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Persistent drug seeking/taking behavior involves the consolidation of memory. With each drug use, the memory may
be reactivated and reconsolidated to maintain the original memory. During reactivation, the memory may become
labile and susceptible to disruption; thus, molecules involved in plasticity should influence acquisition and/or
reconsolidation. Recently, matrix metalloproteinases (MMPs) have been shown to influence neuronal plasticity,
presumably by their regulation of extracellular matrix (ECM) molecules involved in synaptic reorganization during
learning. We hypothesized that inhibition of MMP activity would impair the acquisition and/or reconsolidation of
cocaine-conditioned place preference (CPP) in rats. Intracerebral ventricular (i.c.v.) microinjection of a broad
spectrum MMP inhibitor, FN-439, prior to cocaine training suppressed acquisition of CPP and attenuated
cocaine-primed reinstatement in extinguished animals. In a separate experiment, the cocaine memory was reactivated
on two consecutive days with a cocaine priming injection. On these two days, artificial cerebral spinal fluid (aCSF) or
FN-439 was administered either 30 min prior to or 1 min after cocaine-primed reinstatement sessions. Infusion of
FN-439 partially impaired retrieval of the cocaine-associated context when given 30 min prior to cocaine. In both
groups, however, FN-439 suppressed reinstatement compared with controls on the third consecutive test for
cocaine-primed reinstatement, when no FN-439 was given. Control experiments demonstrated that two injections of
FN-439 + cocaine given in the home cage, or of FN-439 + saline priming injections in the CPP chambers did not
disrupt subsequent cocaine-primed reinstatement. These results show for the first time that (1) MMPs play a critical
role in acquisition and reconsolidation of cocaine-induced CPP, and (2) rats demonstrate apparent disruption of
reconsolidation by an MMP inhibitor after extinction and while they are under the influence of cocaine during

reinstatement.

The process of drug addiction exploits learning and memory sys-
tems (O’Brien et al. 1992; Bonci and Malenka 1999; Thomas et al.
2000; Wise 2000; Hyman 2005), and morphological changes in
neurons have been observed after drug exposure (Robinson and
Kolb 1997, 1999, 2004; Robinson et al. 2001). However, only a
relative handful of studies on drug abuse have examined changes
in structural molecules that alter morphology, such as cytoskel-
etal and cell adhesion proteins (Fosnaugh et al. 1995; Kodama et
al. 1998; Tan et al. 2000; Brenz Verca et al. 2001; Freeman et al.
2002, Klebaur et al. 2002; Ujike 2002; Fujiyama et al. 2003; Mack-
owiak et al. 2005).

The present work focused on molecules that alter neuronal
morphology by influencing the extracellular matrix (ECM). The
ECM is a meshwork of extracellular proteins found in all tissues,
including the brain, and is concentrated in the synaptic cleft. A
major regulator of the ECM is a family of zinc-dependent endo-
peptidases called matrix metalloproteinases (MMPs) (Massova et
al. 1998; McCawley and Matrisian 2001; Somerville et al. 2003;
Crocker et al. 2004). Released from neurons and glia as zymo-
gens, MMPs become activated once outside the cell and have
been implicated in neural plasticity because they degrade the
ECM to allow for synapse restructuring (Dzwonek et al. 2004;
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Wright and Harding 2004). Meighan et al. (2006) have employed
a broad-spectrum inhibitor of MMP activity to demonstrate a
critical role for MMPs, including MMP-3 and MMP-9, in the ac-
quisition of spatial learning and long-term potentiation (LTP),
and Nagy et al. (2006) have also shown a role for MMP-9 in
learning and LTP. Because of the reliance of drug-induced behav-
iors on learning and memory processes, one goal of the present
work was to test whether an inhibitor of MMP activity would also
impair the acquisition of cocaine-induced conditioned place
preference (CPP) behavior in rats.

Recent evidence supports the possibility that recall or “re-
activation” of consolidated memories causes them to again be-
come labile and susceptible to disruption for a period of time
after reactivation; thus, the reconsolidation of a memory can be
disrupted (Misanin et al. 1968; Nader et al. 2000; Sara 2000;
Nader 2003; Debiec et al. 2006). Very recent studies have dem-
onstrated disruption of reconsolidation of cocaine- or morphine-
associated memories. Lee et al. (2005, 2006) showed that an anti-
sense oligodeoxynucleotide (ODN) for the transcription factor
Zit268 attenuated cocaine-seeking behavior in self-administering
rats. Miller and Marshall (2005) and Valjent et al. (2006) dem-
onstrated disruption of reconsolidation of a cocaine-associated
context by a mitogen-activated protein kinase kinase (MEK) in-
hibitor. Milekic et al. (2006) found that protein synthesis inhi-
bition disrupted reconsolidation of a morphine-associated con-
text, although this effect was not observed by Yim et al. (2006).
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Reconsolidation of cocaine memory

Bernardi et al. (2006) demonstrated disruption of cocaine-
induced CPP with propranolol treatment given just after reacti-
vation of the cocaine-associated memory.

Several, but not all, of these studies examined drug-seeking
behavior in the absence of the drug itself. However, reinstate-
ment of cocaine-seeking behavior also occurs after drug priming
(de Wit and Stewart 1981; Shaham et al. 2003), and the drug itself
triggers craving in human addicts (Ludwig et al. 1974; Jaffe et al.
1989). Thus, we also wished to test whether MMPs were involved
in the reconsolidation of the cocaine-associated memory and
whether the expression of CPP could be disrupted while rats were
under the influence of cocaine during a test for cocaine-primed
reinstatement.

Results

MMP activity assay and in situ zymography

To determine the effectiveness of FN-439 to inhibit MMP-9, a
gelatinase that has previously been shown to influence spatial
memory (Meighan et al. 2006; Nagy et al. 2006), we first con-
ducted an in vitro enzyme assay using a purified MMP-9 catalytic
domain. Figure 1A shows that the ICs, for MMP-9 activity by
FN-439 was 223 pM in this assay.

