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Cell-permeable p38 MAP kinase protects adult hippocampal neurons from
cell death
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p38 mitogen-activated protein (MAP) kinase (p38) is a member of the MAP kinase family. Previous reports using
p38 chemical inhibitors have suggested that its activation contributes to hippocampal neuronal cell death rather
than cell survival. In this study, we used both a cell-permeable p38 protein containing the HIV protein transduction domain (PTD) and cultured adult hippocampal neurons, which were diﬀerentiated from cultured adult
hippocampal neural stem/progenitor cells (NPCs), to evaluate the direct function of p38 on adult hippocampal
neurons. Our immunocytochemical experiments demonstrated that wild-type cell-permeable p38 protein prevents cell death of adult hippocampal neurons induced by a low glucose condition. Our ﬁndings indicate that
cell-permeable p38 protein may be useful in preventing the degeneration of higher brain function occurring
through hippocampal neuronal cell death, and furthermore, that the maintenance of intracellular p38 levels
could be another therapeutic target for neurodegenerative diseases such as Alzheimer's disease (AD).

1. Introduction
The hippocampus is a critical brain region for episodic memory
formation in rodents and humans [1]. Hippocampal neurons, especially
CA1 neurons, are highly vulnerable to ischemic injury [2], and failure
of hippocampal function causes memory impairment and reduced
cognitive ability [3,4]. Ischemic attack impairs glucose and oxygen
utilization via reduced blood ﬂow [5,6], and subsequent events promote ischemic injury, such as the elevation of extracellular concentration of glutamate [7], activation of glutamate receptors [8], and intracellular calcium accumulation [9]. By using primary neuronal
cultures or brain slices prepared from embryonic or postnatal hippocampus, many agents have been investigated to protect against hippocampal injury. These agents include basic ﬁbroblast growth factor
(FGF) [10], nerve growth factor [11], brain-derived neurotrophic factor
[12], insulin and insulin-like growth factors [13,14], tumor necrosis
factor [15], estrogen [16], platelet-derived growth factor [17], and
retinoic acid [18].
Mitogen-activated protein (MAP) kinase is part of a potent intracellular mechanism for transducing external stimuli, including protective molecules, to internal cellular responses such as cell survival and
cell death [19]. The MAP kinase family is composed of three kinases:
extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun NH2terminal kinase (JNK), and p38 MAP kinase (p38, also known as stress⁎

activated protein kinase 2 [SAPK2]). Activation of ERK1/2 or JNK
promotes hippocampal neuronal cell death in experiments with postnatal brain slices [20–24], whereas activation of ERK1/2 leads to cell
survival of other types of neurons, such as cortical neurons, sympathetic
neurons, and cerebellar neurons [22]. Studies using p38-speciﬁc chemical inhibitors have demonstrated that the activation of p38 induces
cell death of hippocampal neurons rather than cell survival in hippocampal slice cultures [18,25–28], adult mice with intracerebroventrical
administration of the inhibitor [29,30], or embryonic or perinatal
hippocampal cultures [31,32]. Given the low speciﬁcity of p38 inhibitors at high concentrations (i.e., above 5 μM) [42], the use of chemical inhibitors does not preclude the possibility that a molecule other
than p38 participates in hippocampal neuronal cell death. As such, the
direct action of p38 on the survival of adult hippocampal neurons is still
unclear.
In this study, a cell permeable p38 protein, in which the HIV PTD
was fused to the N-terminus of p38 [33,34], and cultured adult hippocampal neurons, which had diﬀerentiated from cultured adult hippocampal neural stem/progenitor cells (NPCs), were used to evaluate
the direct function of p38 on adult hippocampal neurons. Our immunocytochemical experiments demonstrated that the wild-type cellpermeable p38 protein prevents cell death of adult hippocampal neurons at levels comparable to cells treated with FGF, suggesting that the
cell-permeable p38 protein is a direct modulator of intracellular p38’s
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reading frame of p38 in which the dual phosphorylation sites required
for kinase activity were not preserved (PTD-p38KD or PTD-p38DK,
respectively). The kinase activity of PTD fusion proteins, prepared by
TALON Metal Aﬃnity Resins, was veriﬁed by in vitro kinase assays
using anti-phospho-ATF-2 and anti-ATF-2 antibodies.

regulation of hippocampal function.
2. Material and methods
2.1. Ethics statement

2.5. Cell viability assay

All animal-based experiments were performed according to the
Guiding Principles for the Care and Use of Animals approved by the
Council of the Physiological Society of Japan. The Ethics Review
Committee for Animal Experimentation at Toho University also approved all experimental protocols used in this study (No. 18-53-319).

