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Abstract

Neurogenesis in the adult dentate gyrus (DG) of the hippocampus allows the continuous generation of new neurons.
This cellular process can be disturbed under specific environmental conditions, such as epileptic seizures; however, the
underlying mechanisms responsible for their control remain largely unknown. Although different studies have linked
the JNK (c-Jun-N-terminal-kinase) activity with the regulation of cell proliferation and differentiation, the specific
function of JNK in controlling adult hippocampal neurogenesis is not well known. The purpose of this study was to
analyze the role of JNK isoforms (JNK1/JNK2/JNK3) in adult-hippocampal neurogenesis. To achieve this goal, we
used JNK-knockout mice (Jnk]f/ = Jnk2™", and Jnk3 " ), untreated and treated with intraperitoneal injections of kainic
acid (KA), as an experimental model of epilepsy. In each condition, we identified cell subpopulations at different stages
of neuronal maturation by immunohistochemical specific markers. In physiological conditions, we evidenced that JNK1
and JNK3 control the levels of one subtype of early progenitor cells (GFAP*/Sox2*) but not the GFAP*/Nestin* cell
subtype. Moreover, the absence of JNK1 induces an increase of immature neurons (Doublecortin®; PSA-NCAM™ cells)
compared with wild-type (WT). On the other hand, Jnk! ™"~ and Jnk3’" mice showed an increased capacity to maintain
hippocampal homeostasis, since calbindin immunoreactivity is higher than in WT. An important fact is that, after KA
injection, Jnkl™~ and Jnk3™ mice show no increase in the different neurogenic cell subpopulation analyzed, in
contrast to what occurs in WT and Jnk2™~ mice. All these data support that JNK isoforms are involved in the adult
neurogenesis control.
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Abbreviations

ABC avidin-biotin-peroxidase complex

CB calbindin

CR calretinin

CT control

CBP Calcium-binding protein

DAB diaminobenzidine

DCX doublecortin

DG dentate gyrus

FBS fetal bovine serum

GCL granular cell layer

GC granule cells

GFAP glial fibrillary acidic protein

ip intraperitoneal injection

IR immunoreactive

INKSs c-Jun N-terminal kinases

JNK1, JNK2, andJNK isoforms

INK3

jnkl Knockout mice for JNK1

jnk2™" knockout mice for INK2

jnk3 knockout mice for INK3

KA kainic acid

KO knockout

NSC neural stem cells

O/N overnight

PB phosphate buffer

PBS phosphate-buffered saline

PSA-NCAM polysialic acid neural cell adhesion
molecule

RT room temperature

SD standard deviation

SDA-PAGE sodium dodecyl sulfate polyacrylamide
gel electrophoresis.

SDS sodium dodecyl sulfate

SEM standard error of mean

SGZ subgranular zone

TLE temporal lobe epilepsy

WT wild type

Introduction

The c-Jun N-terminal kinases (JNKs), a subfamily of the
mitogen-activated protein kinases (MAPK), are stimulus-
response proteins involved in a wide spectrum of cellular pro-
cesses, including cell proliferation, differentiation, migration,
inflammation, and apoptosis [1]. They are encoded by three
genes in mammals: Mapk8 (Jnkl), Mapk9 (Jnk2), and
Mapkl0 (Jnk3), which are expressed differentially in the brain
[2]. The activation of JNKs is carried out by two MAPKs:
MKK4 and MKK?7 [3]. Once activated, JNK can translocate
to the nucleus and control the expression of several transcrip-
tional factors and nuclear hormone receptors [2, 4] or

phosphorylate other non-nuclear substrates [5]. Moreover, dif-
ferent studies highlighted the important role of JNK in the
pathogenesis of several diseases, such as diabetes, lung fibro-
sis, inflammatory and neurodegenerative disorders, and can-
cer [6]. Hence, understanding the function of the JNK path-
way would be a major step towards developing specific ther-
apeutic strategies for different diseases.

