
The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1

Introduction
Currently, approximately 65 million people worldwide have epi-
lepsy, and temporal lobe epilepsy (TLE) is the most common form 
in adults (1). Around 30% of patients inadequately respond to the 
available antiepileptic drugs. Therefore, novel therapeutic strate-
gies are needed to control seizures. TLE is characterized by recur-
rent seizures, and several pathological alterations are observed in 
the brain of people with TLE, such as blood-brain barrier (BBB) 
dysfunction, aberrant synaptic plasticity, and reorganization of 
the extracellular matrix (ECM), all of which may contribute to epi-
leptogenesis. Matrix metalloproteinases (MMPs), calcium-depen-
dent endopeptidases, play an important role in the (dys)regulation 
of these processes (2), and therefore, inhibiting MMPs may be a 
potential therapeutic strategy for epilepsy.

MMPs are either membrane bound or secreted into the extra-
cellular space. The propeptide domain covering the active site is 
cleaved off by active MMPs or other proteases initiating enzymatic 
activity. The MMP family contains at least 25 members, of which 
MMP2, MMP3, and MMP9 are among the most abundant in the 
brain (3). MMP enzymatic activity can be endogenously inhibited 
by tissue inhibitors of metalloproteinases (TIMPs). TIMPs are likely 
to be coreleased with MMPs and can noncovalently bind the active 
site of MMPs, making their activity transient (4). Proteinases, growth 
factors, cytokines, ECM, and cell adhesion molecules are among the 
many substrates that are proteolytically cleaved by MMPs. There-
fore, MMPs are considered important players in diverse biological 
conditions, such as embryonic development, synaptic plasticity, and 
inflammation (5). Under normal physiological conditions, MMPs are 
involved in several processes, including the regulation of glutama-
tergic neurotransmission and hippocampal long-term potentiation 
(6, 7). MMPs have also been implicated in several pathological con-
ditions, such as multiple sclerosis (8), Alzheimer’s disease (9, 10), 
and epilepsy (11). Implication of MMPs in epileptogenesis has been 
suggested by several studies using animal models of acute seizures or 
epileptogenesis (12–14). For example, it has been shown that MMP9 
protein expression and enzymatic activity were increased after sei-
zures and that MMP9 deficiency decreased sensitivity to electrically 
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investigated the expression of MMPs and TIMPs in the hippocam-
pus of patients who died shortly after SE (representing an acute 
phase of epileptogenesis) and in patients with drug-resistant TLE 
(representing a chronic phase of epileptogenesis).

Based on previous microarray studies in experimental TLE 
(22, 23), we first studied mRNA expression of MMP2, MMP3, 
MMP9, and MMP14 as well as TIMP1, TIMP2, TIMP3, and TIMP4 
in fresh brain tissue (resected hippocampi) of patients with 
drug-resistant TLE. This could not be done for patients who died 
after SE, as freshly resected brain tissue was not available. Higher 
mRNA expression was observed in the hippocampus of patients 
with TLE for MMP2 (P < 0.0001; Figure 1A), MMP3 (P = 0.0401; 
Figure 1A), MMP14 (P = 0.0108; Figure 1A), TIMP2 (P = 0.0006; 
Figure 1B), and TIMP3 (P < 0.0001; Figure 1B) as compared with 
controls. The mRNA expression for MMP9 (Figure 1A), TIMP1, 
and TIMP4 (Figure 1B) did not change.

Next, we studied protein expression for MMPs and TIMPs in 
fixed brain tissue (hippocampus) of patients with SE or TLE as 
well as in the hippocampus of controls. MMP2 was moderately 
expressed in neurons and showed no to weak expression in cells 
with glial morphology in control brain tissue (Supplemental Figure 
1, A and B). In hippocampi from patients who died after SE, MMP2 
expression was higher in neurons and glial cells (Supplemental 
Figure 1, C and D, and Supplemental Table 2) as compared with 
controls. In patients with TLE without hippocampal sclerosis (HS), 
MMP2 expression was higher in glia within CA1 as compared with 
controls (Supplemental Figure 1, E and F, and Supplemental Table 
2). In patients with TLE with HS, MMP2 expression was higher in 
both neurons and glial cells within the dentate gyrus (DG) and in 
glial cells within CA1 as compared with controls (Supplemental 
Figure 1, G and H). The expression of MMP2 in glial cells within 
the hippocampus was higher in patients with TLE with HS as com-
pared with those without HS (Supplemental Table 2).

In controls, MMP3 was moderately expressed in glial cells, 
while no to weak immunoreactivity was observed in neurons (Sup-
plemental Figure 2, A and B). After SE, MMP3 expression was high-

induced seizures (15). Importantly, previous studies already revealed 
that MMP9 mRNA and protein were upregulated within hours after 
kainic acid (KA) administration, which was followed several hours 
later by MMP9 enzymatic activation (16). Dendritic MMP9 immuno-
reactivity was already increased in the hippocampus 24 hours after 
seizure onset, peaked at 72 hours, and remained increased at 7 days 
after insult (15), indicating a window of opportunity for treatment.

Due to the potential key role of MMPs in a wide range of 
pathological conditions, several broad-spectrum inhibitors have 
been developed (17, 18). The majority of the first and second gen-
eration of MMP inhibitors, however, failed to succeed in clinical 
trials, showing a lack of specificity that led to severe side effects 
(17, 19). The third generation of more specific MMP inhibitors is 
currently being evaluated (20).

Since the expression of MMPs and TIMPs has not been sys-
tematically studied in the epileptogenic human brain or during 
epileptogenesis, we first investigated the expression of MMPs and 
TIMPs in the hippocampus of patients with drug-resistant TLE 
and in patients who died after status epilepticus (SE) as well as 
during epileptogenesis in a TLE rat model in which SE was evoked 
by electrical stimulation of the angular bundle. Since MMP9 and 
MMP2 are abundantly present in the brain and MMP9 has been 
suggested as playing an important role in epileptogenesis, we 
recently developed IPR-179 (also known as ACT-03), a BBB-per-
meable, selective gelatinase (MMP9 and MMP2, see Supplemen-
tal Table 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI138332DS1) inhibitor (21). Here, 
we evaluate the effects of IPR-179 on seizure development in 2 
animal models of epilepsy (the rapid-kindling rat model and the 
intrahippocampal KA mouse TLE model) and assessed whether it 
had antiseizure and/or antiepileptogenic effects.

Results
Increased expression of MMPs and TIMPs in the hippocampus of 
patients with SE or TLE. Since MMP and TIMP expression have 
not been thoroughly studied in the epileptogenic human brain, we 

Figure 1. mRNA expression of MMPs and 
TIMPs in the human brain. mRNA expression 
of MMP2, MMP3, MMP9, and MMP14 and 
TIMP1, TIMP2, TIMP3, and TIMP4 in hippocam-
pi of autopsy controls (n = 13) and patients with 
TLE and HS (TLE – HS) (n = 14). *P < 0.05; ***P 
< 0.001, Mann-Whitney U test. Dots represent 
individual samples, while histograms indicate 
group mean + SEM.
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both neurons and glia was higher compared with that in controls 
(Figure 2, E–H, and Supplemental Table 2).