Cell death of diﬀerentiated hippocampal cells was initiated by culturing them in cell death induction medium (ﬁnal concentration of
glucose, 25 mg/dl) consisting of 25% low-glucose DMEM, 75% glucosefree DMEM, and 1% glutamine. To visualize both living and dead
hippocampal cells, calcein-acetoxymethyl ester (calcein-AM, f.c. 2 μg/
ml) and propidium iodide (PI, f.c. 0.5 μg/ml) staining was performed
after 16 h. The ratio of living cells was calculated by dividing the
number of living cells by the total cell number. In addition, immunocytochemical analysis of the diﬀerentiated hippocampal neurons
was performed with anti-βIII-tubulin antibody to assess their cell viability. The ratio of βIII-tubulin-positive neurons was calculated by dividing the number of tubulin-positive neurons by the DAPI-positive
total cell number.

2.2. Cell preparation
Adult mice (C57BL/6J-Tg(Dcx-DsRed)14Qlu/J) were purchased
from Charles River Laboratories International Inc. (Tokyo, Japan).
Adult NPCs were prepared from adult (12-week-old) mouse brains as
described previously [34,35]. Brieﬂy, dissociated cells of adult hippocampus in Hanks’ Balanced Salt Solution (HBSS) without Ca2+ or Mg2+
were cultured for 7 days in growth-medium consisting of Dulbecco’s
Modiﬁed Eagle’s Medium (DMEM): Nutrient Mixture F-12 Ham
(DMEM/F-12 medium), B27 supplement (minus vitamin A, Invitrogen,
Carlsbad, CA, USA), epidermal growth factor (EGF; 20 ng/mL; PeproTech EC, London, UK), basic ﬁbroblast growth factor (FGF-basic; 20 ng/
mL, PeproTech EC), and penicillin and streptomycin (100 U/mL and
100 μg/mL, respectively). Cloned hippocampal NPCs were obtained by
dissociation of secondary neurospheres. The NPC phenotype, capacity
for self-renewal, and multipotency were veriﬁed by a neurosphere assay
and immunocytochemical analysis.
Diﬀerentiated neuronal cells were prepared by culturing in diﬀerentiation-medium consisting of 75% DMEM/F-12 medium, 25% lowglucose DMEM, 0.5% B27 supplement (with vitamin A), and 1% glutamine for at least 5 days. All culture materials were purchased from
Nalge Nunc International (Rochester, NY, USA) unless otherwise noted.
All chemical reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and Wako Pure Chemicals Industries (Osaka, Japan) unless
otherwise noted.

2.6. Statistical analysis
Statistical analyses were performed using Student’s t-test. P < 0.05
was considered to indicate a statistically signiﬁcant diﬀerence between
groups.
3. Results
3.1. Expression and function of endogenous p38 MAP kinase in
hippocampal neurons diﬀerentiated from adult NPCs
To explore the function of p38 in adult hippocampal neurons, we
prepared NPCs as a source of neurons from the adult hippocampus.
Cultured NPCs showed their self-renewal capacity, which was veriﬁed
as secondary sphere formation (Supplemental Fig. 1, growth medium).
Our immunocytochemical analysis of NPCs revealed expression of the
nestin antigen (Fig. 1, 83.8 ± 7.3%, n = 3) and p38 (84.0 ± 4.0%,
n = 7), and demonstrated that hippocampal NPCs can diﬀerentiate into
either GFAP-positive astrocytes under FBS-rich conditions or neuritebearing cells in the diﬀerentiation medium (Supplemental Fig. 1). These
results indicated the multipotency of our hippocampal NPCs.
The diﬀerentiation of cultured NPCs was initiated by culturing in
the diﬀerentiation medium for 5 days. Immunocytochemical analysis of
the diﬀerentiated cells revealed that the diﬀerentiated cells expressed
neuronal markers, such as βIII-tubulin (Fig. 1, 76.8 ± 7.6%, n = 6)
and MAP2 (Supplemental Fig. 1, 57.8 ± 4.9%, n = 6); hippocalcin, a
marker of hippocampal neurons (93.3 ± 4.1%, n = 5) [38]; and p38
(72.3 ± 5.3%, n = 7). These results suggest that the diﬀerentiated
cells obtained from adult hippocampal NPCs are hippocampal neurons,
and furthermore, that endogenous p38 might play a regulatory role in
NPCs and the diﬀerentiated hippocampal neurons.
To verify the function of endogenous p38 in adult hippocampal
neurons, we conducted cell viability assays using hippocampal neurons
with p38-speciﬁc inhibitors SB203580, SB202190, or PD169316. To
induce cell death, hippocampal neurons were further treated with cell
death medium containing a low glucose concentration (25 mg/dl) for
16 h. The prevention activity on low glucose-induced cell death was
assessed by counting the number of cells that were treated with two
ﬂuorescent dyes, calcein-AM and propidium iodide, for labeling living
cells and dead cells, respectively. More hippocampal neurons were dead
under the low glucose condition (Fig. 1b, 64.6 ± 2.9%, n = 7) compared to the control (92.2 ± 1.2%, n = 11). However, treatment with
the p38-speciﬁc inhibitor SB202190 (3 μM) or SB203580 (3 μM) did not
change the ratio of calcein-positive living cells (62.8 ± 4.7%, n = 14;