Elucidating the specific function of JNK isoforms is para-
mount in order to understand the complexity of INK signaling.
An approach to this analysis has been achieved studying JNK
knockout (KO) mice (Jnkl ", Jnk2™", and Jnk3™") [7-9].
Eventually, we know that JNK1 and JNK2 are probably essen-
tial in normal cell function and, presumably, they have redun-
dant roles, since both show cooperative or synergistic effects
[10]. Furthermore, it has been demonstrated that they partici-
pate in apoptosis regulation during normal brain development
[11]. Nonetheless, specific functions have also been described
for INK1 and JNK2, such as the different and opposite effects
on fibroblasts and macrophages proliferation [10, 12]. JNK1
and JNK2 differentially regulate T cell expansion during the
viral lymphocytic choriomeningitis [13]. Moreover, Jnkl "~
mice showed greater abnormal cortical neuronal migration, an-
terior commissure degeneration during brain development [14],
and disturbed metabolic regulation [15]. In addition, mice lack-
ing JNK1, or treated with a JNK1 inhibitor (DJNKI-1), display
an increased adult hippocampal neurogenesis [16]. Concerning
Jnk2™"" mice, they show a less remarkable phenotype, with
epidermal hyperplasia and mild immune abnormalities [10].
Lastly, JNK3 is clearly associated with neuronal death and ox-
idative stress. Thus, Jnk3™" mice show a decrease in c-Jun
phosphorylation in ischemia—hypoxia experimental models
[17] and in cytochrome-c (cyt-c) release after spinal cord injury
[18]. Furthermore, targeted disruption of Jnk3 in mice confers a
high resistance to kainic acid (KA), an analogue of glutamic
acid that has been used to establish excitotoxicity models
in vitro and in vivo [8, 19, 20]. KA induces an enhancement
of neurogenesis in the dentate gyrus (DG) of the hippocampus
by promoting hippocampal hyperexcitability [21], a pathologi-
cal feature in patients with mesial temporal lobe epilepsy (TLE)
[22-25]. In this regard, we have recently demonstrated that
JnkI™"~ mice also show neuroprotection against KA, as previ-
ously described in Jnk3~"" mice [9, 19].

Specifically, the adult hippocampal neurogenesis in DG oc-
curs in an intermittent zone between the granular cell layer
(GCL) and the hilus, called the subgranular zone (SGZ), where
a continuous generation of new neurons takes place [26].
These new cells originate from neural stem cells (NSCs) and
are structurally integrated into the network of mature granule
cells (GCs). This cellular process plays an important role in
hippocampal functions related to learning and memory, as well
as in mood regulation [27]. Therefore, disturbances in their
activity may lead, in addition to epilepsy, to serious cognitive
disorders, such as dementia and depression [28, 29].
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The aim of the present study was to analyze the role of each
JNK isoform (JNK1, JNK2, and JNK3) in the control of hip-
pocampal neurogenesis, both in physiological conditions and
under the toxicity of KA. To achieve this goal, we used JNK
KO mice (Jnkl - -, Jnk2™" —,and Jnk3™" ), untreated and treat-
ed with intraperitoneal injections of KA. In each condition, we
identified cell subpopulations in the SGZ at different stages of
neuronal maturation. We determined these subpopulations
with the use of specific biomarkers: (i) GFAP (glial fibrillary
acidic protein), Nestin protein (neuroectodermal stem cell
marker), a type of intermediate filament and Sox2 (transcrip-
tion factor, SRY-like homeobox 2) which detects NSC or early
precursors cells (type 1), (ii) doublecortin (DCX) and
polysialic acid-neural cell adhesion molecule (PSA-NCAM),
two proteins that target transit-amplifying progenitor cells or
immature neurons (types 2a and 2b), and (iii) calretinin (CR),
a calcium binding protein (CBP) that helps to identify
neuroblasts, which represent the last stage of neuron precursor
development (type 3). Since new CR-positive cells modify
their expression from CR to calbindin (CB) as they integrate
into the existing network, [30], we analyzed the distribution
pattern of CB immunoreactive cells in hippocampal areas.