MMP14 was moderately expressed in neurons and weakly 
expressed in glial cells of control brain tissue (Supplemental Fig-
ure 3, A and B). In patients with SE, high MMP14 expression was 
seen in hippocampal neurons and moderate expression in glial 
cells; this expression was higher compared with that in controls 
(Supplemental Figure 3, C and D, and Supplemental Table 2). In 
patients with TLE without HS, MMP14 expression was higher in 
glia within CA1 as compared with that in controls (Supplemental 
Figure 3, E and F). MMP14 expression was higher in glia with-
in the DG and CA1 as well as in CA1 pyramidal cells in patients 
with TLE with HS as compared with controls (Supplemental Fig-
ure 3, G and H, and Supplemental Table 2).

TIMP1 expression was weak in both neurons and glial cells 
of controls (Supplemental Figure 4, A and B). Hippocampi of 
patients who died after SE had a moderate expression of TIMP1 
in neurons and higher expression in glial cells compared with 
controls (Supplemental Figure 4, C and D). In patients with 
TLE without HS, TIMP1 expression was weak in neurons and 
glial cells (Supplemental Figure 4, E and F). In TLE patients 
with HS, however, TIMP1 expression was higher in CA1 neu-
rons and in glial cells within the DG and CA1 (Supplemental 
Figure 4, G and H, and Supplemental Table 3) compared with 
that in controls.

TIMP2 was moderately expressed in neurons of controls, 
but not expressed or weakly expressed in glial cells (Supplemen-
tal Figure 5, A and B). Patients who died after SE showed higher 
expression in both neurons and glial cells compared with controls 
(Supplemental Figure 5, C and D). Patients with TLE without HS 
had higher expression in DG neurons and glia within the CA1 
compared with controls (Supplemental Figure 5, E and F, and Sup-
plemental Table 3). In TLE with HS patients, glial expression in 

DG and CA1 and neuronal expression in CA1 were higher compared 
with that in controls. Moreover, neuronal and glial expression in the 
CA1 area was higher compared with that in TLE without HS patients 
(Supplemental Figure 5, G and H, and Supplemental Table 3).

In controls, TIMP3 was weakly to moderately expressed in neu-
rons, while it could not be detected in glial cells (Supplemental Figure 
6, A and B). In patients who died after SE, weak to moderate TIMP3 
expression was observed in neurons and higher expression was seen 
in glia of the DG (Supplemental Figure 6, C and D) compared with 
controls. In patients with TLE, TIMP3 expression was higher in both 
neurons and glia within the DG and compared with CA1 of controls 
(Supplemental Figure 6, E–H, and Supplemental Table 3).

er in pyramidal neurons of CA1 and in glial cells compared with 
those in controls (Supplemental Figure 2, C and D, and Supplemen-
tal Table 2). In patients with TLE, higher expression of MMP3 was 
observed in glial cells of the hippocampus as compared with con-
trols. MMP3 expression in pyramidal cells of CA1 was higher in TLE 
with HS patients compared with both controls and TLE without HS 
patients (Supplemental Figure 2, E–H, and Supplemental Table 2).

In control hippocampal neurons, MMP9 was weakly expressed, 
while no expression was detected in glia (Figure 2, A and B). Higher 
MMP9 expression was observed in hippocampal neurons and glia 
of patients who died after SE (Figure 2, C and D, and Supplemental 
Table 2) compared with controls. In patients with TLE, expression in 

Figure 2. Expression of MMP9 protein in the DG and CA1 of the human 
hippocampus. In controls, MMP9 was weakly expressed in neurons while 
it was not detected in glial cells (A and B). Higher MMP9 expression was 
observed in hippocampal neurons and glia of patients who died after SE 
(C and D) compared with controls. In patients with TLE, expression in both 
neurons and glia was increased compared with that in controls (E–H). 
Scale bar: 50 μm. Arrowheads indicate positive cells with glial morphology. 
Arrows indicate positive neurons. Insets depict double labeling of MMP9 
in NeuN-positive cells (neurons) and GFAP-positive cells (astrocytes), but 
not with CR3/43-positive cells (microglia). Photographs are taken from 
representative cases of control (n = 8), SE (n = 5), TLE without HS (TLE – 
no HS) (n = 5), and TLE with HS (TLE – HS) (n = 10) patients.
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the expression of MMPs during epileptogenesis in the electrical post-
SE rat model in the hippocampus as well as in the parahippocampal 
cortex (PHC). We first assessed mRNA expression at 3 different time 
points after SE, each corresponding to the various phases of epilep-
togenesis: the acute phase (1 day after SE), the latent phase (1 week 
after SE, absence of electrographic seizures), and the chronic phase 
(3.5 months after SE, recurrent spontaneous electrographic seizures 
are evident). Mmp2 expression was higher 1 day after induction of 
SE (acute phase; in the DG, CA1, and PHC; P = 0.032, 0.008, 0.019, 
respectively), 1 week after SE (latent phase; in the DG, CA1, and PHC; 
P = 0.008, 0.008, 0.010, respectively), and 3.5 months after SE (chron-
ic phase; in the DG and CA1; P = 0.032, 0.016, respectively; Figure 3A) 
compared with that in controls, with a peak during the latent phase. 
Mmp3 expression was higher compared with that in controls during 
the acute phase (in the DG, CA1, and PHC, P = 0.016, 0.008, 0.029, 
respectively), the latent phase (in the PHC, P = 0.010), and the chronic 
phase (in the DG and CA1; P = 0.016, 0.016, resp.; Figure 3B). Mmp9 
expression was higher during the acute phase (DG, CA1, PHC; P = 
0.016, 0.008, 0.029, respectively) and the chronic phase (DG, CA1, 
PHC; P = 0.016, 0.008, 0.016, respectively; Figure 3C) compared with 
that in controls. During the latent phase, Mmp9 mRNA expression 
was lower than during acute and chronic phases, though still higher 
compared with that in controls (in the DG and CA1; P = 0.008, 0.032, 

Weak expression of TIMP4 was observed in neurons and 
glia of control hippocampi (Supplemental Figure 7, A and B). In 
patients who died after SE, higher TIMP4 expression was seen 
in both neurons and glia compared with controls (Supplemental 
Figure 7, C and D, and Supplemental Table 3). The same accounts 
for TLE patients; both neurons and glia showed higher expression 
of TIMP4 compared with that in controls, although the expression 
in glia within the CA1 was higher in patients with TLE with HS as 
compared with that in those with TLE without HS (Supplemental 
Figure 7, E–H, and Supplemental Table 3).

Fluorescent double labeling was performed to investigate the 
cellular localization of MMPs and TIMPs in patients with TLE 
with HS (See insets in Supplemental Figures 1–7 and Figure 2). 
All investigated MMPs and TIMPs colocalize with the neuronal 
marker NeuN. Colocalization of MMP2, MMP3, MMP9, MMP14, 
and TIMP1-4 was also observed with glial fibrillary acidic pro-
tein (GFAP), an astrocytic marker. Colocalization of MMP3 and 
TIMP3 was observed with the microglial markers CR3/43 and 
IBA-1, respectively.

