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HB-EGF activates EGFR to induce reactive neural stem
cells in the mouse hippocampus after seizures
Oier Pastor-Alonso1, Irene Durá1, Sara Bernardo-Castro1, Emilio Varea2 , Teresa Muro-Garcı́a1 , Soraya Martı́n-Suárez1,
Juan Manuel Encinas-Pérez1,3,4 , Jose Ramon Pineda1,5

Hippocampal seizures mimicking mesial temporal lobe epilepsy
cause a profound disruption of the adult neurogenic niche in
mice. Seizures provoke neural stem cells to switch to a reactive
phenotype (reactive neural stem cells, React-NSCs) characterized
by multibranched hypertrophic morphology, massive activation
to enter mitosis, symmetric division, and final differentiation into
reactive astrocytes. As a result, neurogenesis is chronically im-
paired. Here, using a mouse model of mesial temporal lobe
epilepsy, we show that the epidermal growth factor receptor
(EGFR) signaling pathway is key for the induction of React-NSCs
and that its inhibition exerts a beneficial effect on the neurogenic
niche. We show that during the initial days after the induction of
seizures by a single intrahippocampal injection of kainic acid, a
strong release of zinc and heparin-binding epidermal growth
factor, both activators of the EGFR signaling pathway in neural
stem cells, is produced. Administration of the EGFR inhibitor
gefitinib, a chemotherapeutic in clinical phase IV, prevents the
induction of React-NSCs and preserves neurogenesis.
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Introduction

Mesial temporal lobe epilepsy (MTLE) is the most common form of
epilepsy in adults (Falconer et al, 1964; Margerison & Corsellis,
1966). A portion of patients develop MTLE with hippocampal
sclerosis (MTLE-HS), consisting of unilateral hippocampal atrophy,
neuronal death, reactive gliosis, and granule cell dispersion (GCD).
MTLE-HS is associated with drug resistance for anti-seizure med-
ications, often leading to unilateral amygdalohippocampectomy
(Crespel et al, 2005; Kwan & Sperling, 2009; Tatum, 2012). In the
dentate gyrus (DG) of the hippocampus of most mammals, possibly
including humans (Eriksson et al, 1998; Spalding et al, 2013; Llorens-
Bobadilla et al, 2015), a population of neural stem cells (NSCs)
continues to generate new neurons postnatally and throughout

adulthood (Encinas & Enikolopov, 2008; Spalding et al, 2013). In
human MTLE-HS and in experimental models based on the
intrahippocampal injection of kainic acid (KA), a reduction in or the
absence of markers of neurogenesis and cell proliferation in
the hippocampal neurogenic niche has been reported (Heinrich
et al, 2006; Ledergerber et al, 2006; Nitta et al, 2008). In other models
of MTLE (based on pilocarpine administration or the electrical
induction of seizures), neurogenesis was found to be transiently
increased (Parent et al, 1997; Madsen et al, 2000). In parallel to
alterations in neurogenesis, seizures trigger astrogliogenesis in the
DG in both mice and humans (Ammothumkandy et al, 2022). We
have recently characterized, using mouse models of MTLE-HS, how
seizures induce the transformation of hippocampal NSCs into re-
active NSCs (React-NSCs) that contribute to HS through the direct
generation of reactive astrocytes at the expense of neurogenesis
(Sierra et al, 2015; Muro-Garcı́a et al, 2019; Valcárcel-Martı́n et al,
2020).

The mechanisms controlling the differentiation of NSCs into
React-NSCs in the intrahippocampal KA mouse model have not yet
been investigated and could be of therapeutic use, as preserving
the population of hippocampal NSCs in MTLE-HS could (1) preserve
neurogenesis and its normal functions, (2) allow for the endoge-
nous restoration of the GCL neurons lost to excitotoxicity, and (3)
reduce reactive gliosis. Herein, we studied the involvement of the
epidermal growth factor receptor (EGFR) in the induction of React-
NSCs and whether it could be a potential target to preserve them
after seizures. EGFR has been directly reported to be present in
proliferative embryonic neural precursors (Ciccolini et al, 2005) and
in activated hippocampal adult NSCs and amplifying neural pro-
genitors (ANPs) (Jhaveri et al, 2015; Walker et al, 2016). Although
under normal conditions brain astroglia weakly express EGFR, it
plays a role in the proliferation and differentiation of astrocytes
(Simpson et al, 1982). In addition, a dramatic increase in EGFR has
been observed after brain injury or focal ischemia, especially in
reactive astrocytes and microglia (Nieto-Sampedro et al, 1988;
Planas et al, 1998). Increased levels of EGFR promote the ability of
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adult NSCs to differentiate into astrocytes (Burrows et al, 1997), and
asymmetric distribution of EGFR in late cortical progenitors pro-
motes the astrocyte lineage in cells expressing high levels of EGFR
(Sun et al, 2005). Moreover, it has been recently postulated that the
genetic deletion of EGFR affects the self-renewal capacity of neural
stem and progenitor cells (NSPCs) from the subventricular zone
(SVZ), promoting the differentiation of the progeny toward astro-
cytes (Robson et al, 2018). However, mice lacking EGFR show the
reduced numbers of cortical astrocytes and increased hypersen-
sitivity to epileptic seizures induced by intraperitoneal KA ad-
ministration (Sibilia et al, 2007; Robson et al, 2018). Furthermore, our
previous data on functional gene analysis from the hippocampus of
mice subjected to MTLE-HS showed, among others, an early up-
regulation of the ErbB transduction pathway (Sierra et al, 2015). The
ErbB protein family contains four structurally related receptor
tyrosine kinases, including the EGFR. Both EGFR and fibroblastic
growth factor receptor (FGFR) signaling pathways have been
demonstrated to be highly mitogenic for astrocytes (Simpson et al,
1982; Lewis et al, 1992). Also, FGFR expression increased in the cortex
and hippocampus of rats injected intraperitoneally with KA (Van
Der Wal et al, 1994), but no information exists regarding the EGFR.

Results

Seizures cause an early overexpression and activation of the EGFR
signaling pathway in the hippocampus

We first sought to evaluate the expression of both EGFR and FGFR in
a standardized model of MTLE-HS consisting of a single adminis-
tration of 1 nmol of KA in the DG of C57BL/6 mice (Bouilleret et al,
1999; Sierra et al, 2015). The hippocampus was collected at early
time points after the KA injection (1.5, 12, 24, and 72 h) (Fig 1A) and
analyzed by the real-time quantitative polymerase chain reaction
(qRT–PCR) (Fig 1B). A twofold-to-threefold significant increase in
EGFR mRNA was found as early as 1.5 h and was maintained at 24
and 72 h post-KA (one-way ANOVA, P = 0.028, P = 0.037, and P = 0.007,
respectively, compared with controls; Fig 1B). In order to measure
the activation of the EGFR pathway, we determined the phos-
phorylation of the receptor (P-EGFR) on its tyrosine site 845
(Tyr845), which has been shown to be required for triggering DNA
synthesis (Boerner et al, 2005). The Western blotting (WB) analysis
revealed a progressive increase in P-Tyr845 (with respect to the
normal EGFR) that became significant at 24 and 72 h post-KA (3.116 ±
0.698 at 24 h and 8.540 ± 0.357 at 72 h compared with 1.000 ± 0.385
(control); one-way ANOVA, P = 0.04 and P 0.001, respectively; Fig 1C
and D). In addition, we measured the activation level, also by
phosphorylation, of different downstream effectors of the EGFR
signaling pathway in the hippocampal samples (Fig 1C). EGFR
mediates the activation of Janus kinase/signal transducer and
activator of transcription 3 (STAT3) (Ueno et al, 1997); AKT, involved
in cell survival; and ERK1/2, which regulates cell stress and pro-
liferation (Meloche & Pouysségur, 2007; Lill & Sever, 2012; Goffin &
Zbuk, 2013). Our results showed that STAT3 was activated 12-fold
compared with controls at 12 h post-KA injection and then de-
creased (Kruskal–Wallis test, P = 0.026; Fig 1E). AKT phosphorylation

increased gradually, becoming significant at 72 h (15-fold increase
with respect to the control; Kruskal–Wallis test, P = 0.043; Fig 1F).
Phosphorylation of ERK1/2 was more prominent, becoming sta-
tistically significant as early as 1.5 h post-KA (eightfold with respect
to the control) and then remaining elevated afterward (10-fold to
20-fold with respect to the control; one-way ANOVA, P = 0.023, P =
0.05, P = 0.05, and P 0.001, respectively, compared with controls; Fig
1G). In contrast, no differences were found in the amount of FGFR1
or FGFR2 mRNA (Fig S1A), or in FGFR1 protein (Fig S1B), in the
hippocampus of MTLE-HS mice compared with control ones.

EGFR expression increases after seizures in hippocampal NSPCs

EGFR plays a central role in promoting cell proliferation through the
Ras/MAPK/ERK pathway (Schlessinger & Bar-Sagi, 1994; Cobb, 1999).
Moreover, nuclear EGFR has been strongly correlated with high cell
proliferation (Lin et al, 2001). Because a much higher rate of cell
division is one of the characteristics of React-NSCs, we hypothe-
sized that EGFR expression would be increased in MTLE-HS–
induced React-NSCs. Thus, we determined EGFR expression in the
hippocampal neurogenic niche of control and MTLE-HS mice. We
used 2-mo-old transgenic Nestin-GFP (on C57BL/6 background)
mice in which NSCs and React-NSCs can be readily visualized (Sierra
et al, 2015; Muro-Garcı́a et al, 2019). The mice were subjected to the
intrahippocampal injection of KA (or saline for controls) and eu-
thanized 24 h later. In controls, EGFR expression was sparse and
tightly restricted to the neurogenic niche, specifically labeling a
limited number of Nestin-GFP+ cells located in the subgranular
zone (SGZ) of the DG (Fig 1H). In contrast, EGFR immunostaining had
increased in the MTLE-HS mice and was noticeably prominent in
more Nestin-GFP+ cells (Fig 1H). The quantification showed that
EGFR expression (measured as pixels of positive immunostaining
normalized for the respective regions) tended to be significantly
increased in the GCL after KA (an increase of 400% versus control
levels; t test, P = 0.057; Fig 1I). The expression of the EGFR was also
significantly increased in the hilus of the MTLE-HS mice (1,200%
versus control levels; t test, P = 0.003; Fig 1I). Specifically, coloc-
alization of the EGFR with React-NSCs (MTLE-HS group) was in-
creased by 450% compared to colocalization with control NSCs (t
test, P = 0.031; Fig 1I). We found no changes in FGFR1 expression by
immunofluorescence in the hippocampal neurogenic niche (Fig
S1C), confirming the result obtained by qRT–PCR and WB (Fig S1A
and B).