2.3. Immunocytochemical analysis
Immunohistochemistry was performed as described previously [36]
with slight modiﬁcations. Brieﬂy, cultured cells on poly-L-lysine/laminin-coated coverslips were ﬁxed in 4% paraformaldehyde (PFA) for
10 min at room temperature, and then blocked with blocking buﬀer
containing 5% normal goat serum and 0.3% Triton X-100 in PBS. Cells
were stained for 24 h at 4 °C with the following antibodies: anti-nestin
(MAB353, mouse monoclonal IgG1), anti-MAP-2 (MAB3418, mouse
monoclonal IgG1, Millipore, CA, USA), anti-p38α MAPK (sc-535, rabbit
polyclonal, Santa Cruz Biotechnology, Dallas, TX, USA), anti-GFAP
(glial ﬁbrillary acidic protein, G9269, rabbit polyclonal IgG, SigmaAldrich Co.), anti-βIII-tubulin (G7121, mouse monoclonal IgG1, Promega Corp., Madison, USA), and anti-hippocalcin antibody (rabbit
polyclonal [37,38]). After washing, the cells were stained with Alexa
Fluor 488–conjugated anti-rabbit antibody (Molecular Probes, Life
Technologies, Thermo Fischer Scientiﬁc, Waltham, MA, USA). The
nuclei were visualized with 4′, 6-diamidino-2-phenylindole (DAPI).
Fluorescence images or immunoﬂuorescence images were collected
with a microscope (IX81; Olympus, Tokyo, Japan).
2.4. Preparation of PTD fusion proteins
The preparation and validation of PTD-fused p38 proteins are described in a previous report [34]. Brieﬂy, the expression plasmid for
PTD protein (pTAT-HT) was constructed by inserting a PCR fragment
encoding the wild-type p38 open reading frame (p38WT and PTDp38WT). The other constructs included a mutant or deleted open
116
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and either one of the p38-speciﬁc inhibitors, SB203580 or PD169316,
revealed no change to the ratio of βIII-tubulin-positive neurons
(32.0 ± 5.7%, n = 3; 26.4 ± 3.3%, n = 7, respectively) relative to
cells with SB202474 (32.4 ± 3.1%, n = 3) and to blank cells
(26.9 ± 2.4%, n = 8). These results suggest that endogenous p38
protein did not alter the survival of adult hippocampal neurons.
3.2. Cell-permeable p38 protein prevents cell death of adult hippocampal
neurons
To explore the direct action of p38 in hippocampal neurons, we
employed a cell-permeable p38 protein, which increases the intracellular concentration of p38 protein [34], in addition to a low-dose
of p38-speciﬁc inhibitors (3 μM). We generated a cell-permeable p38
protein consisting of the HIV PTD [33] at the N-terminus of p38 (Fig. 2).
In order to regulate the intracellular concentration of p38, several
versions of the p38 construct were prepared [34]: cell-permeable wild
type p38 protein (PTD-p38WT), in which the dual phosphorylation site
(Thr-180/Tyr-182) required for kinase activity was preserved; cellpermeable kinase-dead p38 protein (PTD-p38KD), in which the dual
phosphorylation site residues were mutated to alanine (A) and phenylalanine (F); cell-permeable kinase-deleted protein (PTD-p38DK), in
which the phosphorylation domain (790–1378) was removed; and wildtype cell-impermeable p38 protein (p38WT). Validation of kinase activity of these recombinant p38 proteins puriﬁed from E. coli has been
ascertained in a previous report [34].
To determine whether the cell-permeable p38 protein would prevent adult hippocampal cell death induced by a low glucose condition,
we performed calcein-AM staining 16 h after cell death induction
(Fig. 3). Many living hippocampal cells were detected in cells with PTDp38WT (92.0 ± 1.1%, n = 9), and the neuroprotection was comparable to FGF (88.2 ± 1.6%, n = 15) and control (92.2 ± 1.2%, n = 11)
conditions. p38WT, PTD-p38KD, or PTD-p38DK did not change the
living cell ratio (66.9 ± 4.5%, n = 8; 72.0 ± 3.0%, n = 8; and
70.1 ± 3.3%, n = 7, respectively) relative to control cells
(64.6 ± 2.9%, n = 7). Furthermore, the p38-speciﬁc inhibitors
SB202190 and SB203580 blocked the neuroprotection conferred by the
PTD-p38WT protein (72.8 ± 2.0%, n = 7 and 69.5 ± 1.5%, n = 7,
respectively), whereas SB202474 did not (88.9 ± 0.9%, n = 7). Our
immunocytochemical analysis with anti-βIII-tubulin also demonstrated
that the cell-permeable p38WT protein prevented the cell death of
hippocampal neurons (Fig. 4, 44.2 ± 3.5%, n = 8), and that its neuroprotective eﬀect was blocked by the p38-speciﬁc inhibitors
SB201290, SB203580, and PD169316 (27.6 ± 3.3%, n = 5;
22.8 ± 2.7%, n = 9; and 26.4 ± 3.2%, n = 5, respectively). These
results suggest that the cell-permeable PTD-p38WT protein eﬀectively
prevents hippocampal neuronal cell death induced by low glucose
concentration via its cell permeability and kinase activity.
4. Discussion

