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A B S T R A C T

Status epilepticus (SE) during developmental periods can cause short- and long-term consequences to the brain.
Brain damage induced by SE is associated to NMDA receptors (NMDAR)-mediated excitotoxicity. This study
aimed to investigate whether blockade of GluN2B-containing NMDAR is neuroprotective against SE-induced
neurodegeneration and neuroinflammation in young rats. Forty-eight Wistar rats (16 days of life) were injected
with pilocarpine (60mg/kg; i.p.) 12–18 h after LiCl (3 mEq/kg; i.p.). Fifteen minutes after pilocarpine admin-
istration, animals received i.p. injections of saline solution (0.9% NaCl; SE+ SAL group), ketamine (a non-
selective and noncompetitive NMDAR antagonist; 25 mg/kg; SE+KET), CI-1041 (a GluN2B-containing NMDAR
antagonist; 10 mg/kg; SE+CI group) or CP-101,606 (a NMDAR antagonist with great selectivity for NMDAR
composed by GluN1/GluN2B diheteromers; 10mg/kg; SE+CP group). Seven days after SE, brains were re-
moved for Fluoro-Jade C staining and Iba1/ED1 immunolabeling. GluN2B-containing NMDAR blockade by CI-
1041 or CP-101,606 did not terminate LiCl-pilocarpine-induced seizures. SE+ SAL group presented intense
neurodegeneration and Iba1+/ED1+ double-labeling in hippocampus (CA1 and dentate gyrus; DG) and
amygdala (MePV nucleus). Administration of CP-101,606 did not alter this pattern. However, GluN2B-con-
taining NMDAR blockade by CI-1041 reduced neurodegeneration and Iba1+/ED1+ double-labeling in hippo-
campus and amygdala similar to the reduction observed for SE+KET group. Our results indicate that GluN2B-
containing NMDAR are involved in SE-induced neurodegeneration and microglial recruitment and activation,
and suggest that stopping epileptic activity is not a condition required to prevent short-term brain damage in
young animals.

1. Introduction

Status epilepticus (SE) is defined as a condition of abnormally self-
sustained prolonged seizures (Trinka et al., 2015). This life-threatening
neurological disorder presents higher incidence during infancy and
childhood (Gross-Tsur and Shinnar, 1993; Holmes, 1997) wherein
several studies have reported short- and long-term consequences to the
developing brain. These consequences include neuronal cell death,
microglial recruitment and activation, and abnormal neuronal network
formation (de Oliveira et al., 2008; Fujikawa, 1995; Jakubs et al., 2006;
Kubova et al., 2004; Loss et al., 2012; Mishra et al., 2015; Rice et al.,

1998; Sankar et al., 1998; Yankam Njiwa et al., 2016). Neuronal cell
death caused by SE has been frequently associated to an excessive ac-
tivation of NMDA receptors (NMDAR) (Holopainen, 2008) and some
studies have demonstrated that administration of NMDAR antagonists
was neuroprotective against SE-induced neurodegeneration in both pre-
and post-SE onset treatment regimens (Clifford et al., 1990; Fujikawa,
1995; Holmes, 2004; Loss et al., 2012).

Functional NMDAR, which are heterotetrameric complexes com-
posed by the obligatory GluN1 subunits and a combination of GluN2
and/or GluN3 subunits (Di Maio et al., 2011), are found both inside and
outside the synapse (synaptic and extrasynaptic NMDAR, respectively).
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These different localizations of the NMDAR reflect different subtypes of
the receptor, being that synaptic NMDAR are predominantly GluN1/
GluN2A diheteromers and GluN1/GluN2A/GluN2B triheteromers,
whereas extrasynaptic NMDAR are enriched in GluN2B subunit (mostly
GluN1/GluN2B diheteromers) (Gladding and Raymond, 2011;
Hardingham and Bading, 2010; Hardingham et al., 2002).

Activation of NMDAR under physiological conditions contribute to
modulation of several intracellular signaling pathways via Ca+2 influx,
which occurs through a ionic pore located inside the receptor complex
(Di Maio et al., 2011). However, during excessive activation of NMDAR,
such as that observed in SE, the cytosolic free Ca+2 concentration in-
creases quickly and leads neurons to death (Olney, 2003). Previous
studies have suggested that extrasynaptic NMDAR (i.e., GluN2B-en-
riched receptors) are the NMDAR subpopulation responsible for this
Ca+2 influx and subsequent neuronal death (Hardingham and Bading,
2010; Hardingham et al., 2002).

Upon sensing pathological signals, including seizures and SE-in-
duced neurodegeneration, microglial cells (the resident immune cells of
the brain) become reactive and promptly undergo biochemical changes
producing pro-inflammatory cytokines, which leads to a self-sustained
cycle of microglial recruitment and activation (Liu et al., 2017; Schartz
et al., 2016; Wyatt-Johnson et al., 2017). This neuroinflammatory
scenario has been suggested as a key event in epileptogenesis (Bertoglio
et al., 2017; Choi and Koh, 2008; Liu et al., 2017; Schartz et al., 2016;
Vezzani et al., 2011).

In the present study we investigated whether blockade of GluN2B-
containing NMDAR is sufficient to prevent neuronal cell death and
microglial recruitment and activation induced by early-life SE. We

hypothesized that excessive activation of extrasynaptic NMDAR is a key
mechanism implicated in SE-induced neurodegeneration. We expected
that GluN2B-containing NMDAR blockade by specific antagonist could
reduce neuronal loss and, consequently, neuroinflammation (measured
by microglial recruitment and activation).