Pharmacological blockage of EGFR signaling reduces NSPC
proliferation in vitro and in vivo

We next aimed to directly modulate EGFR signaling in NSPCs
without the interference of the profusion of external niche signals
present in vivo. We isolated and enriched hippocampal NSPCs
in vitro (adaptation of Pineda et al [2013]) from 2-mo-old Nestin-
GFP mice and first confirmed that 1 wk after primary culture and
neurosphere generation, the EGFR was present in all cells (Fig S1D).
However, NSPCs undergoing mitosis, as identified by their chro-
mosome condensation typical of prophase and metaphase (con-
firmed by co-immunostaining for the mitotic marker Ki67),
expressed significantly higher levels of EGFR, as quantified by
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measuring signal intensity after immunostaining for EGFR (2.34 ±
0.18 versus 0.81 ± 0.05 pixel/μm2; Mann–Whitney test, P 0.001; Fig S2A
and B). We then determined the effect of the pharmacological
inhibition of EGFR signaling using the reversible inhibitor gefitinib,
which disrupts EGFR kinase activity by reversibly binding within the
ATP-binding pocket of the EGFR protein, efficiently inhibiting all
tyrosine phosphorylation sites on EGFR (Pedersen et al, 2005) (Fig
2A and B). We checked the effect of EGFR inhibition on both EGFR
Tyr845 and Tyr1068, located within the activation loop of the kinase
domain of EGFR. WB analyses showed that the addition of gefitinib
(2 μM) for 1 h to EGF-stimulated (20 ng/ml) cultured NSPCs effi-
ciently reduced phosphorylation at Tyr845 by 81.65% and at Tyr1068
by 69.47% with respect to control cultures without changes in total
EGFR (Mann–Whitney test, P = 0.029 for Tyr845 and t test, P = 0.031 for
Tyr1068 and P = 0.686 for EGFR; Fig 2A and B). Moreover, the
presence of gefitinib efficiently reduced phosphorylation of the
downstream effector ERK1/2 by 75.92% with respect to controls (t
test, P = 0.012; Fig 2A and B). To corroborate the effects on cell
proliferation, we cultured NSPCs in the presence of 2 μMgefitinib for
48 h and administered a pulse of 10 μM 5-bromo-29-deoxyuridine
(BrdU) 1 h before fixation in order to identify dividing cells (Fig 2C).
We then costained for DAPI, BrdU, and Nestin-GFP (Fig 2D). Our
results showed a 63% reduction in BrdU-positive cells in the
presence of gefitinib with respect to the control (Mann–Whitney
test, P 0.001; Fig 2E). We also tested the effect of inhibiting EGFR on
NSPCs using afatinib, an irreversible inhibitor of EGFR. NSPCs that
were cultured for 24 h with afatinib (2 μM) had reduced prolifer-
ation, with 20.27 ± 5.95% of them being positive for BrdU in controls
compared with 8.91 ± 4.88% in afatinib-treated cells (Mann–Whitney
test, P = 0.046; Fig S2C–E). However, this effect is attributable to the
massive cell death induced by afatinib, as indicated by the dramatic
loss of BrdU+ cells and Nestin-GFP+ NSPCs (plus the rounded and
vacuolated morphology of the remaining ones) when NSPCs were
cultured with afatinib for 48 h (Mann–Whitney test, < 0.001). As a
confirmation of the deleterious effect of afatinib, the co-injection of
KA plus afatinib (70 μM) in the hippocampus of Nestin-GFP mice
also provoked a massive loss of Nestin-GFP+ and BrdU+ cells in the
DG (Fig S2H and I).

Blocking EGFR signaling with gefitinib partially preserves
hippocampal NSCs after MTLE-HS in vivo

We therefore chose to continue with gefitinib to study the effect of
EGFR inhibition on the hippocampal neurogenic niche in the mouse

model of MTLE-HS. As gefitinib does not cross the blood–brain
barrier, we administered it intranasally (McKillop et al, 2004), a
pathway that has also been used for anti-epileptic drug treatment
(Barakat et al, 2006). Although it has been reported that a single
dose of gefitinib can block cell proliferation for 72 h (Pedersen et al,
2005), we administered it twice a day starting right after KA injection
to maximize its presence over the 3 d after the induction of MTLE-
HS, when the peak of increased proliferation is observed (Sierra
et al, 2015). The results showed a 57.25 ± 4.98% reduction in pro-
liferating Ki67+ cells in the SGZ of the animals treated with gefitinib
compared with the animals treated with the vehicle DMSO (t test,
P = 0.002; Fig 3A and B). Likewise, the number of proliferating (Ki67+)
NSCs and of ANPs dropped to 45.25 ± 5.92% and 32.02 ± 5.25% (t test,
P = 0.005 and P = 0.007; Fig 3A and B). NSCs were identified as being
immunopositive for nestin and glial fibrillary acidic protein (GFAP)
and with a radial apical process extending across the GCL from the
SGZ to the molecular layer. ANPs are located in the SGZ, are nestin-
positive but GFAP-negative, and bear few and short processes.

In order to check the potential preservation of NSCs by EGFR
inhibition in MTLE-HS, we repeated the administration of gefitinib
or DMSO in KA- or saline-injected Nestin-GFP mice but waited
14 d to euthanize the mice and analyze them once the transfor-
mation into React-NSCs was fully completed (Fig 3C and D).

As expected, we found severe depletion of DCX+ cells in the
KA+DMSO mice (8,914.61 ± 2,537.97 DCX+ cells) compared with
saline+DMSO and saline+gefitinib groups (39,888.21 ± 6,887.70 and
31,341.6 ± 5,465.51 DCX+ cells, respectively; one-way ANOVA, P = 0.022
and P = 0.09; Fig 3D and E). In the MTLE-HS mice treated with
gefitinib, substantial recovery of DCX+ cells was found in the DG,
rising to 37,641.67 ± 8,077.953 DCX+ cells (one-way ANOVA, P = 0.030;
Fig 3D and E). At the end of the treatment, we administered three
pulses of BrdU intraperitoneally, separated by 3 h, to determine the
density of newly generated cells produced once the inhibition of
proliferation had ceased. We observed a rebound trend in the
saline+gefitinib (16,330 ± 2,550 BrdU+ cells), saline+KA, and KA+gefitinib
(12,950 ± 2,430 and 14,190 ± 5,930 cells) groups and found no sta-
tistically significant difference compared with the saline+DMSO
group (4,940 ± 3,470 cells; one-way ANOVA, P = 0.256; Fig S3C).

The reactive astrocyte-like morphology typical of seizure-
induced React-NSCs (Sierra et al, 2015; Muro-Garcı́a et al, 2019;
Valcárcel-Martı́n et al, 2020) was reduced as NSCs conserved their
radial morphology in the MTLE-HS mice treated with gefitinib. To
quantify this effect, we analyzed Nestin-GFP+ cells by Sholl analysis
and measured the total process length, cell volume, and

Figure 1. Increased expression of EGFR in the hippocampal neurogenic niche and activation of the EGFR signaling pathway are early events in MTLE-HS.
(A) Schematic time course of hippocampus dissection after intrahippocampal injection of KA (1 nmol). (B) Determination of EGFRmRNA expression by qRT–PCR showing
an early increase after KA injection. (C) Determination of changes in normal and phosphorylated protein levels involved in EGFR signaling by WB of hippocampal samples.
p-EGFR, p-STAT3, p-AKT, and p-ERK are increased. Data are representative of three biological replicates, with representative blots cropped and marked with solid
lines. (D) Quantification of the ratio of phosphorylated versus non-phosphorylated forms of EGFR. (E) Quantification of the ratio of phosphorylated versus non-
phosphorylated forms of STAT3. (F) Quantification of the ratio of phosphorylated versus non-phosphorylated forms of AKT. (G) Quantification of the ratio of
phosphorylated versus non-phosphorylated forms of ERK after WB. Phosphorylation changes are compared with respect to the control after WB. (H) Confocal microscopy
images after immunostaining for EGFR in the SGZ of the hippocampus of control (upper panel) and MTLE-HS (lower panel) Nestin-GFP showing increased expression in
NSCs and ANPs early after intrahippocampal KA injection. Scale bar, 20 μm. (I) Quantification of EGFR immunofluorescence signal in the GCL, hilar region, and NSCs. Data
information: for (B), one-way ANOVA, *P < 0.05 and **P < 0.01. Bars show themean ± SEM. n = 3. Dots show individual data. For (D, G), one-way ANOVA and Kruskal–Wallis test
in (E, F), *P < 0.05, **P < 0.01, and ***P < 0.001. Bars show themean ± SEM. Dots show individual data. n = 5. For (I), Mann–Whitney test for GCL and t test for the hilar region
and NSCs, *P < 0.05 and **P < 0.01. Bars show the mean ± SEM. Dots show individual data. n = 3.
Source data are available for this figure.
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ramification as branch points (Fig 3F–H, respectively). In all three
parameters, gefitinib significantly reduced the effect of KA. Notably,
gefitinib also had an effect in saline-injected mice regarding the
cell volume and the number of branch points. A pathological
hallmark of MTLE-HS in the human hippocampus and animal
models is GCD, which consists of the separation of granule cells
resulting in increased length between the molecular layer and the
hilus (Houser, 1990). We tested whether GCD was also reversed by
the administration of gefitinib and found that indeed this was the
case. A significant increase in GCD was found in the KA+DMSO

animals (1.012 ± 0.16 mm³; Kruskal–Wallis test, P = 0.007) compared
with saline+DMSO (0.42 ± 0.05 mm³; Kruskal–Wallis test, P = 0.01) and
saline+gefitinib (0.36 ± 0.04 mm³) groups, but it returned to normal
values in the KA+gefitinib group (0.46 ± 0.02 mm³; Kruskal–Wallis
test, P 0.001; Fig S3A and B). Finally, we analyzed the effect of
gefitinib in MTLE mice in terms of cell proliferation by administering
BrdU three times (3 h apart) at 3 d post-KA injection (3dpKA) (Fig 3C).
We found that the number of BrdU+ React-NSCs in the MTLE mice
treated with gefitinib was significantly reduced compared with the
DMSO-treated MTLE mice (a drop to 47.55 ± 9.62%; t test, P = 0.005;

Figure 2. Inhibition of EGFR signaling with gefitinib reduces proliferation of NSPCs.
(A) EGFR of cultured hippocampal NSPCs stimulated with EGF was phosphorylated at Tyr845 and Tyr1068 residues as analyzed by WB. Its downstream effector ERK was
also phosphorylated. Pretreatment with the EGFR inhibitor gefitinib blocked phosphorylation of the receptor and of ERK. (B) Quantification of the level of EGFR with
respect to the loading control and quantification of the ratio of phosphorylated versus non-phosphorylated forms of EGFR Tyr845 and Tyr1068 and ERK (four independent
replicates) showed the consistent inhibitory effect of gefitinib. (C) Paradigm of the strategy to evaluate the effect on cultured cell proliferation. Cells were cultured in the
presence of EGF or gefitinib pretreatment plus EGF during 48 h. A 1-h pulse of BrdU 10 μM was given before fixation to label mitotic cells. (D) Representative
immunofluorescence images of cultured NSPCs from Nestin-GFPmice showing the reduction of BrdU+ cells in gefitinib-treated cells. Scale bar, 10 μm. (E) Quantification of
the number of BrdU+ cells expressed as the percentage with respect to total BrdU+ cells in the control condition showing the strong effect of gefitinib. Data information:
for (B), Mann–Whitney test for Tyr845 and t test for Tyr1068 and ERK, *P < 0.05. Bars show themean ± SEM. Dots show individual data. n = 4. For (E), Mann–Whitney test, ***P <
0.001. Bars show the mean ± SEM. Dots show random fields of two pooled independent experiments.
Source data are available for this figure.

EGFR signaling induces reactive NSCs Pastor-Alonso et al. https://doi.org/10.26508/lsa.202201840 vol 7 | no 9 | e202201840 5 of 20

https://doi.org/10.26508/lsa.202201840


EGFR signaling induces reactive NSCs Pastor-Alonso et al. https://doi.org/10.26508/lsa.202201840 vol 7 | no 9 | e202201840 6 of 20

https://doi.org/10.26508/lsa.202201840


Fig S3D). Although diminished BrdU+ ANPs and total BrdU cells were
observed, they did not reach significance, suggesting a more
specific effect of EGFR blocking in NSCs in terms of proliferation.

Heparin-binding epidermal growth factor (HB-EGF), a natural
ligand of EGFR, increases early after MTLE-HS in the hippocampus

We next sought to investigate the potential natural contributors to
the seizure-induced activation of EGFR in the neurogenic niche. We
started exploring the expression of HB-EGF, a natural ligand of EGFR
that has been recently reported to be a strong mitogenic factor for
astrocytes (Jia et al, 2018) and is also able to stimulate astroglial
migration (Faber-Elman et al, 1996). Furthermore, HB-EGF expres-
sion has been shown to be up-regulated in the hippocampus early
after KA intraperitoneal administration (Opanashuk et al, 1999). We
detected increased immunolabeling for HB-EGF 3dpKA in the SGZ
and the portion of the molecular layer closer to the GCL of Nestin-
GFP mice (Fig S3E). As immunohistochemical detection is not op-
timal for HB-EGF, we determined its levels by ELISA at different time
points (1.5, 12, 24, and 72 h) after KA. HB-EGF showed a significant
increase in the hippocampus 12hpKA and 24hpKA, decreasing to
control levels at 72hpKA (876.35 ± 33.88 and 958.84 ± 26.45 pg/ml of
HB-EGF at 12 and 24 h compared with 765.89 ± 20.06 pg/ml in
animals injected with saline; one-way ANOVA, P = 0.044 and P 0.001;
Fig S3F). In addition, cultured NSPCs costained for HB-EGF (Fig S3G)
and were able to release HB-EGF to the culture media (2,152.90 ±
202.07 pg/ml compared with 364.40 ± 2.77 pg/ml detected in control
media [without cells] and 611.40 ± 1.39 pg/ml in the cellular pellet;
Kruskal–Wallis test, P = 0.02 and P = 0.05; Fig S3H).