Materials and Methods
Animals

Two-month-old C57BL/6 wild-type (WT) and KO mice for
the INKs isoforms (jnkl ™", jnk2™"", jnk3~'") were used in this
study. The generation and characterization of jnk/ - o, jnka/f,
and jnk3”" single knockout mice have been previously de-
scribed [7-9]. Mice were backcrossed to the C57BL/6 genetic
background. Throughout the experiments, all mice were
housed in a controlled environment, and food and water were
available ad libitum. The experiments were conducted in ac-
cordance with the Council of Europe Directive 2010/63. The
procedure was registered at the Department d’Agricultura,
Ramaderia i Pesca of the Generalitat de Catalunya. Ref.
Number order 8852.

Kainic Acid Treatment and Sample Processing

Animals were divided into two treatments: (i) single intraper-
itoneal (i.p.) dose (30 mg/kg) of KA (Sigma-Aldrich, USA)
dissolved in 0.9% saline and (ii) single i.p. dose of 0.9% saline
solution (control group; CT) [31]. After 24 h, mice were anes-
thetized by i.p. administration of pentobarbital (80 mg/kg) and
were perfused with paraformaldehyde (40 g/L) diluted in
0.1 mol/L phosphate buffer (PB). Brains were removed and
post-fixed with the same fixative for 24 h; subsequently, they
were transferred into the same solution enriched with 300 g/L
sucrose for 24 h. Finally, brain samples were frozen to obtain
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coronal sections of 20 um in a cryostat (Leica Microsystems,
Wetzlar, Germany). Free-floating samples were kept in a cryo-
protectant in the freezer until use.

Finally, the following eight experimental groups were
established: WT CT, WT KA, Jnkl™"~ CT, Jnkl™"~ KA,
Jnk2™" CT, Jnk2™"" KA, Jnk3™"~ CT, and Jnk3™~ KA.

Immunofluorescences

The primary antibodies used for immunofluorescences were
mouse anti-Nestin antibody (1:200, MAB353, Millipore), rab-
bit anti-Sox2 (1:500, ab97959, Abcam), goat anti-DCX
(1:200, sc-8066, Santa Cruz Biotechnology), mouse anti-
PSA-NCAM (1:1000, ABC Scientific), rabbit anti-NeuN
(1:500, 24307, Cell Signal Technology), rabbit anti-GFAP
(1:1000, 20334, DAKO), and mouse anti-GFAP (1:1000,
MO0761, DAKO). The secondary antibodies used were donkey
anti-goat Alexa 488, goat anti-mouse Alexa 594, goat anti-
mouse Alexa 488; goat anti-rabbit Alexa 594, and goat anti-
rabbit Alexa 488 (1:200, Life Technology).

Free-floating sections were rinsed in PBS, pH 7.2 prior to
pre-incubation in a blocking solution (10% of fetal bovine
serum (FBS), 1% of triton X-100 in phosphate-buffered saline
(PBS) at room temperature 1 h. Then, they were incubated
overnight (O/N) at 4 °C with the corresponding primary anti-
body and 2 h for the corresponding secondary antibody. We
reported two single immunofluorescences against DCX and
PSA-NCAM, and three double immunofluorescences against
Sox2/GFAP, Nestin/GFAP, and PSA-NCAM/NeuN. The in-
cubation of the primary and secondary antibodies was per-
formed sequentially. At the end, sections were counterstained
with 0.1 pg/mL Hoechst 33258 (Sigma-Aldrich, USA) for
nuclear stains during 10 min in the dark. Immediately after
that, samples were rinsed with PBS and were mounted onto
gelatinized slides with Fluoromount medium (Sigma-Aldrich,
USA). Stained sections were examined under an
epifluorescence microscope (Olympus BX61).

Inmunohistochemistry

The primary antibodies used for enzymatic immunohisto-
chemistry were goat anti-DCX (1:200, sc-8066, Santa Cruz
Biotechnology), rabbit anti-Calbindin (1:1000) (Swant Inc.,
Switzerland), and rabbit anti-Calretinin (1:1000; Swant Inc.,
Switzerland). Biotinylated secondary antibody horse anti-goat
(1:200, Vector Labs), goat anti-rabbit (1:200; Sigma, St.
Louis, MO, USA), and horse anti-rabbit (1:200; Sigma-
Aldrich, USA) were used.