2. Experimental procedure

2.1. Materials

Pilocarpine hydrochloride was purchased from Sigma-Aldrich
(USA). CP-101,606 (a NMDAR antagonist with great selectivity for
GluN1/GluN2B diheteromers (Chazot et al., 2002; Hansen et al., 2014))
and CI-1041 (a GluN2B-containing NMDAR antagonist (Chen et al.,
2003; Nagy et al., 2004)) were kindly donated by Pfizer Inc., Ann Arbor
(MI, USA). Fluoro-Jade C was purchased from Chemicon, Inc. (USA).
Other chemicals were purchased from Nuclear (Brazil). All solutions
were prepared so that the injection volume was 5mL/kg.

2.2. Subjects

Sixty-eight young male and female Wistar rats (15 postnatal days –
PND15) were obtained from breeding colony of the Department of
Biochemistry of Universidade Federal do Rio Grande do Sul. Birth was
defined as postnatal day 0 (PND0). Animals were housed in standard
polypropylene cages with food and water ad libitum, under a 12 h
controlled light/dark photoperiod cycle (lights on at 7:00 am) with
room temperature adjusted to 21 ± 2 °C. All procedures were

Fig. 1. Experimental design. Pups from both
sexes and from several litters were used in this
study. They were subjected to one of two in-
dependent experiments. The first cohort of
animals (48 pups) was subjected to LiCl-pilo-
carpine-induced SE and 15min after pilo-
carpine injection were assigned to one of the
following treatments: (i) saline (0.9%); (ii)
ketamine (25mg/kg); (iii) CI-1041 (10mg/
kg); or (iv) CP-101,606 (10mg/kg). Especial
care procedure (injection of HBSS supple-
mented with 11mM glucose during three days)
was adopted to prevent high mortality rate.
Seven days after SE onset, animals had their
brains collected to histological analysis. The
second cohort of animals (20 pups) was han-
dled exactly the same way as the first cohort of
animals, except that they received saline
(0.9%) instead of pilocarpine.
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conducted according to the Guide for Care and Use of Laboratory
Animals from National Institutes of Health (NIH Publications No. 8023,
revised 1978), the Brazilian Law for Care and Use of Laboratory
Animals (Law 11794/2008), and were previously approved by the
Ethics Committee from Universidade Federal do Rio Grande do Sul
(protocol number #21369).

2.3. Induction of status epilepticus

Forty-eight rat pups (from both sexes) were injected with a solution
of LiCl (127.2mg/kg i.p.) 12–18 h prior to pilocarpine (60mg/kg i.p.)
administration on PND16 (de Oliveira et al., 2008) (Fig. 1). Im-
mediately after pilocarpine injection, rats were put in individual plastic
cages at 34 °C (nest temperature) during 1.5 h for observation of sei-
zures which were evaluated only by behavioral measures. Fifteen min
after pilocarpine administration, pups received i.p. injections of vehicle
(0.9% NaCl; SE+ SAL group), or ketamine (25mg/kg (Loss et al.,
2012); SE+KET), or CP-101,606 (10mg/kg (Brackett et al., 2000);
SE+CP group) or CI-1041 (10mg/kg (Kovacs et al., 2004; Ouattara
et al., 2009); SE+CI group). Animals were pseudo-randomly assigned
to their respective experimental groups in order to obtain a similar ratio
between males and females within each experimental group (about
50% of each sex). Each experimental group contained pups from several
litters to minimize litter-specific effects. Rats were allowed to sponta-
neously recover from SE. In order to prevent high mortality rates, pups
received i.p. injections of HBSS supplemented with 11mM glucose 1.5,
4, 7, 24, 36, 48 and 60 h after pilocarpine injection. The body weight
was assessed daily until the last experimental day. Seven days after SE
induction, animals were used to determine SE-induced neuronal loss
(Fluoro-Jade C staining) and microglial recruitment and activation
(Iba1/ED1 double-labeling immunofluorescence). This time-point was
chosen because we wanted to assess brain damage in a period in which
both neuronal degeneration and microglial recruitment and activation
were elevated (Ekdahl et al., 2003; Jakubs et al., 2006; Liu et al., 2017;
Schartz et al., 2016; Wang et al., 2008; Wyatt-Johnson et al., 2017;
Yankam Njiwa et al., 2016).

In order to verify if NMDAR antagonist’s treatment could induce
neurodegeneration per se, another cohort of 20 animals (from both
sexes) was treated with LiCl-saline (Non-SE submitted groups) followed
by injection of NMDAR antagonists (at same doses described above)
(Fig. 1). After, animals were housed and handled as the same manner of
SE-induced animals (N= 5 animals per group).

2.4. Brain tissue sampling

Seven days after SE induction rats were deeply anesthetized i.p.
with ketamine (90mg/kg) and xylazine (12mg/kg) and sequentially
perfused through the heart with 100mL of 0.1 M sodium phosphate
buffer, pH 7.4, followed by 100mL of 4% paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.4. Brains were removed and immersed
for 4 h in the same fixative solution. After post-fixation, samples were
transferred to a 15% followed by transfer to 30% sucrose until the
brains sank to the bottom of the chamber. Coronal slices (50 μm) on
representative microscopic fields, were obtained using a Leica CM1850
Cryostat, approx. Bregma: -2.56 mm; Interaural: 6.44mm until Bregma:
−3.80mm; Interaural: 5.20 mm, corresponding to figures 30–35 of
Paxinos and Watson atlas (1998).

