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A B S T R A C T   

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy. Dysregulation of glutamate transporters 
has been a common finding across animal models of epilepsy and in patients with TLE. In this study, we 
investigate NRG-1/ErbB4 signaling in epileptogenesis and the neuroprotective effects of NRG-1 treatment in a 
mouse model of temporal lobe epilepsy. Using immunohistochemistry, we report the first evidence for NRG-1/ 
ErbB4-dependent selective upregulation of glutamate transporter EAAC1 and bihemispheric neuroprotection by 
exogeneous NRG-1 in the intrahippocampal kainic acid (IHKA) model of TLE. Our findings provide evidence that 
dysregulation of glutamate transporter EAAC1 contributes to the development of epilepsy and can be thera-
peutically targeted to reduce neuronal death following IHKA-induced status epilepticus (SE).   

1. Introduction 

Epilepsy is a common neurological disorder characterized by 
unprovoked seizures affecting more than 70 million people worldwide 
(Fisher et al., 2014; Singh and Trevick, 2016). Temporal lobe epilepsy 
(TLE) is the most common form of epilepsy with focal seizures. 
Approximately 30% of patients with TLE suffer from refractory epilepsy 
whose seizures cannot be controlled with currently available antiepi-
leptic drugs (AEDs) (Dalic and Cook, 2016). Current AEDs primarily 
target neurons directly by attenuating glutamatergic neurotransmission 
or enhancing GABAergic neurotransmission. The most common AEDs 
work by targeting voltage- and ligand-gated ion channels including 
voltage-gated Na+ channels, voltage-gated Ca2+ channels, voltage-gated 
K+ channels, the GABA γ-aminobutyric acid (GABA) receptor channel 
complex, and ionotropic glutamatergic receptors (Beck and Yaari, 
2012). Although several newer generation AEDs have appeared, multi-
ple studies have shown that the effectiveness of these AEDs to control 
seizures is not stronger than that of old generation AEDs (Lee, 2014). 
Inhibition of excitatory neurotransmission, a frequent target of many 
AEDs, can have deleterious cognitive side effects that have been shown 
to lead to drug discontinuation therefore there is a need for alternative 
therapeutics to treat patients with epilepsy (Brodie et al., 2016). 

Chronically elevated glutamate is a common pathological feature 
observed in preclinical models and patients with refractory TLE (Eid 
et al., 2004; Cavus et al., 2016). Na+-dependent glutamate transporters 

are responsible for the majority of glutamate uptake in the central 
nervous system (CNS). Extracellular glutamate homeostasis is essential 
for efficient and localized synaptic neurotransmission (Mahmoud et al., 
2019). Excitatory amino acid transporter 1 (EAAT1)/glutamate aspar-
tate transporter (GLAST) and excitatory ammino acid transporter 2 
(EAAT2)/glutamate transporter-1 (GLT-1) are primarily found on as-
trocytes while excitatory amino acid transporter 3 (EAAT3)/excitatory 
amino acid carrier 1 (EAAC1) is primarily neuronal (Danbolt, 2001). 
Astrocytic EAAT2 protects against fatal epilepsy and performs critical 
functions in the CNS (Petr et al., 2015). Multiple studies have shown that 
GLT-1 is downregulated in animal models and patients with TLE while 
upregulation of GLT-1 in animal models reduces seizures and can 
improve behavioral outcome (Peterson and Binder, 2019; Peterson 
et al., 2021; Ramandi et al., 2021). The neuronal glutamate transporter 
EAAC1, although not a major player in glutamate homeostasis, is a 
major route of neuronal cysteine uptake which is important for the 
synthesis of glutathione (GSH), an antioxidant important in regulating 
redox homeostasis and protection against stress induced neurotoxicity. 
Astrocytic glutamine synthetase is responsible for the rapid conversion 
of intracellular glutamate to glutamine following glutamate uptake by 
astrocytic glutamate transporters and is a prerequisite for efficient 
glutamate clearance from the extracellular space (Eid et al., 2013). Loss 
of glutamine synthetase has also been observed in patients with TLE 
which could have an impact on glutamate transporter clearance (Eid 
et al., 2004). EAAC1 and GSH have also been shown to be dysregulated 
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in animal models and patients with epilepsy (Crino et al., 2002; Proper 
et al., 2002; Shin et al., 2008). 

Neuregulin-1 (NRG-1), a growth factor with various functions in the 
CNS, plays an important role in development, neuroplasticity and repair 
(Cespedes et al., 2018). NRG-1 shares an epidermal growth factor (EGF)- 
like domain with the tyrosine kinase receptor, epidermal growth factor 
receptor 4 (ErbB4). Previous studies have shown that NRG-1/ErbB4 
signaling is activated following brain insult and protects neurons from 
glutamate-induced death (Cannella et al., 1999; Erlich et al., 2000; 
Parker et al., 2002; Deng et al., 2019; Noll et al., 2019). NRG-1 signaling 
through ErbB4 has also been shown to modulate the Na+-dependent 
glutamate transporter, EAAC1, and increase glutamate uptake in neu-
rons through upregulation of EAAC1 (Yu et al., 2015). In this study, we 
examine the regulation of endogenous NRG-1/ErbB4 signaling and 
EAAC1 modulation in epilepsy and determine the therapeutic effects of 
exogenous NRG-1 (25 μg/kg/day) treatment at early phases of 
epileptogenesis. 

2. Methods 

2.1. Animals 

8–10-week-old Charles River CD1 male mice were housed under a 
12-hour light and 12-hour dark cycle with ad libitum access to food and 
water. All experiments performed were approved by the University of 
California, Riverside Institutional Animal Care and Use Committee 
(IACUC) and were conducted in accordance with the National Institutes 
of Health (NIH) guidelines. A total of 28 mice were used for this study. 

2.2. Intrahippocampal kainic acid administration 

Intrahippocampal kainic acid (IHKA) injections were used to induce 
epileptogenesis as previously described (Lee et al., 2012; Hubbard et al., 
2016; Peterson and Binder, 2019). Mice were anesthetized with a so-
lution of ketamine (80 mg/kg)/xylazine (10 mg/kg) and positioned in a 
stereotaxic frame. The skull was exposed, bregma was located, and a 
craniotomy was performed 1.8 mm posterior and 1.6 mm lateral to 
bregma. Mice were injected with 64 nL of 20 mM kainic acid (Tocris) or 
64 nL of 0.9% saline using a microinjector (Nanoject II, Drummond 
Scientific) into the CA1 region of the dorsal hippocampus (1.9 mm 
dorsoventral coordinate). Mice were given buprenorphine to minimize 
discomfort. Following surgery, all mice injected with kainic acid were 
video recorded for at least 8 h. All mice included in the study experi-
enced status epilepticus (SE), defined by Racine scale stage 3–5 seizures 
(Racine, 1972) for at least 3 h. 

2.3. NRG-1 treatment 

Mice were given either NRG-1 (25 μg/kg/day; R&D Systems Part # 
396-HB-050) or vehicle (0.1% Bovine Serum Albumin) intraperitoneal 
daily for 7 days following IHKA injection as previously described (Liu 
et al., 2018). The first dose of NRG-1 or vehicle was administered 
immediately after IHKA injection followed by daily injections. No 
treatment was given on the day of euthanasia (day 7 post-IHKA induced 
status epilepticus) (Fig. 1). 