Enzymatic immunohistochemistry was performed using
free-floating technique [31]. First, the sections were rinsed in
0.1 M PB, pH 7.2, and treated with 3% H,0, and 1% meth-
anol in PBS to inactivate endogenous peroxidase for 15 min
and then were incubated with the blocking solution as
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previously described. Then, they were incubated overnight
(O/N) at 4 °C with the corresponding primary antibody and
2 h for the corresponding secondary antibody. After that, the
avidin—biotin—peroxidase complex (ABC, Vector
Laboratories, USA) was used to develop the chromogenic
reaction with 0.05% diaminobenzidine (DAB) in 0.1 M PB
and 0.005% H,0,. For a double enzymatic immunohisto-
chemistry, a second round of incubation of primary and sec-
ondary and ABC complex was performed developing chro-
mogenic reaction using 0.05% DAB-0 with 0.005% H,O,,
0.05% cobalt chloride, and 0.05% nickel ammonium sulfate.
We reported a single immunohistochemistry against calbidin
and a double against calretinin/DCX.

Counting of Immunoreactive Cells

Sections corresponding to the hippocampal levels between
Bergman —1.28 and —2.12 mm, in accordance with the Atlas
reported by Paxinos et al. [32], were used to perform the cell
counting of SGZ of the DG (four to six animals/genotype and
age, four to eight sections/animal). In each hippocampus, two
field of x20 magnification were used to count visually spanning
from apex towars to the infra and supragranular layers of the
dentate gyrus in a total area of 844 x 317.8 um®. Then, we report
the cell counting as a normalized values per counting area.

Statistical Analysis

All data are presented in box plot graph using the median as the
center value; the ends of the box are the lower and upper quar-
tiles, and the ends of the whiskers as minimum and maximum

Fig. 1 a Representative DG
hippocampal images of GFAP/
Nestin immunofluorescence
(green and red, respectively),
from control mice (A, C, E, G)
and 24 h KA-treated mice (B, D,
F, H) of WT, jnkl™", jnk2™"—,
and jnk3~"". Arrows show double
immunofluorescence cells. b
Quantification of the number of
GFAP/Nestin-positive cells and
the representative histogram.
#%P > (0.0001 vs WT CT SGZ:
subgranular zone; h: hilus; sm:
stratum moleculare. Scale bar

50 um

values. The level of significance was fixed at o =0.05.
Statistical analyses across the experimental groups were evalu-
ated using individual value per counting area from each animal
and performing one-way ANOVA followed by a Holm-Sidak
post hoc test for multiple comparisons. Both statistical analyses
and graphs were created with the GraphPad InStat software
V5.0 (GraphPad Software Inc., San Diego, CA, USA).

Results

Differential Response of Early Precursor Cells
(Nestin®/GFAP* and Sox2*/GFAP*), in Physiological
Conditions and After KA Treatment

The analyses of early precursor cells (type 1) were obtained
through double immunofluorescence assays, such as GFAP
and Nestin protein and GFAP and Sox2, as a markers of radial
glia-like neural stem cells NSC [33, 34].

Nestin*/GFAP™ Cell Progenitors

The levels of GFAP*/Nestin® radial glia-like cells in the SGZ
of the hippocampus were similar among JNK KOs CT and
WT CT animals (Fig. 1a, b). However, after 24 h of KA in-
jection, this subpopulation, located in the SGZ, increased in
WT and Jnk2™"~ mice compared with their controls (Fig. 1a,
b), whereas no change was detected in Jnk/~~ and Jnk3 "~
mice (Fig. 1a, b).