2.4.1. Fluoro-Jade C staining
Fluoro-Jade C (FJC) staining was based on Schmued et al. (2005).

Coronal slices were mounted onto gelatin-coated slides and dried at
room temperature overnight. Slides were immersed twice in xylene for
10min followed by absolute ethanol for 3min. Then, slides were rinsed
for 2min in 70% ethanol, 2 min in distilled water, and incubated in
0.06% potassium permanganate solution for 10min. Slides were rinsed
in distilled water for 2min and transferred for 10min to a 0.0001% FJC

solution dissolved in 0.1% acetic acid, washed three times for 1min
with distilled water, dried at room temperature overnight, dehydrated
in xylene for 2min, and then cover-slipped with DPX. Sections corre-
sponding to hippocampal subfields CA1 and Dentate Gyrus (DG), and
amygdala (medial amygdaloid nucleus - MePV) were digitalized using a
Zeiss Axio Imager A1 microscopy. Due to the large extent of CA1 and
DG hippocampal subfields, the entire region was brief scanned before
digitalization. Once neurodegeneration was anisotropic among sections
in these regions, a single digitalization per section was performed after
the identification of the most damaged portion of the region (i.e., por-
tion of the region which presented the greatest number of FJC+ cells).
By employing this procedure we increased isotropy of the damage
among sections, reducing data variability and minimizing under-
estimation of neurodegeneration induced by SE. Estimation of FJC+

neuronal density (number of FJC+ neurons/mm2) was performed using
Image-Pro Plus Version 6.0 software (Media Cybernetics Inc., USA).
Briefly, starting in a random point in images obtained from CA1 and
DG, three equidistant areas of interest (AOIs) with square shape, mea-
suring 1500 μm2 were overlaid in each image. For MePV nucleus,
starting in a random point, five equidistant AOIs with square shape and
measuring 3300 μm2 were overlaid in each image. AOIs were designed
to allow the investigator to count at most 10 cells per AOI to minimize
any errors in counting. FJC+ neurons located inside this square or in-
tersected by the upper and/or right edges of the square were counted,
while FJC+ neurons intersected by the lower and/or left edges of the
square were not counted. Cells (neuronal somas) exhibiting bright
green fluorescence were counted while FJC+ fragments were not
counted. At least five slices per region were analyzed per animal. The
investigator who analyzed the images was blinded to the analysis (de
Senna et al., 2017; Mestriner et al., 2015; Saur et al., 2014).

2.4.2. Iba1/ED1 double-labeling immunofluorescence
For Iba1/ED1 double-labeling (Wu et al., 2005), free-floating sec-

tions were washed 3 times with 0.1 M PBS and then permeabilized with
TPBS (0.3% Triton X-100 in 0.1 M PBS) for 1 h. To quench endogenous
peroxidase activity, sections were incubated in solution containing 2%
H2O2 in 0.1 M PBS for 30min. After washing with 0.1 M PBS for 5min,
sections were incubated in blocking solution (1% Albumin in TPBS) for
1 h followed by incubation in mouse-anti-ED1 (1:200, Serotec Ltd.,
Oxford, UK) and rabbit-anti-Iba1 (1:1000, Wako Chemicals, Neuss,
Germany) for 24 h at 4 °C. After washing 3 times with 0.1 M PBS, they
were incubated for 2 h in Alexa Fluor goat anti-rabbit 488 and Alexa
Fluor goat anti-mouse 555 secondary antibodies (1:1000, Molecular
Probes, Oregon, USA) at room temperature in dark. Sections were
washed 3 times with 0.1 M PBS, mounted onto gelatin-coated slides and
cover-slipped with Fluoromount. Images were digitalized using a Leica
SP8 confocal microscope. Due to the large extent of CA1 and DG hip-
pocampal subfields, the entire region was brief scanned before digita-
lization. Once microgliosis (i.e., prominent microglial activity re-
presented by increased Iba1 and ED1 immunoreactivity) was
anisotropic among sections in these regions, a single digitalization per
section was performed after the identification of the most damaged
portion of the region (i.e., the portion of the region which presented the
greatest number of Iba1+/ED1+ double-staining cells). By employing
this procedure we increased isotropy of the damage among sections,
reducing data variability and minimizing underestimation of micro-
gliosis induced by SE. The estimation of Iba1+ and ED1+cells densities
(number of Iba1+ and ED1+ cells/mm3) was obtained using an adap-
tation of optical disector. Briefly, a square counting frame with 844 μm2

was randomly overlaid onto the region analyzed and Iba1+ and ED1+

cells were counted at different focal planes in the z axis throughout the
brain slice. The disector’s height ranged from 10 to 20 μm. Thus, the
disector’s volume ranged from 8.440 to 16.880μm3. Disector’s were
designed to allow the investigator to count at most 10 cells per disector
to minimize any errors in counting. The Iba1+ and ED1+ cells inside
this square overlaying the “including” borders (upper and right) were
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counted, and Iba1+ and ED1+ cells overlaying the “excluding” borders
(lower and left) were not counted. At least five slices per region were
analyzed per animal. The investigator who analyzed the images was
blinded to the analysis (Costa-Ferro et al., 2010; Dall’Oglio et al., 2013).