We next tested the ability of FN-439 to inhibit MMP activity
in an in vitro assay using dorsal hippocampal tissue. We chose to
use this tissue because previous gel zymography in our laboratory
indicated that basal levels of MMP-2 and MMP-9 (the gelatinases)
are high in this brain region. Figure 1B shows the results from in
situ inhibition of MMP activity by FN-439 in the hippocampus.
The IC;, for inhibition of MMP-mediated degradation of a broad
MMP substrate by FN-439 was 3.9 mM. Reported ICs, values for
some MMPs range from 1-150 uM in non-brain preparations
(Odake et al. 1994). However, several MMPs are present in the
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Figure 1. MMP enzyme activity and inhibition by FN-439. (A) Inhibi-
tion of MMP-9 catalytic domain-mediated activity and inhibition by FN-
439. Data are mean = SEM of relative fluorescence units (RFU). N = 3 per
dose. The IC,, is 223 pM. (B) Effect of FN-439 on total MMP activity in
dorsal hippocampal tissue. Hippocampal tissue was chosen because it
expresses relatively high levels of MMP-2 and MMP-9 (the gelatinases
tested in C, below). Data are mean = SEM of RFU, normalized for protein
content. N = 3-6 per dose. The IC;, is 3.9 mM. (C) In situ zymography
demonstrating basal gelatinase activity by MMP-2 and MMP-9 in the
dentate gyrus in the presence of PBS (left panel) and in the presence of
FN-439 (right panel). MMP activity is indicated by green fluorescence,
and nuclei are indicated by blue fluorescence. Note the similar appear-
ance of the cell nuclei between control and FN-treated sections, indicat-
ing a lack of overt cellular toxicity. The basal activity of MMP-2 and
MMP-9 was not detectable after FN-439 treatment.

brain and cleave the nonspecific substrate, and not all of these
MMPs are inhibited as effectively by FN-439.

To more specifically examine the ability of FN-439 to inhibit
activity of the gelatinases in hippocampal tissue, including MMP-
9, we exposed hippocampal tissue to 14.3 mM FN-439 to quali-
tatively determine the extent of suppression of MMP-9 activity in
the dentate gyrus. This dose was chosen based on previous re-
ports that the same or a similar concentration of this compound
given intracerebral ventricularly (i.c.v.) impaired LTP and
blocked the acquisition of a spatial maze task (Reeves et al. 2003;
Meighan et al. 2006). Figure 1C illustrates the inhibitory effect of
FN-439 on MMP activity (green fluorescence) in situ. There is a
similar appearance of the cell nuclei (blue fluorescence) between
control and FN-treated sections, indicating a lack of overt cellular
toxicity. This finding is similar to what has been reported for
other broad MMP inhibitors in the rodent brain (Gu et al. 2005).

Experiment I: FN-439 infusions given 30 min prior
to training sessions attenuate acquisition of cocaine CPP

and subsequent cocaine-primed reinstatement

The results from experiment 1 are shown in Figure 2A-D in
which we tested the influence of FN-439 on the acquisition of
cocaine CPP. Figure 2A shows the time animals spent on the
cocaine-paired side during their test for initial preference, the test
for CPP, the last extinction day (other extinction days not
shown), and after a cocaine priming injection (cocaine prime).
There were no significant differences in the response of animals
given only i.p. saline for the training procedure following either
artificial cerebral spinal fluid (aCSF) or FN-439; therefore, these
two groups were pooled for further analysis. In these animals, no
significant effects occurred across training, extinction, or rein-
statement. This result in saline-only-treated animals indicates
that FN-439 did not have any effects on its own. The results
shown in Figure 2 demonstrate that infusion of FN-439 pre-
vented the acquisition of cocaine CPP behavior on the test day
compared with aCSF controls and compared within subjects to
their initial preference day. On the test for reinstatement after a
cocaine priming injection, animals administered FN-439 during
the cocaine training days demonstrated a partial and significant
attenuation of reinstatement behavior compared with aCSF-
treated controls. These findings do not appear to be related to
any differences in cocaine metabolism or motor activity, since
activity per minute of time spent on the cocaine-paired side was
not different between groups on the reinstatement test day
(P <0.23) (data not shown). To demonstrate a preference for the
cocaine-paired side compared with the saline-paired side, the
same data presented in Figure 2A are shown in Figure 2B-D.
Saline pooled animals did not demonstrate a preference for the
cocaine-paired side (Fig. 2B), while animals given cocaine on the
training days along with i.c.v. aCSF showed a preference for the
cocaine-paired side on both the test and cocaine prime days (Fig.
2C). When animals were treated with i.c.v. FN-439 on the co-
caine training days, however, there was no significant increase in
the time spent on the cocaine-paired versus the saline-paired side
during the test day, although animals did demonstrate reinstate-
ment after the cocaine prime (Fig. 2D).

Experiment 2: FN-439 infusions given 30 min prior
to daily extinction sessions do not impair extinction

or subsequent cocaine-primed reinstatement

Experiment 2 tested whether FN-439 given in the presence of the
CPP context during extinction sessions would suppress the rate
of extinction of cocaine-induced CPP, and the results are shown
in Figure 3. There were no significant differences in the response
of animals given i.p. saline only for the training procedure fol-
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lowing either aCSF or FN-439; therefore, these two groups were
pooled for further analysis. In these animals, no significant ef-
fects occurred across training, extinction, or reinstatement. This
result in saline-only-treated animals indicates that FN-439 did
not have any effects on its own. The results shown in Figure 3
also indicate that repeated FN-439 administration did not impair
extinction learning, and in fact, there may have been a slight
acceleration of extinction as demonstrated on extinction days 2
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and 6 compared with aCSF controls. When these same animals
were given cocaine priming injections on cocaine primes 1-3,
both aCSF- and FN-439 treated rats trained with cocaine demon-
strated reinstatement. After cocaine prime 2, prior FN-439 treat-
ment produced a significant increase in the degree of place pref-
erence behavior compared with aCSF controls. Thus, FN-439
treatment during six consecutive extinction sessions did not im-
pair subsequent reinstatement by cocaine.