Increased MMP expression in the electrical post-SE TLE rat model. 
Since increased expression of MMPs was evident in the human epilep-
togenic brain in the acute phase (shortly after SE) as well as during the 
chronic phase (in patients with drug-resistant TLE), we also studied 

Figure 3. mRNA expression 
of MMPs in rat brain. mRNA 
expression of Mmp2 (A), Mmp3 
(B), Mmp9 (C), and Mmp14 (D) in 
the DG, CA1, and PHC of post-SE 
rats sacrificed at different time 
points after SE, each correspond-
ing to the phases of epilepto-
genesis: the acute phase (1 day 
after SE, n = 5), the latent phase 
(1 week after SE, absence of elec-
trographic seizures, n = 6) and 
the chronic phase (3.5 months 
after SE, recurrent spontaneous 
electrographic seizures are 
evident, n = 5).*P < 0.05; **P < 
0.01, Mann-Whitney U test. Dots 
represent the individual rats, 
while histograms indicate group 
mean + SEM.
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Next, we studied MMP9 protein expression during epilep-
togenesis. In control rats, weak MMP9 protein expression was 
observed in neurons, while it could not be detected in glial cells 
(Figure 4, A and B). During the acute phase, moderate MMP9 
expression was seen in neurons and the immunoreactivity score 
(IRS) for glial cells within CA1 was higher compared with that in 
controls (P = 0.018; Supplemental Table 4 and Figure 4, C and D). 
In the latent phase, the MMP9 IRS was higher compared with con-
trols in neurons of the DG (P = 0.012) and glial cells of both DG 
and CA1 (P = 0.027, P = 0.012, resp.; Figure 4, E and F). The IRS 
was also higher during the chronic phase in neurons of the DG and 
CA1 compared with controls (chronic progressive: P = 0.002, P = 
0.01, respectively; chronic nonprogressive: P = 0.02, P = 0.024, 
respectively; Figure 4, G–J).

IPR-179 reduces seizure severity in the rapid-kindling rat model. 
Since we observed dysregulation of MMPs and TIMPs, including 
MMP2 and MMP9, in epileptogenic brain tissue, we evaluated the 
effects of the MMP2/MMP9 inhibitor IPR-179 on epileptogene-
sis. First, we studied the effects of IPR-179 on the development of 
epilepsy in the rapid-kindling rat model in the presence of IPR-179 
(test phase) to test for the antiseizure effects of the drug as well as 
in the absence of IPR-179 (retest phase) to test for antiepileptogenic 
effects. Animals were randomly assigned to receive IPR-179 (n = 8), 
broad-spectrum MMP-inhibitor minocycline (n = 10), or vehicle (n 
= 8) intraperitoneally (i.p.) and were electrically stimulated 1 hour 
after injection 12 times a day on 3 consecutive days. The EEG was 
continuously recorded, and behavioral seizures were scored using 
Racine’s scale (24).

With the use of mixed-effects ordinal regression, an interac-
tion between treatment group and stimulus number was observed 
for IPR-179 compared with vehicle (P = 0.017), while minocycline 
did not differ from vehicle. Taking a closer look at the individu-
al stimulation numbers, IPR-179–treated rats showed less severe 
behavioral seizures in response to stimulation numbers 5, 8–10, 
14, 23, 26, 29, and 31–34 (P = 0.033; 0.042; 0.042; 0.025; 0.005; 
0.005; 0.033; 0.019; 0.025; 0.042; 0.042; 0.033, respectively) 
compared with vehicle-treated animals (Figure 5, A and B). Less 
severe behavioral seizures were seen in minocycline-treated rats 
compared with vehicle-treated rats in response to stimulation 
numbers 5 and 9 during the first day of stimulation (P = 0.028; 
Figure 5, A and C). During retest stimulations (in the absence of 
the drug and when IPR-179 could not be detected in the blood any-
more), IPR-179–treated rats showed less severe behavioral scores 
in response to stimulation 1, 2, and 3 compared with vehicle-treat-
ed rats (P = 0.033; 0.033; 0.042, respectively), while minocy-
cline-treated rats only showed less severe behavioral scores during 
stimulation 5 (P = 0.034; Figure 5, A–C).

During the initial 3 days of kindling, a trend toward more stage 
1 and fewer stage 2 and stage 5 seizures was observed for IPR-179–
treated rats compared with vehicle-treated rats, suggesting IPR-
179 reduced seizure severity. During the kindling retest, a trend 
toward more stage 1 and fewer stage 5 seizures was observed for 
IPR-179–treated rats versus vehicle-treated rats (Figure 5D).

The weight of the body, brain, and liver of IPR-179–treated 
animals was not different between vehicle-treated and control 
animals (data not shown), and no other signs of behavioral tox-
icity were observed (this includes overall appearance, aggres-

respectively). Mmp14 expression was higher (P < 0.05) compared with 
that in controls during the acute and latent phases in all regions inves-
tigated (DG, P = 0.016, 0.032, respectively; CA1, P = 0.008, 0.008, 
resp.; PHC, P = 0.029, 0.010, respectively; Figure 3D).

Figure 4. Expression of MMP9 in the dentate gyrus and CA1 of the rat 
hippocampus. In controls rats, MMP9 was weakly expressed in neurons 
while it could not be detected in cells with glial morphology (A and B). In 
acute and latent phases, moderate MMP9 expression was seen in neurons 
and weak expression was seen in glia (C–F). During the chronic phase, 
moderate to high MMP9 expression was observed in neurons, while MMP9 
could hardly be detected in cells with glial morphology (G–J). Scale bar: 50 
μm. Arrowheads indicate positive cells with glial morphology. Arrows indi-
cate positive neurons. Photographs are taken from representative cases of 
control (n = 5), acute (n = 5), latent (n = 6), chronic nonprogressive (n = 5), 
and chronic progressive (n = 6) animals.
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Figure 5. The effects of IPR-179 on seizure development in the rapid-kindling rat model. Percentages of behavioral scores according to Racine’s scale in rats 
treated with vehicle (A, n = 8), IPR-179 (B, n = 8), or minocycline (C, n = 10) during the test and retest phase. Mixed effects ordinal regression revealed a difference 
in the interaction between treatment and stimulus number was observed for IPR-179 compared with vehicle (P < 0.05). During kindling, IPR-179–treated rats (B) 
showed less severe behavioral seizures (stimulation 5, 8–10, 14, 23, 26, 29, 31–34; P < 0.05) compared with vehicle-treated animals (A). Less severe behavioral sei-
zures were seen in minocycline-treated rats (C) compared with vehicle-treated rats (A) (stimulation 5 and 9; P < 0.05). In the absence of the drug, IPR-179–treated 
rats showed less severe behavioral scores during stimulation 1, 2, and 3 (B) compared with vehicle-treated rats (A), while minocycline-treated rats only showed less 
severe behavioral scores during stimulation 5 (C). IPR-179–treated rats had a tendency toward more stage 1 and fewer stage 2 and stage 5 seizures compared with 
vehicle-treated rats (D). During the kindling retest, there was a tendency toward more stage 1 and fewer stage 5 seizures in IPR-treated rats versus vehicle-treated 
rats (D). IPR-179–treated rats showed a higher relative expression of nectin-3 ratio of full protein over SPF (E). Data shown represent mean + SEMs. *P < 0.05; **P 
< 0.01, Mann-Whitney U test (A–C and E), 2-way RM ANOVA followed by Dunnett’s post hoc test (D).
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siveness during manipulation, motor activity, and anxiety; see 
Supplemental Figure 11). Furthermore, morphological changes 
in organs were not noticed during necropsy examination of the 
animals. We therefore conclude that IPR-179 did not have seri-
ous adverse effects.