b
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Fig. 2 a Representative DG hippocampal images of GFAP/Sox2
immunofluorescence (green and red, respectively), from control mice
(A, C, E, G) and 24 h KA-treated mice (B, D, F, H) of WT, jnklf/f,
jnk2”~, and jnk3~". A'-H’ show high magnification of double-labeled
cells. Arrows indicate the cellular processes of radial glia-like cells

GFAP*/Sox2* Cell Progenitors

In physiological conditions, the number of GFAP*/Sox2™ cells
was lower in Jnkl ™" and Jnk3™" mice compared with WT
CT (Fig. 2a, b). By contrast, there were no differences be-
tween WT CT and Jnk2™~ CT mice (Fig. 2a, b). After KA
injection, a decrease of GFAP*/Sox2" cells was observed in
WT KA compared with WT CT and in Jnk2 ™~ KA versus
Jnk2”~ CT (Fig. 2a, b).

The high co-localization of GFAP, Sox2, and Nestin hin-
ders the quantification of single immunolabeled Sox2™ or
Nestin* radial glia-like cells. These populations represent a
very low pool of cells, and they were unable to quantify with
certainty. Further studies should be conducted to clarify the
role of these pools of cell in epilepsy.

The Absence of JNK1 Induces an Increase
in the Number of Immature Neurons, in Physiological
Conditions

DCX Cell Transit-Amplifying Cells

DCX is a microtubule-associated protein expressed in the
transiently amplifying progenitor cells and immature neurons
(types 2a and 2b) of the adult brain, specifically in areas of
continuous neurogenesis [35]. The immunofluorescence
against DCX revealed that the number of DCX" cells in
JnkI™~ CT mice was higher than in WT CT (Fig. 3a, b). No
differences were detected in Jnk2~~ CTand Jnk3™~ CT mice
compared with WT CT (Fig. 3a, b). After KA treatment, the
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immunopositive for GFAP; arrowheads signal their nuclei. b
Quantification of the number of GFAP-Sox2-positive cells and the
representative histogram. **P<0.01, ***P<0.001, and
kP 20,0001 vs WT CT;; “P<0.05 vs genotype control. SGZ:
subgranular zone. A—H Scale bar 50 um, A'~H’ scale bar 10 pm

levels of DCX" increased in WT mice compared with their CT
(Fig. 3a, b). No significant changes were observed in Jnkl ",
Jnk2”", and Jnk3~" mice after KA injection compared to
their controls (Fig. 3a, b).

In order to identify a more differentiated neuronal cell sub-
population, a co-immunolabeling of DCX and CR was per-
formed. Interestingly, we found high levels of double-positive
DCX*/CR* cells in all genotypes; however, few numbers of
single immunolabel DCX* cells were found (Fig. 4).
Moreover, this immunostaining allowed the identification of
at least two cellular phenotypes in physiological conditions:
(1) cells with positive staining for DCX in plasma membrane
and dendritic projections, and double DCX and CR staining in
soma (Fig. 4), and (ii) cells with soma exclusively stained for
CR however with still DCX stain in dendritic projections. The
first DCX*-CR™ cell subtype was mainly located in the SGZ.
In physiological conditions, these cells were significantly in-
creased in JnkI ™~ CT mice and decreased inJnk3 "~ CT mice
compared to WT CT (Fig. 4 and Fig. S1). Regarding Jnk2 /"~
CT mice, no difference in the number of these cells was ob-
served when compared to WT CT (Fig. S1). After KA treat-
ment, only WTand Jnk2 ™~ mice showed changes in these cell
numbers; however, while an increase was observed in WT
(Fig. 4 and Fig. S1), a decrease was detected in Jnk2™"" mice
(Fig.4 and Fig. S1). No effect was detected in Jukl ™" and
Jnk3~" treated mice relative to their CT (F ig. S1). In addition,
double immunostaining also showed alterations in the dendrit-
ic pattern in all JNK KO CT mice compared to WT CT (Fig.
4). Moreover, the soma of DCX*/CR* cells in Juk3™~ CT
mice was clearly distorted when compared to WT CT (Fig.
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Fig. 3 a Representative DG
hippocampal images of
Doublecortin (DCX)
immunofluorescence, from
control mice (A, C, E, G) and after
24 h of KA injections (B, D, F, H).
A, BWT; C-D: Jnkl ", E, F
Jnk2™"" G, HJnk3™"". A detail of
DCX-IR cells is shown in panels
(A'-H’). The arrows indicate the
cell projections and the
arrowhead their soma. b Bar
graphs represent the number of
DCX-positive cell and the
representative histogram. *P <
0.05, **#P <0.01, and ***P <
0.0001 vs WT CT and P <0.05
vs genotype control. SGZ:
subgranular zone. A—H Scale bar
50 um. A'-H’ Scale bar 10 um

