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The c-Jun N-terminal kinase (JNK) signal transduction pathway is activated in response to the exposure of
cells to environmental stress. Components of the JNK signaling pathway interact with the JIP1 scaffold
protein. JIP1 is located in the neurites of primary hippocampal neurons. However, in response to stress, JIP1
accumulates in the soma together with activated JNK and phosphorylated c-Jun. Disruption of the Jip1 gene
in mice by homologous recombination prevented JNK activation caused by exposure to excitotoxic stress and
anoxic stress in vivo and in vitro. These data show that the JIP1 scaffold protein is a critical component of a
MAP-kinase signal transduction pathway.
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The JNK (c-Jun N-terminal kinase) group of mitogen-
activated protein (MAP) kinases phosphorylate the tran-
scription factor c-Jun (Derijard et al. 1994; Kyriakis et al.
1994). JNK is activated in response to cellular stress and
contributes to the apoptotic response (for review, see
Davis 2000). Indeed, JNK is implicated in neuronal death
following exposure to excitotoxins, during the progres-
sion of some neurodegenerative diseases (e.g., Hunting-
ton’s), and during the recovery from stroke (Davis 2000).
Therefore, JNK deficiency prevents c-Jun phosphoryla-
tion and causes resistance to stress-induced apoptosis
(Yang et al. 1997b; Tournier et al. 2000). Similarly, mu-
tation of the JNK phosphorylation sites on c-Jun (Ser63

and Ser73) prevents stress-induced neuronal apoptosis
(Behrens et al. 1999). The JNK signal transduction path-
way therefore contributes to physiological and patho-
physiological neuronal responses to stress.
JNK is activated by dual phosphorylation on the tri-

peptide motif Thr–Pro–Tyr (Derijard et al. 1994). Two
MAP-kinase kinases that activate JNK have been iden-
tified, MKK4 and MKK7 (for review, see Davis 2000).
Disruption of the Mkk4 (Nishina et al. 1997; Yang et al.
1997a; Ganiatsas et al. 1998; Swat et al. 1998) or Mkk7

(Dong et al. 2000) genes causes defects in JNK activation
in response to specific stimuli (Tournier et al. 2001). In
contrast, simultaneous disruption of both Mkk4 and
Mkk7 eliminates JNK activation in response to stress,
indicating that the MKK4 and MKK7 protein kinases
represent the major activators of JNK in vivo (Tournier
et al. 2001). These MAP kinase kinases are activated, in
turn, by phosphorylation by MAP kinase kinase kinases,
including TAK1, TPL2, and members of the ASK, MLK,
and MEKK groups (Garrington and Johnson 1999). These
MAP-kinase kinase kinases serve to integrate signals
mediated by upstream signaling molecules (e.g., Rho
family GTPases) to the activation of the protein kinase
cascade that leads to JNK activation (for review, see
Davis 2000).
The protein kinases that form the JNK signal trans-

duction pathway may be organized into modules (Whit-
marsh and Davis 1998). The kinases may function as a
series of sequential binary complexes (Xia et al. 1998).
Alternatively, one of the protein kinases may serve to
bind the other protein kinases to form a functional mod-
ule (Cheng et al. 2000). It is also possible that scaffold
proteins may assemble a functional signaling module
(Whitmarsh and Davis 1998). Studies of yeast have es-
tablished that the protein kinase components of the mat-
ing MAP-kinase pathway interact with the scaffold pro-
tein Ste5p and that this interaction is essential for the
formation of a functional signaling module (Elion 2000).
Recent studies of the JNK signal transduction pathway
have led to the identification of two types of potential
scaffold proteins, �-arrestin and JIP.
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The �-arrestin scaffolds are implicated in signaling by
G protein coupled receptors (GPCR). These receptors
bind ligand and are phosphorylated by GPCR kinases
(GRK; Pitcher et al. 1998). The phosphorylated receptors
can engage the scaffold protein �-arrestin-2 (Miller and
Lefkowitz 2001), which serves as a site of assembly for a
functional JNK signaling module (McDonald et al. 2000).
The �-arrestin-2 scaffold protein directly binds JNK3 and
ASK1 at different sites and indirectly interacts with
MKK4. This scaffold protein may therefore serve to re-
cruit a JNK signaling module to activated seven trans-
membrane-spanning receptors.
The JIP group of scaffold proteins (also known as IB/