Zinc, an activator of EGFR, increases early after seizures and
regulates NSPC activity in vitro

We next sought to investigate the potential contribution of zinc
release to the activation of the EGFR pathway. Zinc triggers EGFR
signaling by binding not only directly to the receptor (Samet et al,
2003) but also indirectly by increasing HB-EGF release through the
activation of zinc-dependent metalloproteinases (Wu et al, 2004). In
addition, the over-release of zinc is a typical effect of neuronal
hyperexcitation (Mody & Miller, 1985; Kasarskis et al, 1987). Reactive
(free) zinc levels can be measured histochemically in control and
MTLE-HS Nestin-GFP mice by the Danscher staining (Fig 4A). Saline-
injected animals showed the characteristic distribution of zinc
restricted to the hilar region with an average of 107.90 ± 9.19 zinc
granules per Nestin-GFP+ cell, whereas KA-injected animals
showed a significant increase of 188.00 ± 17.88 zinc granules per

Nestin-GFP+ cell (t test, P 0.001; Fig 4B). No difference was found in
the size of the granules, a measurement used as an internal control
for the technique (Fig 4B). To corroborate these findings, we im-
munostained against zinc transporter (ZnT3), which introduces zinc
ions into synaptic vesicles (Wenzel et al, 1997; Cole et al, 1999) after
3dPKA. We observed a marked increase in the ZnT3 staining signal
intensity (by pixel) in the granule cell layer from 14,997.50 ± 4,041.08
for saline- to 60,072.00 ± 7,985.31 for KA-injected mice. Furthermore,
ZnT3 signal intensity overlapping with Nestin+GFP increased from
9,462.90 ± 3,857.63 to 22,628.57 ± 7,620.12. In the hilus, signal intensity
changed from 76,090.87 ± 20,042.37 to 195,283.71 ± 28,167.48 for
saline- and KA-injected mice, respectively (t test, P 0.001, P 0.05, and
P 0.01; Fig S4A and B), in agreement with the Danscher staining data.

Furthermore, because zinc homeostasis in the CNS is controlled
by metallothioneins (MTH), a family of metalloproteins responsible
for buffering the level of intracellular labile zinc (Kagi & Schaffer,
1988), we tested their hippocampal expression in MTLE-HS. qRT–
PCR analyses determined an increase in metallothionein I (MTH1)
and a tendency to increase in II (MTH2) 24–72 h after KA admin-
istration (8.34 ± 2.07– and 10.89 ± 6.14–fold for MTH1 and 15.25 ± 4.20–
and 19.42 ± 9.23–fold for MTH2; Kruskal–Wallis test, P = 0.045 for
MTH1 and one-way ANOVA, P = 0.087 for MTH2; Fig S4C). Moreover,
the presence of the proteins was confirmed by WB (Fig S4D). No
changes were detected regarding the expression of MTH3. These
data further support the increased presence and potential early
involvement of zinc in the neurogenic niche in MTLE-HS.

Zinc mimics the early effect of KA on the hippocampal
neurogenic niche

We then moved to an in vivo experiment to further corroborate the
effects of zinc on the neurogenic niche. We injected intra-
hippocampally a single dose of 5, 20, or 30 nmol of zinc, with the first
two doses reported to be tonic levels of zinc (Frederickson et al,
2006), and checked the effects after 1 wk. 24 h before euthanasia, we
injected BrdU intraperitoneally to label proliferating cells (Fig 4C).
We did not find an effect at 5 nmol (data not shown), but GCD and
more BrdU+ cells, as well as increased Nestin-GFP expression, were
observed in the DG using the 20 or 30 nmol doses recapitulating
some of the effects caused by the intrahippocampal injection of
1 nmol of KA (MTLE-HS model) (Fig 4D). We focused on the 20-nmol
dose and determined first an increase in the density of BrdU+ cells
that incorporated in the SGZ+ GCL, rising from 26,038 ± 6,395 cells
per millimeter3 (saline) to 78,731 ± 9,036 cells per millimeter3

(20 nmol zinc), a value close to 107,775 ± 6,245, found in the 1 nmol KA
group (one-way ANOVA, P 0.001, KA versus saline; P = 0.001, 20 nmol

Figure 3. Inhibition of EGFR signaling with gefitinib in vivo reduces the induction of React-NSC induction and partially restores neurogenesis in MTLE-HS.
(A) Confocalmicroscopy images of MTLE-HSmice treatedwith intranasal gefitinib (10mg/Kg) or vehicle, 3 d after intrahippocampal KA injection (1 nmol) after staining for nestin,
GFAP, and Ki67. Scale bar, 50 μm. (B)Quantification of proliferating (Ki67+) NSCs, ANPs, and overall proliferation in the SGZ expressed as the percentage with respect to the control.
NSCs were identified as cells being immunopositive for nestin and GFAP and with a radial apical process extending across the GCL from the SGZ to the molecular layer. ANPs were
located in the SGZ, werenestin-positive butGFAP-negative, andbore fewand short processes. (C) Experimental design to treat the animals. (D)Confocalmicroscopy images of DG
sections after immunostaining for GFP; DAPI was used to label all cell nuclei. Scale bar, 20 μm. (F) Quantification of changes in the length of the processes. (G) Quantification of
changes in the cell volume. (H)Quantification of changes in the number of branch points. (E)Quantification of the volumeof the GCL in saline+DMSO–, saline+gefitinib–, KA+DMSO–,
and KA+gefitinib–treated animals 14dpKA. Data information: for (B), t test, **P < 0.01. Bars show the mean ± SEM. Dots show individual data. n = 4. For (F, G, H), changes were
quantified after 3D Sholl analysis and expressed as the percentagewith respect to the control condition (saline+DMSO), one-way ANOVA, ***P < 0.001. Dots show individual cells (F,
G, H). For (E), Kruskal–Wallis test, *P < 0.05, **P < 0.01, and ***P < 0.001. Bars show the mean ± SEM. Dots show individual data. n = 3.
Source data are available for this figure.
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Zn+2 versus saline, and P = 0.027, 20 nmol Zn+2 versus KA; Fig 4E). A
clear induction of React-NSCs was observed, and a significant in-
duction of GCD was measured: 70.96 ± 3.14 μm (saline), 85.75 ±
1.78 μm (20 nmol Zn+2), and 124.210 ± 4.67 μm (1 nmol KA) (one-way
ANOVA, P 0.001; Fig 4F). These results show that an intra-
hippocampal zinc injectionmimics the disruption of the neurogenic
niche triggered by KA administration. As mentioned before, an
excess of zinc might have a positive effect by reducing neuronal
hyperexcitation (Minami et al, 2006), and therefore, in our context of
interest it could be argued that zinc chelation could be used to
preserve the neurogenic niche in MTLE-HS. To test this hypothesis,
we administered subcutaneously 5 mg/Kg of the zinc-chelating
agent TPEN as previously described (Kim et al, 2012) on both control
andMTLE-HS Nestin-GFPmice twice a day during seven consecutive
days starting the same day that saline or KA was injected into the
hippocampus to induce MTLE-HS. Although we did not find evident
variations in GCD irrespective of the treatment (Fig S4E), we
quantified the number of dying cells by assessing condensed DAPI
staining, expecting a significant increase after KA administration as
previously reported (Sierra et al, 2015) and evaluating the effect of
zinc chelation by TPEN (Fig S4F). We observed a tendency in GCD and
in cell death to increase after KA compared with saline-injected
animals in both vehicle- and TPEN-treated mice. However, TPEN
failed to alter cell death, as a similar density of pyknotic nuclei was
found in the GCL than KA+vehicle–treated animals and significantly
higher than saline+TPEN–treated animals (24,864.24 ± 630.84
pyknotic nuclei per millimeter3 for KA+TPEN with respect to 2,895.61
± 1,635.08 pyknotic nuclei per millimeter3 for saline+TPEN;
Kruskal–Wallis test, P = 0.014; Fig S4F). These results suggest that
despite mimicking the early effects of MTLE-HS on the neurogenic
niche, endogenous zinc does not contribute to cell death.

HB-EGF and zinc activate the EGFR pathway in NSPCs in vitro

To confirm whether zinc could modulate NSPCs in an EGFR-
mediated manner, we cultured NSPCs from the hippocampus
of Nestin-GFP mice. To avoid EGFR activation caused by growth
factors present in the culture media, NSPCs were subjected to
growth factor starvation for 15 min, 2 h, or 6 h. A marked loss of
phosphorylated ERK (p-ERK) was found at the 2-h time point (Fig
S5A). Following a protocol adopted from Wu et al (2004), NSPCs
were exposed to 100 ng/ml EGF or 200 μM zinc, or pretreated with
2 μM gefitinib for 60 min before the addition of 200 μM zinc.
Protein extracts were blotted sequentially against Tyr845 and
Tyr1068 phosphorylation sites of EGFR and total EGFR to test
receptor phosphorylation (Figs 5A and S5B). Although we could
not fully exclude that autocrine-released HB-EGF could trigger
some residual EGFR phosphorylation, the starving condition was

considered the control as with the lowest phosphorylation (ratio
to control = 1). We observed that zinc induced a mild phos-
phorylation of Tyr845 that was fully blocked in the presence of
gefitinib (ratio 1.00 ± 0.13 [starved] compared with 2.36 ± 0.20
[zinc]; Kruskal–Wallis test, P = 0.05; and 2.36 ± 0.20 [zinc] com-
pared with 0.42 ± 0.04 [zinc+gefitinib]; Kruskal–Wallis test, P =
0.02; Fig 5B and C). However, there was no statistical difference
for Tyr1068 phosphorylation (Fig S5C). It has also been reported
that a feedback effect by which p-ERK mediates HB-EGF shed-
ding and subsequent EGFR activation can take place (Yin & Yu,
2009). We observed that zinc exposure in starved conditions was
able to increase p-ERK signaling, and interestingly, the inhibition
of EGFR reduced its phosphorylation (ratio 1.00 ± 0.04 [starved]
compared with 2.23 ± 0.16 [zinc]; one-way ANOVA, P = 0.017; and
2.23 ± 0.16 [zinc] compared with 0.85 ± 0.35 [zinc+gefitinib]; one-
way ANOVA, P = 0.015; Fig 5B and D). To further corroborate this
effect and to get closer to in vivo conditions, we stimulated
starved cells with the highly mitotic HB-EGF ligand, HB-EGF+zinc,
or pretreated cells with gefitinib and then exposed them to HB-
EGF+zinc. Our results demonstrated that HB-EGF strongly
phosphorylated EGFR at both Tyr845 and Tyr1068 residues. Re-
markably, zinc stimulation did not produce any significant additive
effect, possibly because of the excess of HB-EGF. Importantly, gefi-
tinib pretreatment blocked phosphorylation at Tyr845 and Tyr1068
(ratio 1.00 ± 0.29 [starved] compared with 3.12 ± 0.52 [zinc+HB-EGF];
one-way ANOVA, P = 0.027; and 3.12 ± 0.52 [zinc+HB-EGF] compared
with 1.09 ± 0.39 [zinc+HB-EGF+gefitinib]; one-way ANOVA, P = 0.046 for
Tyr845; and ratio 1.00 ± 0.16 [starved] compared with 4.63 ± 0.89
[zinc+HB-EGF]; one-way ANOVA, P = 0.005; and 4.63 ± 0.89 [zinc+HB-
EGF] compared with 0.51 ± 0.14 [zinc+HB-EGF+gefitinib]; one-way
ANOVA, P = 0.002 for Tyr1068; Fig 5E–G). Moreover, EGFR inhibition
showed a tendency to reduce downstream p-ERK even in the con-
comitant presence of both zinc and HB-EGF (Fig 5E and H). These
results suggested that inhibiting EGFR with gefitinib was sufficient to
inactivate the receptor regardless of the autocrine and paracrine HB-
EGF–dependent phosphorylation.