100 -

kkkk - KkkE

I

DCX" cells/
(844x317.8 pm?)

4). Regarding the second DCX*/CR™ cell subtype, it was  PSA-NCAM Cell Transit-Amplifying Cells

mainly located above the SGZ, specifically in the granular cell

layer (GCL) (Fig. 4). PSA-NCAM plays a role in regulating processes such as migra-
Most of the second subtype of DCX/CR* cells were lo-  tion, survival, and outgrowth of newly generated neurons [36].

cated above the SGZ, in the granular cell layer (GCL) (Fig. 4). The distribution pattern of PSA-NCAM?* cells was the same as

Fig. 4 Representative DG hippocampal images of double Arrowheads mark the soma of cells immunopositive for CR, and
immunohistochemistry Doublecortin-calretinin (DCX*/CRY), from arrows the projections immunopositive for DCX. SGZ: subgranular
control mice (A-L) and 24 h KA-treated mice (A'-L') of WT, jnkl ", zone; gz: granular zone. Scale bar 50 pm

Jnk2™~, and jnk3™". WT. D-F' Jnkl™""; G-I' Jnk2™""; J-L' Jnk3 ™"
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Fig. 5 a Representative DG a cT
hippocampal images of PSA-

NCAM immunopositive cells,

obtained from control mice (A, C,

E, G) and 24 h KA-treated mice wr

(B, D, F, H) of WT, jnkl™",

jnk2”, and jnk3™" mice. A, B

WT; C, D Jnkl ™3 E, F Jnk2™"; c
G, H Jnk3~". b Graphs represent

the number of PSA-NCAM- Jnkt*

positive cells in SGZ. *P < 0.05,

%P <(0.0001 vs WT CT. SGZ:

subgranular zone, h: hilus; sm:

stratum moleculare. Scale bar

50 Hm jnk2'/'

Jjnk3”

the one observed for DCX" cells. Thus, the number of
PSA-NCAM?* cells was higher in Jnk/~"~ CT mice than
in WT CT (Fig. 5a, b). After KA injection, an increase
in PSA-NCAM™ cells was observed in WT mice (Fig.
5a, b) and no changes in cell levels were observed in
any JNK knockouts mice (Fig. 5b).

In order to identify more differentiated transit-amplifying
cells, we performed a double immunostaining for PSA-
NCAM and NeuN. This last protein is a nuclear antigen, com-
monly used as a marker for mature neurons [37, 38]. The
counting of PSA-NCAM*/NeuN" cells evidenced that their
number was low in all genotypes (Fig. S2). In addition, no
significant differences were observed in JNK KOs compared

jnk17-

Fig. 6 Calbindin immunofluorescence distribution pattern in the DG of
hippocampal coronal sections, obtained from control mice (a, ¢, e, g) and
after 24 h of KA injections (b, d, f, h). a,b WT; ¢, d Ikl e, £Ink2™";

@ Springer

KA 24h b

200 -
A *

-

o

o
1

PSA-NCAM'
(n/844x317.8 pm?)
o 2
o o

o

T EeEE
> & S > &
T ¢ O

to WT CT, in physiological conditions. After KA injection, an
increase of PSA-NCAM*/NeuN" cells were observed only in
WT CT (Fig. S2).

