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Abstract

Matrix metalloproteinases (MMPs) have been suggested to contribute to long-term potentiation, behavioral learning, and memory.
In the dorsal horn of spinal cord, MMPs were reported to contribute to injury-related changes, and inhibitors of MMPs have been
proposed as potential analgesics. However, it is unclear whether MMP inhibitors produce these effects by inhibiting the function of
N-methyl-D-aspartate receptor (NMDAR), a key receptor for the induction of long-term potentiation. In this study, we wanted to
examine if MMP inhibitors affect NMDAR-mediated excitatory postsynaptic currents in the anterior cingulate cortex of adult mice.
Among different subtype inhibitors we used, we found that MMP-9 and MMP-2/9 inhibitors did not change NMDAR-mediated
excitatory postsynaptic currents. However; MMP-3 and broad-spectrum MMP inhibitors reduced the NMDAR-mediated excitatory
postsynaptic currents. Consistently, MMP-9 and MMP-2/9 inhibitors had no effect on NMDAR-dependent long-term potentiation,
but MMP-3 and broad-spectrum MMP inhibitors inhibited the induction of long-term potentiation. Our results suggest that MMP

inhibitors may produce their effects by inhibiting NMDAR functions in central synapses.
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Introduction

Matrix metalloproteinases (MMPs) are a family of zinc
endopeptidases, which regulate the rigidity of the extra-
cellular matrix. MMPs have been reported to contribute
to behavioral sensitization in animal models of nerve
injury." Although MMP inhibitors such as MMP-2
and 9 inhibitors produced analgesic effects in animal
models," the side effects of these inhibitors prevent
them to be used for the treatment of chronic pain.”
Fewer studies have been performed for possible synaptic
mechanisms of their analgesic effects. Recent studies
show that some MMP subtypes are associated with neu-
ronal plasticity in the amygdala and hippocampus.®’ In
particular, it has been reported that MMP-9 plays a role
in the modification of dendritic spine morphology and
brain  development/neurogenesis.®  For =~ MMP-3

(including the gelatinase class), it has been shown that
MMP-3 may affect synaptic plasticity through cleaving
chondroitin sulfate proteoglycans.’
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Long-term potentiation (LTP) is a key form of syn-
aptic plasticity for learning and memory.'®!" Previous
studies have shown that inhibitors of MMP-3 decreased
LTP in the hippocampus.*'? Furthermore, MMP-9 and
MMP-2/9 inhibitors also decreased hippocampal
LTP.*'* One possible mechanism of MMP inhibitors
inhibiting hippocampal LTP is affecting N-methyl-D-
aspartate receptors (NMDARs).*!? The anterior cingu-
late cortex (ACC) is a key cortical region that plays
important roles in pain perception and emotional
responses.'* ! Postsynaptic form of LTP induced by a
pairing protocol in the ACC synapses depends on the
activation of NMDARs.'®!” In this study, we investigat-
ed the roles of different subtype inhibitors of MMP on
the NMDAR-mediated excitatory postsynaptic current
(EPSCs) and postsynaptic LTP (induced by a pairing
protocol) performing in whole-cell patch-clamp record-
ings on pyramidal neurons in the ACC of adult mice.

Materials and methods

Animals

Adult C57BL/6 male mice were purchased from Charles
River (7-12 weeks old). All mice were maintained on a
12-h light/dark cycle with food and water provided ad
libitum. The mouse protocols were approved by the
Animal Care and Use Committee of the Xi’an
Jiaotong University.

Slice preparation

Coronal brain slices including the ACC were prepared
using our previous methods.'”° Briefly, mice were anes-
thetized with isoflurane and then sacrificed by decapita-
tion. The brains were quickly removed and placed in
cold oxygenated (95% O, and 5% CO,) artificial cere-
brospinal fluid (ACSF) containing 124 mM NacCl, 2.5
mM KCI, 2 mM CaCl,, 1 mM MgSO,, 1 mM
NaH,POy, 25 mM NaHCO3;, and 10 mM glucose. For
making coronal brain slices (300 um), the brains were
glued to the cutting staged tissue slicer (Leica, VT1200S).
Slices were transferred to a submerged recovery chamber
with oxygenated (95% O, and 5% CO,) ACSF at room
temperature for at least 1 h.