2.5. Statistical analysis

All data were analyzed using both sexes combined. Data of mortality
rate were analyzed by Mantel–Cox test. The daily variation of body
weight was calculated as the difference between the body mass in one
day and the body mass in the previous day. Data of body weight are
expressed as mean ± SD and were analyzed by two-way ANOVA with
repeated measures (where appropriated, Holm-Sidak's post hoc test for
multiple comparisons was used to compare the mean of each group
with the mean of SE+ SAL group). Histological data which passed in
Brown-Forsythe test are expressed as mean ± SD and were analyzed
by one-way ANOVA (where appropriated, Holm-Sidak's post hoc test
for multiple comparisons was used to compare the mean of each group
with the mean of SE+ SAL group). Histological data which did not pass
in Brown-Forsythe test are expressed as median and the interquartile
ranges and were analyzed by Kruskal-Wallis test (where appropriated,
Dunn’s post hoc test for multiple comparisons was used to compare the
mean rank of each group with the mean rank of SE+ SAL group).
P < 0.05 was considered statistically significant.

3. Results

3.1. Effect of GluN2B-containing NMDAR blockade on convulsive pattern
of SE

The behavioral convulsive pattern of LiCl-pilocarpine-treated ani-
mals was similar to those described by de Oliveira et al. (2008) and Loss
et al. (2012). Systemic administration of LiCl-pilocarpine produced
defecation, salivation, body tremor, and scratching within 2–8min.
This behavioral pattern progressed to increased levels of motor activity
and culminated in SE in all animals within 8–13min. SE was char-
acterized by sustained orofacial automatisms, salivation, chewing,
forelimb clonus, loss of righting reflex and falling (equivalent to stage 5
of Racine’s scale).

As already described (Loss et al., 2012), treatment with ketamine
(SE+KET group) 15min after pilocarpine administration reduced the
intensity of sustained orofacial automatisms, forelimbs clonus and
chewing, without recovering the loss of righting reflex. However,
GluN2B-containing NMDAR blockade by CI-1041 (SE+CI group) or
CP-101,606 (SE+CP group) 15min after pilocarpine administration
(i.e., after SE onset) did not affect the behavioral pattern of SE when
compared with animals from SE+ SAL group. Administration of CI-
1041 or CP-101,606 did not induce any behavioral alteration in Non-SE
submitted animals.

3.2. Effect of GluN2B-containing NMDAR blockade on mortality rate of SE-
induced animals

Fifty percent of animals from SE+ SAL group (6 of 12) died up to
24 h after pilocarpine injection. Administration of GluN2B-containing
NMDAR antagonists did not alter this mortality rate (5 of 11 for CI-
1041, i.e., 45%; 8 of 16 for CP-101,606, i.e., 50%, being 7 up to 24 h
after SE onset and 1 at PND19). Only 1 of 9 animals (11%) which re-
ceived ketamine after SE onset died (Fig. 2a). However, no statistical
differences between groups were found (Chi-square= 4.12; P= 0.25).
Administration of ketamine, CI-1041 or CP-101,606 in animals that
were not injected with pilocarpine (Non-SE animals) did not cause
death (data not shown).

3.3. Effect of GluN2B-containing NMDAR blockade on weight gain after SE

Two-way ANOVA with repeated measures revealed a significant
interaction between time and treatment [F(21,168)= 2.03; P=
0.0074] and a significant effect of time on weight gain of animals [F
(7,168)= 138.9; P < 0.0001] (Fig. 2b). All groups presented a sig-
nificant weight loss in the first day after SE induction (Δ16,17=
−4.8 ± 0.6 for SE+ SAL; -4.8 ± 0.3 for SE+KET; -4.2 ± 0.2 for
SE+CP; and -6.5 ± 0.4 for SE+CI; F= 7.0; P < 0.0001). Animals
from SE+KET and SE+CI groups presented with faster weight recovery
as they started to gain weight in PND18 while SE+SAL group only
started to gain weight in PND20 (Fig. 2b). Animals from SE+CP group
presented a weight gain profile similar to SE+ SAL group (Fig. 2b and
c). A representation of cumulative weight gain profile is depicted in
Fig. 2c.

3.4. Effect of GluN2B-containing NMDAR blockade on SE-induced
neurodegeneration

The FJC+ staining cells showed a bright green color in the somas
and fine processes with neuronal profiles (dendrites, axons and axon
terminals) (Schmued et al., 2005; Wang et al., 2008). Seven days after
SE onset, it was observed that LiCl-pilocarpine administration induced
massive neurodegeneration (indicated by increased FJC staining) in
several brain regions, including CA1, DG, and amygdala (medial
amygdaloid nucleus - MePV) (Fig. 3). Administration of CP-101,606
after SE onset did not alter the number of FJC+ neurons in comparison
to SE+ SAL group in all analyzed regions. However, animals from both
SE+KET and SE+CI groups presented a reduced number of
FJC+neurons in DG [KW(4,26)= 17.55; P= 0.0005] and MePV [KW
(4,25)= 18.83; P= 0.0003]. Moreover, a reduction in the number of
FJC+ neurons was observed in CA1 hipocampal subfield for SE+KET
group when compared to SE+ SAL group [KW(4,26)= 14.28; P=
0.0026] (Fig. 3). FJC+ neurons were not observed in the brain of Non-
SE animals (data not shown).