Zinc induces React-NSCs through activation of EGFR in vivo

The next step was to examine the in vivo effect of EGFR inhibition in
animals that received a single dose of zinc (20 nmol) intra-
hippocampally, expecting that blocking EGFR would reduce the zinc-
induced overproliferation of cells. For this purpose, we administered
intranasal gefitinib during the first 72 h following the same paradigm
described previously. The animals received three doses (3 h apart) of
BrdU intraperitoneally to track dividing cells starting 24 h before
euthanasia (Fig 5I). Our results showed that EGFR inhibition reduced
the increase in BrdU+ cells in the GCL provoked by intrahippocampal

Figure 4. Zinc mimics the effect of seizures in the hippocampal neurogenic niche.
(A) Danscher’s staining 3 d after saline or KA intrahippocampal injection in Nestin-GFP mice showing the wider presence of zinc in the SGZ and GCL. Scale bar, 10 μm.
(B)Quantification of the number of precipitated zinc granules. The size of the granules was assessed as an internal control. (C) Schematic of the in vivo zinc intrahippocampal
injection and BrdU administration. Nestin-GFPmicewere euthanized 7 d after zinc or KA 1 nmol administration (20 nmol), and BrdU was given 24 h before euthanasia to identify
mitotic cells. (D) Confocal microscopy images after immunostaining for GFP, BrdU, and GFAP. DAPI was used as nuclear staining. Increased cell proliferation, GCD, and
induction of React-NSCs are noticeable. Scale bar, 10 μm. (E) Quantification of the density of BrdU+ cells in the SGZ+GCL. (F) Quantification of GCD. Data information: for (B),
t test, ***P < 0.001. Bars show the mean ± SEM. Dots show individual data. For (E, F), one-way ANOVA, *P < 0.05 and ***P < 0.001. Dots show individual cells (E, F). n = 3–4.
Source data are available for this figure.
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Figure 5. Gefitinib blocks the zinc-induced activation of the EGFR signaling pathway in NSPCs.
(A) Pretreatment with gefitinib (2 μM) prevents the phosphorylation of EGFR induced by EGF and by zinc (200 μM) as shown by WB. (B) WB of in vitro–cultured NSPCs
showing that activation of p-ERK downstream signaling in the presence of zinc (200 μM) is blocked by gefitinib (2 μM). Note that β-actin shows no variation in loading
inputs. (C) Ratio of phosphorylated to non-phosphorylated EGFR Tyr845. (D) Ratio of phosphorylated to non-phosphorylated ERK. (E) Presence of HB-EGF and zinc
stimulates EGFR phosphorylation at Tyr845 and Tyr1068 sites and shows a tendency to stimulate p-ERK signaling. Gefitinib reduces both phosphorylation of EGFR and p-
ERK. (F)Quantification of the phosphorylated to the non-phosphorylated ratio for EGFR Tyr845. (G)Quantifications of the phosphorylated to the non-phosphorylated ratio
for EGFR Tyr1068. (H)Quantifications of the phosphorylated to the non-phosphorylated ratio for ERK. (I) Schematic of intranasal gefitinib treatment after intrahippocampal
zinc injection. BrdU was given 24 h before euthanasia to identify mitotic cells. (J) Confocal microscopy images of saline, zinc, and zinc+gefitinib (10 mg/Kg) 3 d after zinc
showing the increase in BrdU+ cells in the SGZ of zinc-injected animals, which is reversed by the administration of gefitinib. Scale bar, 50 μm. (K) Quantification of total
BrdU+ cells in the SGZ. There is a significant increase in BrdU+ cells in the SGZ after zinc administration, which, however, contained administering gefitinib. Data
information: for (C), Kruskal–Wallis analysis, *P < 0.05. For (D), one-way ANOVA, *P < 0.05. Bars show the mean ± SEM. Dots show individual data (C, D). For (F, G, H),
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injection of zinc (15,680 ± 2,590 [saline] compared with 51,360 ± 7,890
[zinc]; one-way ANOVA, P = 0.016; and 51,360 ± 7,890 [zinc] compared
with 23,970 ± 6,830 [zinc+gefitinib]; one-way ANOVA, P = 0.026; Fig 5J and
K). No significant changes in the expression and distribution of EGFR by
NSCs were found 24 h after zinc injection (Fig S5D and E).

To check the effect on early neurogenesis, we repeated the
experiment but euthanized the animals at 14 d post-
intrahippocampal zinc injection. Despite the increase in pro-
liferation and the drastic change of the neurogenic niche in the
short term, similar to that of MTLE, we observed no ablation of
DCX+ cells (Fig S5D and E). On the contrary, the results showed a
tendency for neurogenesis to increase, expressed as the ratio of
BrdU+DCX+ cells to DCX+ cells (Fig S5F). These results support the
notion that zinc is another contributor to the complex responses
triggered by seizures rather than a single master effector. As an
example, no significant changes in the expression and distri-
bution of EGFR by NSCs were found 24 h after zinc injection (Fig
S5G and H).

Discussion

Seizures induce the transformation of hippocampal NSCs into
gliogenic React-NSCs

A population of radial glia-like NSCs was shown to be the source of
postnatal and adult neurogenesis in the hippocampus in pioneering
work that also suggested their capability to generate astrocytes (Seri
et al, 2001). This astrogliogenic capability was later confirmed (Encinas
et al, 2011), along with their capacity to generate additional NSCs
(Bonaguidi et al, 2011; Pilz et al, 2018), establishing the natural mul-
tipotent capability of NSCs in physiological conditions. More recently,
the cell differentiation diversity of hippocampal NSCs was further
expanded, as we showed that seizures trigger the conversion of NSCs
into reactive astrocytes through an intermediate cell type, termed
React-NSCs, which is distinct from both NSCs and reactive astrocytes
(Sierra et al, 2015; Muro-Garcı́a et al, 2019). Similarly, it was reported that
NSCs from the SVZ generate reactive astrocytes that migrate into the
cortex after experimental stroke (Faiz et al, 2015). Complete ablation of
neurogenesis might be a specific outcome of MTLE with HS, whereas in
other models, a boost in neurogenesis with abnormal features (ab-
errant neurogenesis) is generally observed (Kuruba et al, 2009; Pineda
& Encinas, 2016). A direct comparison among different models (in-
tracerebral KA, intraperitoneal KA, pilocarpine, electrical kindling, etc.)
is challenging because of variations in paradigms, points of analysis
(cell markers, proliferation, survival, differentiation), and the different
cell types studied (NSCs, newborn neurons, astrocytes, etc.). The
mechanisms driving increased aberrant neurogenesis in MTLE versus
the absence of neurogenesis in MTLE-HS deserve further investigation.
Currently, we can speculate that different levels of local neuronal
hyperexcitation and the presence or absence of neuronal death and
reactive gliosis in the hippocampus may trigger qualitatively different

responses in the neurogenic niche, reflecting the high level of plasticity
of NSCs and neurogenesis (Bielefeld et al, 2019).

Characterizing the active role of NSCs in the brain’s response to
damage by contributing to reactive gliosis opens new avenues for
potential therapeutic interventions. Unveiling the mechanisms
controlling the transformation of NSCs to React-NSCs might allow
us not only to preserve healthy NSCs and eventually neurogenesis
in MTLE-HS but also to manipulate the level of reactive gliosis.
Herein, we demonstrate that EGFR is a key regulator in the induction
of React-NSCs after seizures and that its blockade can preserve
neurogenesis. Furthermore, we show that not only HB-EGF, the
natural ligand of EGFR, but also zinc is involved in the EGFR-
dependent induction of React-NSCs.

Intrahippocampal KA injection triggers the overexpression of
EGFR in hippocampal NSCs. Blocking EGFR with gefitinib partially
preserves NSCs

In vitro studies using stem cell–like germinative cells highlighted
the EGFR/ERK transduction pathway as responsible for activating
and inducing proliferation upon the addition of human EGF, with
EGFR inhibition blocking cell proliferation (Cheng et al, 2017). Other
studies have shown that inactivation of the EGFR/MAPK pathway
blocks or greatly retards NSC cycle progression in Drosophila (Li
et al, 2015), and the absence of EGFR strongly impairs stem cell self-
renewal (Robson et al, 2018). EGFR has been shown to be expressed
in activated and proliferating NSPCs (Okano et al, 1996; Jhaveri et al,
2015), and is used to distinguish activated NSPCs from quiescent
ones (Walker et al, 2016). In addition, EGFR activation controls the
transformation of astrocytes into hypertrophic reactive astrocytes
(Liu & Neufeld, 2004; Liu et al, 2006; Tsugane et al, 2007), acting as an
upstream signal for exiting quiescence (Liu et al, 2006). Therefore,
we hypothesized that EGFR could regulate the transformation of
NSCs into React-NSCs, a transient cell type with features of both
NSCs and reactive astrocytes. We confirmed that soon after the
induction of MTLE-HS, EGFR was overexpressed in the hippocam-
pus, particularly in the neurogenic niche, where it colocalized with
Nestin-GFP+ NSCs and ANPs. Downstream effectors of EGFR, such as
phospho-STAT3 and phospho-ERK1/2, were also elevated. Blocking
EGFR with gefitinib in NSPCs derived from the hippocampus re-
duced cell proliferation, a result that was replicated in vivo. Im-
portantly, gefitinib not only reduced the seizure-induced increase
in NSC proliferation, but also, at least partially, preserved the
healthy morphology of NSCs.

HB-EGF, a natural ligand of EGFR, is also overexpressed after
seizures, and its interplay with over-released zinc contributes to
EGFR activation after seizures

We explored the role of HB-EGF, a natural ligand of EGFR. Binding of
HB-EGF to EGFR has been associated with enhanced EGFR tyrosine
kinase activity and prolonged ERK activation (Yoo et al, 2012). Our

Kruskal–Wallis analysis, *P < 0.05 and **P < 0.01. Bars show the mean ± SEM. Dots show individual data (F, G, H). For (K), one-way ANOVA, *P < 0.05. Bars show the mean ±
SEM. Dots show individual data. n = 3.
Source data are available for this figure.
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results also show that there is an early increase in the expression of
HB-EGF, the natural ligand of EGFR, which occurs in parallel with the
increase in EGFR expression. This finding is consistent with the
previous work based on intraperitoneal administration of KA, where
HB-EGF mRNA increased within 3 h and remained elevated for at
least 48 h in the DG (Opanashuk et al, 1999). EGFR and HB-EGF have
been associated with pro-inflammatory cytokine release (Richter
et al, 2002), and HB-EGF induced astrocyte proliferation in vitro in
an EGFR-dependent manner. Therefore, HB-EGF could also be a
potential therapeutic target. However, because it also enhances
neuronal and astrocyte survival (Kornblum et al, 1999; Jia et al, 2018)
and is neuroprotective against excitotoxicity (Opanashuk et al,
1999), this option is not without concern.