JSAP) bind to JNK, MKK7, and to members of the mixed-
lineage protein kinase (MLK) group (Dickens et al. 1997;
Bonny et al. 1998; Whitmarsh et al. 1998; Ito et al. 1999;
Yasuda et al. 1999; Kelkar et al. 2000; Negri et al. 2000).
The Jip1 gene is expressed in many tissues, including
neurons, neuroendocrine cells (e.g., the � cells of the
islets of Langerhans), lung, kidney, and in several other
tissues at lower levels. In contrast, the JIP2 and JIP3 pro-
teins are selectively expressed in neurons and in neuro-
endocrine cells, but low levels can be detected in some
other tissues. In vitro biochemical assays and transfec-
tion assays show that JNK, MKK7, and MLK bind to
separate sites on JIP proteins (Whitmarsh et al. 1998).
These assays also show that JIP proteins potentiate the
activation of JNK (Whitmarsh et al. 1998). Therefore, JIP
proteins represent putative scaffolds that may contribute
to the activation of JNK in vivo (Whitmarsh and Davis
1998).
Although biochemical studies and transfection assays

indicate that these putative JNK scaffold proteins can
potentiate JNK activation in cultured cells, the function
of these scaffold proteins in vivo has not been estab-
lished (Davis 2000). The purpose of this study was to
examine the role of the JIP1 scaffold protein. A null allele
of the Jip1 gene in mice was created by homologous re-
combination. We show that JIP1 is required for stress-
induced activation of JNK in hippocampal neurons in
vivo and in vitro. In addition, we show that the JIP1
protein accumulates in the perinuclear region of hippo-
campal neurons following exposure to stress. These data
show that JIP1 acts as a dynamically regulated scaffold
protein for a JNK signaling module in vivo.

Results

JIP1 is located in the neurites of primary neurons

We prepared primary cultures of murine cortical neurons
to study the subcellular distribution of JIP1. Immunoflu-
orescence analysis using an antibody to JIP1 showed a
low level of diffuse staining in the cytoplasm, including
the soma and the extended neurites. Interestingly, JIP1
appeared to accumulate in the growth cones at the tips of
extended neurites (Fig. 1A). The localization of JIP1 at
the ends of extended neurites in primary neurons is simi-
lar to the accumulation of JIP proteins in the cell surface
projections of cultured cells (Meyer et al. 1999; Yasuda et

al. 1999; Kelkar et al. 2000). Immunocytochemical
analysis of the brain indicates that JIP1 also accumulates
at synapses (Pellet et al. 2000).
The localization of JIP1 at the ends of extended neu-

rites is consistent with a possible interaction of JIP1 with
the kinesin group of microtubule motor proteins. Kine-
sin-1 is a plus end-directed microtubule motor protein
(Hollenbeck 2001) and may contribute to the accumula-
tion of JIP1 at the ends of extended neurites in the
growth cones of murine primary neurons. To test
whether JIP1 interacts with kinesin-1 in murine brain,
we performed coimmunoprecipitation analysis. Endog-
enous JIP1 was found to coprecipitate with endogenous
kinesin light chain in experiments using murine brain
extracts (Fig. 1C). This was confirmed using recombi-
nant proteins expressed in cultured cells (Fig. 1D). The
TPR region of kinesin light chain and the C-terminal
region of JIP1 were necessary and sufficient for the in-
teraction (Fig. 1E,F). This role of the TPR region of kine-
sin light chain reflects the ability of TPR domains in
other proteins to function as a protein interaction mod-
ule (Groves and Barford 1999). Together, these data con-
firm observations reported after this study was com-
pleted indicating that JIP proteins may be cargoes for
kinesin-1 (Bowman et al. 2000; Verhey et al. 2001).