Experiment 3: FN-439 infusions given 30 min prior
to reinstatement sessions block subsequent

cocaine-primed reinstatement

The results from experiment 3 are shown in Figure 4 in which the
effects of FN-439 on reconsolidation were tested. Animals were
given the MMP inhibitor, FN-439, on two consecutive days 30
min prior to beginning the cocaine-primed reinstatement ses-
sions. These reinstatement sessions served to reactivate the
memory for the cocaine-associated context. Administration of
FN-439 prior to cocaine prime 1 produced a decrease in the de-
gree of reinstatement compared with aCSF-treated controls. Al-
though there was still a significant reinstatement compared
within subjects to their initial preference day, the results suggest
that there may have been a small but significant impairment of
retrieval of the memory for the cocaine-associated context. The
response was similar on cocaine prime 2. By cocaine prime 3,
when no microinjection was given, cocaine priming produced
reinstatement in controls. However, FN-439 given on the previ-
ous two reinstatement days completely blocked reinstatement on
cocaine prime 3. The effect of FN-439 on cocaine prime 1-3 was
not likely due to changes in cocaine metabolism or locomotor
activity since there were no treatment effects between control
and FN-439 treated rats when activity per minute of time spent
on the cocaine-paired side was measured (P < 0.86 for cocaine
prime 1, P < 0.87 for cocaine prime 2, and P < 0.65 for cocaine
prime 3) (data not shown).

Figure 2. MMP inhibition by FN-439 infusions given 30 min prior to
training sessions suppresses acquisition and subsequent reinstatement of
cocaine CPP. (A) Comparison among the three treatment groups. Data
are mean = SEM of time spent in the cocaine-paired compartment. Mi-
croinjection (i.c.v.) of aCSF or FN-439 was given on days 1, 3, 5, and 7,
30 min prior to each cocaine injection on the training days (which are not
shown above). Initial preference indicates initial preference for cocaine-
paired chamber prior to training; test, test day for place preference in
cocaine-paired chamber in which no cocaine was administered; last ex-
tinction, last extinction day; cocaine prime, cocaine-primed reinstate-
ment using 10 mg/kg i.p. cocaine. Rats were tested immediately after
cocaine injection for reinstatement for a 15-min period. Only the last
extinction day is shown for clarity. Pooled saline indicates rats given only
saline paired with each CPP compartment and given either aCSF or FN-
439. Line represents the average of all three groups on the initial prefer-
ence day. N = 12 for pooled saline group; N = 6 for aCSF group; N = 8 for
FN-439 group. There was a significant day effect (Fg 154y = 8.73,
P < 0.0001) and a significant treatment X day interaction
(Fre,184) = 8.08, P<0.0001). *P < 0.05, compared within groups to their
initial preference day; + P < 0.05, compared with aCSF group on the
same day. (B-D) Treatment groups are shown separately to indicate time
spent in each of the three CPP compartments (cocaine-paired, middle,
saline-paired) during each phase of CPP. (B) There was a significant
chamber effect (F, ,,, = 6.73, P <0.005) and a significant
chamber X day interaction (F 46, = 3.08, P<0.010). (C) There was a
significant chamber effect (F 14y =5.16, P<0.029) and a significant
chamber X day interaction (F 30y = 26.5, P < 0.0001). (D) There was a
significant chamber X day interaction (F 4,y = 2.70, P < 0.026).
*P < 0.05, compared to saline-paired side on the same day. Note that for
clarity, only significant differences from the saline-paired side are indi-
cated in B-D.
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Figure 3. MMP inhibition by FN-439 infusions given 30 min prior to
daily extinction sessions does not suppress extinction or subsequent co-
caine-primed reinstatement. Data are mean = SEM of time spent in the
cocaine-paired compartment. Microinjection (i.c.v.) of aCSF or FN-439
was given 30 min prior to the test and extinction days 1-5 (arrows). See
Figure 2 for full explanation of terminology. Three consecutive reinstate-
ment days were done (cocaine prime 1-3). N =10 for pooled saline
group; N =9 for aCSF group; N =10 for FN-439 group. There was a
significant treatment effect (F, ,4 = 18.37, P < 0.0001), a significant day
effect (Fq1 286 = 26.88, P<0.0001) and a significant treatment X day
interaction (F,; ,s6y = 8.00, P <0.0001). *P < 0.05, compared within
groups to their initial preference day; + P < 0.05, compared with aCSF
group on the same day.

Experiment 4: FN-439 infusions given 1 min

after completion of reinstatement sessions suppress
subsequent cocaine-primed reinstatement

Figure 5 shows the findings from experiment 4 in which FN-439
infusions were given 1 min after completing cocaine-primed re-
instatement sessions on the first 2 d of reinstatement testing
(cocaine prime 1 and 2). Unlike when FN-439 was administered
30 min prior to the reinstatement sessions, there was no differ-
ence in the time spent on the cocaine-paired side between FN-
439-treated and aCSF-treated rats on these 2 d. The results indi-
cate that, while rats still demonstrated reinstatement to cocaine
prime 3 when no FN-439 was given, there was a significant re-
duction in the extent of reinstatement compared with aCSF con-
trols.