We were intrigued by the potential role of zinc in the activation of
the EGFR pathway for several reasons: (1) HB-EGF is initially syn-
thesized as a membrane-bound precursor (pro-HB-EGF), and it is
cleaved at the juxtamembrane domain to release the soluble form
of HB-EGF by matrix metalloproteinases (Izumi et al, 1998), which
are activated by zinc (Le Gall et al, 2003; Wu et al, 2004); (2) zinc-
dependent ERK activation can stimulate EGFR phosphorylation
through HB-EGF (Yin & Yu, 2009); and (3) zinc is massively released
from excitatory terminals during neuronal hyperactivity, reducing
neuronal activation (Assaf & Chung, 1984). In the brain, the highest
concentration of zinc has been found in the mossy fibers (MFs) of
granule cells (Frederickson, 1989). MFs connect to CA3 pyramidal
neurons and dentate hilar cells. However, after the KA lesion, the
MFs sprout in the DG, forming new synapses on granule cell
dendrites, which increases the excitatory connections between
granule cells (Buckmaster et al, 2002) and seizure susceptibility
(Sutula et al, 1989; Shetty et al, 2005). Knockout mice lacking the
synaptic zinc transporter have increased excitotoxicity after KA-
induced neuronal hyperexcitation (Cole et al, 2000). In addition,
zinc chelation was able to provoke the induction of seizures,
producing paroxysmal epileptiform brain activity and subsequent
damage (Mitchell & Barnes, 1993; Cuajungco & Lees, 1998). Fur-
thermore, chelation of zinc during neural hyperexcitation exacer-
bated excitotoxicity (Domı́nguez et al, 2003, 2006). Other studies
suggested that zinc released into the extracellular space by glu-
tamatergic synapses could be toxic (Babb et al, 1991; Lee et al, 2000).
Our data reported herein support the detrimental effect of zinc
chelation, as it exacerbated cell death in MTLE-HS. Nevertheless, we
found that intrahippocampal zinc administration recapitulated
several effects of KA injection as a model of MTLE-HS. Intra-
hippocampal zinc injection triggered massive proliferation and
reactive gliosis, including the induction of React-NSCs in the
neurogenic niche and GCD in a dose-dependent manner. Inter-
estingly, the extracellular matrix plays an important role in regu-
lating physiological plasticity during epileptogenesis (Dityatev &
Fellin, 2008). Extracellular matrix disintegrins andmetalloproteases
contain a zinc-binding motif critical for proteinase activity (Sagane
et al, 1998). It is plausible to speculate that an alteration in their
function could affect the proteolytic cleavage of proteins such as
Reelin, which has a direct role in neuronal migration affecting GCD
(Tinnes et al, 2011). In cultured NSPCs, zinc (and HB-EGF) increased
cell proliferation and activated the EGFR and its transduction
pathway. To test the hypothesis that zinc could be directly acting on
EGFR, we again used gefitinib in vitro and in vivo. Gefitinib indeed

blocked the effects of zinc in cultured NSPCs in vitro and in the
neurogenic niche in vivo, leading us to conclude that the excess of
zinc released during seizures contributes to the induction of React-
NSCs by directly activating EGFR, which NSCs overexpress because
of neuronal hyperexcitation.

Regulating zinc concentration is therefore a key event that can
dictate the final effect of zinc in neuronal hyperexcitation. Intracellular
zinc buffering is largely regulated by a family of small cysteine-rich
proteins called metallothioneins (MTH) (Ebadi & Hama, 1986). We
found that MTH1 mRNA was significantly increased at 24 h post-KA
administration, and there was a tendency for MTH2 to increase from
12 h onward, highlighting that the triggering of environmental changes
mediated by zinc release occurs very early and probably plays a role in
the shedding and release of diffusible HB-EGF.

Blocking EGFR directly, rather than targeting HB-EGF or zinc, is a
better strategy for preserving NSCs

Overall, our results strongly suggest that directly targeting EGFR,
rather than the release of zinc or HB-EGF, is a more effective
strategy for potentially preserving NSCs and neurogenesis. Treat-
ment with EGFR inhibitors has been reported as neuroprotective in
rat models of glaucoma (Liu et al, 2006) and spinal cord injury
(Erschbamer et al, 2007) by acting preferentially on reactive as-
trocytes. Our results show that EGFR inhibition was able to block
ERK1/2 phosphorylation in NSPCs, suggesting the involvement of
EGFR in the mitogenic ERK1/2 pathway in NSCs. Although gefitinib
strongly impaired cell division, as assessed by BrdU incorporation
in treated NSPC cultures, we still observed a fraction of cells un-
dergoing active nucleotide incorporation, and we cannot exclude
the concurrent involvement of other signaling pathways.
Irradiation-induced ablation of cell division enriched the fraction of
EGFR-negative quiescent NSCs in the SVZ. However, NSCs were able
to re-enter the cell cycle shortly after 24–48 h to repopulate the
niche (Daynac et al, 2013), suggesting that other signaling pathways,
such as Sonic hedgehog (Shh) (Daynac et al, 2016), also play an
important role in NSC activation. In conclusion, our work demon-
strates for the first time a molecular mechanism involved in the
induction of React-NSCs and the subsequent loss of neurogenesis:
the EGFR pathway. After seizures, EGFR expression increases spe-
cifically in NSCs in the hippocampal neurogenic niche, as does that
of HB-EGF and the release of zinc. HB-EGF is a natural ligand of
EGFR, and zinc can bind directly to EGFR to activate it. Moreover, zinc
can potentiate the release of HB-EGF, further contributing to EGFR
activation. By blocking EGFR with gefitinib, we were able to prevent
the induction of React-NSCs, at least in terms of activation and
morphology.

Materials and Methods

Mice

Experimental procedures were performed in compliance with the
European Community Council Directive of 24 November 1986 (86/
609/EEC) and were approved by the University of the Basque
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Country (UPV/EHU) Ethics Committees and the Diputación Foral de
Bizkaia. The protocol reference is CEEA M20/2015/236. The animals
were maintained with access to food and water ad libitum in a
colony room that was maintained at a constant temperature
(19–22°C) and humidity (40–50%) on a 12:12-h light/dark cycle.
Nestin-GFP (Mignone et al, 2004) and WT Nestin-GFP–negative
littermates on C57BL/6J background counterparts were used. The
animals were 2 mo old and weighed 25–30 g at the time of ex-
perimentation. Both males and females were indistinctly used in
each experiment, and littermates were randomly assigned to each
experimental condition.

Cell cultures

Adult hippocampal NSPC cultures were obtained using an adap-
tation of protocols as previously described (Pineda et al, 2013;
Jhaveri et al, 2015). NSPCs were isolated from either Nestin-GFP or
WT littermates. Briefly, hippocampi were dissected from five adult
mice and placed in ice-cooled PBS with sucrose (PBS: phosphate-
buffered saline; Cat#806544 and sucrose; Cat#S0389; Sigma-
Aldrich). The tissue was cut into chunks of 2–3 mm size that
were pooled together and incubated with a mixture of papain (1
mg/ml papain (15 UI/ml), Cat#LS003126; Worthington) and DNase
(2.5 μl DNase 2,000 U/ml, Cat#10636153; Thermo Fisher Scientific) for
30 min for enzymatic digestion. Enzymes were inactivated with
ovomucoid solution (0.7 mg/ml, Cat#T9253; Sigma-Aldrich), and
tissue was mechanically homogenized with a P1000 pipette tip. The
resultant cell mixture was passed through a 20-μm Nylon filter
(Falcon, Cat#Z290823; Agilent Technologies) and washed twice with
BSA diluted with PBS at 0.15%. The cell mixture underwent cen-
trifugation at 200 for 10 min and was then cultured using NeuroCult
proliferation medium (Cat#05702; StemCell Technologies). The cells
were maintained at standard conditions in a humidified 37°C in-
cubator containing 5% CO2. NSPC cultures were then passaged
every 7 d by enzymatic disaggregation with Accutase (Cat#7,920;
StemCell Technologies). The medium was supplemented with a
NeuroCult proliferation supplement (Cat#05702; StemCell Tech-
nologies) at 9:1 ratio; heparin solution 2 μg/ml (Cat#07980; StemCell
Technologies), EGF 20 ng/ml (Cat#315-09; Peprotech), and FGF2
10 ng/ml (Cat#450-33; Peprotech); and penicillin 100 U/ml and
streptomycin 150 μg/ml (15140-122; Gibco). NSPCs were maintained
for a maximum of four total passages to preserve a heterogeneous
population and avoid cell selection issues. For proliferation/
inhibition assays, 25,000 NSPCs per well were seeded into 12-mm
coverslips coated with laminin (L2020; Sigma-Aldrich) as previously
described (Silvestre et al, 2011), to avoid inhibition of cell prolif-
eration by cell-to-cell contact. Cells were grown for 24 or 48 h, and a
pulse of 10 μM BrdU (Cat#19-160; Sigma-Aldrich) for 1 h was given to
detect cell proliferation. To assess either apoptotic or necrotic cell
death, pyknotic nuclei were identified with 49,6-diamidino-2-
phenylindole (DAPI) staining (Cat#D9542-5MG; Sigma-Aldrich).

MTLE-HS model

For the stereotaxic injection of kainic acid (KA) (Cat#K0250; Sigma-
Aldrich), animals were anesthetizedwith amixture of ketamine (75mg/
Kg; Ketamine) and medetomidine (1 mg/Kg; Sedastart; Pfizer) A single

dose of the analgesic buprenorphine (1mg/kg) (Buprecare, Animalcare
Ltd) was administered subcutaneously. To induce status epilepticus,
50 nl of a 20 mM solution of KA was delivered at the following co-
ordinates: anteroposterior (AP), −1.9; lateral (L), −1.5; dorsoventral
(DV), −2mm, with bregma as reference. The delivery of the solutionwas
performed using a micropump (Nanoject II; Drummond Scientific)
using a glass capillary as previously described (Sierra et al, 2015).
Control mice were given an intrahippocampal injection of 50 nl of 0.9%
sterile sodium chloride (NaCl) (Cat#S5886; Sigma-Aldrich). We con-
firmed the existence of initial seizures behaviorally using the Racine
scale. All the animals included in the study reached category 4 or 5:
clonic rearing and generalized tonic–clonic seizures with loss of
righting reflex. All the MTLE mice reached at least one episode of
category 4 or 5 convulsions during the period of 5–6 h in which they
weremonitored at the day of the surgery. Themortality rate is 10%with
most of deaths occurring during or immediately after the surgery. The
correct targeting of the injection was confirmed in the slices used for
immunostaining.

Treatments

The stereotaxic injection of intrahippocampal zinc was performed
using the coordinates described above using a 33G stainless steel
cannula (outer diameter, 0.28 mm) connected to a Hamilton
microsyringe (Hamilton) as previously reported (Luzuriaga et al,
2019). The EGFR irreversible inhibitor afatinib dimaleate (Ref. S7810;
Selleck Chemicals LLC) was diluted with saline to a concentration of
2 mg/Kg and injected intrahippocampally immediately before KA
delivery following the same steps as for the KA injection. In all
conditions, the glass capillary or the cannula was left in the hip-
pocampus for an additional 5 min to avoid reflux. The skin of the
skull was sutured, and the mice were maintained in a thermal
blanket until they recovered from anesthesia. For zinc chelation,
N,N,N,N-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
(Cat#P4413-50MG; Sigma-Aldrich) solution was freshly prepared in
10% ethanol (Cat#100983; Merck) and saline, and injected subcu-
taneously at 5 mg/Kg, twice a day as previously described (Kim et al,
2012). For intranasal treatment, 10 mg/Kg of gefitinib (Ref. S1025-
SEL; Selleck Chemicals LLC) was diluted with DMSO (Cat#D8418;
Sigma-Aldrich) plus 0.5% carboxymethylcellulose (Cat#419273;
Sigma-Aldrich) and 0.2% Tween-80 (Cat#P4780; Sigma-Aldrich)
following the manufacturer’s instructions. Gefitinib administra-
tion started immediately after the stereotaxic KA injection, and
continued twice a day for the first 3 d as previously described
(Hanson et al, 2013; Pineda et al, 2013). BrdU (Cat#19-160; Sigma-
Aldrich) was diluted in sterile saline at 150 mg/kg concentration
and administered through three intraperitoneal injections sepa-
rated by 3-h intervals. BrdU injections were done 24 h before
euthanasia for the analysis at 3dpKA and 3/7 d post-administration
of zinc (Cat#83265-250ML-F; Sigma-Aldrich). To identify newborn
cells at 14dpKA, BrdU was given on the last day of gefitinib treat-
ment administration.