In vitro whole-cell patch-clamp recording

Experiments were performed in a recording chamber by
using an Olympus BX51W1 microscope with infrared
differential interference contrast (DIC) optics for the
visualization of whole-cell patch clamp recording. In
this study, evoked EPSCs (eEPSCs) were recorded
from the layer II/IIl neurons of the ACC with an
Axopatch 200B amplifier (Molecular Devices, CA),
and the stimulations were delivered by a bipolar

tungsten stimulating electrode placed in the layer V/VI
of the ACC slices. Control test pulses were given every
30 s. The amplitudes of eEPSCs were adjusted between
50 and 100 pA to obtain a baseline. Stable baseline
recordings of eEPSCs were obtained for 10 min before
the induction of the LTP. The recording pipettes (3—6
MQ) were filled with a solution containing 145 mM K-
gluconate, 5 mM NaCl, | mM MgCl,, 0.2 mM EGTA,
10 mM HEPES, 2 mM Mg-ATP, and 0.1 mM Na;-GTP
(adjusted to pH 7.2 with KOH). The membrane poten-
tial was held at —60 mV throughout the experiment. We
also isolated the NMDAR-mediated component of
EPSCs pharmacologically in Mg®"-free ACSF contain-
ing 20 uM CNQX, 1 uM glycine, and 100 uM picrotoxin
(PTX). NMDAR-mediated EPSCs were induced at 0.05
Hz, and neurons were voltage clamped at —30 mV.
Access resistance was 15 to 30 MQ and monitored
throughout the experiment. Data were discarded if the
access resistance changed >15% during the experiment.
Data were filtered at 1 kHz and digitized at 10 kHz.

LTP induction protocols

For the induction of post-LTP, a pairing LTP protocol
(also called the pairing protocol) was used by pairing 80
presynaptic pulses at 2 Hz with postsynaptic depolariza-
tion (holding at 430 mV) after obtaining stable EPSCs
for 10 min."® LTP was induced with the pairing protocol
within 12 min after establishing the whole-cell configu-
ration to avoid washout of intracellular contents that are
critical for the establishment of synaptic plasticity.

Drug application

PTX, glycine, CNQX, and MMP-9 inhibitor I were
obtained from Sigma Aldrich (Canada). AP5, GM
6001, UK 356618, and SB 3CT were obtained from
Tocris Cookson (Bristol, UK). Glycine and AP5 were
dissolved in distilled water. CNQX, GM 6001, UK
356618, MMP-9 inhibitor I, and SB 3CT were dissolved
in dimethyl sulfoxide. PTX was dissolved in ethanol. All
of these drugs were diluted from the stock solutions to
the final desired concentration in the ACSF before
immediate using. The dimethyl sulfoxide diluted in
ACSF had no effect on basal synaptic transmission
and plasticity.

Data analysis

Data were collected and analyzed with Clampex 10.2
and Clampfit 10.2 (Molecular Devices). For compari-
sons between two groups, we used the unpaired
Student’s ¢-test or paired z-test. For comparison among
three groups, we used one-way analysis of variance
(ANOVA) or two-way ANOVA. Significance between
groups was tested with a Bonferroni tests to adjust for
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multiple comparisons. Data were presented as the
means +standard error of the mean. In all cases,
p <0.05 was considered statistically significant.

Results

Effect of MMP-subtype inhibitors on NMDAR-
mediated EPSCs

We performed whole-cell patch-clamp recordings
on pyramidal neurons in layer II/III of the ACC
(Figure 1(a)). The pyramidal neurons were identified
based on their morphological properties and action
potential (AP) firing pattern (Figure 1(b)). PTX (100
uM), glycine (1 pM), and CNQX (20 uM) were applied
in the bath for recording NMDAR-mediated EPSCs
(Figure 1(b)). To examine whether broad-spectrum
MMP, MMP-3, MMP-9, and MMP-2/9 inhibitors
affect NMDAR-mediated responses, broad-spectrum
MMP inhibitor GM 6001, MMP-3 inhibitor UK
356618, MMP-9 inhibitor I, or MMP-2/9 inhibitor SB
3CT were applied at different concentrations after 10
min of baseline recording. Finally, MMP inhibitors
were washed out.