3.5. Effect of GluN2B-containing NMDAR blockade on SE-induced
microglial recruitment and activation

An intense Iba1+/ED1+ double-labeling (indicated by high fluor-
escence and brightness) was observed in several brain regions seven
days after SE onset. Ramified (resting) and fibrous amoeboid (acti-
vated) shapes of microglia were observed (Figs. 4–6). Administration of
CP-101,606 after SE onset did not alter Iba1+/ED1+ double-labeling
profile in comparison to SE+ SAL group in all regions analyzed.
However, animals from both SE+KET and SE+CI groups presented a
reduction in the Iba1+ cells in CA1 [F(3,23)= 9.24; P= 0.0003] and
MePV [F(3,22)= 22.51; P < 0.0001], but not in DG [F(3,23)= 0.96;
P= 0.43] (Fig. 7a–c). In addition, both groups displayed a reduction in
the number of ED1+ cells in CA1 [F(3,23)= 14.46; P < 0.0001] and
MePV [F(3,22)= 14.70; P < 0.0001] (Fig. 7d and f). Significant re-
duction of activated microglia was also observed in these regions when
the percentage of ED1+ cell in relation to the total number of Iba1+

cells was analyzed [F(3,23)= 15.70; P < 0.0001 for CA1; F(3,22)=
7.08; P < 0.0017 for MePV] (Fig. 7g and i). One-way ANOVA also
revealed a significant difference between groups in the total number of
ED1+ cells in DG [F(3,23)= 3.37; P= 0.0359]. Nevertheless, Holm-
Sidak's post hoc test for multiple comparisons was not able to identify
differences between groups (P= 0.0611 for SE+ SAL vs. SE+KET; P=
0.1417 for SE+ SAL vs. SE+CI; P= 0.9477 for SE+ SAL vs. SE+CP),
just pointing a trend of SE+KET group for reducing ED1+ cells in
comparison to SE+ SAL group. This suggested reduction of microglial
activation in DG was strengthened by the reduction observed in the
percentage of ED1+ cells in relation to the total number of Iba1+ cells
[F(3,23)= 4.67; P= 0.0109] (Fig. 7h). Even though microglial mor-
phology was not evaluated (quantified) it is clear that ramified cells
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were the majority shape of microglial cells found in SE+KET and
SE+CI groups (Figs. 4–6), which supports the hypothesis that
NMDAR-antagonism reduces microglial activation induced by SE.

4. Discussion

The results presented herein showed that GluN2B-containing

NMDAR are involved in neuronal loss and microglial recruitment and
activation caused by early-life SE. As we predicted, SE-induced neuro-
degeneration and microglial recruitment and activation were sub-
stantially reduced (fully avoided in most cases) after blocking GluN2B-
containing NMDAR with CI-1041. However, our hypothesis that ex-
cessive activation of extrasynaptic NMDAR is the mechanism re-
sponsible for SE-induced neurodegeneration was not confirmed since

Fig. 2. Blockage of GluN2B-containing NMDAR effects on time-course mortality and weight recovery after SE induction at PND16. (a) Data of mortality are expressed
as the total N for each group (SE+ SAL N=12; SE+KET N= 9; SE+CP N= 16; SE+CI N= 11) and were analyzed by Mantel–Cox test. (b) Body weight variation
per day was calculated as PNDn-(PNDn-1); e.g. PND17-(PND16). Values near from 0 (dotted line) indicates that animals did not gain weight in that day; negative
values indicates that animals lose weight in that day; positive values indicates that animals gain weight in that day. (c) Cumulative body weight variation was
calculated as PNDn-PND15. Values were normalized by the body weight each animal had in PND15 (dotted line). * indicates P < 0.05 when SE+KET group was
compared with SE+SAL group. + indicates P < 0.05 when SE+CI group was compared with SE+SAL group. Data of body weight variation per day were analyzed
by two-way ANOVA with repeated measures followed by Holm-Sidak's multiple comparisons post hoc test.

Fig. 3. Blockage of GluN2B-containing NMDAR with CI-1041 prevents SE-induced neurodegeneration. (a) Representative images from FJC labeling performed seven
days after SE onset. SE induced a massive neurodegeneration in several brain regions, including CA1 hippocampal subfield (left), DG hippocampal subfield (middle)
and medial amygdaloid nucleus (MePV; right). Scale bar= 100 μm. (b–d) In the graphs are depicted the quantification of FJC+ neurons in (b) CA1 and (c) DG
hippocampal subfields, and (d) amygdala (medial amygdaloid nucleus - MePV), seven days after SE onset. Data were analyzed by Kruskal-Wallis test followed by
Dunn's multiple comparisons post hoc test. * indicates P < 0.05 when compared with SE+SAL group. ** indicates P < 0.01 when compared with SE+SAL group.
*** indicates P < 0.001 when compared with SE+SAL group.
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selective blockade of NMDAR composed by GluN1/GluN2B diheter-
omers, with CP-101,606 (Chazot et al., 2002; Hansen et al., 2014), did
not prevent neuronal loss. Our results also suggest a decoupling of brain
damage and epileptic activity since we showed that stopping SE is not
required to prevent neurodegeneration and microglial recruitment and

activation. In the following sections, we provide experimental evidence
supporting our findings and propose putative mechanisms involved in
NMDAR-mediated glutamatergic excitotoxicity.