Real-time quantitative polymerase chain reaction

Ipsilateral hippocampi from WT mice were dissected at different
time points (1.5, 12, 24, and 72 h) post-KA injection, immediately
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frozen with RLT buffer (Cat#79216; QIAGEN), and processed for total
RNA extraction using a Micro RNeasy Plus isolation kit (Cat#74034;
QIAGEN). Reverse transcription was done using a high-capacity
reverse transcription kit (Cat#S7810; Thermo Fisher Scientific). A
real-time quantitative polymerase chain reaction (qRT–PCR) was
performed on a Bio-Rad CFX96 device (Bio-Rad), using the following
primers:

Hypoxanthine–guanine phosphoribosyltransferase (HPRT) for-
ward: 59-GTT GGG CTT ACC TCA CTG CT-39, reverse: 59-TCA TCG CTA ATC
ACG ACG CT-39; glyceraldehyde phosphate dehydrogenase (GAPDH)
forward: 59-CCA GTA TGA CTC CAC TCA CG-39, reverse: 59-GAC TCC ACG
ACA TAC TCA GC-39; EGFR forward: 59-GCC AAC TGT ACC TAT GGA TGT-
39, reverse: 59-GGC CCA GAG GAT TTG GAA GAA-39; FGFR 1 forward: 59-
CCA AAC CCT GTA GCT CCC TA-39, reverse: 59-TGA ACT TCA CCG TCT TGG
CA-39; FGFR2 forward: 59-CCG AAT GAAGAC CAC GAC CA-39; reverse: 59-
TCG GCC GAA ACT GTT ACC TG-39; metallothionein (MTH) 1 forward:
59-TCA CCA CGA CTT CAA CGT CC-39, reverse: 59-CAG TTG GGG TCC ATT
CCG AG-39; MTH2 forward: 59-GCA TCT GCA AAG AGG CTT CC-39, re-
verse: 59-AGT TGT GGA GAA CGA GTC AGG-39; MTH3 forward: 59-GCT
GCT GGA CTG GAT ATG GA-39; reverse: 59-TTG CAT TTG TCC GAG CAG
GT-39. Each sample was normalized to endogenous GAPDH and to
HPRT that were used as housekeeper genes. Each reaction was
performed at least twice in duplicates, and the relative expression
of each gene was calculated using the standard 2−ΔΔCt method
(Livak & Schmittgen, 2001). HPRT and GAPDH were used as
housekeeper genes.

Tissue and cell fixation and processing

Nestin-GFP mice or their WT (Nestin-GFP–negative) control and
treated animals were deeply anesthetized with an intraperitoneal
overdose of 2.5% of 2,2,2-tribromoethanol (Avertin) (Cat#T48402-
25G; Sigma-Aldrich) and were subjected to intracardiac perfusion
with 30ml PBS followed by 30ml 4% PFA (Cat#158127; Sigma-Aldrich)
in 0.1 M PBS (pH 7.4). The brains were dissected and post-fixed for an
additional 3 h at room temperature in 4% PFA and then rinsed with
PBS. Serial sagittal vibratome sections were made (50 μm thick)
using a Leica VT 1200S vibrating blade microtome (Leica Micro-
systems GmbH) and stored with PBS/0.02% sodium azide
(Cat#S2002; Sigma-Aldrich) at 4°C until use. The ipsilateral hemi-
sphere was sliced sagittally in a lateral-to-medial direction, from
the beginning of the lateral ventricle to the middle line, thus in-
cluding the entire dentate gyrus (DG). The 50-μm slices were col-
lected in six parallel sets, each set consisting of 12 slices, each slice
300 μm apart from the next. Cell cultures at the end of the
treatments were fixed with PFA 4% dissolved with PBS/4% sucrose,
rinsed with PBS, and stored with PBS/0.02% sodium azide until use.

Immunofluorescence

For immunofluorescence, sections were incubated with blocking
and permeabilization solution (PBS containing 0.25% Triton X-100
(Cat#93443; Sigma-Aldrich) and 3% BSA (Cat#A2153; Sigma-Aldrich))
for 3 h at room temperature and then incubated overnight with the
primary antibodies (diluted in the same solution) at 4°C. Cell
cultures were permeabilized with PBS/0.3% Triton X-100/1% BSA
and then incubated with the respective primary antibodies

overnight at 4°C. For BrdU and nestin staining, pretreatment with
2M hydrochlorhydric acid (HCl; Cat#1003141000; Sigma-Aldrich) was
applied during 20 min at 37°C followed by an immediate incubation
with 0.1 M tetraborate (Cat#221732; Sigma-Aldrich) for 10 min at
room temperature before the blocking and permeabilization step.
After the incubation, the primary antibody was removed and the
sections or cell-containing coverslips were washed with PBS three
times for 10 min. Next, they were incubated with fluorochrome-
conjugated secondary antibodies diluted in the permeabilization
and blocking solution for 3 h at room temperature. After washing
with PBS, the sections or cell-containing coverslips were mounted
on gelatin-coated slides with Fluorescent Mounting Medium (S3023;
Dako Cytomation). The following primary antibodies were used: GFP
(1:1,000, #GFP-1,020) and nestin (1:1,000, #Nes) from Aves Labora-
tories; FGFR1 (1:200, #9740) and HB-EGF (1:400; AF8239-SP) from Cell
Signaling Technologies; EGFR (1:1,000, ab52894) from Abcam; Ki67 (1:
400) from Vector Laboratories; NeuN (1:200), Ki67 (1:1,000), and GFAP
(1:1,500) from Dako Cytomation; BrdU (1:300, Ab6326) from AbD
Serotec; and ZnT3 (1:500, 17363-1-AP) from Thermo Fisher
Scientific–Proteintech, and the following secondary antibodies
were used: donkey anti-mouse, anti-rabbit, anti-goat, or anti-rat
Alexa 488, 568, 594, 647, or 680 secondary antibodies from Thermo
Fisher Scientific; anti-chicken secondary IgG fluorescein (FITC; 603-
702-C37; Tebu-bio) DAPI at 1:1,000 (Cat#D9542-5MG; Sigma-Aldrich)
was used at counterstaining (for cell nuclei) when required.

3D Sholl analysis

3D images containing single cells (at least n = 50 per condition) were
generated from z-stacks of saline+saline (n = 4), saline+gefitinib (n =
3), KA+saline (n = 3), and KA+gefitinib (n = 5) Nestin-GFP mice using a
confocal microscopy. The cell profile was delimited using the
“polygon” tool of ImageJ, and a mask was created by adjusting the
threshold intensity to remove the background. Only complete cells
including the cell body and cell processes were considered for
the analysis. The voxel value was set up at 0.092 according to the
resolution of the images. To determine cell geometry including
the complex tree topology and the gross spatial arrangement, we
analyzed each condition using NeuronStudio 0.9.92 software
(Computational Neurobiology and Imaging Center, Mount Sinai
School of Medicine, New York) (Rodriguez et al, 2006). Briefly, by
defining the localization of the soma, the program automated the
collection of the data for cell morphology including the process
length, cell volume, and number of branch points and intersections.
The results were exported into an Excel spreadsheet. Graphical and
statistical analyses comparing all four conditions were done using
GraphPad Prism v5.

Western blot

For Western blot (WB) analyses, cultured NSPCs or hippocampal
tissues (at least n = 3 per condition) were collected at indicated time
points for each experiment with RIPA buffer (Cat#A32963; Thermo
Fisher Scientific) plus a protease inhibitor cocktail with the addition
of phosphatase inhibitors (Cat#78441; Thermo Fisher Scientific). For
cultured NSPCs, 400,000 cells per condition were used for cell
signal transduction purposes. To study the effects of EGFR inhibition
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or zinc stimulation, cells were rinsed and cultured with starving
media without growth factors during 2 h to down-regulate EGFR
downstreamsignaling. Then, cells were either stimulatedwith 200μM
of zinc, 100 ng/ml of HB-EGF (SRP6050-10UG; Sigma-Aldrich), or
20 ng/ml of EGF or pretreated with 2 μM gefitinib for 1 h. After ho-
mogenization, samples were centrifuged at 21,920g for 10 min. The
supernatant protein (20 μg) was loaded in 10% Tris–glycine gels and
transferred to a nitrocellulose membrane (Cat#88018; Life Tech-
nologies). Blots were blocked in 5% nonfat dry milk in TBS-T (150 mM
NaCl, 20 mM Tris–HCl, pH 7.5, 0.05% Tween-20) and then incubated
with the following antibodies: phospho-specific antibodies against
EGFR (Tyr1068, 1:1,000, #3777; Tyr845, 1:1,000, #2231), AKT (Ser473, 1:1,000,
#9271), ERK (Thr202/Tyr204, 1:2,000, #4370), and STAT3 (Tyr705) (1:1,000,
#9131; Cell Signaling); total EGFR (1:1,000, ab52894; Abcam); AKT (1:
1,000, #9272), ERK (1:1,000 #4695), STAT3 (1:2,000, #4904), and FGFR (1:
1,000, #9740) from Cell Signaling; and MTH1/2 (1:1,000, MA1-25479;
Thermo Fisher Scientific). Anti-ß-actin (1:1,000, #3700; Cell Signaling)
was used for a loading control, and Ponceau staining (P7170; Sigma-
Aldrich) was carried out to check protein and band migration. After
three washes in TBS-T, blots were incubated with 1:1,000 of either
anti-mouse or anti-rabbit IgG HRP-conjugated antibodies (Life
Technologies) and developed by an ECL SuperSignal (#34095; Thermo
Fisher Scientific) WB analysis system. ECL signal was captured using
ChemiDoc Imaging System (Bio-Rad). Quantification of the signal was
performed by densitometric scanning of the membrane using Gel-
PRO analyzer software (Media Cybernetics, 1993-97).

Enzyme-linked immunosorbent assay

The HB-EGF content was determined in duplicates by R&D DuoSet
Immunoassay (R&D) as described previously (Canals et al, 2004).
Briefly, either cellular pellet or brain tissue was sonicated using a
buffer containing Hepes 25 mM (Cat#54457; Sigma-Aldrich), MgCl2
5 mM (Cat#M4880; Sigma-Aldrich), ethylene glycol-bis(β-amino-
ethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA; Cat#E3889; Sigma-
Aldrich) 1 mM, EDTA (Cat#E6758; Sigma-Aldrich) 1.3 mM, PMSF
(Cat#PMSF-RO; Sigma-Aldrich) 1 mM, and a protease and phos-
phatase cocktail inhibitors (Ref. 88,665 and 78,420, respectively;
Thermo Fisher Scientific). For cultured NSPCs, 250,000 cells were
seeded in a 96-well plate with 150 μl of culture media without
growth factors, and the cell-containing media were collected after
72 h of plating. We analyzed 100 μl of both the supernatant and
lysed cell pellet from the NSPC culture, diluting them 1:1 with re-
agent buffer 1X. In parallel conditions, right after 72 h of culture, the
number of cells was counted using a Bio-Rad TC20 automated cell
counter (Bio-Rad Laboratories), using trypan blue (Cat#302643;
Sigma-Aldrich) to mark and exclude death cells. Next, we deter-
mined the amount of HB-EGF per cell through ELISA (Cat#DY8239-
05; R&D Systems). For analysis of HB-EGF levels in the brain tissue,
mice were deeply anesthetized in a CO2 chamber at 1.5, 12, 24, and
72 h post-KA or saline administration (n = 4). Their hippocampi were
removed, and the DG was dissected out on ice and rapidly frozen
using CO2 pellets. Samples were homogenized in the above-
mentioned lysis buffer and centrifuged for 20 min at 14,000 rpm at
4°C. Supernatants were collected, and the total protein content was
analyzed using a basic colorimetric assay protein assay kit (23227;
Pierce). One hundred micrograms of protein was loaded for each

time point and diluted 1:1 in reagent diluent. Both in vitro and in vivo
quantifications were performed using the following four-parameter
logistic (4-PL) curve fit: y = d+(a-d)/(1+(x/c)^b), where x and y were
the independent and dependent variables, respectively, a
and d were theminimum andmaximum valuesmeasured, c was the
point of inflection (halfway between a and d), and b was Hill’s slope
of the curve (steepness of the curve at point c). In vitro values were
normalized and expressed as the picogram of HB-EGF per mL, and
in vivo values were calculated as the pg of HB-EGF per μg of the
tissue protein.