Experiment 5: FN-439 infusions given 30 min prior

to reinstatement sessions in the home cage do not

alter subsequent cocaine-primed reinstatement

It is possible that the effects of FN-439 described in Figures 4 and
5 were not due to disruption of reconsolidation but to other
nonspecific carry-over effects of the drug on cocaine prime 3. To
test for this possibility, experiment 5 examined the effects of
administering aCSF or FN-439 in the home cage instead of in the
CPP apparatus. In addition, previous studies examining fear con-
ditioning and cocaine- or morphine-seeking behavior indicate
that disruption of memory reconsolidation by pharmacological
agents requires the presence of the conditioned stimulus (Nader
et al. 2000; Lee et al. 2005; Miller and Marshall 2005) or the

conditioned stimulus + drug (Milekic et al. 2006; Valjent et al.
2006). Thus, we administered aCSF or FN-439 30 min prior to
cocaine in the home cage, in the absence of the CPP context in
which they were trained. This design would allow us to deter-
mine whether cocaine alone in the absence of the CPP context
would render the memory for the cocaine-associated context sus-
ceptible to disruption by FN-439. The results shown in Figure 6
indicate that FN-439 + cocaine given on cocaine prime 1 and 2 in
the home cage did not impair reinstatement in the CPP box after
cocaine prime 3 the next day.

Experiment é: FN-439 infusions given 30 min prior
to saline priming injections do not alter subsequent

cocaine-primed reinstatement

An additional experiment examined the effects of FN-439 given
30 min prior to saline priming injections to determine whether
the results from Figure 4 demonstrating blockade of cocaine-
primed reinstatement were due to nonspecific effects of the i.p.
injection procedure given on the first two reinstatement days.
The results shown in Figure 7 demonstrate that FN-439 given
i.c.v. 30 min prior to two consecutive days of saline-priming
injections did not impair subsequent cocaine-primed reinstate-
ment.

Discussion

The main findings from this study are (1) inhibition of MMPs by
i.c.v. infusion of FN-439 blocks the apparent acquisition of co-
caine-induced CPP and suppresses subsequent cocaine-primed
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Figure 4. MMP inhibition by FN-439 infusions given 30 min prior to
reinstatement sessions blocks reinstatement of cocaine CPP. Data are
mean = SEM of time spent in the cocaine-paired compartment. Three
consecutive reinstatement days were done (cocaine prime 1-3). Micro-
injection (i.c.v.) of aCSF or FN-439 (indicated by arrows) was given 30
min prior to each of the first two reinstatement days in the CPP cage. See
Figure 2 for full explanation of terminology. N =11 for aCSF group;
N =10 for FN-439 group. There was a significant treatment effect
(F,199=10.30, P<0.004), a significant day effect (Fs o5y =12.54,
P <0.0001) and a significant treatment X day interaction (Fs o5, = 8.08,
P <0.029). *P < 0.05, compared within groups to their initial preference
day; + P < 0.05, compared with aCSF group on the same day.
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Figure 5. MMP inhibition by FN-439 infusions given 1 min after rein-
statement sessions were completed suppresses reinstatement of cocaine
CPP. Data are mean += SEM of time spent in the cocaine-paired com-
partment. Three consecutive reinstatement days were done (cocaine
prime 1-3). Microinjection (i.c.v.) of aCSF or FN-439 (indicated by ar-
rows) was given 1 min after each of the first two reinstatement days in the
CPP cage. See Figure 2 for full explanation of terminology. N =13 per
group. There was a significant treatment X day effect (Fs 1,0, = 2.88,
P <0.017). *P < 0.05, compared within groups to their initial preference
day; + P < 0.05, compared with aCSF group on the same day.

reinstatement of CPP after extinction; (2) inhibition of MMPs by
FN-439 appears to impair reconsolidation of the cocaine-
associated context even after extinction and while animals are
under the influence of cocaine during reinstatement testing; and
(3) disruption of reconsolidation by FN-439 infusion appears to
require reactivation of the cocaine-associated memory by simul-
taneous experience of cocaine in the CPP context, although our
studies did not rule out whether exposure to the context alone in
the presence of FN-439 would attenuate later cocaine-primed re-
instatement.

Previous studies examining brain MMPs have focused on
the role of these proteins in neuropathology, including traumatic
brain injury (Phillips and Reeves 2001), transient ischemia
(Rivera et al. 2002), seizures, (Zhang et al. 1998, 2000), amyotro-
phic lateral sclerosis (Lim et al. 1996), Parkinson’s disease
(Lorenzl et al. 2002), and deafferentiation (Phillips and Reeves
2001; Reeves et al. 2003; for review, see Dzwonek et al. 2004).
However, recent studies have focused on a possible role for MMPs
in normal plasticity events such as those involved in learning
and memory. Wright et al. (2003) described a correlation be-
tween increases in rat hippocampal MMP-9 expression and learn-
ing in a water maze. In an extensive set of experiments, Meighan
et al. (2006) demonstrated increases in the levels of MMP-3 and
MMP-9 and/or their conversion to active enzyme forms during
the initial learning phase of rats tested in a water maze. In addi-
tion, i.c.v. administration of the MMP inhibitor FN-439 or anti-
sense ODN to MMP-3 and MMP-9 completely prevented water
maze learning, while treatment of hippocampal slices with FN-
439 resulted in a failure to maintain LTP. Nagy et al. (2006) also
demonstrated that another broad MMP inhibitor, GM 6001,
blocked late-phase LTP induction.

Administration of FN-439 30 min prior to each cocaine in-
jection during the CPP training period blocked the apparent ac-
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quisition of cocaine-induced CPP, and attenuated later cocaine-
primed reinstatement, perhaps by impairing initial acquisition of
learning. However, another possibility is that state-dependent
learning may have occurred such that cocaine paired with FN-
439 effects suppressed later retrieval on the test day, when no
FN-439 was present. Only some of the retrieval cues were present
on this test day (the CPP context but no FN-439 or cocaine), and
this may have prevented full retrieval of the memory for the
cocaine-associated context and thus expression of CPP. Recovery
from transient amnestic effects of other drugs has been addressed
in a recent review (Riccio et al. 2006), and it is possible that
administration of FN-439 just prior to testing for CPP would have
reversed any amnestic effects present. The fact that some rein-
statement was observed after a cocaine priming injection several
days later may have been due to the cocaine acting as a retrieval
enhancer, as was reported for amphetamine by Quartermain et
al. (1988).