We found that NMDAR-mediated EPSCs were not
significantly affected after application of UK 356618 (0.2
UM, n = S neurons/5 mice, Figure 2(b)), MMP-9 inhib-
itor I (10 nM and 100 nM, n = 5 neurons/5 mice, Figure
2(c)), and SB 3CT (1 puM, 10 uM, and 100 uM, n = 5

(a)

———————a
"

|
v/ 1

Recording
Stimulating

Pyramidal neuron

neurons/5 mice, Figure 2(d)). However, bath application
of GM 6001 (1, 5, and 25 uM) produced dose-dependent
inhibition of NMDAR-mediated responses (1 pM: 82.69
+ 11.70% of baseline, p=0.030; 5 uM: 72.85 £ 7.83% of
baseline, p =0.0015; 25 uM: 64.80 4+ 12.48% of baseline,
p=0.0032) (paired ¢-test, » = 5 neurons/5 mice, Figure 2
(a)). Similarly, MMP-3 inhibitor UK 356618 (2 and 20
uM) also produced significant reduction (2 uM: 88.48
+4.25% of baseline, p=0.0037; 20 uM: 77.95 4+ 5.09%
of baseline, p =0.00064) (paired z-test, n = 5 neurons/5
mice, Figure 2(b)). In addition, the reduction did not
return to the baseline level after the washout.

MMP-subtype inhibitors on basal synaptic
transmission

To examine whether these inhibitors affect basal synap-
tic transmission in the ACC, we checked whether the
basal eEPSCs could be affected by application of GM
6001, UK 356618, MMP-9 inhibitor I, and SB 3CT
(Figure 3). We found that none of these inhibitors
except 5 uM and 25 uM GM 6001 produced significant
effects on baseline synaptic responses (paired t-test, n =
5 neurons/S mice in each group, Figure 3(a) to (d)). For
GM 6001, bath application of 5 pM and 25 pM GM
6001 significantly reduced the amplitudes of eEPSCs
(5 uM: 80.05+14.42% of baseline, p=0.036, 25 uM:
71.73 £17.38% of baseline, p=0.022; paired t-test, n
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Figure |. Electrophysiological response of pyramidal neurons in layer Il/lll of the ACC using whole-cell patch-clamp recordings. (a)
Schematic drawing of a coronal ACC slice. The stimulation electrode was placed in layer V/VI of the ACC and the layer Il/Ill pyramidal
neurons were recorded. (b) Top: example AP firing pattern of a pyramidal neuron in current-clamp mode by injection of currents (—50, O,
and +50 pA) for 400 ms. Middle: example traces of basal eEPSCs with a stimulation artifact (voltage clamped at —60 mV). Bottom:
example traces of NMDAR-mediated eEPSCs with a stimulation artifact (voltage clamped at —30 mV). AP: action potential; NMDA:

N-methyl-D-aspartate; EPSC: excitatory postsynaptic current.
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Figure 2. Broad-spectrum MMP and MMP-3 inhibitors affect NMDAR-mediated EPSCs in ACC neurons. (a) Effect of bath application of
GM 6001 (I, 5, and 25 pM) on NMDAR-mediated EPSCs. Top: example traces of the NMDAR-mediated eEPSCs before (1) and after (2)
GM 6001 application. Middle: a time course plot of pooled data for the eEPSCs with bath application of different concentrations of GM
6001. Bottom: summary data of the different doses of GM 6001 on the NMDAR-mediated EPSCs in the ACC (n = 5 neurons/5 mice). (b)
Effect of bath application of UK 356618 (0.2, 2, and 20 pM) on NMDAR-mediated EPSCs (n = 5 neurons/5 mice). (c) Effect of bath