Danscher’s staining

The indirect autometallographic Danscher method is based on the
precipitation of metal ions as insoluble salts that can be visualized
by microscopy. Twenty milligrams/kilograms of sodium selenite
(S5261-10G; Sigma-Aldrich) was injected intraperitoneally in n = 3
control and n = 3 KA Nestin-GFP animals 30 min before perfusion
with a PFA 4%/glutaraldehyde 0.5% (Cat#16536-05; Electron Mi-
croscopy Sciences) mixture. Brains were dissected, and serial
vibratome sections were made (50 μm thick) using a Leica VT 1200S
vibrating blade microtome (Leica Microsystems GmbH). Autome-
tallography of zinc–selenium nanocrystals was developed as
previously described (López-Garcı́a et al, 2002). The granule size
quantification was carried out by determining the region of interest
(ROI), in this case, GFP-expressing cells (15–20 cells per condition),
and using the particle analyzer of ImageJ software.

Image capture

Immunofluorescence images were collected by employing the 20X
or the 40X oil-immersion objective of a Leica SP8 (Leica) laser
scanning microscope and their corresponding manufacturer’s
software (LAS X; Leica Microsystems). For the quantification of total
areas of the DG, the 10X objective was used to completely visualize
the DG in each section. The zinc granules in Fig 4 were quantified
using an Olympus BX31 microscope with an attached Olympus DP72
high-sensitivity camera (Olympus). The brightfield (light) micros-
copy was used for zinc granules and was overlapped with the green
fluorescence channel was used for Nestin-GFP signal. The signal
from each fluorochrome was collected sequentially, and controls
with sections stained with the fluorochrome were performed to
confirm the absence of signal leaking into different channels.
Brightness, contrast, and background were adjusted equally for the
entire image without any further modifications. All images shown
are flat projections from z-stacks ranging from 10 (typically for
individual cell images) to 20 μmof thickness. 4–5 z-stacks located at
random positions in the DG were collected per hippocampal
section, and 4–6 sections per series were analyzed, depending on
the experiment. For cultured NSPCs, five pictures of 4-μm-thick
random z-stacks of the coverslips were collected per sample and
condition.

Cell quantification

Quantitative analysis of cell populations in vivo was performed by
design-based (assumption-free, unbiased) stereology using a
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modified optical fractionator sampling scheme as previously de-
scribed (Encinas et al, 2006, 2011; Encinas & Enikolopov, 2008). For
cell densities, quantifications were done by maintaining the same
z-stack size and settings among conditions. The values were nor-
malized to the volume of the SGZ+GCL (granule cell layer). For total
numbers, the whole area of the DG was determined in every slice of
a series and then multiplied by the thickness of the GCL, which was
measured at least at three different points in each brain slice to
obtain an average. The obtained value was multiplied by the
number of series obtained during vibratome sectioning (five or six)
to obtain the volume of the whole DG.

NSCs were counted following the previously described criteria
for their identification (Kronenberg et al, 2003; Encinas &
Enikolopov, 2008), defining them as radial glia-like cells positive
for Nestin-GFP and GFAP with the soma located in the SGZ or the
lower third of the GCL and with a process extending from the SGZ
toward the molecular layer through the GCL. ANPs were defined as
Nestin-GFP–positive cells devoid of GFAP immunostaining and with
none or short horizontal processes. The cell cycle marker Ki67 or
administration of BrdU and its posterior immunolabeling were used
to identify proliferating cells. Proliferation of cultured NSPCs was
measured by the incorporation of BrdU. The relative proportions of
BrdU-positive NSPCs were referred to the total number of cells
(DAPI staining) quantified per coverslip and condition. The prolif-
eration in all the conditions was referred to as the basal prolif-
eration of the control condition.

To measure cell death, apoptotic or necrotic cells were defined
as cells with small condensed nuclei with abnormal morphology
(pyknotic/karyorrhectic). GCD (distance from the SGZ to the mo-
lecular layer) was measured in DAPI- or NeuN-stained sections, and
the thickness of the GCL was measured at least at three points in
each slice.

For the analysis of EGFR, an automated batch analysis for
ImageJ was used. In brief, the area was measured as the pixels
occupied by EGFR. The ROI was selected in the Nestin-GFP
channel using the tool “Color threshold, HSB color space” to
adjust the ROI for NSCs. The generated mask was overlaid as the
ROI in the rest of channels. Automated quantification was ob-
tained with the “find maxima” option, using the same “noise-
tolerance” for all conditions, obtaining the total area occupied
by EGFR. For the analysis of EGFR expression in cell culture, at
least 25 mitotic or interphasic cells were analyzed. Using the tool
“polygon” of ImageJ, the outline of the cells in the brightfield
channel was delimited to determine cell area and create the
respective ROI for each cell, representing cell area and the ratio
of pixel intensity of EGFR signal per cell area.

We analyzed the whole dentate gyrus for absolute numbers
of cells (Ki67, dead cells…) and the medial half of the hippo-
campus for analyses related to NSCs and React-NSCs. As the
dentate gyrus changes its orientation so do NSCs, and it is more
difficult to identify them in the most lateral aspect of the
hippocampus.

Statistical analysis

The statistical testing was implemented using Sigma-Aldrich Plot
version 12 (Systat Software), except from the Sholl analysis in Fig

3F–H in which GraphPad Prism version 5 was used. Comparisons
between multiple groups were made using one-way ANOVA or the
Kruskal–Wallis test when the data did not comply with normality.
The analyses were followed bymultiple comparisons: all pairwise in
Figs 3E–H, 5C–K, S3G, S4F, and S5C; versus the control group in Figs
1B–G and S4A–D. The Holm–Sidak post hoc method was used for
multiple comparisons after one-way ANOVA in all cases except for
Fig 5F, where the Fisher LSD method was performed. The
Kruskal–Wallis test was followed by post hoc Dunnett’s method in
Figs 1E and F and S4A for MT1; by post hoc Dunn’s method in Fig
S4D–F; and by the post hoc Student–Newman–Keuls method in Figs
5C and H and S3B and G and S5C. Comparisons between only two
groups were made using a two-tailed unpaired t test or a Mann–
Whitney U test when the data did not comply with the normality
assumption. All statistical tests and the number of independent
experiments can be found in the figure legends. P 0.05 was con-
sidered as statistically significant. Results were presented as the
mean ± SEM.
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Domı́nguez M-I, Blasco-Ibáñez J-M, Crespo C, Nacher J, Marqués-Marı́ A-I,
Martı́nez-Guijarro F-J (2006) Neural overexcitation and implication of
NMDA and AMPA receptors in a mouse model of temporal lobe
epilepsy implying zinc chelation. Epilepsia 47: 887–899. doi:10.1111/
j.1528-1167.2006.00501.x

Ebadi M, Hama Y (1986) Zinc-binding proteins in the brain. Adv Exp Med Biol
203: 557–570. doi:10.1007/978-1-4684-7971-3_43

Encinas JM, Enikolopov G (2008) Identifying and quantitating neural stem
and progenitor cells in the adult brain. Methods Cell Biol 85: 243–272.
doi:10.1016/S0091-679X(08)85011-X

Encinas JM, Vaahtokari A, Enikolopov G (2006) Fluoxetine targets early
progenitor cells in the adult brain. Proc Natl Acad Sci U S A 103:
8233–8238. doi:10.1073/pnas.0601992103

Encinas JM, Michurina TV, Peunova N, Park J-H, Tordo J, Peterson DA, Fishell G,
Koulakov A, Enikolopov G (2011) Division-coupled astrocytic
differentiation and age-related depletion of neural stem cells in the

EGFR signaling induces reactive NSCs Pastor-Alonso et al. https://doi.org/10.26508/lsa.202201840 vol 7 | no 9 | e202201840 17 of 20

https://doi.org/10.1038/s41593-022-01044-2
https://doi.org/10.1038/s41593-022-01044-2
https://doi.org/10.1038/308734a0
https://doi.org/10.1016/0306-4522(91)90380-7
https://doi.org/10.1211/jpp.58.1.0008
https://doi.org/10.1016/j.bbr.2019.112032
https://doi.org/10.1016/j.bbr.2019.112032
https://doi.org/10.1002/mc.20138
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1016/s0306-4522(98)00401-1
https://doi.org/10.1523/JNEUROSCI.22-15-06650.2002
https://doi.org/10.1523/JNEUROSCI.22-15-06650.2002
https://doi.org/10.1016/s0896-6273(00)80937-x
https://doi.org/10.1523/JNEUROSCI.1197-04.2004
https://doi.org/10.1523/JNEUROSCI.1197-04.2004
https://doi.org/10.1371/journal.pntd.0005418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5344531/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5344531/
https://doi.org/10.1016/j.ydbio.2005.05.007
https://doi.org/10.1016/s0079-6107(98)00056-x
https://doi.org/10.1073/pnas.96.4.1716
https://doi.org/10.1073/pnas.96.4.1716
https://doi.org/10.1016/s0920-1211(99)00121-7
https://doi.org/10.1016/j.nbd.2005.01.020
https://doi.org/10.1016/s0006-8993(98)00482-x
https://doi.org/10.1016/j.scr.2013.02.008
https://doi.org/10.1016/j.stemcr.2016.08.016
https://doi.org/10.1017/S1740925X09000118
https://doi.org/10.1017/S1740925X09000118
https://doi.org/10.1016/s0306-4522(02)00731-5
https://doi.org/10.1111/j.1528-1167.2006.00501.x
https://doi.org/10.1111/j.1528-1167.2006.00501.x
https://doi.org/10.1007/978-1-4684-7971-3_43
https://doi.org/10.1016/S0091-679X(08)85011-X
https://doi.org/10.1073/pnas.0601992103
https://doi.org/10.26508/lsa.202201840


adult hippocampus. Cell Stem Cell 8: 566–579. doi:10.1016/
j.stem.2011.03.010

Eriksson PS, Perfilieva E, Björk-Eriksson T, Alborn AM, Nordborg C, Peterson
DA, Gage FH (1998) Neurogenesis in the adult human hippocampus.
Nat Med 4: 1313–1317. doi:10.1038/3305

Erschbamer M, Pernold K, Olson L (2007) Inhibiting epidermal growth factor
receptor improves structural, locomotor, sensory, and bladder
recovery from experimental spinal cord injury. J Neurosci 27:
6428–6435. doi:10.1523/JNEUROSCI.1037-07.2007

Faber-Elman A, Solomon A, Abraham JA, Marikovsky M, Schwartz M (1996)
Involvement of wound-associated factors in rat brain astrocyte
migratory response to axonal injury: In vitro simulation. J Clin Invest
97: 162–171. doi:10.1172/JCI118385

Faiz M, Sachewsky N, Gascón S, Bang KWA, Morshead CM, Nagy A (2015) Adult
neural stem cells from the subventricular zone give rise to reactive
astrocytes in the cortex after stroke. Cell Stem Cell 17: 624–634.
doi:10.1016/j.stem.2015.08.002

Falconer MA, Serafetinides EA, Corsellis JA (1964) Etiology and pathogenesis
of temporal lobe epilepsy. Arch Neurol 10: 233–248. doi:10.1001/
archneur.1964.00460150003001

Frederickson CJ (1989) Neurobiology of zinc and zinc-containing neurons. Int
Rev Neurobiol 31: 145–238. doi:10.1016/s0074-7742(08)60279-2

Frederickson CJ, Giblin LJ, Krezel A, McAdoo DJ, Mueller RN, Zeng Y, Balaji RV,
Masalha R, Thompson RB, Fierke CA, et al (2006) Concentrations of
extracellular free zinc (pZn)e in the central nervous system during
simple anesthetization, ischemia and reperfusion. Exp Neurol 198:
285–293. doi:10.1016/j.expneurol.2005.08.030

Goffin JR, Zbuk K (2013) Epidermal growth factor receptor: Pathway, therapies,
and pipeline. Clin Ther 35: 1282–1303. doi:10.1016/
j.clinthera.2013.08.007