Calbindin Immunoreactivity Was Higher in Jnk1™~
and Jnk3™~ Mice than in WT and Jnk2™~ Mice,
in Physiological Conditions

Mature granule cells in the adult DG are known to express
calbindin [39]. Our results revealed higher immunoreactivity
in Jnkl™" and Jnk3™" CT mice compared with WT CT
(Fig. 6). The immunostaining intensity was slightly lower in
Jnk2”" CT mice (Fig. 6). Finally, after KA injection, there

jnk2”- Jjnk37

g h Jnk3". ZSG: subgranular zone; h: hilus; sm: stratum moleculare.
Scale bar 100 um
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was an increase in immunoreactivity in WT mice (GCL layer)
and Jnk2™"" mice (GCL and hilus) (F ig. 6) but not in Jnk! e
and Jnk3~"" mice (Fig. 6).

Discussion

The objective of this study was to evaluate how the absence of
JNK isoforms affects the number and the distribution pattern
of different neuronal precursor cell subpopulations on the DG,
in physiological conditions and in mice treated with KA.

Early Progenitor Cells In physiological conditions, the ab-
sence of JNK isoforms has no effect on the levels of
GFAP*/Nestin™ cells, compared with WT CT; however,
the levels of GFAP*/Sox2* cells decrease with the lack of
JNKT1 and JNK3 with respect to WT CT. After KA injec-
tion, JnkI™""and Jnk3™"" mice have no changes in the
number of these cell subtypes with respect to their controls,
in contrast with what occurs in WT and Jnk2™"~ mice,
which shows an increase in the number of GFAP*/
Nestin® cells and a decrease in GFAP*/Sox2" cells.

Transit Amplifying Cells In physiological conditions, the levels
of DCX* and PSA-NCAM cells increase with the absence of
JNK1, compared with WT CT, while no changes are observed
with the lack of INK2 and JNK3 isoforms. The effect of KA to
these cell types is observed only in WT.

The Lack of JNK Isoforms Has a Different Control
in Distinct Early Progenitor Cells

Two subtypes of early progenitor cells were analyzed
(GFAP/Nestin and GFAP/Sox2), and high levels of co-
localization among biomarkers were detected. Thus, we
only analyzed the distribution pattern of the double-
labeled cells (GFAP*/Nestin® and GFAP*/Sox2%). In
physiological conditions, the results evidenced that JNKs
have a different control among these subpopulations.
While no JNK isoforms control the levels of GFAP*/
Nestin* cells, the INK1 and JNK3 isoforms are involved
in the regulation of GFAP*/Sox2" cell levels.

Following KA injection, the examination of these cell
subtypes stated that only the lack of JNK2 induces the
same changes that are observed in WT. The interesting
point is that both subpopulations responded differentially
to KA. While an increase was observed in GFAP*/Nestin*
cells, a decrease was visualized in GFAP*/Sox2" cells.

These results reveal that both subtypes of early progenitor
cells are differentially regulated, suggesting that or pointing at
that there are cell progenitors of different cell lineages.

The Lack of JNK1 Isoform and JNK3 Prevent
Alterations of Neurogenic Cell Subpopulations
after KA

In physiological conditions, the transit-amplifying cells
(DCX*, DCX*-CR", and PSA-NCAM") increase in mice that
lack the JNKI1 isoform. Thus, the rate of proliferation in
JnkI™"~ CT mice is higher than in WT CT. These data are in
accordance with those reported by Mohammad et al. [16],
who showed that mice lacking JNK1, or mice treated with a
JNK inhibitor (DJNKI-1), display increased neurogenesis in
the hippocampus. Considering that the levels of early progen-
itor cells (GFAP*/Nestin* and GFAP*/Sox2") in adult Jnkl "~
mice, in physiological conditions, are lower or equal to WT
CT, the higher levels of immature neurons (neuroblasts) in
adult Jnkl™"~ mice, compared to WT CT, could be due to an
accumulation of these cells in the SGZ. This can be due to an
alteration in their migration into the granular cell layer. It is
known that the JNK pathway is linked to the reelin pathway
that regulates cortical layering [40]. Moreover, it has been
recently described that there are new neuroblasts formed dur-
ing embryonic development, retained in quiescent state during
postnatal period until to be reactivated [41].