2.4. Immunohistochemistry 

Mice were euthanized 7 days post-IHKA with Fatal Plus (Western 
Medical Supply) then perfused with ice-cold phosphate buffered saline 
(PBS) followed by 4% paraformaldehyde (PFA). Brains were harvested 
and fixed in 4% PFA for two hours at room temperature (RT). Harvested 
brains were then transferred and stored in 30% sucrose at 4 ◦C until use. 
Prior to sectioning, harvested brains were flash frozen with isopentane. 
Frozen brains were sealed in optimum cutting temperature (O.C.T.) 
formulation at 20 ◦C and sliced into 50 μm sections using a cryostat 

(Leica CM 1950). Sections were stored in 0.01% sodium azide PBS at 
4 ◦C. Slices were collected from each animal (Saline n = 6 animals; IHKA 
n = 6; IHKA + Vehicle n = 5; IHKA + Treated n = 6). For each animal, 
per stain, 2 sections were processed for immunohistochemistry, 1 
ventral and 1 dorsal to the injection site. For immunohistochemistry, 
sections were washed with PBS, permeabilized with 0.5% Triton-X-100 
for 10 min at RT, quenched with 3% H2O2, and blocked for 1 h at RT 
with 10% bovine serum albumin (BSA)/0.5% Triton-X-100. Sections 
were then incubated overnight at 4 ◦C in 10% BSA/0.5% Triton-X-100 
with primary antibodies to NRG1 type III (1:200, Millipore MAB360), 
ErbB4 phospho Y1284 (1:200, ab61059), EAAT3 [EPR6774(B)] (1:200, 
Abcam ab124802), GFAP (1:200, MAB360), NeuN (1:200, EMD Milli-
pore MAB377), NeuN (1:200, EMD Millipore ABN78), Parvalbumin 
(1:1000, Sigma-Aldrich P3088), Iba1 (1:500, Abcam ab178846), 
Glutamine synthetase (1:200, EMD Millipore G2781), EAAT1 (1:200, 
Abcam Ab416), and GLT-1 (1:400, cGLT1a antibody generously pro-
vided by Dr. Jeff Rothstein). Sections were washed with PBS and incu-
bated with HRP-conjugated secondary antibodies (HRP Goat Anti- 
Rabbit; 1:200, BIOTUM Tyramide Amplification Kit 33,001) 1 h RT. 
Sections were then incubated with 488A Tyramide (1:500) in working 
amplification buffer 10 min RT. Then sections were washed and incu-
bated with Alexa 594 (Molecular Probes/Invitrogen) for 1.5 h for visu-
alization and mounted in ProLong Gold Antifade with DAPI. 

2.5. Imaging and quantification 

Hippocampal images were captured at 5×, 20×, 40×, and 63×
magnification using a fluorescence microscope (Leica DM6 B) under 
identical settings for each channel. Quantification was performed using 
ImageJ software. Individual boxes identifying individual layers region 
of interest (ROIs) were drawn on the DAPI channel at the center of each 
layer of the hippocampus: stratum (s.) oriens, s. pyramidale of CA1, s. 
radiatum, s. lacunosum moleculare (SLM), molecular layer, upper blade of 
the dentate gyrus, hilus, lower blade of the dentate gyrus, s. lucidum, and 
s. pyramidale of CA3 as previously described (Peterson and Binder, 
2019). For NeuN immunoreactivity quantification, mean gray value was 
calculated across the entire image for each region of interest: s. pyr-
amidale of CA1, s. pyramidale of CA3, and the dentate gyrus as previously 
described (Peterson et al., 2021). For parvalbumin immunoreactivity 
quantification, a region of interest was drawn around the hippocampus 
and mean gray value was calculated across the entire region. 

Fig. 1. Overview of experimental design. Mice were unilaterally injected with 
kainic acid (20 mM) or saline into the dorsal hippocampus. A subset of mice 
injected with kainic acid were given 25 μg/kg NRG-1 or vehicle (0.1% BSA) 
intraperitoneal daily for 7 days. Tissue was collected at 7 days post-IHKA 
induced SE for immunohistochemistry. 
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2.6. Statistical analysis 

Statistical analysis was performed using Prism 8 software (GraphPad 
Software, La Jolla, CA. Datasets were analyzed using an unpaired two- 
tailed t-test with a 95% confidence interval (CI). For datasets for NRG- 
1/ErbB4 and EAAC1 expression comparing NRG-1 treated animals vs. 
vehicle an unpaired one-tailed t-test with a 95% confidence interval was 
used for analysis. All error bars are presented as the mean ± standard 
error of the mean (SEM). Difference between groups was considered 
statistically significant by a P-value ≤0.05 and was denoted with one 
asterisk (*). 

3. Results 

3.1. Endogenous NRG-1/ErbB4 signaling is increased post-IHKA induced 
SE 

Hippocampal NRG-1 and phospho-ErbB4 immunoreactivity was 
assessed at 7 days post-IHKA induced SE compared to saline-injected 
control mice. Quantification of individual hippocampal layers was per-
formed for both hippocampi ipsilateral (Fig. 2, Fig. 4) and contralateral 
(Fig. 3, Fig. 5) to injection at 7 days post-IHKA induced SE. NRG-1/ 
ErbB4 activity was elevated in the epileptic hippocampus post-IHKA 
induced SE. Two-tailed t-tests on NRG-1 immunoreactivity of individ-
ual hippocampal layers in the ipsilateral hippocampus at 7 days post- 
IHKA induced SE revealed a main effect of treatment (Fig. 2). NRG-1 
immunoreactivity was significantly increased in stratum (s.) oriens (t 
(df) = 2.646 (19), p = 0.0159; mean ± SEM: Saline = 22.07 ± 2.918; 
IHKA = 33.82 ± 3.300), s. pyramidale of CA1 (t(df) = 2.442 (19), p =
0.0246; mean ± SEM: Saline = 25.62 ± 3.363; IHKA = 39.43 ± 4.436), s. 
radiatum (t(df) = 2.533 (19), p = 0.0203; mean ± SEM: Saline = 19.42 
± 2.169; IHKA = 29.62 ± 3.291), and s. lacunosum moleculare (t(df) =
2.288 (19), p = 0.0338; mean ± SEM: Saline = 22.70 ± 2.685; IHKA =
32.82 ± 3.432) in the ipsilateral hippocampus 7 days post-IHKA induced 
SE compared to saline-injected control mice (Fig. 2). Two-tailed t-tests 
on NRG-1 immunoreactivity of individual hippocampal layers in the 
contralateral hippocampus at 7 days post-IHKA revealed no effect of 
treatment (p > 0.05) (Fig. 3). 

Phospho-ErbB4 immunoreactivity was increased in CA1 in the ipsi-
lateral hippocampus 7 days post-IHKA induced SE. A two-tailed t-test on 
phospho-ErbB4 immunoreactivity of s. pyramidale of CA1 in the ipsi-
lateral hippocampus at 7 days post-IHKA revealed phospho-ErbB4 
immunoreactivity was significantly increased in s. pyramidale of CA1 
(t(df) = 3.186 (16), p = 0.0057; mean ± SEM: Saline = 11.11 ± 1.261; 
IHKA = 19.32 ± 2.062) in the ipsilateral hippocampus 7 days post-IHKA 
induced SE compared to saline-injected control mice (Fig. 4). Two-tailed 
t-tests on phospho-ErbB4 immunoreactivity of individual hippocampal 
layers in the contralateral hippocampus at 7 days post-IHKA revealed no 
effect of treatment (p > 0.05) (Fig. 5). 

3.2. NRG-1/ErbB4 signaling is increased in mice treated with exogenous 
NRG-1 post-IHKA induced SE 

Hippocampal NRG-1 and phospho-ErbB4 immunoreactivity was 
assessed in the hippocampus of NRG-1 (25 μg/kg/day) treated vs. 
vehicle (0.1% Bovine Serum Albumin) treated mice at 7 days post-IHKA 
induced SE. Quantification of individual hippocampal layers was per-
formed for both hippocampi ipsilateral (Fig. 6, Fig. 8) and contralateral 
(Fig. 7, Fig. 9) to injection at 7 days post-IHKA induced SE. NRG-1/ 
ErbB4 activity was elevated in NRG-1 treated mice in both hippo-
campi ipsilateral and contralateral to injection 7 days post-IHKA 
induced SE. One-tailed t-tests on NRG-1 immunoreactivity of individ-
ual hippocampal layers in the ipsilateral hippocampus at 7 days post- 
IHKA revealed a main effect of NRG-1 treatment (Fig. 6). NRG-1 
immunoreactivity was significantly increased in the molecular layer (t 
(df) = 2.396 (18), p = 0.0138; mean ± SEM: Vehicle = 21.31 ± 0.9605; 

NRG-1 Treated = 32.09 ± 3.976), upper granule cell layer (GCL) (t(df) 
= 2.737 (18), p = 0.0068; mean ± SEM: Vehicle = 17.57 ± 0.7151; 
NRG-1 Treated = 31.02 ± 4.384), hilus (t(df) = 2.012 (18), p = 0.0297; 
mean ± SEM: Saline = 21.41 ± 1.350; IHKA = 32.56 ± 4.869), lower 
GCL (t(df) = 2.920(18), p = 0.0046; mean ± SEM: Vehicle = 15.56 ±
0.8068; NRG-1 Treated = 28.25 ± 3.856), s. pyramidale of CA3 (t(df) =
2.503 (18), p = 0.0111; mean ± SEM: Vehicle = 25.39 ± 1.347; NRG-1 
Treated = 38.80 ± 4.695) and s. lucidum (t(df) = 2.503 (18), p = 0.0111; 
mean ± SEM: Vehicle = 25.39 ± 1.347; NRG-1 Treated = 38.80 ±
4.695) in NRG-1 treated mice in the ipsilateral hippocampus 7 days post- 
IHKA induced SE compared to vehicle (Fig. 6). 