Hanson LR, Fine JM, Svitak AL, Faltesek KA (2013) Intranasal administration
of CNS therapeutics to awake mice. J Vis Exp 74: 4440. doi:10.3791/4440.
Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3653240/

Heinrich C, Nitta N, Flubacher A, Muller M, Fahrner A, Kirsch M, Freiman T,
Suzuki F, Depaulis A, Frotscher M, et al (2006) Reelin deficiency and
displacement of mature neurons, but not neurogenesis, underlie the
formation of granule cell dispersion in the epileptic hippocampus.
J Neurosci 26: 4701–4713. doi:10.1523/JNEUROSCI.5516-05.2006

Houser CR (1990) Granule cell dispersion in the dentate gyrus of humans with
temporal lobe epilepsy. Brain Res 535: 195–204. doi:10.1016/0006-
8993(90)91601-c

Izumi Y, Hirata M, Hasuwa H, Iwamoto R, Umata T, Miyado K, Tamai Y, Kurisaki
T, Sehara- Fujisawa A, Ohno S, et al (1998) A metalloprotease-
disintegrin, MDC9/meltrin-gamma/ADAM9 and PKCdelta are involved
in TPA-induced ectodomain shedding of membrane-anchored
heparin-binding EGF-like growth factor. EMBO J 17: 7260–7272.
doi:10.1093/emboj/17.24.7260

Jhaveri DJ, O’Keeffe I, Robinson GJ, Zhao QY, Zhang ZH, Nink V, Narayanan RK,
Osborne GW, Wray NR, Bartlett PF (2015) Purification of neural
precursor cells reveals the presence of distinct, stimulus-specific
subpopulations of quiescent precursors in the adult mouse
hippocampus. J Neurosci 35: 8132–8144. doi:10.1523/JNEUROSCI.0504-
15.2015

Jia M, Shi Z, Yan X, Xu L, Dong L, Li J, Wang Y, Yang S, Yuan F (2018) Insulin and
heparin-binding epidermal growth factor-like growth factor
synergistically promote astrocyte survival and proliferation in serum-
free medium. J Neurosci Methods 307: 240–247. doi:10.1016/
j.jneumeth.2018.06.002

Kagi JH, Schaffer A (1988) Biochemistry of metallothionein. Biochemistry 27:
8509–8515. doi:10.1021/bi00423a001

Kasarskis EJ, Forrester TM, Slevin JT (1987) Amygdalar kindling is associated
with elevated zinc concentration in the cortex and hippocampus of
rats. Epilepsy Res 1: 227–233. doi:10.1016/0920-1211(87)90029-5

Kim JH, Jang BG, Choi BY, Kwon LM, Sohn M, Song HK, Suh SW (2012)
Zinc chelation reduces hippocampal neurogenesis after
pilocarpine-induced seizure. PLoS One 7: e48543. doi:10.1371/
journal.pone.0048543

Kornblum HI, Zurcher SD, Werb Z, Derynck R, Seroogy KB (1999) Multiple
trophic actions of heparin-binding epidermal growth factor (HB-EGF)
in the central nervous system. Eur J Neurosci 11: 3236–3246.
doi:10.1046/j.1460-9568.1999.00744.x

Kronenberg G, Reuter K, Steiner B, Brandt MD, Jessberger S, Yamaguchi M,
Kempermann G (2003) Subpopulations of proliferating cells of the
adult hippocampus respond differently to physiologic neurogenic
stimuli. J Comp Neurol 467: 455–463. doi:10.1002/cne.10945

Kuruba R, Hattiangady B, Shetty AK (2009) Hippocampal neurogenesis and
neural stem cells in temporal lobe epilepsy. Epilepsy Behav 14: 65–73.
doi:10.1016/j.yebeh.2008.08.020

Kwan P, Sperling MR (2009) Refractory seizures: Try additional antiepileptic
drugs (after two have failed) or go directly to early surgery evaluation?
Epilepsia 50: 57–62. doi:10.1111/j.1528-1167.2009.02237.x

Le Gall SM, Auger R, Dreux C, Mauduit P (2003) Regulated cell surface pro-EGF
ectodomain shedding is a zinc metalloprotease-dependent process. J
Biol Chem 278: 45255–45268. doi:10.1074/jbc.M307745200

Ledergerber D, Fritschy J-M, Kralic JE (2006) Impairment of dentate gyrus
neuronal progenitor cell differentiation in a mouse model of
temporal lobe epilepsy. Exp Neurol 199: 130–142. doi:10.1016/
j.expneurol.2006.02.010

Lee JY, Cole TB, Palmiter RD, Koh JY (2000) Accumulation of zinc in
degenerating hippocampal neurons of ZnT3-null mice after seizures:
Evidence against synaptic vesicle origin. J Neurosci 20: RC79.
doi:10.1523/JNEUROSCI.20-11-j0003.2000

Lewis GP, Erickson PA, Guerin CJ, Anderson DH, Fisher SK (1992) Basic
fibroblast growth factor: A potential regulator of proliferation and
intermediate filament expression in the retina. J Neurosci 12:
3968–3978. doi:10.1523/JNEUROSCI.12-10-03968.1992

Li Z, Liu S, Cai Y (2015) EGFR/MAPK signaling regulates the proliferation of
Drosophila renal and nephric stem cells. J Genet Genomics 42: 9–20.
doi:10.1016/j.jgg.2014.11.007

Lill NL, Sever NI (2012) Where EGF receptors transmit their signals. Sci Signal
5: pe41. doi:10.1126/scisignal.2003341

Lin SY, Makino K, Xia W, Matin A, Wen Y, Kwong KY, Bourguignon L, Hung MC
(2001) Nuclear localization of EGF receptor and its potential new role
as a transcription factor. Nat Cell Biol 3: 802–808. doi:10.1038/
ncb0901-802

Liu B, Neufeld AH (2004) Activation of epidermal growth factor receptor
causes astrocytes to form cribriform structures. Glia 46: 153–168.
doi:10.1002/glia.10358

Liu B, Chen H, Johns TG, Neufeld AH (2006) Epidermal growth factor receptor
activation: An upstream signal for transition of quiescent astrocytes
into reactive astrocytes after neural injury. J Neurosci 26: 7532–7540.
doi:10.1523/JNEUROSCI.1004-06.2006

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25: 402–408. doi:10.1006/meth.2001.1262

Llorens-Bobadilla E, Zhao S, Baser A, Saiz-Castro G, Zwadlo K, Martin-Villalba
A (2015) Single-cell transcriptomics reveals a population of dormant
neural stem cells that become activated upon brain injury. Cell Stem
Cell 17: 329–340. doi:10.1016/j.stem.2015.07.002

López-Garcı́a C, Varea E, Palop JJ, Nacher J, Ramirez C, Ponsoda X, Molowny A
(2002) Cytochemical techniques for zinc and heavy metals
localization in nerve cells. Microsc Res Tech 56: 318–331. doi:10.1002/
jemt.10037

Luzuriaga J, Pastor-Alonso O, Encinas JM, Unda F, Ibarretxe G, Pineda JR (2019)
Human dental pulp stem cells grown in neurogenic media

EGFR signaling induces reactive NSCs Pastor-Alonso et al. https://doi.org/10.26508/lsa.202201840 vol 7 | no 9 | e202201840 18 of 20

https://doi.org/10.1016/j.stem.2011.03.010
https://doi.org/10.1016/j.stem.2011.03.010
https://doi.org/10.1038/3305
https://doi.org/10.1523/JNEUROSCI.1037-07.2007
https://doi.org/10.1172/JCI118385
https://doi.org/10.1016/j.stem.2015.08.002
https://doi.org/10.1001/archneur.1964.00460150003001
https://doi.org/10.1001/archneur.1964.00460150003001
https://doi.org/10.1016/s0074-7742(08)60279-2
https://doi.org/10.1016/j.expneurol.2005.08.030
https://doi.org/10.1016/j.clinthera.2013.08.007
https://doi.org/10.1016/j.clinthera.2013.08.007
https://doi.org/10.3791/4440
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3653240/
https://doi.org/10.1523/JNEUROSCI.5516-05.2006
https://doi.org/10.1016/0006-8993(90)91601-c
https://doi.org/10.1016/0006-8993(90)91601-c
https://doi.org/10.1093/emboj/17.24.7260
https://doi.org/10.1523/JNEUROSCI.0504-15.2015
https://doi.org/10.1523/JNEUROSCI.0504-15.2015
https://doi.org/10.1016/j.jneumeth.2018.06.002
https://doi.org/10.1016/j.jneumeth.2018.06.002
https://doi.org/10.1021/bi00423a001
https://doi.org/10.1016/0920-1211(87)90029-5
https://doi.org/10.1371/journal.pone.0048543
https://doi.org/10.1371/journal.pone.0048543
https://doi.org/10.1046/j.1460-9568.1999.00744.x
https://doi.org/10.1002/cne.10945
https://doi.org/10.1016/j.yebeh.2008.08.020
https://doi.org/10.1111/j.1528-1167.2009.02237.x
https://doi.org/10.1074/jbc.M307745200
https://doi.org/10.1016/j.expneurol.2006.02.010
https://doi.org/10.1016/j.expneurol.2006.02.010
https://doi.org/10.1523/JNEUROSCI.20-11-j0003.2000
https://doi.org/10.1523/JNEUROSCI.12-10-03968.1992
https://doi.org/10.1016/j.jgg.2014.11.007
https://doi.org/10.1126/scisignal.2003341
https://doi.org/10.1038/ncb0901-802
https://doi.org/10.1038/ncb0901-802
https://doi.org/10.1002/glia.10358
https://doi.org/10.1523/JNEUROSCI.1004-06.2006
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.stem.2015.07.002
https://doi.org/10.1002/jemt.10037
https://doi.org/10.1002/jemt.10037
https://doi.org/10.26508/lsa.202201840


differentiate into endothelial cells and promote neovasculogenesis
in the mouse brain. Front Physiol 10: 347. doi:10.3389/fphys.2019.00347

Madsen TM, Treschow A, Bengzon J, Bolwig TG, Lindvall O, Tingström A (2000)
Increased neurogenesis in a model of electroconvulsive therapy. Biol
Psychiatry 47: 1043–1049. doi:10.1016/s0006-3223(00)00228-6

Margerison JH, Corsellis JA (1966) Epilepsy and the temporal lobes. A clinical,
electroencephalographic and neuropathological study of the brain in
epilepsy, with particular reference to the temporal lobes. Brain 89:
499–530. doi:10.1093/brain/89.3.499

McKillop D, Hutchison M, Partridge EA, Bushby N, Cooper CM, Clarkson-Jones
JA, Herron W, Swaisland HC (2004) Metabolic disposition of gefitinib,
an epidermal growth factor receptor tyrosine kinase inhibitor, in rat,
dog and man. Xenobiotica 34: 917–934. doi:10.1080/
00498250400009171

Meloche S, Pouysségur J (2007) The ERK1/2 mitogen-activated protein kinase
pathway as a master regulator of the G1- to S-phase transition.
Oncogene 26: 3227–3239. doi:10.1038/sj.onc.1210414

Mignone JL, Kukekov V, Chiang A-S, Steindler D, Enikolopov G (2004) Neural
stem and progenitor cells in nestin-GFP transgenic mice. J Comp
Neurol 469: 311–324. doi:10.1002/cne.10964

Minami A, Sakurada N, Fuke S, Kikuchi K, Nagano T, Oku N, Takeda A (2006)
Inhibition of presynaptic activity by zinc released from mossy fiber
terminals during tetanic stimulation. J Neurosci Res 83: 167–176.
doi:10.1002/jnr.20714

Mitchell CL, Barnes MI (1993) Proconvulsant action of diethyldithiocarbamate
in stimulation of the perforant path. Neurotoxicol Teratol 15: 165–171.
doi:10.1016/0892-0362(93)90012-d

Mody I, Miller JJ (1985) Levels of hippocampal calcium and zinc following
kindling-induced epilepsy. Can J Physiol Pharmacol 63: 159–161.
doi:10.1139/y85-028
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