JIP1 accumulates in the perinuclear region of neurons
following exposure to stress

The JNK signal transduction pathway is activated when
neurons are exposed to environmental stress. Anoxic
stress therefore causes JNK activation in primary neu-
rons. Activated JNK was detected with an antibody to
phospho-(pThr183pTyr185)-JNK. Immunofluorescence anal-
ysis showed that a low level of activated JNK was de-
tected in control hippocampal neurons (Fig. 2G) and that
increased amounts of activated JNK were detected fol-
lowing anoxic stress (oxygen and glucose deprivation or
OGD; Fig. 2H). The activation of JNK was associated
with markedly increased phosphorylation of c-Jun (Fig.
2I,J). Immunofluorescence analysis indicated that most
of the activated JNK was detected in the cytoplasm sur-
rounding the nucleus, but some activated JNK was also
observed in the nucleus (Fig. 2G,H). In contrast, phos-
phorylated c-Jun was found to accumulate primarily in
the nucleus (Fig. 2I,J). This difference in the subcellular
location of activated JNK and phosphorylated c-Jun
raises questions about the dynamic nature of protein lo-
calization within the cell (e.g., nuclear/cytoplasmic re-
cycling). In particular, it is striking that the scaffold JIP1
is peripherally located in the neurites of unchallenged
neurons, whereas activated JNK is primarily detected in
the perinuclear region.
The presence of JIP1 in the extended neurites and ac-

tivated JNK in the perinuclear region of primary hippo-
campal neurons (Fig. 2) indicates that the scaffold pro-
tein JIP1 may be located in a different subcellular com-
partment from activated JNK. To test this hypothesis,
we examined the subcellular distribution of JIP1 in cells
exposed to OGD stress. Immunofluorescence analysis
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showed that most of the JIP1 was observed as punctate
staining in the neurites of unchallenged hippocampal
neurons, but low amounts of diffuse JIP1 were detected
in the soma (Fig. 2A,C). In contrast, following OGD chal-
lenge most of the JIP1 was detected as punctate staining
surrounding the nucleus (Fig. 2B,D). These data suggest
that the subcellular localization of JIP1 is altered follow-
ing exposure to stress. To test whether the apparent re-
distribution of JIP1 might be an indirect consequence of
neurite retraction following stress, we examined the lo-

calization of synaspsin I in neurons following OGD chal-
lenge. It was found that synapsin I remained localized to
neurites when JIP1 accumulated in the perinuclear re-
gion of hippocampal neurons following exposure to
stress (Fig. 2E,F). Together, these data indicate that the
stress-induced accumulation of JIP1 in the perinuclear
region precedes neurite retraction. The scaffold protein
JIP1 is therefore present in the same subcellular com-
partment as activated JNK in hippocampal neurons fol-
lowing exposure to stress. These data are consistent with

Figure 1. Subcellular distribution of JIP1. (A) Cortical neurons isolated from wild-type and Jip1−/− mice were examined by conven-
tional immunofluorescence microscopy by staining with antibodies to JIP1 (red) and �-tubulin (green). DNA was stained with
4,6-diamidino-2-phenylindole (DAPI; Molecular Probes). (B) Neuronal cell lysates were examined by immunoblot analysis using
antibodies to JNK, JIP-1, JIP-2, and JIP-3. JNK activity was measured in an in vitro kinase assay using the substrates GST–c-Jun and
[�-32P]ATP. (C) Coimmunoprecipitation analysis of JIP1 and kinesin. Endogenous JIP1 was immunoprecipitated (IP) from mouse brain
extracts using a monoclonal antibody to JIP1. Control immunoprecipitations were performed using the M2 monoclonal antibody to
the Flag epitope (IgG). The presence of endogenous kinesin light chain (KLC1) in the immunoprecipitate was examined by immunoblot
(IB) analysis. (D) Coimmunoprecipitation using epitope-tagged JIP1 and KLC expressed in COS cells. Immunoprecipitation (IP)–
immunoblot (IB) analysis showed interactions between Flag-tagged JIP1 and V5-tagged KLC. (E) Deletion analysis of KLC. JIP1 and
JIP1b were translated in vitro in the presence of [35S]methionine and incubated with immobilized GST or GST–KLC fusion proteins
(KLC-N, KLC-TPR, and KLC-C correspond to residues 1–198, 192–422, and 408–573, respectively). Bound JIP1 proteins were detected
by SDS-PAGE and autoradiography. (F) Deletion analysis of JIP1. Full-length and truncated JIP1 molecules were translated in vitro in
the presence of [35S]methionine and incubated with immobilized GST or a fusion protein consisting of GST fused to the TPR region
of KLC. Bound JIP proteins were detected by SDS-PAGE and autoradiography.
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the possibility that JIP1 may act as a scaffold protein for
a stress-activated JNK signaling module.
Coimmunoprecipitation analysis showed that MLK,