As a read-out for MMP9 activity, Western blot analysis was 
performed for nectin-3, which is targeted for degradation by 
MMP9, resulting in the formation of a small proteolytic frag-
ment (SPF). The ratio of the full nectin-3 protein over the SPF was 
increased in IPR-179–treated kindled rats compared with vehi-
cle-treated kindled rats, confirming that MMP9 activity was inhib-
ited (P = 0.004; Figure 5E).

As it is known that both seizures and epilepsy can cause cell 
death, we were wondering whether IPR-179 treatment could ame-
liorate neuronal loss in the hippocampus. Using NeuN immuno-
histochemistry, neurons were counted in the hilus of the dorsal 
and ventral hippocampus (Supplemental Figure 15, A and B). A 
trend toward a lower neuronal density was observed in kindled, 
vehicle-treated rats compared with control animals. In contrast, a 
trend toward a higher neuronal density was observed in IPR-179–
treated rats compared with vehicle-treated animals, while that was 
absent in minocycline-treated rats.

Antiseizure effects of IPR-179 in the intrahippocampal KA 
mouse model. To evaluate the effects of IPR-179 on seizure devel-
opment after SE, we used the intrahippocampal KA injection 
model and implanted C57BL/6J mice with electrodes for tele-
metric EEG recordings (Figure 6A). The implanted mice were 
randomly assigned to receive vehicle (n = 8) or IPR-179 (n = 10) 
i.p. after induction of SE. SE severity after KA injection did not 
differ between IPR-179 and vehicle groups in terms of the num-
ber of convulsion periods during the first hour after KA injection 
(P = 0.673, IPR-179: 11.2 ± 1.1; vehicle: 10.4 ± 1.5; Supplemental 
Figure 9A).

To follow the antiseizure effects of IPR-179, EEG recordings 
were performed in all mice for 24 hours per day every other day 
over a 3-week period. Ictal and interictal periods were automati-
cally detected using a library of manually selected individual tem-
plates and customized software, as previously described (25, 26) 
(Figure 6, A–D). As shown in Figure 6F, IPR-179 reduced the num-
ber of epileptiform spike epochs with ictal and interictal activities 
(2-way repeated measures [RM] ANOVA, P = 0.045, Figure 6F; P 
= 0.020, Figure 6F). Furthermore, IPR-179 attenuated the num-
ber of long epileptiform spike epochs on days 3, 7, 9, 11, 15, and 17 
(P = 0.040, 0.044, 0.010, 0.030, 0.023, 0.032, respectively) and 
showed a similar tendency on days 5, 19, and 21 (P = 0.061, 0.076, 
and 0.064, respectively; Figure 6E and Supplemental Figure 9B). 
In mice treated with IPR-179, only 2 of 9 analyzed animals showed 
electrographic seizures on day 21 after KA injection. In the vehicle 
group, 4 of 7 mice showed seizures on that day. Analysis of EEG 
seizure duration and frequency revealed that IPR-179 reduced the 
number of seizures for the whole recording period of 3 weeks (P = 
0.012, Figure 6G) and for individual days (2-way RM ANOVA, P = 
0.015, Figure 6G). Similarly, the mean duration of seizures during 
the whole recording period (P = 0.006, Figure 6H) and the dura-
tion of seizures on individual days (2-way RM ANOVA, P = 0.019, 
Figure 6H) were reduced by IPR-179. To evaluate the effects of 
IPR-179 during activity (dark) and inactivity (light) phases of cir-

cadian rhythm, we computed the percentages of ictal plus inter-
ictal events as a function of time after IPR-179/vehicle injection 
(Supplemental Figure 10). There was a difference between vehicle 
and IPR-179 groups (2-way RM ANOVA, P = 0.025; P = 0.021; Sup-
plemental Figure 10B), with a stronger effect of IPR-179 during 
the activity phase.

Impaired learning and memory functions are recognized as 
typical comorbidities associated with epilepsy (27). Here, the 
novel object recognition (Figure 7A) and labyrinth (dry maze) 
(Figure 7D) tests were applied to evaluate the ability of mice to 
memorize objects and spatial configurations, and the open-field 
test served to control locomotor activity and general anxiety of 
the mice. In the open-field test, the distance traveled by IPR-
179–treated mice was not different from that of the control group 
both before KA injection (P = 0.938, 43.2 ± 4.3 vs. 42.7 ± 4.1 m; 
Supplemental Figure 11A) and 3 weeks after injection (P = 0.991, 
63.3 ± 6.1 vs. 63.1 ± 8.4 m; Supplemental Figure 11D). The time 
that IPR-179–treated mice spent in the central zone of observa-
tion chamber was also close to that of the control group before (P 
= 0.744, 184.4 ± 17.5 vs. 174.4 ± 25.3 s; Supplemental Figure 11B) 
and 3 weeks after KA injection (P = 0.822, 131.5 ± 11.4 vs. 135.6 ± 
14.7 s; Supplemental Figure 11E). Since objects were placed in the 
central area of the open-field chamber, a potential anxiety bias in 
the performance of mice in the novel object recognition test was 
unlikely. In that same test, before KA injection, animals in both 
the IPR-179 group and control groups showed a normal ability 
to discriminate a novel object from a familiar one (P = 0.0103; 
0.0459, respectively; Figure 7B); there was no difference in dis-
crimination ratios between groups (P = 0.834, 15.2% ± 4.0% vs. 
16.5% ± 4.6%; Figure 7B). Three weeks after KA injection, vehi-
cle-treated animals could not discriminate a novel object (explo-
ration time: 35.3 ± 4.1 s) from a familiar one (exploration time: 
34.1 ± 9.5 s; discrimination ratio: 5.5% ± 7.1%, P > 0.1; Figure 
7C), while IPR-179–treated mice spent more time with the novel 
object (45.9 ± 10.7 s) compared with the familiar one (23.3 ± 5.0 
s, P = 0.0023) and thus could reliably discriminate novel objects 
(discrimination ratio: 26.5% ± 6.3%, P = 0.044; Figure 7C). In the 
labyrinth test, IPR-179–treated animals showed a tendency to 
improve their performance compared with the control group on 
both days 2 and 3 after initial presentation to the labyrinth (Fig-
ure 7, E and F), but the difference between treatments in terms of 
latency, distance, or mistakes made to approach the reward area 
did not reach the level of significance.

Antiepileptogenic effects of IPR-179 in the intrahippocampal KA 
mouse model. After observing the strong antiseizure effects of 
chronically applied IPR-179, we asked whether treatment with 
IPR-179 starting 6 hours after induction of SE and lasting for 7 
days would be sufficient to inhibit epileptogenesis and thus per-
sistently reduce seizures during the 7-week period after IPR-179 
treatment. The time course of the experiment is shown in Figure 
8A, which includes 2 days of baseline EEG recording, 2 weeks 
of EEG recording sessions either directly after induction of SE 
or after 6 weeks, and behavioral experiments between and after 
the EEG sessions.

