UP animals, or UP animals versus
HC animals.

In vitro gelatin substrate zymography
MMP-9 proteolytic activity was assessed by gelatin substrate zy-
mography on the hippocampal protein extracts described in the
preceding section. Zymographic methods were according to pre-
vious descriptions (Zhang and Gottschall 1997). Briefly, 6 mg of
each hippocampal lysate were incubated with gelatin-coated
sepharose beads (Amersham Biosciences) for 1 h at 4°C with con-
stant agitation in order to extract MMP-9. Beads were briefly
centrifuged, washed once with extraction buffer, then resus-
pended in extraction buffer with 10% DMSO. Samples (10 µL)
were then electrophoresed after loading onto 5-mm thick, 10%
SDS-polyacrylamide gels that had been copolymerized with 0.1%
gelatin. Each gel contained a complete set of lysates from each
post-training time point plus an UP control. Recombinant pro-
and active-MMP-9 were also loaded to verify identity of MMP-9
bands. Gels were washed twice for 30 min with 2.5% Triton
X-100 and incubated for 48 h at 37°C in assay buffer (21 mM
Tris-HCl at pH 7.6, 10 mM CaCl2, and 0.04% NaN3). Clear bands
of gelatinolysis were visualized against a dark background after
gels were incubated in Coomasie blue and subsequently
destained. Gels were then scanned with a flat-bed scanner at high
resolution. For quantification, images were inverted in Adobe
Photoshop and subjected to densitometric analysis of the active
form of MMP-9 using Metamorph software. Within each gel, for
each time point, the intensity of the active band was normalized
to that of the UP control that was run on that same gel. The ratios
at each time point were then averaged across gels (n = 4 rats per
UP group or time point). Comparisons between HC and UP con-
trols were conducted identically, except that levels of the active
band from UP animals were normalized to those from HC ani-
mals.

In vivo electrophysiology
These experiments were carried out on anesthetized (urethane,
1.5 g/kg; i.p.) adult male rats. Details of the in vivo stimulation
and recording methods used here for inducing LTP have been
described previously (Bozdagi et al. 2007). Briefly, recordings of
field excitatory postsynaptic potentials (fEPSPs) were made from
the stratum radiatum in area CA1 in response to stimulation of
the ipsilateral Schaffer collateral-commissural projection. After a
baseline of synaptic responses was established, a single intrahip-
pocampal infusion of Inhibitor II (250 µM, 2 µL) was given at one
of several different sites that were grouped into three ranges:
0–500 µm, 600–1200 µm, and 1400–2100 µm away from the
recording site (n = 4 rats per each grouped range). The infusion
was delivered via an infusion cannula connected to a Hamilton
syringe that was attached to the infusion pump, using identical
delivery parameters to those used for the behavioral experiments
described above. After Inhibitor II injection, baseline was re-
corded for an additional 30 min. Previous studies have shown
that Inhibitor II has no effects on baseline properties of synaptic
neurotransmission (Bozdagi et al. 2007). At the end of this pe-
riod, LTP at CA3–CA1 synapses was induced by delivering four
trains of 100 Hz, 1-sec tetanic stimulation, each separated by 5

min (Bozdagi et al. 2007). Synaptic responses were then collected
for an additional 120 min post-tetanus, after which rats were
killed by intracardiac perfusion (4% paraformaldehyde, 10 min).
Brain sections (50 µm) were Nissl-stained and used to verify
placement of stimulating/recording electrodes.

Statistical analyses
All data are expressed as mean values plus standard errors of the
mean where P < 0.05 is considered significant. Western blots and
zymographs were compared with unpaired Student’s t-tests using
Prism 4 software. Behavioral data were analyzed using two-way
analysis of variance (ANOVA; with entrance latency as a within-
group variable, and drug treatment as a between-group variable)
followed where relevant by Scheffe’s post-hoc tests (JMP version
5, SAS Institute, Inc.). In some cases, paired Student’s t-tests
(within a group) or unpaired Student’s t-tests (between two
groups) were also used to compare group mean training and re-
tention entrance latencies.
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