MKK7, and JNK interact with JIP1 in nonstimulated
cells (Whitmarsh et al. 1998). These data indicate that
JIP1 preassembles a JNK signaling module in nonstimu-
lated cells. This preassembled module includes only a
small population of the total MKK7 and JNK molecules
within the cell because immunofluorescence analysis
showed that JNK and MKK7 did not extensively colocal-
ize with JIP1 in the neurites of nonstimulated neurons
(data not shown). Following activation, increased coim-
munoprecipitation of JNK with JIP1 was detected (data
not shown). Therefore, cell stimulation causes changes
in the assembly of the JNK module by the JIP1 scaffold
protein. These changes may be related to the function of
JIP1 as a potential scaffold protein.

Targeted disruption of the Jip1 gene in mice

To test the hypothesis that the scaffold protein JIP1 is
required for stress-induced JNK activation, we examined
the effect of JIP1 deficiency using a targeted gene-disrup-
tion strategy. We isolated the Jip1 gene from a mouse
strain 129/Sv genomic library. Sequence analysis showed
that the gene includes 12 exons. Two different murine
JIP1 cDNAs have been molecularly cloned (Dickens et
al. 1997; Whitmarsh et al. 1998). These cDNAs encode a
full-length protein (JIP1b) and a protein with an in-frame
deletion of 47 amino acids in the C-terminal region
(JIP1). These JIP1 proteins appear to result from alterna-
tive splicing of sequences between exons 8 and 9. A re-
placement targeting vector for homologous recombina-
tion was designed to delete exon 3, which encodes the
JNK binding domain (JBD) of JIP1 (Fig. 3A). The disrupted
allele contains a neomycin-resistance cassette that is
transcribed in the reverse orientation within the Jip1
gene. Three heterozygous Jip1 embryonic stem cell
clones were identified by Southern blot analysis. Two of
these clones were injected into C57BL/6 blastocysts to
obtain chimeric mice that transmitted the mutated Jip1
allele through the germ line. Heterozygous mice were
crossed to obtain mice that were homozygous for the
disrupted Jip1 allele (Fig. 3B). The frequency of genotypes
obtained corresponds to the expected Mendelian inheri-
tance. Immunoblot analysis of brain tissue isolated from
Jip1−/− mice showed that JIP1 was not detected in the
Jip1−/− animals (Fig. 3C). These data show that the Jip1
mutation corresponds to a null allele. The Jip1−/− mice
were viable and fertile with no detected developmental
defects. Aging studies conducted during a 30-mo period
showed that the life spans of Jip1−/− and wild-type mice
were similar.
Primary neurons were prepared and examined by im-

munofluorescence analysis. JIP1 was not detected in pri-
mary neurons isolated from Jip1−/− mice (Fig. 1A). Fur-
thermore, immunoblot analysis confirmed that JIP1 was
not present in Jip1−/− primary neurons (Fig. 1B). This
analysis also showed that JIP1-deficiency did not cause
changes in the expression of JNK or JIP3 (Fig. 1B). How-