Despite this increase in immature neurons in Jnk/ - mice,
they have neuroprotection against KA [19]. These data are in
accordance with Iyengar et al. [42], who selectively removed
newborn neurons and found increased susceptibility to the
convulsing effects of KA. By contrast, Cho et al. [43] demon-
strated that the ablation of neurogenesis does not affect sei-
zures severity in an animal model treated with pilocarpine.
Taking all these data into consideration, we can infer that the
neuroprotection in JnkI ™~ mice is due to unchanged levels of
the different neurogenic cell subtypes after KA, compared to
their CT. This effect seems important, because it also occurs in
Jnk3™" mice that likewise prevents neurodegeneration or
shows neuroprotection against KA [19] and, in physiological
conditions, Jnk3~~ mice show a reduction in neurogenesis
activity, with a significant value in DCX*/CR™* cell subtypes,
in comparison with WT CT. Taking into consideration the
results of Dominguez et al. [39] who suggest that the rise
observed in WT mice, after KA, is due to the existence of a
reservoir of pre-existing, not completely differentiated, gran-
ule cells, instead of being a direct product of neurogenesis, it is
plausible that in Jnkl™" and Jnk3™"~ mice, the effect of KA is
not able to achieve the activation of this reservoir pool, pre-
serving the brain damage induced with this neurotoxin.

The DCX/CR double immunostaining allowed the iden-
tification of high co-localization between DCX and CR.
This can be explained by the existence of different sub-
types of DCX/CR-immunolabeled cells. Thus, the neuro-
nal maturation must be gradual and associated to differ-
ences in the amount of proteins. In consequence, the cells
with exclusive CR staining in soma but still DCX staining
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in dendrites could be the ones that migrate radially into the
GCL. The dendritic outgrowth and neuronal motility of
these cells justify the presence of DCX in their dendrites
[44]. In addition, it is known that CR is transiently
expressed and, when it disappears, the expression of CB,
which marks the switch to adult-like connectivity in gran-
ular cells, starts [45] being difficult to detect cells exclu-
sively immunoreactive to CR.

The data obtained with the double immunostain (DCX/
CR), together with the low number of PSA-NCAM*/NeuN*
subtype cells detected, suggest that the transition from transit-
amplifying cells to immature neurons takes a long time, and in
contrast, the passage to differentiated neuron is faster. All
these data could explain why finding a single CR* or PSA-
NCAM*/NeuN™ cell is difficult.

Another data reported with the double immunostaining
(DCX/CR) is that the absence of JNK isoforms induces alter-
ations in the dendritic pattern of immature neurons. Hence, all
the JNKs take part in the dendritic maturation, without com-
pensatory effects between isoforms, as it is described in brain
morphogenesis and axodendritic architecture during develop-
ment [46]. Therefore, JNKs are involved in the morphology
control of cells located in the SGZ and in their neurogenic rate.

CB is a CBP present in mature granule cells that acts as a
modulator of calcium homeostasis, calcium channel activity,
and neuronal plasticity [30, 47]. Therefore, the high levels of
CB-IR in Jnkl""and Jnk3™" mice suggest that they have
more capacity to control homeostasis than WT and Jnk2 "~
CT mice.

In conclusion, the present study shows that Jukl ™"~ and
Jnk3~"~ CT mice have an enhanced hippocampal homeostasis
when compared to WT CT and Jnk2™"~ CT mice. Moreover,
the lack of JNK1 or JNK3 induces different neurogenesis
activity in the SGZ, under physiological conditions, but in
both genotypes, the increase in early progenitor cells and im-
mature neurons after KA is prevented, and consequently
interrupted one of the pathological features of TLE, whereas
the absence of JNK2 preserves the increase in immature neu-
rons which does not preserve the alterations in early progen-
itor cells.

All these findings justify the development of selective in-
hibitors for JNK1 and JNK3 in order to develop drugs with
neuroprotective and cognitive effects.
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