application of MMP-9 inhibitor | (10, and 100 M) on NMDAR-mediated EPSCs (n = 5 neurons/5 mice). (d) Effect of bath application of SB
3CT (I, 10, and 100 pM) on NMDAR-mediated EPSCs (n = 5 neurons/5 mice). *P < 0.05, **P < 0.01, and **P < 0.001. eEPSC: evoked
excitatory postsynaptic current; MMP: matrix metalloproteinase.
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Figure 3. MMP-3, MMP-9, and MMP-2/9 inhibitors do not affect basal EPSCs in the ACC neurons. (a) Effect of bath application of GM
6001 (I, 5, and 25 pM) on the basal eEPSCs. Top: example traces of the basal eEPSCs before (1) and after (2 and 3) bath application of GM
6001. Middle: a time course plot of pooled data for the eEPSCs with bath application of different concentrations GM 6001. Bottom:
summary data of the different doses of GM 6001 on the basal eEPSCs in the ACC (n = 5 neurons/5 mice). (b) Effect of bath application of
UK 356618 (0.2, 2, and 20 uM) on basal eEPSCs. (n = 5 neurons/5 mice). (c) Effect of bath application of MMP-9 inhibitor | (10, and 100
nM) on basal eEPSCs. (n = 5 neurons/5 mice). (d) Effect of bath application of SB 3CT (I, 10, and 100 uM) on basal eEPSCs. (n = 5
neurons/5 mice). *P < 0.05. eEPSC: evoked excitatory postsynaptic current; MMP: matrix metalloproteinase.
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= 5 neurons/5 mice, Figure 3(a)). The inhibitory effects
persisted during the washout period.

MMP inhibitors on the induction of postsynaptic
ACC LTP

Previous studies have demonstrated that postsynaptic-
LTP is a synaptic mechanism for chronic pain in the
ACC."®?° Thus, we investigated whether the perfusion
of MMP inhibitors affects postsynaptic LTP in the ACC
neurons. We first examined the effect of MMP inhibitors
on the induction of postsynaptic LTP. Interestingly, we
found that bath application of 1 pM GM 6001 blocked
the induction of LTP (control group: 147.11 +14.30%
of baseline, n = 6 neurons/6 mice; GM 6001 group:
100.42+9.03% of baseline, n = 5 neurons/5 mice;
one-way ANOVA, F;9=39.65, p=0.00014, Figure 4
(a) and (e)). Similarly, bath application of 2 uM UK
356618 also blocked the induction of LTP (UK 356618
group: 99.43 £ 8.44% of baseline, n = 5 neurons/5 mice,
one-way ANOVA, F,9=42.63, p=0.00011, Figure 4(b)
and (e)). By contrast, bath application of 100 nM MMP-
9 inhibitor I and 10 uM SB 3CT did not affect the induc-
tion of postsynaptic LTP in the ACC (MMP-9 inhibitor
I group, n = 5 neurons/5 mice; SB 3CT 1 group, n = 5
neurons/5 mice, Figure 4(c) to (e)).

Effects on the expression of postsynaptic LTP

Finally, we wanted to examine the effects of MMP inhib-
itors on the maintenance of postsynaptic LTP. After
achieving a stable baseline recording in response to
single-pulse stimulation for at least 10 min at a holding
potential of —60 mV, we applied the pairing protocol
stimulation. MMP inhibitors were then applied in the
bath 30 min after induction of postsynaptic LTP. We
found that none of these inhibitors affected the expres-
sion of postsynaptic LTP in the ACC (control group,
n = 6 neurons/6 mice; GM 6001 group: » = 5 neu-
rons/5 mice; UK 356618 group, n = 5 neurons/S mice;
MMP-9 inhibitor I group, n = 5 neurons/5 mice; SB
3CT group, n = 5 neurons/5 mice, Figure 5(a) to (e)).

Discussion

In this study, we investigated the effects of subtypes of
MMP inhibitors on NMDAR-mediated responses and
pairing protocol-induced post-LTP in the ACC. We
showed that broad-spectrum MMP inhibitor and
MMP-3 inhibitor reduced the NMDAR-mediated
EPSCs, but MMP-9 and MMP-2/9 inhibitors did not
affect NMDAR-mediated EPSCs. In addition, broad-
spectrum MMP inhibitor and the MMP-3 inhibitor
inhibited induction of post-LTP but had no effect on
the maintenance of post-LTP. Our results indicate that

broad-spectrum MMP and MMP-3 inhibitor-mediated
reduction in LTP depends on NMDAR in
ACC synapses.