Figure 2. JIP1 accumulates in the perinuclear region following
exposure to stress. Wild-type hippocampal neurons were ex-
posed to OGD challenge (4 h), allowed to recover (12 h), and
examined by immunofluorescence microscopy. (A–D) JIP1 (red)
was examined in control (A,C) and OGD-challenged (B,D) hip-
pocampal neurons. The cells were costained with (A) neuron-
specific �-tubulin (green) and (B) bis-benzimide (blue). Punctate
staining of JIP1 in control neurons was present in the neurites
(A,C). In contrast, punctate staining of JIP1 was found in the
perinuclear region (arrows) in OGD-challenged neurons (B,D).
(E,F) Synapsin 1 (red) was examined in control (E) and OGD-
challenged (F) neurons costained for �-tubulin (green) and DNA
(blue), respectively. (G,H) Phospho-(pThr183pTyr185)-JNK (red)
was examined in control (G) and OGD-challenged (H) neurons
costained for �-tubulin (green) and DNA (blue), respectively.
(I,J) Phospho-Jun (green) was examined in control (I) and OGD-
challenged (J) neurons costained for MAP2 (red) by conventional
immunofluorescence microscopy. The phospho-c-Jun antibody
was specific for c-Jun phosphorylated by JNK on Ser73. Scale bar
in J, 40 µm (panels A,B,E–H), 25 µm (panels I,J); and 16 µm
(panels C,D).
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ever, a slightly reduced amount of JIP2 was detected in
Jip1−/− neurons (Fig. 1B). In vitro protein kinase assays
showed that JNK activity in primary neurons from wild-
type and Jip1−/− mice was similar (Fig. 1B). Following
exposure to ultraviolet radiation or the drug anisomycin,
no difference in JNK activity between wild-type and
Jip1−/− neurons was detected. These data show that JIP1
deficiency does not cause obvious compensating changes
in JNK or the putative scaffold proteins JIP2 and JIP3.

JIP1 is not required for the Reelin signaling pathway
or pancreatic �-cell function

It has been reported that JIP1 is required for insulin and
GLUT2 expression by pancreatic �-cells (Bonny et al.
1998), that JIP1 regulates �-cell apoptosis (Bonny et al.
2000), and that Jip1 is a candidate type II diabetes gene in
humans (Waeber et al. 2000). These data suggest that the
Jip1−/− mice may have severe diabetes. However, islet
morphology and expression of the hormones insulin and
glucagon appeared to be normal in Jip1−/− mice (data not
shown). Furthermore, comparison of Jip1−/− and Jip1+/+

mice showed no differences in blood glucose concentra-

tions or performance in glucose tolerance tests (data not
shown). It therefore appears that, contrary to expecta-
tions (Bonny et al. 1998, 2000; Waeber et al. 2000), the
loss of JIP1 function in mice may not be a direct cause of
diabetes.
It has been reported that the PTB domain of JIP1 in-

teracts with members of the LDL receptor-related group
of proteins (Stockinger et al. 2000). ApoER2 (together
with the related protein VLDL-R) acts as a receptor for
the extracellular matrix protein Reelin. Disruption of
the Reelin gene in mice causes altered brain develop-
ment characterized by an inversion of the cortical layer-
ing of neurons (D’Arcangelo et al. 1995). This defect was
also observed in ApoER2−/− mice, although disruption of
the genes that encode both Reelin receptors (ApoER2 and
VLDL-R) caused a more profound phenotype (Tromms-
dorff et al. 1999). To test whether the recruitment of JIP1
by ApoER2 is critical for the Reelin signaling pathway
(Stockinger et al. 2000), we performed histological analy-
sis of Jip1−/− brains. No lamination defects were detected
in the cerebral cortex or cerebellum (data not shown).
Neuronal migration was examined by birth-date analysis
using BrdU labeling at embryonic day (E)15.5. Immuno-
cytochemical analysis of BrdU-labeled neurons at 10
days after birth showed a normal distribution in layers 2
and 3 of the cerebral cortex in both wild-type and Jip1−/−

mice (data not shown). These data suggest that JIP1 is
not essential for Reelin/ApoER2 function during brain
development.