One-tailed t-tests on NRG-1 immunoreactivity of individual hippo-
campal layers in the contralateral hippocampus at 7 days post-IHKA 
revealed a main effect of NRG-1 treatment in all layers (Fig. 7). NRG-1 
immunoreactivity was significantly increased in s. oriens (t(df) =
2.801 (19), p = 0.0057; mean ± SEM: Vehicle = 20.21 ± 1.286; NRG-1 
Treated = 30.08 ± 3.141), s. pyramidale of CA1 (t(df) = 2.943 (19), p =
0.0042; mean ± SEM: Vehicle = 20.62 ± 1.643; NRG-1 Treated = 31.57 
± 3.210), s. radiatum (t(df) = 2.563 (19), p = 0.0095; mean ± SEM: 
Vehicle = 20.12 ± 1.407; NRG-1 Treated = 26.09 ± 1.811), s. lacunosum 
moleculare (t(df) = 3.198 (19), p = 0.0024; mean ± SEM: Vehicle =
20.70 ± 0.5479; NRG-1 Treated = 28.49 ± 2.260), the molecular layer (t 
(df) = 3.466 (19), p = 0.0013; mean ± SEM: Vehicle = 17.86 ± 0.5362; 
NRG-1 Treated = 28.74 ± 2.944), upper GCL (t(df) = 3.548 (19), p =
0.0011; mean ± SEM: Vehicle = 15.38 ± 0.6232; NRG-1 Treated =
26.56 ± 2.944), hilus (t(df) = 3.541 (19), p = 0.0011; mean ± SEM: 
Vehicle = 15.12 ± 0.5380; NRG-1 Treated = 26.53 ± 3.026), lower GCL 
(t(df) = 4.045 (19), p = 0.0003; mean ± SEM: Vehicle = 14.42 ± 0.6256; 
NRG-1 Treated = 26.55 ± 2.794), s. pyramidale of CA3 (t(df) = 3.359 
(19), p = 0.0016; mean ± SEM: Vehicle = 20.43 ± 0.6787; NRG-1 
Treated = 33.06 ± 3.524), and s. lucidum (t(df) = 3.303 (19), p =
0.0019; mean ± SEM: Vehicle = 14.71 ± 0.7481; NRG-1 Treated =
23.78 ± 2.522) in NRG-1 treated mice in the contralateral hippocampus 
7 days post-IHKA induced SE compared to vehicle (Fig. 7). 

Phospho-ErbB4 immunoreactivity was increased in both hippocampi 
ipsilateral and contralateral to injection in NRG-1-treated mice vs. 
vehicle (Fig. 8, Fig. 9). One-tailed t-tests on phospho-ErbB4 immuno-
reactivity of individual hippocampal layers in the ipsilateral hippo-
campus at 7 days post-IHKA revealed a main effect of NRG-1 treatment 
in all layers (Fig. 8). Phospho-ErbB4 immunoreactivity was significantly 
increased in s. oriens (t(df) = 2.610 (15), p = 0.0098; mean ± SEM: 
Vehicle = 15.95 ± 1.196; NRG-1 Treated = 23.79 ± 2.615), s. pyramidale 
of CA1 (t(df) = 3.556 (15), p = 0.0014; mean ± SEM: Vehicle = 18.91 ±
1.181; NRG-1 Treated = 30.26 ± 2.812), s. radiatum (t(df) = 2.895 (15), 
p = 0.0055; mean ± SEM: Vehicle = 14.46 ± 0.7099; NRG-1 Treated =
21.99 ± 2.360), s. lacunosum moleculare (t(df) = 2.608 (15), p = 0.0099; 
mean ± SEM: Vehicle = 14.85 ± 0.8222; NRG-1 Treated = 20.29 ±
1.818), the molecular layer (t(df) = 3.260 (15), p = 0.0026; mean ±
SEM: Vehicle = 9.805 ± 0.3653; NRG-1 Treated = 19.44 ± 2.759), 
upper GCL (t(df) = 2.952 (15), p = 0.0049; mean ± SEM: Vehicle =
9.049 ± 0.3012; NRG-1 Treated = 17.37 ± 2.635), hilus (t(df) = 2.591 
(15), p = 0.0102; mean ± SEM: Vehicle = 10.89 ± 0.5448; NRG-1 
Treated = 20.45 ± 3.432), lower GCL (t(df) = 3.170 (15), p = 0.0032; 
mean ± SEM: Vehicle = 7.340 ± 0.3366; NRG-1 Treated = 16.53 ±
2.708), s. pyramidale of CA3 (t(df) = 2.755 (15), p = 0.0074; mean ±
SEM: Vehicle = 10.37 ± 0.7949; NRG-1 Treated = 20.16 ± 3.263), and s. 
lucidum (t(df) = 3.131 (15), p = 0.0034; mean ± SEM: Vehicle = 9.286 
± 1.122; NRG-1 Treated = 19.26 ± 2.824) in NRG-1 treated mice in the 
ipsilateral hippocampus 7 days post-IHKA induced SE compared to 
vehicle (Fig. 8). 

One-tailed t-tests on phospho-ErbB4 immunoreactivity of individual 
hippocampal layers in the contralateral hippocampus 7 days post-IHKA 
revealed a main effect of NRG-1 treatment in all layers (Fig. 9). Phospho- 
ErbB4 immunoreactivity was significantly increased in s. oriens (t(df) =
3.377 (17), p = 0.0018; mean ± SEM: Vehicle = 10.14 ± 0.8214; NRG-1 
Treated = 18.56 ± 2.026), s. pyramidale of CA1 (t(df) = 3.001 (17), p =
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Fig. 2. Neuregulin-1 (NRG-1) expression is increased in the ipsilateral hippocampus 7 days post-IHKA induced SE. A. NRG-1 (green) and GFAP (red) expression in 
the ipsilateral hippocampus 7 days post-IHKA induced SE vs. saline-injected control mice (5×). NRG-1 mean gray scale quantitation of individual cell layers. B. NRG-1 
expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum 
Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus SL = Stratum Lucidum. Saline group; N = 10 sections (5 mice). IHKA group; N = 11 sections (6 mice). (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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0.0040; mean ± SEM: Vehicle = 9.922 ± 1.072; NRG-1 Treated = 17.28 
± 1.929), s. radiatum (t(df) = 3.460 (17), p = 0.0015; mean ± SEM: 
Vehicle = 9.209 ± 0.5827; NRG-1 Treated = 15.68 ± 1.525), s. lacu-
nosum moleculare (t(df) = 2.913 (17), p = 0.0048; mean ± SEM: Vehicle 
= 8.334 ± 0.3993; NRG-1 Treated = 14.51 ± 1.772), the molecular layer 
(t(df) = 2.776 (17), p = 0.0065; mean ± SEM: Vehicle = 7.636 ± 0.2088; 
NRG-1 Treated = 14.69 ± 2.144), upper GCL (t(df) = 3.087 (17), p =
0.0033; mean ± SEM: Vehicle = 6.667 ± 0.3856; NRG-1 Treated =
12.08 ± 1.457), hilus (t(df) = 3.628 (17), p = 0.0010; mean ± SEM: 
Vehicle = 6.178 ± 0.2947; NRG-1 Treated = 14.15 ± 1.847), lower GCL 
(t(df) = 3.072 (17), p = 0.0035; mean ± SEM: Vehicle = 6.215 ± 0.4003; 
NRG-1 Treated = 11.84 ± 1.523), s. pyramidale of CA3 (t(df) = 3.303 
(17), p = 0.0021; mean ± SEM: Vehicle = 8.519 ± 0.3717; NRG-1 
Treated = 16.76 ± 2.094), and s. lucidum (t(df) = 2.740 (17), p =
0.0070; mean ± SEM: Vehicle = 7.219 ± 0.2225; NRG-1 Treated =
12.83 ± 1.726) in NRG-1 treated mice in the contralateral hippocampus 
7 days post-IHKA induced SE compared to vehicle (Fig. 9). 