The implanted C57BL/6J mice were randomly assigned to 
receive vehicle (n = 7) or IPR-179 (n = 9) after induction of SE. 
Comparison of the SE severity after KA injection showed no dif-
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Figure 6. The effects of IPR-179 on seizure development in the intrahippocampal KA mouse model. Experimental schedule with key milestones (A). Typ-
ical EEG recording of a seizure (B). Higher temporal resolution recordings of baseline (light blue), interictal (black), and ictal (red) activities outlined in B are 
shown (C, left). One second–long EEG epochs outlined by a red box (C, left) are further expanded (C, right). 2D representation of EEG-template library based 
on these epochs according to the power and coastline of recorded signals (D). Representations of epochs (C, right) are highlighted by circles of the same 
colors used to outline epochs. The log10 of epileptiform spike epoch counts on days 3, 9, and 17 (E), the percentage for epileptiform epochs (F), the total 
number of seizures (G), and average seizure durations (H) were reduced after IPR-197 treatment. Two-way RM ANOVA revealed a difference in distribution 
of epileptiform spike periods on day 3 (F1,14 = 5.127, P = 0.040), day 9 (F1,14 = 8.985, P = 0.010), and day 17 (F1,14 = 5.667, P = 0.032). Holm-Šidák post hoc test 
(E); unpaired t test was applied (H); Mann-Whitney U test due to non-Gaussian distribution of values (F and G). Data shown represent mean + SEMs; dots 
in histograms represent individual samples. Vehicle, n = 7; IPR-179, n = 9. *P < 0.05; **P < 0.01; ***P < 0.001.
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0.0002) and the following week (F1,14 = 5.423, P = 0.0354), and 
the trend was preserved even 6–7 weeks after the end of IPR-179 
treatment (F1,14 = 2.309, P = 0.151; Supplemental Figure 13, B–D). 
Analyzing the effects of IPR-179 over separate days revealed that 
IPR-179 persistently reduced the occurrence of long epileptiform 
epochs during IPR-179 treatment, but also afterward (examples 
are shown for days 2, 14, and 48 in Supplemental Figure 12D). 
Analysis of EEG seizure frequency also revealed that IPR-179 
reduced the number of seizures for the whole recording period 
(F1,14 = 9.281, P = 0.009, Figure 8C) as well as for most of the days 
(P < 0.05, Figure 8C). The mean duration of seizures was reduced 
during the treatment week (F1,14 = 6.413, P = 0.024, Figure 8D), but 

ference between IPR-179 and vehicle groups in terms of number 
of convulsion periods during the first hour after KA injection (P = 
0.763, IPR-179: 12.4 ± 0.9; vehicle: 13.0 ± 1.7; Supplemental Figure 
12, A and B) and occurrence of epileptiform epochs (F1,14 = 1.905, 
P = 0.189; Supplemental Figure 12C). SE was followed by a high 
number of electrographic seizures in vehicle-treated mice (Fig-
ure 8B and Supplemental Figure 13A), whereas IPR-179 reduced 
the number of epileptiform spike epochs during the whole EEG 
recording period (2-way RM ANOVA, F1,14 = 6.974, P = 0.019). 
Post hoc analysis revealed that IPR-179–treated animals had few-
er epileptiform epochs on several days (Figure 8B). The effect of 
IPR-179 was significant during the treatment (F1,14 = 25.678, P = 

Figure 7. Effects of IPR-179 on memory deficits. Effects of IPR-179 on novel object recognition memory (A–C) and spatial navigation (D–F) deficits asso-
ciated with epileptogenesis in mice (vehicle, n = 7; IPR-179, n = 9). For the novel object recognition test (A), exploration time at familiar and novel objects 
and discrimination ratio before (B) and 3 weeks after KA injection (C) are shown. Data represent mean + SEMs; dots in histograms represent individual 
samples; box-and-whisker plots display median with 5–95 percentiles. *P < 0.05; **P < 0.01; t test (Mann-Whitney U test is applied for comparing explora-
tion time). The design of the labyrinth (dry maze) and the typical navigation routes between the start and reward areas during sessions 1, 4, and 7 (D). The 
latency to approach the reward area (E) and numbers of entering nonreward corners (F) are shown for all training sessions. Two-way RM ANOVA did not 
reveal a difference between groups in the labyrinth test.
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weekly basis showed that the epileptiform activity was reduced 
at both phases of circadian rhythm during IPR-179 injections, but 
that after drug withdrawal, the effect of IPR-179 was significant 
only during the activity phase (Supplemental Figure 13, B–D).

not afterwards. Analysis of IPR-179 effects during activity (dark) 
and inactivity (light) phases of circadian rhythm revealed a stron-
ger effect during the activity phase (data for whole recording peri-
od: F1,14 = 8.862, P = 0.010, Figure 8E). Performing analysis on a 

Figure 8. Effects of short-term IPR-179 treatment on epileptogenesis in the intrahippocampal KA mouse model. Experimental schedule with key mile-
stones (A). Two-way RM ANOVA revealed the effects of IPR-179 treatment on epileptiform spike epoch counts (F1,14 = 6.974, P = 0.019) (B) and total number 
of seizures (F1,14 = 9.281, P = 0.009) (C). The average seizure duration during the week of IPR-179 treatment was also reduced (F1,14 = 6.413, P = 0.024) (D). 
Epileptiform activity as a function of the circadian hour (E, left) and the circadian phase (E, right) was averaged for all EEG-monitoring days. Two-way RM 
ANOVA revealed differences between groups (F1,14 = 9.117, P = 0.009 and F1,14 = 8.862, P = 0.010, respectively). The effects of short-term IPR-179 treatment 
on memory deficits associated with epileptogenesis in mice were evaluated with the novel object recognition test (F) and novel object location test (G). 
Data are represented as mean + SEMs; dots in histograms represent individual samples; box-and-whisker plots display median with 5–95 percentiles. The 
log10 scale is used for B, C, and D. Vehicle, n = 7; IPR-179, n = 9. Two-way RM ANOVA on ranks was applied for panels B, C, and D due to non-Gaussian distri-
bution of values. +P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001, Holm-Šidák post hoc test. A paired t test was applied to compare exploration times within 
the same treatment group. A nonpaired t test was used to compare the discrimination ratios between treatment groups.
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of patients with TLE (29). Additionally, in a small cohort of TLE 
patients, Acar and colleagues showed pronounced expression of 
TIMP1 and TIMP2 protein (30). In other epilepsy-related disor-
ders, such as focal cortical dysplasia (FCD) and tuberous sclerosis 
complex (TSC), malformations of cortical developmental that are 
also characterized by epileptic episodes, increased MMP9 pro-
tein expression has been observed in the brain (11, 28). Moreover, 
MMP2, MMP3, and TIMP2 expression were higher in the dysplas-
tic cortex of adult FCD patients compared with controls (11). In 
addition, we recently found higher expression of MMP2, MMP3, 
MMP9, and MMP14 and TIMP1, TIMP2, TIMP3, and TIMP4 in 
cortical tubers of TSC patients (31), which is associated with BBB 
dysfunction, as shown by albumin extravasation. In the present 
study, we compared TLE patients with and without HS and showed 
that increased protein expression for MMPs and TIMPs was most 
evident in patients with HS, suggesting that hippocampal patholo-
gy, characterized by neuronal cell loss and astrogliosis, is involved 
in the dysregulation. This is further supported by the fact that 
MMPs are known to be increased during inflammatory processes 
(32) and found to be activated by several cytokines, such as IL-1β, 
TNF-α, IL-6, and IFN-γ (33, 34), which are more evident in patients 
with TLE with HS compared with patients with TLE without HS.

We showed that the expression of MMPs and TIMPs was not 
only higher during the chronic epileptic phase in the human brain 
compared with control, but also shortly after SE. This suggests that 
changes in the expression of these molecules after an insult may 
contribute to epileptogenesis. We further investigated this in the 
post-SE TLE rat model.