Administration of FN-439 given 30 min prior to 2 d of co-
caine-primed reinstatement sessions that served as reactivation
sessions completely suppressed cocaine-primed reinstatement
the next day. However, when FN-439 was given 1 min after the
cocaine priming sessions were completed, it produced a partial
but significant suppression in cocaine-primed reinstatement the
next day. These findings suggest that FN-439 influences a cascade
of downstream events within the first 45 min after i.c.v. admin-
istration. The results also suggest that the apparent decreased
retrieval we observed when FN-439 was given 30 min prior to the
first two reinstatement sessions may have been due to rapid ef-
fects on intracellular signaling such that sensory processing of
either the cocaine-associated context or the interoceptive cues
from cocaine were blunted. Interestingly, in experiment 2 (Fig.
3), no suppression of retrieval was observed when FN-439 was
given 30 min prior to the initial test for CPP, when no cocaine
was present.
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Figure 6. MMP inhibition by FN-439 infusions given 30 min prior to
reinstatement sessions in the home cage does not alter reinstatement of
cocaine CPP. Data are mean + SEM of time spent in the cocaine-paired
compartment. Three consecutive reinstatement days were done (cocaine
prime 1-3), but drugs were administered in the home cage on the first 2
d instead of in the CPP box. Microinjection (i.c.v.) of aCSF or FN-439
(indicated by arrows) was given 30 min prior to cocaine injection in the
home cage or in the CPP cage (cocaine prime 3). See Figure 2 for full
explanation of terminology. N = 10 for aCSF group; N =11 for FN-439
group. There was a significant day effect (F s,, = 14.02, P <0.0001).
*P < 0.05, compared within groups to their initial preference day.
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Figure 7. MMP inhibition by FN-439 infusions given 30 min prior to
saline priming injections does not alter subsequent cocaine-primed rein-
statement. Data are mean = SEM of time spent in the cocaine-paired
compartment. Three consecutive reinstatement days were done, but on
the first 2 d only saline injections were given (saline prime 1 and 2). A
cocaine injection was given 1 d later (cocaine prime). Microinjection
(i.c.v.) of aCSF or FN-439 (indicated by arrows) was given 30 min prior to
saline injections. See Figure 2 for full explanation of terminology. N = 6
for aCSF group; N =7 for FN-439 group. There was a significant day
effect (Fs 55y = 5.31, P < 0.0005). *P < 0.05, compared within groups to
their initial preference day.

It is not evident which downstream targets are affected by
FN-439-mediated inhibition of MMPs. Several components of
the ECM may be targeted, including fibronectins, tenascins,
laminin, chondroitin sulfate proteoglycan (Stamenkovic 2003),
and non-ECM targets important in plasticity such as integrins
(Conant et al. 2004; Nagy et al. 2006), cadherins (Lochter et al.
1997), and neural cell adhesion molecules (Stamenkovic 2003;
Hubschmann et al. 2005). An additional downstream target of
MMPs that is altered after water maze learning is the actin-
binding protein, cortactin, which regulates the dendritic cyto-
skeleton (Meighan et al. 2006). However, it is important to point
out that our results from the reconsolidation experiments do not
rule out the possibility that FN-439-mediated decreases in co-
caine-primed reinstatement were due to state-dependent effects.
That is, FN-439 administration may have created a different in-
ternal state in the animal during the reconsolidation period, and
this state may have been induced independently of its effects on
MMP inhibition. If a different internal state was created under
the influence of FN-439, then administering FN-439 along with
cocaine on the third reinstatement test (cocaine prime 3) may
have revealed a level of reinstatement comparable to that of ve-
hicle controls.

Our findings describing the ability to disrupt apparent re-
consolidation of a cocaine-associated contextual memory are in
accordance with very recent reports examining reconsolidation
of cocaine- and morphine-associated memories (Lee et al. 2005;
Miller and Marshall 2005; Milekic et al. 2006; Valjent et al. 2006).
Lee et al. (2005, 2006) demonstrated that infusion of an anti-
sense ODN for Zif268 into the basolateral amygdala (BLA) imme-
diately after reactivation of a cocaine-associated memory attenu-
ated responding (lever pressing) for the previously drug-paired

cue. Miller and Marshall (2005) demonstrated that reactivation
of the cocaine-associated memory by placement in the CPP
chamber in which rats were previously trained with cocaine in-
creased the levels of phosphorylated extracellular signal-
regulated kinase 1/2 (pERK), ets-like gene-1 (pElk-1), and cAMP
response element binding protein (pCREB). Subsequently, they
demonstrated that a MEK inhibitor infused into the nucleus ac-
cumbens attenuated pERK, pElk-1, and pCREB potentiation only
if the cocaine-associated memory was reactivated prior to admin-
istration of the MEK inhibitor, and animals given the MEK in-
hibitor displayed decreased CPP. Subsequently, Valjent et al.
(2006) showed that systemic administration of a MEK inhibitor
impaired reconsolidation of cocaine- and morphine-associated
memories using CPP, but that both the CPP chamber and drug
were necessary during re-exposure sessions in order for the MEK
inhibitor to disrupt the drug-associated memory. Milekic et al.
(2006) also demonstrated that reconsolidation of a morphine-
associated memory was disrupted by protein synthesis inhibitors
only when rats received a reactivation session with morphine
while located inside the CPP chambers. We did not assess
whether reactivation using the CPP contextual cues alone (i.e.,
confinement to the cocaine-paired context without cocaine in-
jection) would enable FN-439 to disrupt later cocaine-primed re-
instatement. However, we did find that exposure to cocaine in
the home cages instead of in the CPP chambers did not suppress
cocaine-primed reinstatement, suggesting that the interoceptive
cues of cocaine alone are insufficient for reactivation of the co-
caine-associated contextual memory and disruption by FN-439.