3.3. EAAC1 is downregulated post-IHKA induced SE 

Hippocampal EAAC1 immunoreactivity was assessed at 7 days post- 
IHKA induced SE compared to saline-injected control animals. Quanti-
fication of individual hippocampal layers was performed for both 
hippocampi ipsilateral (Fig. 10) and contralateral (Fig. 11) to injection 
at 7 days post-IHKA induced SE. EAAC1 immunoreactivity was 
decreased in the ipsilateral hippocampus 7 days post-IHKA induced SE. 
Two-tailed t-tests on EAAC1 immunoreactivity of individual hippo-
campal layers in the ipsilateral hippocampus at 7 days post-IHKA 
revealed a main effect of treatment (Fig. 10). EAAC1 immunoreac-
tivity was significantly decreased in s. oriens (t(df) = 4.295 (20), p =
0.0004; mean ± SEM: Saline = 37.72 ± 3.251; IHKA = 21.85 ± 2.018), s. 
pyramidale of CA1 (t(df) = 2.792 (20), p = 0.0113; mean ± SEM: Saline 
= 35.59 ± 2.728; IHKA = 26.45 ± 1.943), s. radiatum (t(df) = 3.991 
(20), p = 0.0007; mean ± SEM: Saline = 37.28 ± 3.207; IHKA = 22.86 
± 1.942) and s. lacunosum moleculare (t(df) = 3.871 (20), p = 0.0010; 
mean ± SEM: Saline = 41.09 ± 3.630; IHKA = 25.59 ± 2.067) in the 
ipsilateral hippocampus 7 days post-IHKA induced SE compared to sa-
line injected control mice (Fig. 10). Two-tailed t-tests on EAAC1 
immunoreactivity of individual hippocampal layers in the contralateral 
hippocampus at 7 days post-IHKA revealed no effect of treatment (p >
0.05) (Fig. 11). 

3.4. EAAC1 is upregulated in mice treated with exogenous NRG-1 post- 
IHKA induced SE 

EAAC1 immunoreactivity was increased in both hippocampi ipsi-
lateral and contralateral to injection in NRG-1-treated mice vs. vehicle 
(Fig. 12, Fig. 13). One-tailed t-tests on EAAC1 immunoreactivity of in-
dividual hippocampal layers in the ipsilateral hippocampus at 7 days 
post-IHKA revealed a main effect of NRG-1 treatment (Fig. 12). EAAC1 
immunoreactivity was significantly increased in s. pyramidale of CA1 (t 
(df) = 1.849 (18), p = 0.0405; mean ± SEM: Vehicle = 21.86 ± 1.282; 
NRG-1 Treated = 26.08 ± 1.776) and the hilus (t(df) = 1.903 (18), p =
0.0366; mean ± SEM: Vehicle = 13.89 ± 0.6475; NRG-1 Treated =
20.87 ± 3.260) in NRG-1 treated mice in the ipsilateral hippocampus 7 
days post-IHKA induced SE compared to vehicle. 

One-tailed t-tests on EAAC1 immunoreactivity of individual hippo-
campal layers in the contralateral hippocampus at 7 days post-IHKA 
revealed a main effect of NRG-1 treatment (Fig. 13). EAAC1 

immunoreactivity was significantly increased in s. oriens (t(df) = 1.941 
(19), p = 0.0336; mean ± SEM: Vehicle = 29.31 ± 2.057; NRG-1 
Treated = 39.96 ± 4.877), s. pyramidale of CA1 (t(df) = 2.193 (19), p 
= 0.0205; mean ± SEM: Vehicle = 29.12 ± 0.9957; NRG-1 Treated =
38.52 ± 3.979), s. radiatum (t(df) = 2.528 (19), p = 0.0103; mean ±
SEM: Vehicle = 28.68 ± 1.356; NRG-1 Treated = 40.65 ± 4.333), the 
molecular layer (t(df) = 1.790 (19), p = 0.0447; mean ± SEM: Vehicle =
30.39 ± 3.072; NRG-1 Treated = 39.73 ± 4.117), upper GCL (t(df) =
1.871 (19), p = 0.0384; mean ± SEM: Vehicle = 24.51 ± 2.660; NRG-1 
Treated = 32.98 ± 3.570), hilus (t(df) = 1.903 (18), p = 0.0366; mean ±
SEM: Vehicle = 13.89 ± 0.6475; NRG-1 Treated = 20.87 ± 3.260), lower 
GCL (t(df) = 2.524 (19), p = 0.0103; mean ± SEM: Vehicle = 21.43 ±
1.494; NRG-1 Treated = 32.50 ± 3.948), s. pyramidale of CA3 (t(df) =
2.697 (19), p = 0.0071; mean ± SEM: Vehicle = 24.27 ± 1.760; NRG-1 
Treated = 34.57 ± 3.264), and s. lucidum (t(df) = 2.267 (19), p =
0.0176; mean ± SEM: Vehicle = 16.10 ± 1.141; NRG-1 Treated = 22.89 
± 2.656) in NRG-1 treated mice in the contralateral hippocampus 7 days 
post-IHKA induced SE compared to vehicle (Fig. 13). NRG-1 treatment at 
7 days post-IHKA induced SE selectively upregulated EAAC1 but not the 
glial glutamate transporters, EAAT1/GLAST and EAAT2/GLT-1 (Sup-
plementary Fig. 1, Supplementary Fig. 2). 

3.5. NeuN immunoreactivity in neurons is reduced post-IHKA induced SE 

Hippocampal NeuN immunoreactivity was assessed at 7 post-IHKA- 
induced SE compared to saline-injected control animals (Fig. 14, 
Fig. 15). Quantification of NeuN immunoreactivity was examined in s. 
pyramidale of CA1, dentate gyrus, and s. pyramidale of CA3 for hippo-
campi both ipsilateral (Fig. 14) and contralateral (Fig. 15) to injection. 
NeuN immunoreactivity was decreased in both hippocampi ipsilateral 
and contralateral to injection compared to saline-injected control ani-
mals. Two-tailed t-tests on NeuN immunoreactivity in the ipsilateral 
hippocampus revealed a main effect of treatment in s. pyramidale of CA1 
(t(df) = 5.919 (22), p < 0.0001; mean ± SEM: Saline = 2163 ± 220.6; 
IHKA = 832.9 ± 42.87), the dentate gyrus (t(df) = 3.232 (21), p =
0.0040; mean ± SEM: Saline = 3939 ± 388.9; IHKA = 2451 ± 224.9), 
and s. pyramidale of CA3 (t(df) = 5.872 (22), p < 0.0001; mean ± SEM: 
Saline = 3990 ± 348.2; IHKA = 1670 ± 186.7). Two-tailed t-tests on 
NeuN immunoreactivity in the contralateral hippocampus revealed a 
main effect of treatment in s. pyramidale of CA1 (t(df) = 3.934 (21), p =
0.0008; mean ± SEM: Saline = 2211 ± 179.7; IHKA = 1357 ± 113.5), 
the dentate gyrus (t(df) = 2.223 (20), p = 0.0379; mean ± SEM: Saline 
= 4005 ± 374.9; IHKA = 2901 ± 304.9), and s. pyramidale of CA3 (t(df) 
= 3.647 (21), p = 0.0015; mean ± SEM: Saline = 4259 ± 418.5; IHKA =
2429 ± 256.3). 

3.6. Exogenous NRG-1 treatment is neuroprotective at early time points 
during the development of epilepsy 

Hippocampal NeuN immunoreactivity was assessed at 7 post-IHKA- 
induced SE in NRG-1 treated mice vs. vehicle (Fig. 16, Fig. 17). Quan-
tification of NeuN immunoreactivity was examined in s. pyramidale of 
CA1, dentate gyrus, and s. pyramidale of CA3 for hippocampi both 
ipsilateral (Fig. 16) and contralateral (Fig. 17) to injection. NeuN 
immunoreactivity was increased in NRG-1 treated mice in both hippo-
campi ipsilateral and contralateral to injection compared to vehicle. 
Two-tailed t-tests on NeuN immunoreactivity in the ipsilateral hippo-
campus revealed a main effect of NRG-1 treatment in the dentate gyrus 
(t(df) = 2.489 (16), p = 0.0242; mean ± SEM: Vehicle = 2455 ± 228.4; 