Fig. 4. Microglial recruitment and activation
in the CA1 hippocampal subfield seven days
after SE onset. (a) SE induced a massive mi-
croglial recruitment (Iba1+ cells; green) and
activation (ED1+ cells; red) in the
CA1 hippocampal subfield. Coronal sections
show a markedly decreased number of Iba1+

and ED1+ double-labeled cells from SE+KET
and SE+CI, but not from SE+CP, treated
animals when compared with SE+SAL group.
A higher incidence of yellowish-green cells
indicates Iba1/ED1 co-localization. Ramified
(resting - arrows) and fibrous amoeboid (acti-
vated – arrow heads) shapes of microglia were
observed. Scale bar= 25 μm. (b)
Representative coronal sections of the regions
analyzed (from Bregma -3.14 mm to
-3.80 mm). CA1 hippocampal subfield is high-
lighted in red. Modified of Paxinos and Watson
(1998). (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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4.1. Blockade of GluN2B-containing NMDAR with CP-101,606 or CI-1041
failed to stop LiCl-pilocarpine-induced SE

It is well-known that typical NMDAR antagonists exhibit potent
anticonvulsant activity (Mikolasova et al., 1994; Velisek et al., 1989;

Veliskova et al., 1990). Recent evidence points to the involvement of
GluN2B subunit in maintenance of seizures since blockade of GluN2B-
containing NMDAR can suppress epileptic activity (Brackett et al.,
2000; Mares and Mikulecka, 2009; Szczurowska and Mares, 2015;
Wang and Bausch, 2004). However, in our study, blockade of GluN2B-

Fig. 5. Microglial recruitment and activation
in the DG hippocampal subfield seven days
after SE onset. (a) SE induced a massive mi-
croglial recruitment (Iba1+ cells; green) and
activation (ED1+ cells; red) in the DG hippo-
campal subfield. Coronal sections show a
markedly difference in shape of Iba1+ and
ED1+ double-labeled cells from SE+KET and
SE+CI, but not from SE+CP, treated animals
when compared with SE+ SAL group. A
higher incidence of yellowish-green cells in-
dicates Iba1/ED1 co-localization. Ramified
(resting - arrows) and fibrous amoeboid (acti-
vated – arrow heads) shapes of microglia were
observed. Scale bar= 25 μm. (b)
Representative coronal sections of the regions
analyzed (from Bregma -3.14 mm to
-3.80 mm). DG hippocampal subfield is high-
lighted in red. Modified of Paxinos and Watson
(1998). (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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containing NMDAR with CP-101,606 or CI-1041 did not stop SE-in-
duced seizures. This was a surprising result since others previously
reported anticonvulsant activity of these antagonists in higher, similar
or even lower dosage than the used here (Barton and White, 2004;

Brackett et al., 2000; Naspolini et al., 2012; Vartanian et al., 2000). One
can argue that GluN2B-containing NMDAR antagonism present dif-
ferent anticonvulsant actions in adult and developmental brain.
Nevertheless, anticonvulsant effect of GluN2B-containing NMDAR

Fig. 6. Microglial recruitment and activation
in amygdala seven days after SE onset. (a) SE
induced a massive microglial recruitment
(Iba1+ cells; green) and activation (ED1+

cells; red) in the medial amygdaloid nucleus
(MePV). Coronal sections show a markedly
decreased number of Iba1+ and ED1+ double-
labeled cells from SE+KET and SE+CI, but
not from SE+CP, treated animals when com-
pared with SE+SAL group. A higher in-
cidence of yellowish-green cells indicates Iba1/
ED1 co-localization. Ramified (resting - ar-
rows) and fibrous amoeboid (activated – arrow
heads) shapes of microglia were observed.
Scale bar= 25 μm. (b) Representative coronal
sections of the regions analyzed (from Bregma
-2.56 mm to -3.30 mm). MePV is highlighted in
red. Modified of Paxinos and Watson (1998).
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)
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antagonists was already reported in both adult and immature rats
(Mares and Mikulecka, 2009; Naspolini et al., 2012; Szczurowska and
Mares, 2015). We believe that the most plausible explanation for these
contrasting results is the different models used to induce seizures. An-
ticonvulsant effects of CI-1041 was observed in corneal-kindling sei-
zures and sound-induced seizures but not in amygdala-kindled seizures
(Barton and White, 2004; Vartanian et al., 2000), while protective ef-
fects of CP-101,606 was only reported in cocaine-induced seizures
(Brackett et al., 2000) and pentylenetetrazol-induced seizures
(Naspolini et al., 2012). Based on the above cited data, plus the in-
efficacy of both CP-101,606 and CI-1041 in stopping LiCl-pilocarpine-
induced SE in our study, we believe that GluN2B-containing NMDAR
antagonists are not yet ready to be used as anticonvulsant drugs.

4.2. Blockade of GluN2B-containing NMDAR with CI-1041 accelerates
weight recovery after SE

In agreement with previous reports (de Oliveira et al., 2008; Loss
et al., 2012), rats submitted to SE showed a significant weight loss 24 h
after SE onset. Animals treated with ketamine during SE displayed
faster weight recovery, as seen in previous unpublished data from our
group. Since the excessive activity of the nervous and muscular systems
during SE can lead to depletion of energy reserves (Lothman, 1990;
Michelson-Kerman et al., 2003), one can argue that acceleration of
weight recovery on ketamine-treated animals is related to a reduced
depletion in their energy reserves because motor activity (and probably

epileptic activity) was terminated after ketamine injection. However,
weight loss was similar between groups 24 h after SE onset (Fig. 2b). On
the other hand, weight gain was accelerated on the following days for
both SE+KET and SE+CI groups, suggesting that duration of post-
ictal period was reduced by GluN2B-containing NMDAR antagonism
during SE. Accordingly to previous reports, GluN2B-containing NMDAR
antagonism provided a good recovery for individuals suffering brain
injury, such as severe head trauma or seizures (Chazot, 2000; Mares and
Mikulecka, 2009). Therefore, treatment with CI-1041 seems to be
neuroprotective against SE even in a lack of anticonvulsant effect.