The assumption in this interpretation of our data is that
state-dependent retrieval allows for cocaine priming injections to
promote retrieval of the memory for the cocaine-associated con-
text. Full reactivation of the cocaine-associated contextual
memory and thus ability to disrupt it with pharmacological
agents may be dependent on all of the drug cues, including in-
teroceptive cues and attributes of the context that might be en-
hanced by psychostimulants. This line of reasoning suggests that
disruption of memory reconsolidation for drugs of abuse may be
facilitated by the presence of the training drug because (1) the
drug memory may be more completely reactivated, and (2) ex-
pression of a competing extinction trace is likely to be minimal
during reinstatement. Consistent with the present results, two
recent studies have shown that rats or mice do not demonstrate
reinstatement even while under the influence of cocaine after
treatment with a systemic MEK inhibitor (Valjent et al. 2006) or
Zif268 antisense into the BLA (Lee et al. 2006). Lee et al. (2006)
showed that cue-induced reinstatement of cocaine-seeking be-
havior could be disrupted in extinguished rats, and Duvarci et al.
(2006) have shown that extinction did not impair the ability to
disrupt reconsolidation of a fear memory. Together with these
latter studies, our finding that expression of memory for the co-
caine-associated context is suppressed in the presence of cocaine
may have particular relevance to therapeutic strategies for con-
ditions in which humans continue to take drugs, because drug
priming can produce additional craving in addicted individuals
(Ludwig et al. 1974; Jaffe et al. 1989).

An alternative explanation for our results from the recon-
solidation studies is that FN-439 administration simply impaired
memory in general. However, three of our experimental results
counter this idea. First, rats given FN-439 infusion in the home
cage still demonstrated memory for the cocaine-associated con-
text (Fig. 6). Second, rats administered FN-439 along with saline
priming injections failed to suppress cocaine-primed reinstate-
ment the next day (Fig. 7). Third, repeated administration of
FN-439 prior to several extinction sessions did not impair co-
caine-induced reinstatement for three consecutive days, and in
fact, there was a significant elevation of reinstatement on cocaine
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prime 2 (Fig. 3). Thus, the memory for the cocaine-paired side
was not impeded even after several pretreatments with FN-439.

The critical brain sites for FN-439-mediated actions remain
to be tested. Interestingly, FN-439 infusion did not produce im-
pairment of extinction learning of cocaine-induced CPP. This
may be due to the lack of a sufficient dose of FN-439 or to the
inability of FN-439 to diffuse to brain sites involved in extinc-
tion. Some studies suggest that brain areas involved in consoli-
dation are different from those involved in reconsolidation (Vi-
anna et al. 2001; Kraus et al. 2002; Tronel and Sara 2002; Bahar et
al. 2004; Lee et al. 2004; Salinska et al. 2004). However, overlap
between these two processes occurring within the same brain
area has also been reported (Nader et al. 2000; Eisenberg et al.
2003; Kelly et al. 2003; Koh and Bernstein 2003; Nader 2003;
Sangha et al. 2003). Furthermore, the molecules underlying con-
solidation versus reconsolidation may be dependent on the brain
area examined. Given these findings, it is reasonable to consider
that MMP inhibition by FN-439 impacts acquisition and recon-
solidation processes without affecting extinction learning.

In summary, these studies demonstrate for the first time
that MMPs may be involved in learning a cocaine-associated con-
textual memory, and that reconsolidation of this memory ap-
pears to be disrupted by an MMP inhibitor. Further, they dem-
onstrate the ability of an MMP inhibitor to impair expression of
memory for a cocaine-associated context after extinction and
while the animal is under the influence of the drug. These studies
support the notion that the memory and/or retrieval cues for
drug-associated contexts can be diminished by pharmacological
agents, and the findings may lead to the development of new
treatment strategies for human cocaine addicts.

Materials and Methods

Animal housing and drugs

Male Sprague-Dawley rats weighing 280-300 g were obtained
from Harlan Laboratories. Experiments were conducted accord-
ing to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and experimental protocols were ap-
proved by the University Animal Care and Use Committee. Ani-
mals were housed in groups of two per cage with free access to
food and water in a temperature- and humidity-controlled room
with a 12-h light cycle. After cannulae implantation, animals
were singly housed.

Cocaine hydrochloride was obtained from Sigma Chemical
Company and dissolved as the weight of the salt to a final con-
centration of 12 mg/mL (training dose) or 10 mg/mL (reinstate-
ment dose). FN-439 (Odake et al. 1994) was obtained from Cal-
biochem (FN-439 = MMP inhibitor I) and dissolved in aCSF (5
mM d-glucose, 2.7 mM KCl, 140 mM NaCl, 1.2 mM MgCl,, 1.4
mM CacCl,, 0.15% PBS) to a concentration of 14.3 mM for all in
vivo studies.

Fluorescence assay for MMP activity measurements

The in vitro assay to test for MMP-9 activity was done in black
96-well plates according to the manufacturer’s instructions from
Biomol International L.P. The catalytic domain for MMP-9 was
used with the fluorogenic peptide substrate: Mca-Pro-Leu-Gly-
Leu-Dpa-Ala-Arg-NH,. Samples were preincubated with FN-439
for 30 min at 37°C. Subsequently, the fluorogenic peptide sub-
strate was added to the samples and fluorescence was measured at
10-min intervals for 1 h using a Perkin-Elmer plate reader. For
data analysis, slopes were derived from the linear portion of the
curves and background slopes were subtracted from all samples.
The slopes were normalized as percentages of enzyme activity
compared with activity in the absence of inhibitor. ICs, values
were extrapolated using a sigmoidal curve fit for each sample and
averaged using GraphPad Prism.