Fig. 3. Neuregulin-1 (NRG-1) expression in the contralateral hippocampus 7 days post-IHKA induced SE. A. NRG-1 (green) and GFAP (red) expression in the 
contralateral hippocampus 7 days post-IHKA induced SE vs. saline-injected control mice (5×). NRG-1 mean gray scale quantitation of individual cell layers. B. NRG-1 
expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum 
Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus SL = Stratum Lucidum. Saline group; N = 11 sections (6 mice). IHKA group; N = 12 sections (6 mice). (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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Fig. 4. Phospho-ErbB4 expression is increased in the ipsilateral hippocampus 7 days post-IHKA induced SE. A. Phospho-ErbB4 (green) and GFAP (red) expression in 
the ipsilateral hippocampus 7 days post-IHKA induced SE vs. saline-injected control mice (5×). Phospho-ErbB4 mean gray scale quantitation of individual cell layers. 
B. Phospho-ErbB4 expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM 
= Stratum Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus SL = Stratum Lucidum. Saline group; N = 8 sections (4 mice). IHKA group; N = 10 sections (5 
mice). (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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Fig. 5. Phospho-ErbB4 expression in the contralateral hippocampus 7 days post-IHKA induced SE. A. Phospho-ErbB4 (green) and GFAP (red) expression in the 
contralateral hippocampus 7 days post-IHKA induced SE vs. saline injected control mice (5×). Phospho-ErbB4 mean gray scale quantitation of individual cell layers. 
B. Phospho-ErbB4 expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM 
= Stratum Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus SL = Stratum Lucidum. Saline group; N = 6 sections (4 mice). IHKA group; N = 9 sections (5 
mice). (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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Fig. 6. Neuregulin-1 (NRG-1) expression is increased in the ipsilateral hippocampus of mice treated with 25 μg/kg NRG-1 at 7 days post-IHKA induced SE. A. NRG-1 
(green) and GFAP (red) expression in the ipsilateral hippocampus of NRG-1 treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). NRG-1 mean gray 
scale quantitation of individual cell layers. B. NRG-1 expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP = Stratum 
Pyramidale; SR = Stratum Radiatum; SLM = Stratum Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus; SL = Stratum Lucidum. Vehicle group; N = 9 sections 
(5 mice). NRG-1 Treatment group; N = 11 sections (6 mice). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

A.R. Peterson et al.                                                                                                                                                                                                                             



Neurobiology of Disease 161 (2021) 105545

10

Fig. 7. Neuregulin-1 (NRG-1) expression is increased in the contralateral hippocampus of mice treated with 25 μg/kg NRG-1 at 7 days post-IHKA induced SE. A. 
NRG-1 (green) and GFAP (red) expression in the contralateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). NRG-1 
mean gray scale quantitation of individual cell layers. B. NRG-1 expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP =
Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus; SL = Stratum Lucidum. Vehicle group; N = 10 
sections (5 mice). NRG-1 Treatment group; N = 11 sections (6 mice). (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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Fig. 8. Phospho-ErbB4 expression is increased in the ipsilateral hippocampus of mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. Phospho-ErbB4 
(green) and GFAP (red) expression in the ipsilateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). Phospho-ErbB4 
mean gray scale quantitation of individual cell layers. B. Phospho-ErbB4 expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; 
SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus; SL = Stratum Lucidum. Vehicle group; 
N = 8 sections (4 mice). NRG-1 Treatment group; N = 9 sections (5 mice). (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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Fig. 9. Phospho-ErbB4 expression is increased in the contralateral hippocampus of mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. Phospho- 
ErbB4 (green) and GFAP (red) expression in the contralateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). 
Phospho-ErbB4 mean gray scale quantitation of individual cell layers. B. Phospho-ErbB4 expression in CA1, CA3 and DG at 7 days post-IHKA (40×). SO = Stratum 
Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus; SL = Stratum Lucidum. Vehicle 
group; N = 8 sections (4 mice). NRG-1 Treatment group; N = 11 sections (6 mice). (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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NRG-1 Treated = 3662 ± 428.0). Two-tailed t-tests on NeuN immuno-
reactivity in the contralateral hippocampus revealed a main effect of 
NRG-1 treatment in the dentate gyrus (t(df) = 3.870 (18), p = 0.0011; 
mean ± SEM: Vehicle = 2751 ± 164.2; NRG-1 Treated = 4871 ± 522.6) 
and s. pyramidale of CA3 (t(df) = 3.001 (19), p = 0.0074; mean ± SEM: 
Vehicle = 2502 ± 124.6; NRG-1 Treated = 3882 ± 422.8). NRG-1/ 
ErbB4 activity has been shown to modulate EAAC1 (Yu et al., 2015). 
Hippocampal parvalbumin immunoreactivity was also assessed at 7 
post-IHKA-induced SE in NRG-1 treated mice vs. vehicle (Fig. 18). Two- 

tailed t-tests on parvalbumin immunoreactivity in the hippocampi 
ipsilateral and contralateral to injection revealed no effect of NRG-1 
treatment at 7 days post-IHKA induced SE (p > 0.05). 

GFAP is upregulated in mice treated with exogenous NRG-1 post- 
IHKA induced SE. 

NRG-1, phospho-ErbB4 and EAAC1 immunoreactivity was assessed 
with either glial fibrillary acidic protein (GFAP) or NeuN immunoreac-
tivity to determine which cell types were expressing these three proteins 
(Fig. 19). We observed co-localization of NRG-1/ErbB4 activity in 

Fig. 10. EAAC1 expression is decreased in the ipsilateral hippocampus 7 days 
post-IHKA induced SE. A. EAAC1 (green) expression in the ipsilateral hippo-
campus 7 days post-IHKA induced SE vs. saline-injected control mice (5×). 
EAAC1 mean gray scale quantitation of individual cell layers. B. EAAC1 
expression in CA1, CA3 and DG at 7 days post-IHKA induced SE (40×). SO =
Stratum Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SO = Stratum 
Oriens; SP = Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum 
Lacunosum Moleculare; GCL = Granule Cell Layer; H = Hilus; SL = Stratum 
Lucidum. Saline group; N = 10 sections (6 mice). IHKA group; N = 12 sections 
(6 mice). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 11. EAAC1 expression in the contralateral hippocampus 7 days post-IHKA 
induced SE. A. EAAC1 (green) expression in the contralateral hippocampus 7 
days post-IHKA induced SE vs. saline-injected control mice (5×). EAAC1 mean 
gray scale quantitation of individual cell layers. B. EAAC1 expression in CA1, 
CA3 and DG at 7 days post-IHKA induced SE (40×). SO = Stratum Oriens; SP =
Stratum Pyramidale; SR = Stratum Radiatum; SLM = Stratum Lacunosum Molec-
ulare; GCL = Granule Cell Layer; H = Hilus; SL = Sratum Lucidum. Saline group; 
N = 10 sections (6 mice). IHKA group; N = 12 sections (6 mice). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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GFAP+ cells and co-localization with EAAC1 and NeuN immunohisto-
chemistry. GFAP immunoreactivity was increased in both hippocampi 
ipsilateral and contralateral to injection in NRG-1 treated mice vs. 
vehicle (Fig. 20). Two-tailed t-tests on GFAP immunoreactivity of indi-
vidual hippocampal layers in the ipsilateral hippocampus at 7 days post- 
IHKA revealed a main effect of NRG-1 treatment. GFAP immunoreac-
tivity was significantly increased in the molecular layer (t(df) = 3.676 
(18), p = 0.0017; mean ± SEM: Vehicle = 15.05 ± 0.5260; NRG-1 
Treated = 18.06 ± 0.6019), upper GCL (t(df) = 2.467 (18), p =

0.0239; mean ± SEM: Vehicle = 11.30 ± 1.101; NRG-1 Treated = 14.27 
± 0.6142), lower GCL (t(df) = 4.505 (18), p = 0.0003; mean ± SEM: 
Vehicle = 9.582 ± 0.7570; NRG-1 Treated = 14.76 ± 0.8346), s. pyr-
amidale of CA3 (t(df) = 3.252 (18), p = 0.0044; mean ± SEM: Vehicle =
9.035 ± 0.7866; NRG-1 Treated = 14.13 ± 1.257), and s. lucidum (t(df) 
= 2.754 (18), p = 0.0131; mean ± SEM: Vehicle = 9.971 ± 0.7079; 
NRG-1 Treated = 13.31 ± 0.9289) in NRG-1 treated mice in the ipsi-
lateral hippocampus 7 days post-IHKA induced SE compared to vehicle. 