Fig. 1. Expression and function of endogenous p38 protein in cells diﬀerentiated from adult hippocampal neural stem/progenitor cells (NPCs). (a)
Immunohistochemical analysis of adult NPCs and hippocampal neuronal cells
was performed with anti-nestin (NPC), anti-βIII-tubulin, anti-hippocalcin, or
anti-p38 antibody (neuronal cells). Scale bar = 20 μm. Adult hippocampal
NPCs expressed nestin-antigen, and cells that diﬀerentiated from NPCs expressed neuronal markers and endogenous p38. (b, c) Adult hippocampal
neuronal cells were cultured in cell death-promoting medium containing the
p38-speciﬁc inhibitor SB202190, SB203580, or PD169316. After 24 h, the
number of living cells (b) or βIII-tubulin positive cells (c) was determined. Data
are shown as means ± SEM from three independent experiments. The p38
inhibitors did not inﬂuence neuronal cell death relative to treatment with
control or SB202474, an inactive analog of SB compounds. **P < 0.01.

In this study, we demonstrated the expression of endogenous p38
protein in adult hippocampal NPCs. Our previous study showed that
endogenous p38 enhanced cell migration of cortical NPCs without affecting cell survival or diﬀerentiation [34]; thus, endogenous p38
protein may participate in cell migration of adult hippocampal NPCs.
Our current results demonstrated that the p38 protein directly prevents
cell death of adult hippocampal neurons induced by a low glucose
culture condition using both cell-permeable p38 protein and hippocampal neurons that diﬀerentiated from adult hippocampal NPCs.
Traditionally, primary neuronal cultures or brain slices have been
used to elucidate the mechanism of protective agents for hippocampal
cells. However, brain slices and primary cultures, especially those obtained from postnatal animals, contain non-negligible amounts of supporting cells; i.e., astrocyte and microglia, that support neuronal survival by producing growth factors [41]. Thus, a sophisticated

70.0 ± 2.2%, n = 3, respectively) relative to cells treated with
SB202474, an inactive analog of SB203580 (3 μM, 63.9 ± 6.6%,
n = 10). Furthermore, immunocytochemical analysis with βIII-tubulin
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Fig. 2. Characterization of the cell-permeable p38 MAP kinase protein. (a) Construction of cell-permeable p38 proteins. PTD-WT contains the PTD (protein transduction domain) and wild-type p38 protein. KD indicates a kinase-dead type of p38 protein. DK indicates a deletion of the kinase domain of p38 protein.

should be suitable for hippocampal neuronal assays, and also that the
neuroprotective eﬀect of cell-permeable p38 protein could act directly
on hippocampal neurons rather than indirectly through the trophic
action of glial cells.
Many previous studies have reported that activation of p38 induces

experimental design is required to elucidate the neuroprotective eﬀects
of various agents [5]. Under the diﬀerentiated culture condition, the
hippocampal neuronal cells used in this report did not contain GFAPpositive astrocytes or amoeboid and/or rod-shape microglia (data not
shown). These results suggest that our hippocampal neuronal culture