Higher MMP expression during epileptogenesis in the rat brain 
after SE. Using RT-qPCR analysis, we found higher Mmp2, Mmp3, 
Mmp9, and Mmp14 mRNA expression at different stages of epi-
leptogenesis in the post-SE rat model. Furthermore, we observed 
higher MMP9 protein expression in both neurons and glial cells of 
the hippocampus during epileptogenesis.

In a large-scale microarray study, we showed that increased 
MMP expression occurred in a specific pattern: Mmp2 peaked 
during the latent phase; Mmp3 was higher during the acute, latent, 
and chronic phases; Mmp9 peaked during the chronic phase; and 
Mmp14 peaked during the acute phase in the post-SE TLE rat mod-
el (23). These coordinated expression patterns were confirmed by 
our present findings using RT-qPCR analysis. The involvement 
of the MMP proteolytic system in the development of epilepsy 
has been suggested in several experimental models of epilepsy 
(13). After KA-induced seizures, MMP3 and MMP9 expression 
were higher in the hippocampus (14, 35). Furthermore, Kim et al. 
showed, by Western blot and immunohistochemistry, an increase 
in MMP9 expression in mice 3 days after pilocarpine-induced SE 
(36). In addition, Zhang et al. observed increased activity of both 
MMP2 and MMP9 in the hippocampus after KA-induced SE in 
rats (37). More recently, it was found that total MMP activity was 
increased in the hippocampus 48 hours and 1 week after pilo-
carpine-induced SE in rats (38). We corroborated these findings, 
since we found increased expression of MMP2, MMP3, MMP9, 
and MMP14 shortly after SE (before the occurrence of sponta-
neous seizures). In addition, we showed that increased expression 
was evident during the latent and chronic phases, indicating a per-
sistent dysregulation of MMPs throughout epileptogenesis.

Behavioral analysis revealed no effects of IPR-179 on the control 
locomotor activity and general anxiety (time spent in the center) of 
mice in the open field test in this cohort of animals 30 days after SE 
(Supplemental Figure 14), which was similar to what we observed 
for the first cohort. Five weeks after KA injection, vehicle-treated 
animals could not discriminate a novel object (exploration time: 
26.6 ± 2.9 s) from the familiar one (exploration time: 28.4 ± 1.7 s; 
discrimination ratio: –4.4% ± 5.6%, P = 0.587; Figure 8F), while IPR-
179–treated mice spent more time at the novel object (35.4 ± 1.7 s) 
compared with the familiar one (21.5 ± 3.0 s). Thus, IPR-179 could 
improve recognition of novel objects (discrimination ratio: 27.6% ± 
7.1%, P = 0.002; Figure 8F) even 1 month after the end of treatment. 
As strong effects of chronic IPR-179 treatment were not observed 
in the labyrinth (data not shown), we decided to switch to another 
spatial learning test, the novel object location. Nine weeks after KA 
injection, vehicle-treated animals could not discriminate between 
an object moved to a new location (exploration time: 20.2 ± 2.8 s) 
and an object that was not relocated (exploration time: 20.3 ± 1.9 
s; discrimination ratio: –2.6% ± 7.5%, P = 0.961; Figure 8G). In con-
trast, IPR-179–treated mice spent more time at the object at the new 
location (28.0 ± 4.3 s) compared with the object that was not relo-
cated (18.8 ± 1.9 s) and thus could reliably discriminate novel object 
location (discrimination ratio: 16.6% ± 6.4%, P = 0.0489; Figure 
8G). Thus, these data indicate that inhibition of MMP2/9 during the 
first week after SE resulted in a 2-month reduction in seizure rate 
and improved behavioral performance in cognitive tasks.

Discussion
We demonstrated increased mRNA and protein expression of 
several MMPs and TIMPs in the epileptogenic hippocampus 
of patients shortly after SE and in patients with drug-resistant 
TLE. Increased MMP expression was also observed shortly 
after SE (before the occurrence of spontaneous seizures) and 
throughout epileptogenesis in a post-SE rat model. Further-
more, treatment with the MMP inhibitor IPR-179 had antisei-
zure as well as antiepileptogenic effects and attenuated sei-
zure-induced cognitive decline.

Increased MMP and TIMP expression in the human brain after 
SE and in TLE. Since the expression of MMPs and TIMPs has not 
been systematically studied in the epileptogenic human brain, we 
studied their mRNA expression and showed higher expression of 
MMP2, MMP3, and MMP14 and TIMP2 and TIMP3 in hippocampi 
of patients with TLE compared with controls. We also confirmed 
that protein expression of these MMPs and TIMPs along with 
MMP9, TIMP1, and TIMP4 was higher in the hippocampus of 
these patients. A likely explanation for the discrepancy between 
gene and protein findings is that protein expression was studied at 
the cellular level using immunohistochemistry, while gene expres-
sion was determined in hippocampal homogenates using quan-
titative reverse-transcriptase PCR (RT-qPCR) analysis, in which 
subtle cell type–specific changes may have been obscured.

A limited number of studies have focused on the expression of 
MMPs and TIMPs in patients with TLE. Li et al. showed by West-
ern blot that in a small cohort of TLE patients, both expression of 
the inactive propeptide and the active MMP9 protein were higher 
compared with that in controls (28). Higher activity of MMP2 and 
MMP9 were observed in the epileptogenic and perilesional area 
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half-maximum inhibitory concentrations of around 200 μM (20). 
Furthermore, it was confirmed by our Western blot data, which 
indicated that minocycline did not efficiently inhibit MMP9, in 
contrast to IPR-179.

To further evaluate the antiseizure and antiepileptogenic effects 
(49, 50) of IPR-179, we used the intrahippocampal KA mouse mod-
el, which is one of the widely used models of chemically induced 
TLE in mice (51). To minimize mortality related to SE, sustained 
seizures were terminated by a single application of the antiepileptic 
compound lorazepam 6 hours after KA injection (52, 53), and KA 
injection was performed into the neocortex just above dorsal hip-
pocampus (54). This approach resulted in a mortality rate of 11.4% 
and a high frequency of spontaneous recurrent seizures. IPR-179 
treatment rapidly and persistently reduced the number and duration 
of spontaneous seizures. We observed a stable reduction of epilep-
tiform activity from days 3 to 21 after KA injection, and the effect 
of the drug was persistent during the day, without any tendency to 
decline at the end of time interval between IPR-179 injections. Fur-
thermore, IPR-179 improved performance in the novel object recog-
nition task compared with vehicle-treated animals, indicating that it 
can reduce cognitive decline induced by SE. Importantly, we did not 
observe alterations in total body weight and morphology and weight 
of brain, liver, kidney, and lungs. Neither did we observe any alter-
ations in motor activity and anxiety (Supplemental Figure 11), indi-
cating that IPR-179 did not cause serious side effects.