JIP1 is required for JNK activation in response
to excitotoxic stress

Exposure to the excitotoxin kainate causes increased ex-
pression of AP-1 proteins (c-Jun and c-Fos), JNK activa-
tion, and phosphorylation of c-Jun in the hippocampus
(Yang et al. 1997b). Gene-targeting studies in mice show
that although JNK is not required for increased expres-
sion of AP-1 proteins, JNK is required for AP-1 transcrip-
tion activity and increased c-Jun phosphorylation follow-
ing exposure to kainate (Yang et al. 1997b). JIP1 repre-
sents a putative scaffold protein that may coordinate the
activation of the JNK signaling module during this re-
sponse (Whitmarsh et al. 1998). To test this hypothesis,
we examined the effect of excitotoxic stress in mice ex-
posed to kainate (Yang et al. 1997b). Immunohistochem-
ical analysis showed that kainate caused a similar in-
crease in expression of c-Jun protein in the hippocampus
of wild-type and Jip1−/− mice (Fig. 4A,C,E). Activated
JNK was detected with an antibody to phospho-
(pThr183pTyr185)-JNK. A small amount of activated JNK
was detected in the cytoplasm of Jip1−/− and wild-type
hippocampal neurons (Fig. 4B). Increased amounts of
phospho-JNK were detected in both the nucleus and the
cytoplasm of wild-type hippocampal neurons following
treatment with kainate (Fig. 4D). In contrast, following
treatment with the same dosage of kainate, JNK activa-
tion was markedly attenuated in the hippocampal neu-
rons of Jip1−/− mice (Fig. 4F) despite a comparable level of
c-Jun protein expression (Fig. 4E). These data show that

Figure 3. Generation of Jip1−/− mice. (A) Strategy for the dis-
ruption of the Jip1 gene. Exon 3 encodes the JNK-binding do-
main (JBD) of JIP1 and was replaced with a neomycin-resistance
gene (NEO) in the reverse orientation by homologous recombi-
nation. Restriction enzyme sites are indicated (B, BglI; E, EcoRI;
V, EcoRV; N, Not1). (B) Identification of JIP1-deficient mice.
Genomic DNA isolated from wild-type (+/+), heterozygous (+/
−), and homozygous (−/−) knockout mice was examined by PCR.
The wild-type and disrupted alleles are indicated. (C) Expression
of the JIP1 protein. Brain tissue from wild-type (+/+) and knock-
out (−/−) mice was examined by immunoblot analysis using an
antibody to JIP1.
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JIP1 is required for the normal regulation of JNK in hip-
pocampal neurons exposed to excitotoxic stress.

JIP1 deficiency causes reduced stress-induced
apoptosis

The JNK signal transduction pathway can mediate an
apoptotic response (Xia et al. 1995; Yang et al. 1997b;
Tournier et al. 2000). Indeed, gene-targeting studies in-
dicate that both JNK and c-Jun phosphorylation are re-
quired for apoptosis mediated by the excitotoxin kainate
(Yang et al. 1997b; Behrens et al. 1999). Therefore, we
tested whether kainate-stimulated apoptosis of hippo-
campal neurons in vivo (Simonian et al. 1996) was al-
tered in Jip1−/− mice (Fig. 5). Analysis of wild-type mice
(n = 33) showed that kainate caused marked lesions in
the CA3 subfield of the hippocampus (Fig. 5A). These
lesions contained TUNEL-positive apoptotic cells (Fig.
5B) and sprouting of GFAP-positive astroglial fibers (Fig.
5C). JIP1-deficient mice (n = 34) showed a reduced ex-
tent of kainate-induced lesions in the CA3 subfield of
the hippocampus (Fig. 5D–F). Quantitative analysis of
Nissl’s stained sections (Fig. 5A,D) showed that the av-
erage width of CA3 lesions in the wild-type and Jip1−/−

animals was 343 ± 80 µm and 132 ± 30 µm (mean ± SD),
respectively. These data indicate that Jip1−/− mice, like
JNK-deficient mice and c-Jun phosphorylation-deficient

mice, are resistant to kainate excitotoxicity in the CA3
subfield of the hippocampus in vivo. This conclusion
was confirmed by studies of wild-type and Jip1−/− pri-
mary hippocampal neurons cultured in vitro. The JIP1-
deficient neurons were found to be resistant to kainate
treatment (Fig. 6). The amount of neuroprotection was
similar to JNK3-deficient hippocampal neurons (Fig. 6G).
Together, these data indicate that JIP1 deficiency causes
reduced kainate-stimulated apoptosis of hippocampal
neurons in vivo and in vitro.
To test whether the resistance to stress-induced JNK