4.3. Blockade of GluN2B-containing NMDAR with CI-1041 prevents SE-
induced brain damage

SE during brain development may cause acute brain damage
(Holmes, 1997; van Esch et al., 1996) which is frequently associated to
over-activation of NMDAR and subsequent glutamatergic excitotoxicity
(Clifford et al., 1990; Fariello et al., 1989; Fujikawa, 1995; Sankar et al.,
1998). In agreement with previous works (de Oliveira et al., 2008;
Sankar et al., 1998), early-life SE induced an extensive neuronal death
accompanied by pronounced microgliosis (indicated by the increased
microglial recruitment and activation) in CA1 and DG subfields of
hippocampus and also in MePV amygdaloid nucleus. SE-induced neu-
rodegeneration was prevented by post-SE onset administration of ke-
tamine (Loss et al., 2012), which was accompanied by prevention of
microglial recruitment and activation in all regions analyzed.

Fig. 7. Blockage of GluN2B-containing NMDAR with CI-1041 prevents SE-induced microglial recruitment and activation. (Top) Quantification of Iba1+ in (a) CA1,
(b) DG and (c) amygdala (medial amygdaloid nucleus - MePV) seven days after SE onset. (Middle) Quantification of ED1+ cells in (d) CA1, (e) DG and (f) MePV seven
days after SE onset. (Bottom) Ratio between ED1+ cells and Iba1+ cells (calculated as ED1+ cells divided by Iba1+ cells multiplied by 100) in (g) CA1, (h) DG and (i)
MePV. Data were analyzed by One-Way ANOVA followed by Holm-Sidak's multiple comparisons post hoc test. * indicates P < 0.05 when compared with SE+SAL
group. ** indicates P < 0.01 when compared with SE+SAL group. *** indicates P < 0.001 when compared with SE+SAL group. **** indicates P < 0.0001
when compared with SE+SAL group.
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Evidence points to a hypothesis that neuronal death pathways are
related to Ca2+ influx trough extrasynaptic NMDAR (Hardingham and
Bading, 2010; Hardingham et al., 2002), which are mostly GluN1/
GluN2B diheteromers. However, in our study, post-SE onset adminis-
tration of CP-101,606, a NMDAR antagonist with great selectivity for
GluN1/GluN2B diheteromers (Chazot et al., 2002; Hansen et al., 2014),
was not effective in prevent both neurodegeneration and microglial
recruitment and activation induced by SE. On the other hand, post-SE
onset treatment with GluN2B-containing NMDAR antagonist, CI-1041,
reduced neurodegeneration and microglial recruitment and activation
similarly to post-SE onset treatment with ketamine. Our results indicate
differences in the pharmacological properties and/or mechanism of
action between the two NMDAR antagonists CP-101,606 and CI-1041.
In fact, evidence for two classes of selective GluN2B-containing NMDAR
antagonists was already proposed by Chazot et al. (2002), which de-
monstrated that CP-101,606 binding is affected significantly by the
presence of another GluN2 subunit type within the receptor complex,
while a second class of selective GluN2B-containing NMDAR antago-
nists, exemplified by Ro-25,6981 in the above cited study, binds to
NMDAR with high affinity irrespective whether another GluN2 subunit
type is present. Despite the considerable resources used in the char-
acterization of GluN2B-containing NMDAR antagonist CI-1041
(Coughenour et al., 2000; Kovacs et al., 2004; Nagy et al., 2004;
Whittemore et al., 2000), there is a problematic lack of information
regarding its activity at NMDAR composed by GluN1/GluN2A/GluN2B
triheteromers (or other possible types of NMDAR triheteromeric con-
taining the GluN2B subunit). Our results highly suggest that CI-1041 is
more likely to Ro-25,6981’s class of GluN2B-containing NMDAR an-
tagonists, and that its neuroprotective effects could be related not only
to the receptor subtype that is blocked (NMDAR composed by GluN1/
GluN2A/GluN2B triheteromers, for instance) but also to the increased
percentage of the full NMDAR population that is blockade (i.e., blocking
more NMDAR is likely to be more neuroprotective). Thus, neuropro-
tective effects of CI-1041 plus the inefficacy of CP-101,606 in pre-
venting SE-induced brain damage indicates that over-activation of
NMDAR composed by GluN1/GluN2B diheteromers is not the main
mechanism involved in NMDAR-mediated neurodegeneration and
neuroinflammation induced by SE.

Regarding the relationship between SE, excitotoxicity and neu-
roinflammation, two hypotheses come to light to explain our results: (i)
SE-induced microgliosis is occurring in response to neuronal death and
not due to epileptic activity or neuronal hyperexcitability per se; or (ii)
absence of microgliosis in animals treated with CI-1041 after SE onset
could be related to direct inhibition of microglial NMDAR. Whether the
first hypothesis is true, post-SE onset administration of CI-1041 was
effective in avoid neurodegeneration, which prevented subsequently
microglial activation. Importantly, this neuroprotection was observed
even in a lack of anticonvulsive effect of CI-1041. These hypothesis are
in accordance with the argument that microgliosis seen after SE may be
linked to the need for clearing the apoptotic cells (Schartz et al., 2016;
Wyatt-Johnson et al., 2017), which are absent after post-SE onset CI-
1041 administration. In favor of the second hypothesis, one can argue
that direct activation of microglial NMDAR can also triggers glutama-
tergic excitotoxicity inducing an inflammation/neurodegeneration vi-
cious cycle (Kaindl et al., 2012), and that this phenomenon was pre-
vented through direct inhibition of microglial NMDAR by CI-1041. To
elucidate if after SE, microgliosis is provoking neurodegeneration or
vice versa further investigation is needed.