We next determined the effectiveness of FN-439 inhibition
in dorsal hippocampal tissue. Naive rats were euthanized by de-
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capitation, and isolated dorsal hippocampi were homogenized at
4°C in 500 pL of 0.05 M Tris-HCI (pH 7.5), containing 0.015 M
NaCl and 10 mM CacCl,. The homogenate was centrifuged at
8000g for 15 min at 4°C. The resulting supernatant was stored at
—80°C. For the MMP activity assay, we used a modified protocol
provided with the Biomol fluorescent assay kit (Biomol Research
Laboratories). Briefly, various concentrations of FN-439 were pre-
incubated in a black 96-well plate for 30 min at 37°C with hip-
pocampal homogenate, after which time the OmniMMP fluores-
cent substrate peptide was added to each well. Fluorescence was
measured every 10 min for 40 min at 340 nm (Em) and 400 nm
(Ex) using a Packard Fusion microplate reader. Slopes were mea-
sured by using the readings between 10 and 40 min for analysis.
To normalize for protein concentrations, a protein assay was con-
ducted using a BCA protein assay kit (Pierce). The ICg,, value was
obtained as described above.

In situ zymography

Experimentally naive rats were euthanized by decapitation, and
brains were frozen by placing them uncovered in the —80°C
freezer for 3 min. Brain sections (10-um thick) were then cut on
a cryostat and the sections mounted on Superfrost plus slides
(VWR International) and stored at —80°C for =7 d. To determine
in situ MMP activity, slides were first warmed to room tempera-
ture for 10 min. A well was formed around the tissue sections
using a PAP Pen (Ted Pella, Inc). Sections were then preincubated
for 3 h in either PBS (pH 7.4, control) or 14.3 mM FN-439 dis-
solved in PBS. The control slides were then incubated for an
additional 1 h with DQ-gelatin-FITC (DQ; Molecular Probes)
while the FN-439 slides were incubated for an additional 1 h with
the DQ containing 14.3 mM FN-439. All incubations were per-
formed at 37°C. Following incubation, the slides were washed in
PBS, fixed with 4% paraformaldehyde in PBS, and cover-slipped
with Prolong anti-fade mounting medium containing DAPI (Mo-
lecular Probes). Slides were examined on a Zeiss Axioplan 21 mi-
croscope (Zeiss, Inc) using epifluorescent illumination and ap-
propriate filter sets for visualizing DQ (FITC) and DAPI (UV) fluo-
rescence. Images were captured at 100-200 X magnification
using a Kodak DC290 digital camera (Eastman Kodak Co.) and
Photoshop software (Adobe Systems Inc.). Images from control
and FN-439-treated sections were collected using the same cam-
era exposure settings and any post-capture manipulations (e.g.,
background subtraction and brightness/contrast adjustment) uti-
lized identical settings in Photoshop.

Animal surgery and microinjection

Surgery

Rats were anesthetized with zyket (ketamine 87 mg/kg + xylazine
13 mg/kg) and placed into a stereotaxic apparatus. For i.c.v. mi-
croinjection, a unilateral 26-gauge stainless steel cannulae (Plas-
tics One) was fixed with dental acrylic cement over the lateral
ventricle (= 1.0 from bregma, +1.5 mm from midline and —4.0
mm from skull). Obturators (33 gauge) the length of the guide
cannulae were inserted into the cannulae at times other than
during microinjection. Rats recovered 1 wk prior to experimen-
tation. At the end of the experiment, all cannulae placements
were verified with dye injection into the lateral ventricle.

Microinjection

Intracranial injections were done using a 33-gauge stainless steel
needle connected to PE-20 tubing leading to a 5.0-uL Hamilton
syringe. The 33-gauge needles were lowered 1 mm below the
guide cannulae, and a volume of 5.0 pL was delivered over a
period of 2 min using an infusion pump. The needles were al-
lowed to remain in place for 30 sec following the injection. For
experiments 3-6 in which only two microinjections were given
on the tests for reinstatement (cocaine or saline prime 1 and 2),
a microinjection of saline was always given prior to the first day
of test microinjections to adapt the animals to the procedure.
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Conditioned place preference procedure

All CPP studies were conducted during the same time of day. The
proposed studies employed a three-compartment CPP apparatus
(Med Associates, Inc.). Each apparatus is made of Plexiglas, with
two main compartments measuring 28 X 21 X 21 cm and a
smaller central compartment measuring 12 X 21 X 21 cm. The
black compartment has a wire mesh floor (1-cm squares), and the
white compartment has metal rods spaced 1 cm apart. The central
gray compartment has a smooth, gray floor. In addition, a 15-W
bulb is placed 8 cm above the black compartment to offset initial
preference for this side of the apparatus. The system is automated
(using infrared photocell beams) to allow for assessment of loco-
motor activity and side preference for each compartment.

Rats were preconditioned for the cocaine place preference
procedure as follows. Animals were placed into the central com-
partment of one of eight boxes. The animals were free to explore
all three compartments for a 15-min period. The time spent in
each compartment was analyzed by automated software. All
compartments were cleaned and wiped dry between animal runs.
Two preconditioning days were conducted, and the second day
was used for determining preference (referred to as initial prefer-
ence day), because on the first day, the apparatus is novel to the rat.

We administered cocaine on the nonpreferred side. The con-
ditioning stage began 1 d after the last preconditioning test. A
cocaine or saline injection was given each day. Animals received
four saline (1 mL/kg, i.p.) and four cocaine (12 mg/kg, i.p.) pair-
ings in an alternating fashion and were confined to the assigned
compartment for a 30-min period. Thus, a total of 8 d of training
was done. In some cases (experiments 1 and 2 described below),
certain groups of rats were given only saline prior to confinement
in alternating compartments for 8 d.

The test day for cocaine-induced CPP was done 1 d after the
last conditioning (training) day. Rats were tested in the drug-free
state. Each animal was placed into the central compartment and
had free access to all compartments over a 15-min test period.

To allow for extinction of conditioned place preference be-
havior, rats were placed into the central compartment for 15 min
each day (Mueller and Stewart 2000) and monitored for time
spent in each compartment as described above. This procedure
took place once per day and continued until rats reached a cri-
terion of no significant difference in the time spent on the co-
caine-paired side when compared with the initial preference day
(group means compared using a one-way, repeated-measures
ANOVA). The exception to this was experiment 2, in which rats
were infused with aCSF or FN-439 on the test day and on each
day through extinction day 5. Animals’ place preference was sig-
nificantly extinguished by day 5, but extinction was continued
in the absence of prior infusion to test whether they would re-
spond similarly without infusion. Reinstatement testing com-
menced the day after the last extinction day. The cocaine-
priming dose was 10 mg/kg, i.p. For saline priming injections
(experiment 6 only), animals were given 1 mL/kg. Immediately
after the priming injection, the animal was placed into the cen-
tral compartment and had free access to all compartments over a
15-min period.