activation and apoptosis was specific to kainate excito-
toxicity, we examined the effect of a different form of
stress on wild-type and Jip1−/− hippocampal neurons. In-
cubation of neurons in glucose-free medium with a re-
duced oxygen (1%) environment for 4 h (oxygen–glucose
deprivation; OGD) causes caspase-3 activation and apop-
tosis during subsequent culture in normal medium
(Nath et al. 1998). The basal level of activated JNK in
wild-type and Jip1−/− hippocampal neurons was similar.
However, OGD challenge caused marked activation of
JNK in wild-type neurons, but only a slight increase of
JNK activation in JIP1-deficient neurons (Fig. 7C,D).
Time-course analysis showed that the defect in JNK ac-
tivation in Jip1−/− neurons was not caused by delayed
JNK activation. The Jip1−/− neurons were also resistant
to the apoptotic effects of OGD stress. Thus, JIP1-defi-

Figure 4. Comparison of c-Jun and acti-
vated JNK in the hippocampus following
exposure to excitotoxic stress. (A,C,E) c-
Jun was detected in the hippocampus of
mice by immunocytochemistry using an
antibody to c-Jun. (B,D,F) Activated JNK
was detected in the hippocampus by im-
munocytochemistry with an antibody to
phospho-(pThr183pTyr185)-JNK. c-Jun in
nonstressed wild-type mice was restricted
to the dentate gyrus (DG) (A), and a low
amount of phospho-JNK was detected in
the cytoplasm, but not the nucleus, of hip-
pocampal neurons (D). The expression of
c-Jun and phospho-JNK in unchallenged
Jip1−/− mice was indistinguishable from
that in wild-type mice. Five hours after a
systemic injection of 30 mg/kg of kainate,
a marked increase in c-Jun protein was de-
tected in the hippocampus of both wild-
type (C) and Jip1−/− (E) mice. However, al-
though a marked increase in phospho-JNK
in the cytoplasm and nucleus of the hip-
pocampal neurons was detected in wild-
type mice following treatment with kain-
ate (D), phospho-JNK was only slightly in-
duced in the cytoplasm, but not the
nucleus, following kainate challenge of
Jip1−/− mice (F). Scale bar in F, 240 µm
(panels A,C,E) and 60 µm (panels B,D,F).
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cient neurons showed reduced labeling in TUNEL assays
(Fig. 7E,F,I) and increased cell survival (Fig. 7G,H,J). To-
gether, these data indicate that JIP1 contributes to JNK
activation and apoptosis in neurons exposed to stress.

Discussion

Scaffold protein JIP1 is a critical component of a JNK
signaling pathway

JIP1 binds to JNK, the MAP kinase kinase MKK7, and
members of the mixed-lineage protein kinase group of
MAP kinase kinase kinases (Whitmarsh et al. 1998).
Transfection assays show that the binding of these pro-
tein kinases to JIP1 potentiates JNK activation (Whit-
marsh et al. 1998). These observations indicate that JIP1
may be a scaffold protein. A critical test of this hypoth-
esis concerns whether endogenous JIP1 is required for
JNK activation. The results of the present study indicate
that JIP1 deficiency can prevent stress-induced JNK ac-
tivation in hippocampal neurons. Therefore, JIP1 is an
essential component of a neuronal JNK signal transduc-
tion pathway. These data, together with previous bio-
chemical studies (for review, see Davis 2000), suggest
that JIP1 can function as a physiologically relevant scaf-
fold protein that assembles a JNK signaling module.
The activation of JNK caused by the exposure of neu-

rons to excitotoxic stress or anoxia requires JIP1 (Figs.
4,7). However, no difference in JNK activation between
wild-type and Jip1−/− neurons was detected following ex-
posure to ultraviolet radiation or treatment with the
drug anisomycin. Therefore, JIP1 is selectively required