4.4. SE-induced neurodegeneration through synaptic and extrasynaptic
NMDAR co-activation hypothesis

The current most accepted theory of NMDAR-mediated neurode-
generation postulates that over-activation of extrasynaptic NMDAR
counteracts synaptic NMDAR and triggers cell death (Hardingham and
Bading, 2010; Hardingham et al., 2002). However, an important

methodological issue limits the full acceptance of this theory. Most
studies proposing neuronal death mediated by extrasynaptic NMDAR
activation have suggested this mechanism after using bath application
of NMDA (or glutamate), which is known to activate both synaptic and
extrasynaptic NMDAR (Hardingham et al., 2002; Zhou et al., 2013). In
contrast to the current prevailing theory, a glutamatergic excitotoxicity
through synaptic and extrasynaptic NMDAR co-activation hypothesis
has been proposed (Chen et al., 2014; Zhou et al., 2013). Zhou et al.
(2013) extensively demonstrated that NMDAR activation trough sy-
naptic- or extrasynaptic stimulation alone did not lead neurons to
death. On the other hand, neuronal death was observed when both
synaptic and extrasynaptic NMDAR were simultaneously activated
(Chen et al., 2014; Zhou et al., 2013). Also, they observed that transient
co-activation of synaptic- and extrasynaptic-NMDAR did not cause cell
death, suggesting that magnitude of co-activation of these receptors
determines the degree of cell death. Our results are in accordance with
the NMDAR co-activation hypothesis since blocking only the sub-po-
pulation of NMDAR composed by GluN1/GluN2B diheteromers did not
prevent neuronal death. Instead, blocking the full GluN2B-containing
NMDAR population (including GluN1/GluN2B diheteromers), with CI-
1041, prevented neurodegeneration and subsequent microglial re-
cruitment and activation. Together our results suggest that synaptic and
extrasynaptic (non-GluN1/GluN2B diheteromers) GluN2B-containing
NMDAR activation are required to trigger SE-induced neurodegenera-
tion. Evidences that activation of synaptic NMDAR takes part in neu-
ronal death under pathological conditions give further support to this
hypothesis (Papouin et al., 2012; Sattler et al., 2000; Wroge et al.,
2012).

4.5. Methodological issues and study limitations

Although our data are robust and allow us to conclude that blockade
of GluN2B-containing NMDAR reduces short-term brain damage in-
duced by early-life SE, there are some methodological issues that de-
serves to be discussed. In our study, both sexes were used and data were
analyzed without distinction between male and female individuals. One
can argue that sexual dimorphism in NMDAR-mediated responses could
be affecting the data. However, most sex differences in NMDAR ex-
pression and composition are observed in adults or at very early stages
of brain development (first postnatal week). The evidence points to
absence of sexual dimorphism in NMDAR expression and composition
in PND16 (the period we subject the animals to SE) or even around this
stage of brain development (second and third postnatal weeks)
(Damborsky and Winzer-Serhan, 2012; Tavassoli et al., 2013). More-
over, sexual dimorphism in mortality rate was not observed (P= 0.77;
data not shown), and a similar proportion of males and females (about
50%) was maintained in each experimental group to minimize a puta-
tive influence of sex on our findings.

Another methodological issue that deserves attention is the criteria
we used for stereological analysis in hippocampus. One can argue that
by purposely selecting the most damage region for analysis, data could
be biased away from the null. In fact, due to the anisotropic nature of
the distributions of neurodegeneration and microgliosis in CA1 and DG,
both strategies of randomly assign a portion of the region, or purposely
selecting a region for analysis would lead to a miss estimation of the
damage. Once our aim was to investigate whether blockade of GluN2B-
containing NMDAR would prevent brain damaged induced by early-life
SE, we choose to minimize the chance of mistakenly interpreting that
tested compounds were neuroprotective when they were not, therefore
increasing the chance of mistakenly inferring that the tested compounds
did not present neuroprotective effects when they actually did.
Importantly, even by purposely selecting the most damaged regions
(which could lead to an overestimation of cell densities in SE+KET
and SE+CI groups), neurodegeneration and microgliosis were evi-
dently reduced in these groups.
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5. Conclusion

In summary, we showed in the present study that GluN2B-con-
taining NMDAR antagonism by CP-101,606 and CI-1041 was not able to
stop seizures neither to reduce weight loss nor mortality after LiCl-pi-
locarpine-induced SE. However, blockade of GluN2B-containing
NMDAR accelerated weight recovery and prevented neuronal death and
neuroinflammation in the immature brain. Moreover, by putatively
using two classes of selective GluN2B-containing NMDAR antagonists
our results suggest that NMDAR composed by GluN1/GluN2B diheter-
omers are not the major sub-population involved in NMDAR-mediated
neurodegeneration and neuroinflammation induced by SE. Instead, the
NMDAR sub-population composed by GluN1/GluN2A/GluN2B trihe-
teromers probably plays a key role in these processes. Nevertheless,
further investigation will be required to fully understand the cellular
and neurochemical mechanisms involved in SE-induced neurodegen-
eration and neuroinflammation.
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