Analysis of the antiepileptogenic effects of IPR-179 in the 
experiments when drug administration was terminated 1 week 
after SE revealed a reduction of epileptiform EEG activity and sei-
zure frequency even 7 weeks after the end of treatment. Also, the 
performance in the novel object recognition and novel object loca-
tion tests was substantially improved, i.e., IPR-179 has long-last-
ing antiepileptogenic effects. Interestingly, we noticed a clear cir-
cadian rhythm in epileptiform activity distribution in the control 
KA-injected group, with more ictal plus interictal spikes in the dark 
phase of the daily cycle (activity phase for mice). This is in line with 
another study in mice (55). In humans, the pattern of circadian dis-
tribution of seizures is brain region dependent: temporal lobe sei-
zures maximally occur in the light phase (active phase of patients) 
of the daily light-dark cycle, while parietal lobe seizures occur 
nocturnally and out of phase with limbic seizures (56). Strikingly, 
IPR-179 inhibited activity-dependent upregulation in hippocam-
pal seizures even after the termination of drug treatment, strongly 
pointing to the crucial role of MMP2/9 in specific epileptogenic 
mechanisms. These results suggest that there is a specific homeo-
static mechanism normally restraining network excitability during 
the activity period, which is switched off in MMP2/9-dependent 
fashion during the first week after SE. IPR-179 is a drug that spe-
cifically prevents this switch. Acute application of IPR-179 has 
additional antiseizure effects on excitability, resulting in reduced 
seizure duration and epileptiform activity during the inactivity 
phase. Thus, our data provide an insight into mechanisms of epi-
leptogenesis in addition to supporting a possible antiseizure and 
antiepileptogenic treatment.

Between SE and the beginning of spontaneous seizures (the 
latent period), reorganization of neuronal networks occurs. The 
latent period usually lasts weeks to years in patients (57). In the 
mouse model of KA-triggered epileptogenesis, this period can 

MMPs are involved in several processes that play a role in the 
development of epilepsy, such as seizure-induced cell death, BBB 
dysfunction, neuroinflammation, and aberrant synaptic plasticity. 
For example, intracellular increase of MMP activity in the nucle-
us facilitates oxidative injury in neurons during early ischemia. 
DNA repair enzymes such as PARP-1 and XRCC1 are substrates 
of MMPs, and cleavage of these enzymes could contribute to the 
neuronal apoptosis present in the epileptic brain (39). Yang et al. 
have shown that MMPs target the tight junction proteins clau-
din-5 and occludin, which are responsible for the maintenance of 
restricted BBB permeability (40). In isolated brain capillaries of 
animals with pilocarpine-induced SE, the expression of MMP2, 
MMP9, TIMP1, and TIMP2 was increased, as well as the activity 
of MMP2 and MMP9, which was modulated via glutamate and 
coincided with a decreased expression of tight junction proteins 
(41). It is well known that MMPs can destabilize tight junction 
proteins and the basement membrane of blood vessels, leading to 
disruption of the BBB (40, 42). Several studies have confirmed the 
correlation between increased MMP activity and BBB dysfunction 
in neurological disorders, including epilepsy (43).

Taken together, our data indicate that the MMP proteolyt-
ic system is involved in epilepsy, and since higher expression 
of MMPs is already found in early stages after SE, it is likely 
to play a role in epileptogenesis. Hence, we studied the effects 
of small BBB-permeable MMP inhibitors in 2 animal models of 
epileptogenesis.

IPR-179 has antiseizure and antiepileptogenic effects. In this 
study, we used the recently developed MMP inhibitor IPR-179, 
which has a high affinity for MMP9, but also for MMP2, although 
to a lesser extent (21), and tested its effects on seizure development 
in 2 rodent epilepsy models. In the rapid-kindling rat model, IPR-
179 had antiseizure effects, since IPR-179–treated animals showed 
less severe behavioral seizures compared with vehicle-treated ani-
mals. After a washout period of a week, when IPR-179 could not 
be detected in blood anymore, IPR-179–treated animals still had 
less severe behavioral seizures compared with vehicle treated ani-
mals, suggesting an antiepileptogenic effect. Although our activ-
ity assays indicate that IPR-179 is a specific inhibitor for MMP2 
and MMP9, we cannot fully exclude that the observed effects of 
IPR-179 are due to off-target effects. This needs to be evaluated in 
detail in future studies.

The BBB permeable broad-spectrum inhibitor minocycline 
was less effective in the rapid kindling model, which is in line with 
Arisi et al., who showed that minocycline did not affect the devel-
opment or severity of spontaneous seizures after pilocarpine-in-
duced SE (44). However, minocycline did increase the latency to 
stage 4 seizures, decreased the duration of stage 4 and 5 seizures 
in the mouse pentylenetetrazole kindling model (45), and had 
anticonvulsant effects in that rat amygdala kindling model (46), 
particularly at a high dose (50 mg/kg). This suggests that the dos-
age of 45 mg/kg minocycline used in our experiment was not suffi-
cient. However, a dose of 50 mg/kg had side effects (reduced bal-
ance duration in rotarod test) in rats (46), and further increasing 
the dose is known to be toxic (47, 48). Therefore, we conclude that 
IPR-179 is more potent than minocycline, which was confirmed 
by in vitro data showing that IPR-179 is able to inhibit MMP9 
and MMP2 in the nanomolar range (21) while minocycline has 
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179 group were excluded due to poor EEG signal; and 1 animal in 
the vehicle group had a damaged transmitter when it was removed 
from the headstage chamber. Endpoints, equal for all animals, were 
defined before the beginning of the experiments, clearly stated, 
and approved by the local ethics committees. Exact samples sizes, 
exclusion criteria, and use of replicates are further specified in the 
respective paragraphs.

Human subjects. The cases included in this study were obtained 
from the archive of the Department of Neuropathology of the Amster-
dam UMC and the Department of Neuropathology of the University of 
Bonn Medical Center. A total of 25 hippocampal specimens removed 
from patients undergoing surgery for drug-resistant TLE were exam-
ined. All cases were reviewed independently by 2 neuropathologists, 
and classification of HS was based on analysis of microscopic exam-
ination as described by the International League Against Epilepsy 
(68). In total, 20 patients with HS and 5 patients without HS were used. 
In addition, autopsy material of 5 patients who died after SE was used 
in this study. SE arose de novo, and pathological examination exclud-
ed structural abnormalities in the brain as well as encephalitis or men-
ingitis. Control material was obtained during autopsy of age-matched 
individuals without a history of seizures or other neurological diseases 
(n = 16). Supplemental Table 5 summarizes the clinical characteristics 
of the patients and controls.

Animals. Adult male Sprague-Dawley rats (ordered at 250 g, about 
2 months of age, n = 74; Harlan Netherlands) were used for the electri-
cal stimulation–induced SE model and the rapid kindling model. The 
rats were housed individually in a controlled environment (21 ± 2°C; 
humidity 55% ± 15%; lights on 08:00 am–8:00 pm; food and water 
available ad libitum).

Forty-four 3-month-old male C57BL/6J mice from the local 
DZNE Magdeburg colony were used for the intrahippocampal KA 
model. These mice were housed individually in a controlled environ-
ment (21 ± 2°C; lights on 9:00 pm–9:00 am; food and water available 
ad libitum). All animals were acclimatized to the local animal house 
for at least 7 days before experimental use.

Electrical SE rat model. For electrode implantation, SE induction, 
EEG monitoring, and preparation of rat brain tissue, see Supplemental 
Methods.

Rapid-kindling rat model. For kindling stimulation, see Supple-
mental Methods.