Fig. 12. EAAC1 expression is increased in the ipsilateral hippocampus of mice 
treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. EAAC1 (green) 
in the ipsilateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 
days post-IHKA induced SE (5×). EAAC1 mean gray scale quantitation of in-
dividual cell layers. B. EAAC1 expression in CA1, CA3 and DG at 7 days post- 
IHKA induced SE (40×). SO = Stratum Oriens; SP = Stratum Pyramidale; SR 
= Stratum Radiatum; SLM = Stratum Lacunosum Moleculare; GCL = Granule Cell 
Layer; H = Hilus; SL = Stratum Lucidum. Vehicle group; N = 9 sections (5 mice). 
NRG-1 Treatment group; N = 11 sections (6 mice). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 13. EAAC1 expression is increased in the contralateral hippocampus of 
mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. EAAC1 
(green) expression in the contralateral hippocampus of NRG-1-treated vs. 
vehicle-treated mice at 7 days post-IHKA induced SE (5×). EAAC1 mean gray 
scale quantitation of individual cell layers. B. EAAC1 expression in CA1, CA3 
and DG at 7 days post-IHKA (40×). SO = Stratum Oriens; SP = Stratum Pyr-
amidale; SR = Stratum Radiatum; SLM = Stratum Lacunosum Moleculare; GCL =
Granule Cell Layer; H = Hilus SL = Stratum Lucidum. Vehicle group; N = 10 
sections (5 mice). NRG-1 Treatment group; N = 11 sections (6 mice). (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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GFAP immunoreactivity was significantly increased in the lower GCL (t 
(df) = 2.214 (18), p = 0.0380; mean ± SEM: Vehicle = 8.886 ± 0.4332; 
NRG-1 Treated = 14.61 ± 2.665) in NRG-1 treated mice in the contra-
lateral hippocampus 7 days post-IHKA induced SE compared to vehicle 
(Fig. 20). 

3.7. Glutamine synthetase (GS) is upregulated in mice treated with 
exogenous NRG-1 post-IHKA induced SE 

Glutamine synthetase (GS) immunoreactivity was increased in both 
hippocampi ipsilateral and contralateral to injection in NRG-1 treated 
mice vs. vehicle (Fig. 21, Fig. 22). Two-tailed t-tests on GS immunore-
activity of individual hippocampal layers in the ipsilateral hippocampus 
at 7 days post-IHKA revealed a main effect of NRG-1 treatment in all 
layers (Fig. 21). GS immunoreactivity was significantly increased in s. 
oriens (t(df) = 5.528 (20), p < 0.0001; mean ± SEM: Vehicle = 18.05 ±

0.8676; NRG-1 Treated = 24.86 ± 0.8589), s. radiatum (t(df) = 6.225 
(20), p < 0.0001; mean ± SEM: Vehicle = 19.72 ± 0.6287; NRG-1 
Treated = 25.99 ± 0.7541), s. lacunosum moleculare (t(df) = 4.255 
(20), p = 0.0004; mean ± SEM: Vehicle = 20.51 ± 1.119; NRG-1 
Treated = 27.72 ± 1.234), the molecular layer (t(df) = 6.576 (20), p 
< 0.0001; mean ± SEM: Vehicle = 17.34 ± 0.7620; NRG-1 Treated =
24.66 ± 0.7929), lower GCL (t(df) = 2.582 (20), p = 0.0178; mean ±
SEM: Vehicle = 7.280 ± 0.5675; NRG-1 Treated = 11.02 ± 1.232), s. 
pyramidale of CA3 (t(df) = 4.714 (20), p = 0.0001; mean ± SEM: Vehicle 
= 12.26 ± 0.7823; NRG-1 Treated = 20.74 ± 1.502), and s. lucidum (t 
(df) = 3.892 (20), p = 0.0009; mean ± SEM: Vehicle = 10.72 ± 0.4736; 
NRG-1 Treated = 17.06 ± 1.429) in NRG-1 treated mice in the ipsilateral 
hippocampus 7 days post-IHKA induced SE compared to vehicle 
(Fig. 21). 

Two-tailed t-tests on GS immunoreactivity of individual hippocam-
pal layers in the contralateral hippocampus at 7 days post-IHKA 

Fig. 14. NeuN immunoreactivity is decreased 7 days post-IHKA induced SE in the ipsilateral hippocampus. Coronal section of the ipsilateral hippocampus 7 days 
post-IHKA induced SE showing expression and quantitation of NeuN immunoreactivity in hippocampal CA1, DG, and CA3 compared to saline-injected control mice. 
Saline group; N = 12 sections (6 mice). IHKA group; N = 11 sections (6 mice) (20×). 
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revealed a main effect of NRG-1 treatment (Fig. 21). GS immunoreac-
tivity was significantly increased in s. oriens (t(df) = 3.658 (20), p =
0.0016; mean ± SEM: Vehicle = 19.95 ± 0.7489; NRG-1 Treated =
24.83 ± 1.044), s. radiatum (t(df) = 3.120 (20), p = 0.0054; mean ±
SEM: Vehicle = 19.01 ± 1.019; NRG-1 Treated = 23.41 ± 0.9657), s. 
lacunosum moleculare (t(df) = 3.169 (20), p = 0.0048; mean ± SEM: 
Vehicle = 12.25 ± 0.8908; NRG-1 Treated = 18.60 ± 1.669), the mo-
lecular layer (t(df) = 2.356 (20), p = 0.0288; mean ± SEM: Vehicle =
11.75 ± 1.776; NRG-1 Treated = 18.23 ± 2.029), upper GCL (t(df) =
2.939 (20), p = 0.0081; mean ± SEM: Vehicle = 7.336 ± 0.6185; NRG-1 
Treated = 13.27 ± 1.763), hilus (t(df) = 4.793 (20), p = 0.0001; mean ±
SEM: Vehicle = 9.519 ± 0.9616; NRG-1 Treated = 17.47 ± 1.282), lower 
GCL (t(df) = 4.467 (20), p = 0.0002; mean ± SEM: Vehicle = 6.978 ±
0.3290; NRG-1 Treated = 11.18 ± 0.8109), s. pyramidale of CA3 (t(df) =
4.203 (20), p = 0.0004; mean ± SEM: Vehicle = 14.05 ± 0.8694; NRG-1 
Treated = 19.32 ± 0.8843), and s. lucidum (t(df) = 2.630 (20), p =
0.0161; mean ± SEM: Vehicle = 15.29 ± 0.7896; NRG-1 Treated =

18.13 ± 0.7343) in NRG-1 treated mice in the contralateral hippocam-
pus 7 days post-IHKA induced SE compared to vehicle (Fig. 21). 

4. Discussion 

In this study, we used immunohistochemistry to demonstrate that 
NRG/ErbB4 signaling is increased, EAAC1 protein levels are down-
regulated, and NeuN immunoreactivity is decreased in epileptogenesis 
while exogenous NRG-1 (25 μg/kg/day) treatment increases NRG/ 
ErbB4 activity, is neuroprotective, upregulates glutamate transporter 
EAAC1, and induces upregulation of GFAP in the IHKA model of epi-
lepsy. This is the first paper to demonstrate that neuronal glutamate 
transporter EAAC1 is dysregulated in epileptogenesis and daily treat-
ment with high dose NRG-1 (25 μg/kg) rescues EAAC1 and is neuro-
protective during the development of epilepsy. To our knowledge, we 
are also the first to demonstrate that NRG-1/ErbB4 signaling in astro-
cytes increases levels of glutamine synthetase, an essential enzyme in 

Fig. 15. NeuN immunoreactivity is decreased 7 days post-IHKA induced SE in the contralateral hippocampus. Coronal section of the contralateral hippocampus 7 
days post-IHKA induced SE showing expression and quantitation of NeuN immunoreactivity in CA1, DG, and CA3 compared to saline-injected control mice. Saline 
group; N = 12 sections (6 mice). IHKA group; N = 10 sections (6 mice) (20×). 
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the glutamate-glutamine cycle. 
First, we found that NRG-1/ErbB4 activity is increased in the hip-

pocampus ipsilateral to injection 7 days post-IHKA induced SE while 
exogenous NRG-1 treatment significantly increases NRG-1/ErbB4 ac-
tivity in both hippocampi. We observed a layer-specific increase in NRG- 
1/phospho-ErbB4 immunoreactivity in CA1 of the ipsilateral hippo-
campus. NRG-1 immunoreactivity was increased in s. oriens, s. pyr-
amidale of CA1, s. radiatum, and s. lacunosum moleculare of the ipsilateral 
hippocampus 7 days post-IHKA induced SE. Phospho-ErbB4 immuno-
reactivity was also increased in s. pyramidale of CA1 in the ipsilateral 
hippocampus. ErbB4 activity was markedly increased throughout both 
hippocampi in NRG-1 treated mice at 7 days post-IHKA induced SE. 