MMPs and chronic pain

MMPs received some attentions, since they have been
reported to be upregulated after nerve injury.! Both
MMP-2 and MMP-9 were increased at the dorsal root
ganglion sensory neurons or spinal astrocytes after nerve
injury. It has been also reported that MMP-9 inhibitor
attenuates mechanical allodynia of complete freund
Adjuvant (CFA) rats.?' Recently, a novel MMP-2/9
inhibitor AQU-118 has been reported to produce anal-
gesic effects in an animal model of neuropathic pain.?
In this study, we found that MMP-9 and MMP-2/9
inhibitors did not affect cortical LTP, suggesting that
these inhibitors may produce behavioral inhibition
through other mechanisms, such as IL-1f and cyto-
kines.”* We found that broad-spectrum MMP inhibitor
and an MMP-3 inhibitor reduced both NMDAR-
mediated responses and cortical LTP, suggesting that
they may be effective in reducing injury triggered plas-
ticity in the cortex.

MMPs, LTP, and memory

Previous studies showed that some MMP subtypes play
a role in plasticity and learning.> It has been reported
that MMP-9 plays an important role in the modification
of dendritic spine morphology.”* On the other hand,
MMP-3 has been reported to potentially cleave all
brain  chondroitin  sulfate  proteoglycans’  and
NMDARs in vitro.*® Using an MMP inhibitor that
inhibits both MMP-3 and MMP-9, Meighan et al.
have reported that spatial memory acquisition and stor-
age were affected.”® These findings indicate that inhibit-
ing MMPs including MMP-9 and MMP-3 may produce
cognitive impairment. In addition, it has been reported
that inhibition of MMP activities blocked hippocampal
or amygdala LTP, which is critical for certain forms of
learning and memory.*>2%-%7

MMPs and NMDAR functions

NMDARs are important for synaptic plasticity and
memory in many brain regions.'' In the ACC, LTP
induced by a pairing protocol depends on NMDARs.'®
NMDARSs are particularly important for the induction
of LTP.?® Our data show that broad-spectrum MMP
inhibitor and MMP-3 inhibitor inhibited the induction
of LTP in the ACC but did not affect maintenance LTP.
The finding of MMP-3 inhibitor’s effect on NMDAR is
similar to a previous report in the hippocampus.'?
We also examined whether these MMP-2, MMP-2/9,
and MMP-3 inhibitors affected basal eEPSCs in the
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n =6 neurons/6 mice, MMP-9 inhibitor | group: n =5 neurons/5 mice). (d) Effect of bath application of 10 M SB 3CT on the induction of
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induction of LTP in the ACC. The mean amplitudes of eEPSCs were determined at 55-60 min after the induction of LTP. **P < 0.001.
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of LTP (control group: n =6 neurons/6 mice, SB 3CT group: n=>5 neurons/5 mice). (¢) Summary of the effects of MMP inhibitors on the
induction of LTP in the ACC. The mean amplitudes of eEPSCs were determined at 55—60 min after the induction of LTP. eEPSC: evoked
excitatory postsynaptic current; MMP: matrix metalloproteinase.
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ACC neurons. We found that MMP-2, MMP-2/9, and
MMP-3 inhibitors did not affect basal eEPSCs at differ-
ent concentrations. Thus, it is likely that MMP inhibi-
tors produce their effect through NMDARs. Indeed,
MMP-9 and MMP-2/9 inhibitors did not change the
induction of LTP and also did not affect NMDAR-
mediated currents in the ACC. The exact mechanism
for how MMPs may affect NMDAR function remains
to be investigated. It has been reported that MMP-7
calves the NR1 NMDAR subunit and thus modifies
NMDAR function in the hippocampus.*’

It is known that LTP induced by a pairing protocol in
the ACC is related to chronic pain and anxiety.'”
Therefore, the reduction of LTP in the ACC by MMP-
3 inhibitor may reduce chronic pain. Previous studies
have shown that MMP-3 may be upregulated as a
response to synovitis in rheumatoid arthritis patients
who have chronic pain.’® Due to their important roles
in learning and memory, it is also critical to investigate if
these inhibitors may interfere with vital brain functions
such as memory and emotion.
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