Drug treatment during kindling. Rats were treated i.p. with 6 mg/
kg IPR-179 (n = 8, Accure Therapeutics) once a day for 1 week; 5.0% 
Tween 80 in 0.9% saline was used as a vehicle, and the volume of 
administration was 10 mL/kg. After 1 week of washout, tail-vein 
blood was collected and tested for the presence of IPR-179. This dose 
was selected based on a previous dose-response study in which sei-
zures were evoked using pentylenetetrazole in mice. Efficacy was not 
observed at 3 mg/kg. However, administration of 6 mg/kg and 18 mg/
kg of IPR-179 resulted in a lower behavioral seizure severity. Since an 
MMP9 activity assay showed effective inhibition at a dose of 6 mg/kg, 
this dose was chosen for further experiments. As references, 2 groups 
were used: a vehicle group (5.0% Tween 80 in 0.9% saline, n = 8) and 
a drug group (minocycline hydrochloride, a broad-spectrum MMP 
inhibitor, 45 mg/kg/d, n = 10; Renno Tech).

Intrahippocampal KA mouse model. For implantations, intrahippo-
campal KA injection, and EEG recording and analysis, see Supplemen-
tal Methods and Supplemental Figure 8.

vary from a few hours to days and weeks (54, 58). In our experi-
ments with KA injection, we noticed that spontaneous recurrent 
seizures appeared already 5 hours after SE, which is partially 
related to a rather low duration threshold (8 seconds) that we set 
for detection of seizures, although in some other studies even a 
5-second threshold has been used (59, 60). Many additional fac-
tors might influence the length of the latent period, including but 
not limited to the animal strain used (61), the amount and routine 
of KA administration (62–64), the dorsal temporal coordinates as 
well as the subregion of hippocampus in which KA is injected (54, 
58), the usage of an antiepileptic drug to stop SE (52, 62), and even 
the anesthesia protocol during KA injection (65).

Western blot analysis of the hippocampus from kindled rats 
confirmed that MMP9’s target nectin-3 (66) was less cleaved com-
pared with that in vehicle-treated animals and thereby MMP9 
activity was decreased in IPR-179–treated animals. Previous 
studies showed that MMP9 deficiency decreased the sensitivity 
to kindling (12, 15), suggesting that MMP9 has important effects 
on neuronal excitability. Therefore, MMP inhibitors may have a 
therapeutic potential in epilepsy. Interestingly, the general MMP 
inhibitor GM6001 attenuated induced capillary leakage ex vivo 
and in vitro by the prevention of tight junction protein degrada-
tion (41, 67). However, more than 50 MMP inhibitors have been 
tested during clinical trials, and they had low bioavailability and/
or severe side effects (20). Here, we showed that IPR-179, a potent 
and BBB-permeable gelatinase inhibitor, has antiseizure as well 
as antiepileptogenic effects in 2 rodent models of epilepsy and 
attenuated seizure-induced cognitive decline, without severe 
side effects. Therefore, this recently developed MMP inhibitor 
deserves further investigation in clinical trials.

Methods
Study design. The overall objective of this study was to investigate the 
expression of MMPs in experimental and human TLE and to exam-
ine antiseizure and antiepileptogenic effects of a recently developed 
MMP inhibitor, IPR-179, in 2 models of TLE. Samples sizes for TLE 
patients and age-matched autoptic controls used for RT-qPCR and 
IHC were based on the availability of material. Sample sizes for in 
vivo experiments were determined based on power calculation and 
experience from previous research using these models and are spec-
ified in the Supplemental Methods. For the rapid-kindling rat mod-
el, animals were randomly assigned to different treatment groups. 
Animals that did not have proper EEG signals were excluded from 
the study (n = 2 in vehicle and IPR-treated group). In the intrahip-
pocampal KA mouse model, the injection order of animals was ran-
domly assigned. Animals were allocated into 2 treatment groups 
to counterbalance the number of convulsions monitored during 
the first hour after KA application. The treatment information was 
blinded and decoded only after the analysis of behavioral and EEG 
data was completed. In the long-term antiseizure IPR-179 treatment 
experiment, 2 animals in the vehicle group died after KA injection 
(1 on the first day and 1 on the fourth day); 1 animal in the vehicle 
group and 1 animal in the IPR-179 group were excluded due to poor 
EEG signal. With the short-term antiepileptogenic IPR-179 treat-
ment, 2 animals in the vehicle group died on the day of KA injection, 
and 1 animal in the IPR-179 group died on the fourth day after KA 
injection; 2 animals in the vehicle group and 1 animal in the IPR-
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Drug treatment after KA injection. At the beginning of the dark 
phase (9:00 am), the body weights of animals were recorded. For the 
long-term antiseizure treatment, vehicle control or IPR-179 (6 mg/kg 
/10 mL) in 5.0% Tween 80 in 0.9% saline was injected i.p. once daily 
(10 mL/kg) starting 24 hours after KA injection and continuing for 30 
days. For the experiment with short-term antiepileptogenic IPR-179 
treatment, vehicle control of IPR-179 was i.p. administered at the same 
concentrations as above starting 6 hours after KA injection for 7 days.

Behavioral tests. See Supplemental Methods and Supplemental 
Tables 6 and 7.

Immunohistochemistry. Human brain tissue was stained using 
antibodies against MMP2, MMP3, MMP9, MMP12, TIMP1, TIMP2, 
TIMP3, and TIMP4, and post-SE rat brain tissue was stained using an 
antibody against MMP9. Rapid-kindling rat tissue was stained using 
an antibody against NeuN. For details, see Supplemental Methods.

PCR, Western blotting, and activity assays. See Supplemental Methods.
Statistics. Statistical analysis of immunohistochemistry data was 

performed using IBM SPSS Statistics 22 using the Kruskal-Wallis 
test followed by Mann-Whitney U tests. Data analysis of the kindling 
experiment was performed using RStudio (version 1.1.383) with the 
R package Ordinal in combination with the Cumulative Link Mixed 
Models (cclm2) function to perform a mixed-effects ordinal regres-
sion with random effect of animal and fixed effects of treatment 
group, stimulus number, and the interaction between treatment group 
and stimulus number. Statistical analysis of the results on intrahippo-
campal kainic injection model was performed with SigmaPlot 13.0. 
For data obtained from RM, a 2-way RM ANOVA with the Holm-Šidák 
or Dunnet’s post hoc test was applied. For data obtained from behav-
ioral tests, a normality test (Shapiro-Wilk method) and an equal vari-
ance test (Brown-Forsythe method) were applied to determine which 
parametric test should be used (Supplemental Table 8). Thereafter, a 
2-sided paired t test was applied for analysis of time in the novel object 
recognition and novel object location test; a 2-sided unpaired t test 
was applied for 2-group comparisons (discrimination ratio in the novel 
object recognition test, mean value of average seizure duration, travel 
distance, and time spent in the open-field test and convulsion number 
during the first hour after KA injection). For comparison of data sets 
with non-Gaussian distributions (mean value of percentage for epi-
leptiform epochs and the total number of seizures, exploration time 
in the novel object recognition test 3 weeks after KA injection in mice 
with long-term IPR-179 treatment, time spent in central or periph-
eral area in mice with short-term treatment), the Mann-Whitney U 
test, Wilcoxon’s signed rank test, or 2-way RM ANOVA on ranks was 
applied. P < 0.05 was used to reject the null hypothesis. The t test and 
nonparametric tests provided very close P values for behavioral data 
(Supplemental Table 8), and in only 2 cases the nonparametric tests, 
which are supposed to have less power than parametric tests, detected 
a tendency, while the t test indicated a significant difference.

Study approval. The patient tissue used for expression studies was 
obtained and used in accordance with the Declaration of Helsinki and 
the Amsterdam UMC Research Code provided by the Medical Eth-
ics Committee. Animal experiments were conducted in accordance 
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