The highest levels of ErbB4 activity was observed in s. pyramidale of 
the ipsilateral hippocampus. S. pyramidale contains the cell bodies of 
CA1 excitatory neurons and many interneurons. Previous studies have 
shown that ErbB4 in parvalbumin-positive interneurons plays a critical 

role in regulating epileptogenesis and deletion of ErbB4 in parvalbumin- 
expressing interneurons promotes kindling-induced epileptogenesis 
(Tan et al., 2011). NRG-1 signaling through ErbB4 on parvalbumin 
expressing interneurons has also been shown to modulate expression of 
EAAC1 (Yu et al., 2015). Interestingly, we did not observe a difference in 
parvalbumin-positive interneurons in mice treated with 25 μg/kg NRG-1 
compared to vehicle, but we did observe an increase in EAAC1 in mice 
treated with NRG-1 at 7 days post-IHKA induced SE. In NRG-1 treated 
mice, EAAC1 co-localized with parvalbumin expressing interneurons 
but a majority of EAAC1 was not co-localized with parvalbumin 
expressing interneurons suggesting that exogenous NRG-1 treatment is 
modulating EAAC1 in another type of neuron or glial cell. EAAC1 
expression has been shown to be enriched in pyramidal neurons (Got-
tlieb et al., 2000) and could be upregulated in these excitatory neurons 
in NRG-1 treated mice at 7 days post-IHKA induced SE. 

ErbB4 receptors are highly expressed in neurons but have also been 

Fig. 16. NeuN immunoreactivity is increased 7 days post-IHKA induced SE in the ipsilateral hippocampus of NRG-1 treated mice. Coronal section of the ipsilateral 
hippocampus 7 days post-IHKA induced SE showing expression and quantitation of NeuN immunoreactivity in CA1, DG, and CA3 of NRG-1 treated mice vs. vehicle. 
Vehicle group; N = 9 sections (5 mice). NRG-1 Treatment group; N = 9 sections (5 mice) (20×). 
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reported in oligodendrocytes and astrocytes (Roy et al., 2007; Sharif 
et al., 2009). Reactive astrocytes have been shown to produce NRG-1 
which may stimulate their proliferation and support surviving neurons 
following an insult to the CNS (Tokita et al., 2001). In NRG-1 treated 
mice, we observed NRG-1 and phospho-ErbB4 co-localization with 
GFAP+ cells (Fig. 18) suggesting that NRG-1/ErbB4 signaling is 
increased in reactive astrocytes in epileptogenesis. Interestingly, we 
observed an upregulation of the astrocytic marker GFAP in NRG-1 
treated mice compared to controls at 7 days post-IHKA induced SE. 
These data suggest that NRG-1/ErbB4 signaling in astrocytes is impor-
tant for their proliferation. We observed an increase in GFAP in the 
dentate gyrus and CA3 suggesting this signaling is region specific. Pre-
vious studies have reported that astrocytic ErbB4 activation could play a 
role in the induction of reactive astrogliosis (Chen et al., 2017). Inter-
estingly, we did not observe a difference in astrocytic glutamate trans-
porters, GLT-1 or GLAST, in NRG-1 treated mice suggesting that NRG-1/ 
ErbB4 signaling selectively targets the glutamate transporter EAAC1. 

Downstream signaling pathways of ErbB4 tyrosine receptor dimer-
ization have been shown to regulate cell proliferation, survival, and 
inflammatory responses (Olayioye et al., 2000; Yarden and Sliwkowski, 
2001; Mei and Nave, 2014). These data suggest reactive astrocytes could 
be releasing NRG-1 which is further enhanced with exogenous NRG-1 
treatment to support survival in surrounding neurons. Astroglial ErbB 
signaling has been shown to play a crucial role in the development and 
maintenance of the CNS through neuron-glia communication. For 
example, in ErbB1 knockout-mice astrocytes undergo apoptosis 
decreasing their ability to support neuronal survival which eventually 
leads to neurodegeneration (Wagner et al., 2006). ErbB4 signaling plays 
a critical role in several aspects of neuronal development including 
controlling the onset of astrogenesis and dendrite morphology suggest-
ing dysregulation of this pathway could lead to neuropathology asso-
ciated with many neurological diseases (Rieff and Corfas, 2006; Sardi 
et al., 2006). 

Glutamine synthetase (GS), an enzyme found primarily in astrocytes, 

Fig. 17. NeuN immunoreactivity is increased 7 days post-IHKA induced SE in the contralateral hippocampus of NRG-1 treated mice. Coronal section of the 
contralateral hippocampus 7 days post-IHKA induced SE showing expression and quantitation of NeuN immunoreactivity in CA1, DG, and CA3 of NRG-1 treated mice 
vs. vehicle. Vehicle group; N = 10 sections (5 mice). NRG-1 Treatment group; N = 10 sections (5 mice) (20×). 
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Fig. 18. Hippocampal parvalbumin expression is not changed in mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. Parvalbumin (red) expression in 
the ipsilateral and contralateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). B. Parvalbumin mean gray scale 
quantitation of ipsilateral and contralateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE. C. Parvalbumin (red) expression 
and EAAC1 (green) expression in the ipsilateral and contralateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (40×). 
Vehicle group; N = 6 sections (4 mice). NRG-1 Treatment group; N = 10 sections (5 mice). (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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is responsible for the rapid conversion of intracellular glutamate to 
glutamine and is a prerequisite for efficient glutamate clearance from 
the extracellular space (Martinez-Hernandez et al., 1977). GS is critical 
for glutamate metabolism and deficiencies in this enzyme could lead to 
increased glutamate in the extracellular space and decreased glutamate 
clearance (Petroff et al., 2002; van der Hel et al., 2005). GS protein levels 
have been shown to be reduced in the epileptogenic hippocampal for-
mation in patients with MTLE suggesting that GS deficiency could be a 
contributing factor in the development of epilepsy (Eid et al., 2004). 
Second, we observed an increase in GS in NRG-1 treated mice compared 
to controls at 7 days post-IHKA induced SE. Our data suggest that NRG- 

1/ErbB4 signaling in astrocytes leads to upregulation of GS which could 
be neuroprotective against glutamate neurotoxicity. Therefore, neuro-
protection by NRG-1 could be due to its effect on glutamate-glutamine 
cycling in restoring glutamate homeostasis. Regulation of extracellular 
glutamate is crucial for efficient and localized synaptic activity (Dan-
bolt, 2001). 

Third, we observed a decrease in Iba+ immunoreactivity, a marker 
for reactive microglia, in the contralateral hippocampus of NRG-1 
treated mice compared to vehicle (Supplementary Fig. 3). Neuro-
inflammation and microglial activation has previously been observed in 
human epileptic tissue and rodent models of epilepsy (Gershen et al., 

Fig. 19. Expression of NRG-1, Phospho-ErbB4 and EAAC1 in the hippocampus of NRG-1 treated mice 7 days post-IHKA induced SE. A. NRG-1 (green) and GFAP (red) 
expression in the hippocampus of NRG-1 treated mice. B. Phospho-ErbB4 (green) and GFAP (red) expression in the hippocampus of NRG-1 treated mice. C. EAAC1 
(green) and NeuN (red) expression in the hippocampus of NRG-1 treated mice (63×). (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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2015; Schartz et al., 2016; Wyatt-Johnson et al., 2017; Morin-Brureau 
et al., 2018). Previous studies have reported at NRG-1/ErbB4 signaling 
promotes microglia proliferation and chemotaxis (Calvo et al., 2010) 
while others have reported that NRG-1’s anti-inflammatory effects are 
associated with differential regulation of NF-kB signaling pathways and 
suppression of pro-inflammatory gene expression in microglia (Simmons 

et al., 2016). We observed a decrease in Iba + immunoreactivity sug-
gesting that NRG-1 treatment suppresses pro-inflammatory signaling in 
these mice. Interestingly, the contralateral hippocampus is also where 
we observed the majority of differences between NeuN immunoreac-
tivity in all regions investigated; CA1, the dentate gyrus and CA3. Our 
data suggest that NRG-1 treatment has anti-inflammatory effects at early 

Fig. 20. GFAP expression is increased in the both hippocampi of mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. GFAP (red) in the ipsilateral 
hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). B. GFAP mean gray scale quantitation of individual cell layers. C. GFAP 
(red) in the contralateral hippocampus of NRG-1-treated vs. vehicle-treated mice at 7 days post-IHKA induced SE (5×). D. GFAP mean gray scale quantitation of 
individual cell layers. Vehicle group; N = 10 sections (5 mice). NRG-1 Treatment group; N = 11 sections (6 mice). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

A.R. Peterson et al.                                                                                                                                                                                                                             



Neurobiology of Disease 161 (2021) 105545

22

time points during the development of epilepsy. 
Fourth, we found that EAAC1 immunoreactivity was downregulated 

at 7 days post-IHKA induced SE and NRG-1 treatment rescued EAAC1 
expression in the ipsilateral hippocampus while upregulating EAAC1 
expression in hippocampus contralateral to injection. EAAC1 immuno-
reactivity was significantly decreased in s. oriens, s. pyramidale, s. 

radiatum and s. lacunosum moleculare in the CA1 region in the ipsilateral 
hippocampus at 7 days post-IHKA induced SE compared to saline 
injected control mice. We have previously reported that astrocytic 
glutamate transporter, GLT-1 is also significantly downregulated one 
week following IHKA-induced SE which corresponds well with the onset 
of spontaneous seizures in this model (Peterson and Binder, 2019). 