Fig. 3. Cell-permeable p38 protein prevents
cell death. Cell death of the diﬀerentiated
hippocampal neuronal cells was initiated by
culturing the cells under low glucose condition
for 16 h containing PTD-proteins or the p38
inhibitors. (a, b) Living and dead cells were
stained with two ﬂuorescent dyes, calcein-AM
(green) and PI (red). Scale bar = 20 μm. The
percentage of living cells following treatment
with PTD-proteins was calculated by dividing
the number of living cells by the total number
of cells. Data are shown as means ± SEM.
**P < 0.01. PTD-p38WT protein that has both
cell-permeable activity and kinase activity
prevented cell death of adult hippocampal cells
relative to control and cells treated with ﬁbroblast growth factor (FGF). (c, d) The p38
inhibitors blocked the neuroprotective eﬀect of
PTD-p38WT. Scale bar = 20 μm. **P < 0.01,
N.S.: not signiﬁcant.
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Fig. 4. Cell-permeable p38 protein prevents
hippocampal neuronal cell death. Cell death of
diﬀerentiated hippocampal neuronal cells was
initiated by culturing cells under low glucose
conditions for 16 h containing PTD-proteins or
the p38 inhibitors. (a, b) Immunocytochemical
analysis of hippocampal neurons was performed with anti-βIII tubulin antibody. The
percentage of βIII tubulin-positive cells following treatment with PTD-proteins was calculated by dividing the number of βIII tubulinpositive cells (green) by the number of DAPIpositive cells (blue). Scale bar = 20 μm. Data
are shown as means ± SEM. PTD-p38WT
protein prevents hippocampal neuronal cell
death relative to control and cells treated with
FGF. **P < 0.01. (c, d) The p38 inhibitors
blocked the neuroprotective eﬀect of PTDp38WT. **P < 0.01, N.S.: not signiﬁcant.

studies suggest that the unique and ineﬃcient mechanism of the cellpermeable protein, such as direct translocation and speciﬁc forms of
endocytosis [33], results in a rapid (e.g., cellular uptake was observed
within 3 min after the addition to culture medium of Jarkat cells: [51])
and weak (e.g., uptake ﬂuorescence signal in cortical NPC was lower
than those resulting from forced exogenous expression system: [34])
increase in p38. Considering these reports with our results that the cellpermeable p38 prevented cell death of hippocampal neurons, we hypothesized that p38 could play diﬀerent roles in neuronal survival depending on the concentration and timing of p38. For instance, a rapid
and weak increase in p38 mediated by the cell-permeable protein could
play a protective role as an intrinsic stress activation system; while in
contrast, an excess and sustained increase of p38 in the pathological
brain (as in AD) could promote cell death of some neurons to protect
the function of the whole brain.
In conclusion, we demonstrated that p38 is a trophic factor for adult
hippocampal neurons by using a cell-permeable protein. Our ﬁndings
indicate that the cell-permeable p38 protein is a useful tool to prevent
the loss of higher brain function, learning, and memory, through the

cell death of hippocampal neurons rather than cell survival by using
p38-speciﬁc inhibitors [18,25–32]. A plausible explanation for this
discrepancy is that we used both a cell-permeable p38 protein and a low
dose of p38-speciﬁc inhibitors (3 μM) to explore p38 function. Since
these "speciﬁc" inhibitors also block targets other than p38 at concentrations above 5 μM [42], it will be necessary to evaluate p38
function in vivo using cell-permeable p38. Another plausible explanation is that p38 inhibitors block the secretion of cell toxic factors, such
as nitric oxide, from p38-expressing microglia [43–45]. It is also possible that p38-inhibitors block excessive amounts of p38, which can
induce cell death as an intrinsic clearing system described in the next
paragraph.
Previous reports have shown that p38 is up-regulated in human AD
brains [46] and in an AD mouse model [47], and that p38 inhibition
reduced cognitive impairments in AD model mice [48,49]. Furthermore, Lauretti et al. reported that overactivation of p38 plays a role in
the hyperphosphorylation of tau, which results in the neuroﬁbrillary
tangles observed in AD [50]. These studies suggest that gradual, excess,
and sustained increases in p38 induce cell death. However, other
119
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death of vulnerable hippocampal neurons, and also suggest that
maintenance of "proper" intracellular activity levels of p38 could be a
clinical target for the treatment of AD.
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