Experimental procedures

In experiment 1, we tested whether the MMP inhibitor would
impair acquisition of cocaine CPP. Four groups of animals were
tested (i.c.v. aCSF + i.p. saline only; FN-439 + saline only;
aCSF + cocaine alternating with saline; FN-439 + cocaine alter-
nating with saline). Either aCSF (5 pL) or FN-439 (35 pg in 5 uL
[14.3 mM]) was microinjected i.c.v. 30 min prior to each cocaine-
paired conditioning day. Therefore, the animals received a total
of four FN-439 microinjections during conditioning. After train-
ing, all animals underwent testing, extinction, and reinstatement
as described above.

Experiment 2 was conducted to determine whether FN-439
given 30 min prior to extinction sessions would alter the rate of
extinction of CPP behavior. We conducted extinction sessions
prior to cocaine-primed reinstatement because we wished to
model self-administration studies in which several extinction

sessions are followed by cocaine-primed reinstatement (for ex-
amples, see De Vries et al. 1998; McFarland et al. 2003; Schmidt
and Pierce 2006). Four groups of animals underwent precondi-
tioning and conditioning sessions (i.c.v. aCSF + i.p. saline only;
FN-439 + saline only; aCSF + cocaine alternating with saline; FN-
439 + cocaine alternating with saline). Animals were given an
i.c.v. microinjection of aCSF (5 pL) or FN-439 (35 pg in 5 pL) 30
min prior to the test for CPP (the first extinction day where no
cocaine was given) and prior to extinction days 1-5. Therefore,
animals received a total of six microinjections. Animals then un-
derwent two additional days of extinction followed by three con-
secutive days of cocaine-primed reinstatement in which only co-
caine was administered with no microinjections.

In experiment 3, we tested whether the MMP inhibitor
would impair reconsolidation of the memory for the cocaine-
associated context if this compound was given prior to reactiva-
tion sessions, which consisted of cocaine-primed reinstatement.
Animals underwent preconditioning, conditioning, testing, and
extinction as described above, but 30 min prior to cocaine-
primed reinstatement, the animals were microinjected i.c.v. with
aCSF (5 pL) or FN-439 (35 pg in 5 pL) followed by cocaine and
placed immediately into the central compartment of their CPP
box (cocaine prime 1). The next day, the procedure from the first
day of reinstatement was repeated (cocaine prime 2). The follow-
ing day, animals were tested for cocaine-primed reinstatement
without any prior microinjection of aCSF or FN-439 in their CPP
box (cocaine prime 3). We chose to administer aCSF or FN-439
for two consecutive days during reinstatement testing instead of
just 1 d as reported by others (Lee et al. 2005; Miller and Marshall
2005) because pilot studies indicated only a partial reduction in
cocaine-primed reinstatement on the following day after only a
single FN-439 treatment.

Because the administration of FN-439 appeared to partially
impair the recall of CPP behavior on the first test for reinstate-
ment in experiment 3, experiment 4 was conducted to determine
whether FN-439 microinjection could be given 1 min after
completion of each of the two cocaine-primed reinstatement ses-
sions (cocaine prime 1 and 2). This experiment was identical to
experiment 3 except that FN-439 was given 1 min after the co-
caine-primed reinstatement session was completed. As in experi-
ment 3, rats were then given a cocaine-primed reinstatement 1 d
later in the absence of aCSF or FN-439 microinjection.

Experiment 5 was identical to experiment 3 with exception
of the cage location where FN-439 infusion and cocaine injection
took place on the first two reinstatement days. In experiment 5,
animals were given aCSF or FN-439 and cocaine in the home cage
instead of in the CPP apparatus for the first 2 d; this treatment in
the home cage replaced cocaine prime 1 and 2 in the CPP appa-
ratus. This was done to determine whether reactivation of the
memory for the cocaine-associated context by cocaine in the CPP
context was necessary for the ability of FN-439 to disrupt recon-
solidation. Animals underwent preconditioning, conditioning,
testing, and extinction as described above but 30 min prior to a
cocaine injection in the home cage (10 mg/kg, i.p.), animals were
microinjected i.c.v. with aCSF (5 pL) or FN-439 (35 pgin S pL) in
their home cage. The next day, the procedure from the first day
was repeated. The following day, animals were tested for cocaine-
primed reinstatement in their CPP box without any prior micro-
injection of aCSF or FN-439, exactly as described for cocaine
prime 3 in experiments 3 and 4 above.

Experiment 6 was also identical to experiment 3 except that
saline rather than cocaine priming injections were given in the
CPP context on the first two “reinstatement” days (saline prime
1 and 2). Animals were given either aCSF or FN-439 30 min prior
to saline prime 1 and 2, and the next day, a cocaine injection was
given in the absence of any microinjection (cocaine prime). This
experiment was done to determine whether the results from co-
caine priming injections were due to nonspecific effects or to the
conditioned effects of the i.p. injection procedure.

Data analysis

For analysis of CPP behavior, the time spent on the cocaine-
paired side and the number of photocell beam interruptions (to
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assess general activity levels) is reported. All data were analyzed
using a two-way, repeated-measures ANOVA (aCSF vs. FN-439
treatment as the between-subjects measure; day as the within-
subjects measure), followed by a Fischer’s least significant differ-
ence (LSD) test in the case of a significant interaction (P < 0.05).
For Figure 2B-D, a two-way, repeated-measures ANOVA (cham-
ber by day) was conducted and followed by an LSD test in the
case of a significant interaction. All group sizes and significant
differences are reported in the figure legends.
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