Fig. 21. Glutamine synthetase (GS) expression is increased in the both hippocampi of mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. GS (green) 
in the ipsilateral hippocampus of NRG-1 treated vs. vehicle treated mice at 7 days post-IHKA induced SE (5×). B. GS mean gray scale quantitation of individual cell 
layers. C. GS (green) in the contralateral hippocampus of NRG-1 treated vs. vehicle treated mice at 7 days post-IHKA induced SE (5×). D. GS mean gray scale 
quantitation of individual cell layers. Vehicle group; N = 10 sections (5 mice). NRG-1 Treatment group; N = 12 sections (6 mice). (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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Fig. 22. Glutamine synthetase (GS) and GFAP is increased in the both hippocampi of mice treated with 25 μg/kg NRG-1 7 days post-IHKA induced SE. A. GS (green) 
and GFAP (red) expression in CA3 region of the ipsilateral hippocampus. B. GS (green) and GFAP (red) expression in DG region of the ipsilateral hippocampus. C. GS 
(green) and GFAP (red) expression in CA3 region of the contralateral hippocampus. D. GS (green) and GFAP (red) expression in DG region of the contralateral 
hippocampus (40×). (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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EAAC1 is primarily found on dendrites and somata of pyramidal cells 
and GABAergic neurons (Conti et al., 1998). Administration of antisense 
oligonucleotides to EAAC1 has been shown to produce facial twitches, 
freezing behavior and clonic seizures, suggesting EAAC1 could play an 
important role in regulating glutamate homeostasis in the epileptic brain 
(Rothstein et al., 1996). EAAC1 knockout mice are more sensitive to 
ischemia-induced cell death but have also been shown to experience less 
cell death compared to control animals after pilocarpine-induced sei-
zures suggesting EAAC1 trafficking might be differentially affected in 
disease (Won et al., 2010; Lane et al., 2014). Interestingly, EAAC1 has 
also been shown to be elevated in epileptic rats following pilocarpine- 
induced SE and in patients with epilepsy, suggesting that these trans-
porters could alter neurotransmission in patients with TLE (Mathern 
et al., 1999; Crino et al., 2002). EAAC1 expression was significantly 
increased in both hippocampi of NRG-1-treated mice at 7 days post- 
IHKA induced SE. EAAC1 expression was upregulated in s. pyramidale 
of CA1 in parallel to the upregulation of phospho-ErbB4 immunoreac-
tivity observed in the ipsilateral hippocampus of NRG-1 treated mice. 
NRG-1/ErbB4 activation has been shown to upregulate EAAC1 and in-
crease glutamate uptake in cortical neurons, suggesting that EAAC1 may 
play an important role in synaptic activity and neurotransmission (Yu 
et al., 2015). In NRG-1-treated mice, EAAC1 expression was increased 
throughout all layers of the contralateral hippocampus associated with 
an increase in NeuN immunoreactivity, suggesting a neuroprotective 
role of NRG-1 via EAAC1 upregulation. In order to determine if NRG-1 
treated mice have increased glutamate uptake, future studies could 
examine extracellular glutamate levels in both hippocampi using an 
enzymatic glutamate biosensor or microdialysis. Functional studies 
could also be performed using synaptosomal glutamate uptake assays to 
determine if EAAC1-mediated glutamate uptake is increased in NRG-1 
treated mice (Petr et al., 2015). EAAC1 is also a major route for 
neuronal cysteine uptake which is important for the synthesis of gluta-
thione (GSH). GSH is an antioxidant which protects cells against the 
accumulation of reactive oxygen species and has been shown to be 
reduced in patients with epilepsy (Mueller et al., 2001). Mice deficient in 
EAAC1 have reduced neuronal glutathione and increased susceptibility 
to oxidant injury (Aoyama et al., 2006). NRG-1 has been shown to 
promote glutathione-dependent vitamin B12 metabolism by increasing 
cysteine uptake (Zhang et al., 2016). Future studies could determine 
whether NRG-1/ErbB4 activity is important for EAAC1-dependent 
glutathione synthesis in epileptogenesis and whether it is responsible 
for the neuroprotective effects observed with NRG-1 treatment. 
Recently, a novel probe was synthesized to visualize endogenous and 
exogenous GSH via fluorescence imaging. This probe could be used to 
determine if GSH levels are increased in EAAC1 expressing neurons of 
NRG-1 treated mice (Niu et al., 2020). 

Fifth, we found that NeuN-positive neurons are reduced 7 days post- 
IHKA induced SE while NRG-1 treatment rescued NeuN immunoreac-
tivity in both hippocampi. Widespread neuronal cell loss associated with 
TLE occurs in CA1, the dentate gyrus and CA3 in the hippocampus 
(Scharfman and Gray, 2007). In this study, NeuN immunoreactivity was 
significantly reduced in CA1, the dentate gyrus, and CA3 in both 
hippocampi of epileptic mice at 7 days post-IHKA compared to saline- 
injected control mice. SE-induced neuronal death has been reported in 
many animal models of epilepsy and in patients (Sankar et al., 1998; 
Fujikawa et al., 2000) and distant neuronal damage has previously been 
reported following unilateral kainic acid injections (Magloczky and 
Freund, 1993). Interestingly, NRG-1 treated mice had significantly 
higher NeuN immunoreactivity in CA1 and CA3 of the contralateral 
hippocampus and the dentate gyrus of both hippocampi compared to 
vehicle. Likewise, NRG-1 treatment has been shown to rescue NeuN 
immunoreactivity in a mouse model of focal ischemic stroke and has 
been shown to suppress seizure-induced mossy fiber sprouting (Tan 
et al., 2011; Noll et al., 2019). To our knowledge, this is the first study to 
report neuroprotective effects of NRG-1 treatment in both hippocampi 
following unilateral kainic acid injection. Interestingly, despite a 

majority of seizures initiating in the ipsilateral hippocampus, neuronal 
loss can be observed in both hippocampi (Riban et al., 2002). These data 
suggest that NRG-1 treatment is neuroprotective at early time points in 
epilepsy potentially through NRG/ErbB4 dependent upregulation of 
glutamate transporter EAAC1. Future studies could examine whether 
NRG-1 treatment is neuroprotective in EAAC1 knockout mice chal-
lenged with kainic acid to determine whether EAAC1 is responsible for 
the increase in NeuN immunoreactivity observed in NRG-1 treated mice. 

Overall, in this study we demonstrated that NRG-1 treatment is 
neuroprotective in epileptogenesis likely through restoration of gluta-
mate homeostasis. Previous studies have shown that extracellular 
glutamate levels are increased prior to seizure onset in patients with TLE 
and remain elevated shortly after (During and Spencer, 1993). Recent 
data also suggest that basal levels of extracellular glutamate are elevated 
in patients with refractory epilepsy (Cavus et al., 2016). These studies 
imply that dysregulation of glutamate homeostasis could be contrib-
uting to epilepsies that are refractory to currently available AEDs. 
Upregulation of glutamine synthetase and glutamate transporter EAAC1 
by NRG-1 could reduce extracellular glutamate levels and therefore 
potentially abrogate recurrent seizures and thus serve as an alternative 
therapeutic option for refractory TLE. In a phase II clinical trial in pa-
tients with heart failure, NRG-1 treatment improved cardiac function 
and the effective dose was safe and well tolerated (Gao et al., 2010); 
these data suggest that NRG-1 could be tested safely for therapeutic 
efficacy in patients with refractory epilepsies. 

5. Conclusion 

In summary, we report the first evaluation of NRG-1/ErbB4 depen-
dent selective upregulation of glutamate transporter EAAC1 and bi- 
hemispheric neuroprotection by exogeneous NRG-1 in a mouse model 
of temporal lobe epilepsy. Our findings provide evidence that ErbB4/ 
NRG-1 signaling can be therapeutically targeted and is neuro-
protective by restoring glutamate homeostasis through upregulation of 
glutamine synthetase and glutamate transporter EAAC1 following IHKA 
induced SE. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2021.105545. 
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