for JNK activation in response to specific stimuli. This
selective role of the JIP1 scaffold protein in JNK activa-
tion was anticipated by previous studies of the yeast
scaffold protein Ste5p, which is required for Ste11p func-
tion in the mating MAP kinase pathway but is not re-
quired for Ste11p function in the osmosensing or fila-
mentation MAP kinase pathways (Elion 2000). The ab-
sence of an essential role for JIP1 in the response to
ultraviolet radiation and anisomycin may reflect a re-
dundant role of JIP1 (e.g., JIP2 and JIP3 are expressed in
neurons) or may indicate that the activation of JNK by
these stimuli is JIP-independent. The possibility that
JIP1 has redundant functions may account for our failure
to detect diabetes or neuronal migration defects in
Jip1−/− mice. Studies of mice with compound mutations
in all of the Jip genes will be required to resolve this
question. Nevertheless, our analysis of Jip1−/− mice
shows that the JIP1 scaffold protein is a critical compo-
nent of a JNK signal transduction pathway.

Scaffold protein JIP1 is a component of a JNK
signaling module

It is established that the c-Jun transcription factor is an
important target of the JNK signal transduction pathway
(for review, see Davis 2000). JNK phosphorylates the N-
terminal domain of c-Jun and increases transcription ac-
tivity. Immunofluorescence analysis showed that fol-
lowing exposure to stress most of the phosphorylated
c-Jun protein was detected in the nucleus, where it can
function as a transcription factor (Fig. 2I). Activated JNK
was detected primarily in the cytoplasm surrounding the

Figure 5. JIP1 deficiency causes decreased neuronal apoptosis following exposure to excitotoxic stress in vivo. Systemic kainate
excitotoxicity was examined in wild-type mice (A–C) and Jip1−/− mice (D–F). The number of animals with kainate-induced lesions in
the CA3 subfield of the hippocampus was similar between the wild-type and Jip1−/− groups. The JIP1-deficient mice showed a severe
reduction in the extent of kainate-induced lesions in the CA3 subfield of the hippocampus (Nissl’s stain; panels A,D). The greater
kainate-induced tissue damage in wild-type mice was also indicated by a wider distribution of TUNEL-positive cells (B,E) and
increased GFAP-positive astroglial fibers in the CA3 subfield (C,F). Scale bar in F, 100 µm.
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nucleus, but some activated JNK was also observed in
the nucleus (Fig. 2G). In contrast, JIP1 was primarily
found in a peripheral location in the neurites of unchal-
lenged neurons (Fig. 2A,C). Since JIP1 is required for JNK
activation, it was surprising that the subcellular local-
ization of JIP1 in neurites appeared to differ from the
subcellular localization of activated JNK. However, im-
munofluorescence analysis showed that exposure to
stress altered the subcellular distribution of JIP1. Al-
though JIP1 was primarily located in the neurites of un-

challenged neurons, JIP1 was found to accumulate in the
perinuclear region of neurons following exposure to
stress (Fig. 2B,D). JIP1 and activated JNK are therefore
present in the same subcellular compartment following
exposure to stress.
The mechanism that accounts for JIP1 localization

within the cell is unclear, but it is known that JIP pro-
teins interact with kinesin-1 (Bowman et al. 2000; Ver-
hey et al. 2001; this study). The JIP3 protein binds via a
coiled-coil domain to kinesin-1. In contrast, a small re-

Figure 6. JIP1 deficiency causes increased survival of hippocampal neurons following exposure to excitotoxic stress in vitro. Hippo-
campal neurons were cultured in vitro (11 d) and treated without and with kainic acid (100 µM; 30 min). Cell survival after 24 h was
examined by immunocytochemistry by staining neurons with an antibody to MAP-2. Representative microphotographs of unchal-
lenged wild-type (A), Jip1−/− (C), and Jnk3−/− (E) neurons are presented. The effect of kainate treatment on wild-type (B), Jip1−/− (D), and
Jnk3−/− (F) neurons is shown. The scale bar represents 50 µm. (G) Cell survival in three independent experiments was quantitated
(mean ± SD).
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gion of the C terminus of JIP1 interacts with kinesin-1.
Although the interaction domains of these JIP proteins
are structurally distinct, the binding of each JIP protein
to kinesin-1 is mediated by the same tetratricopeptide
repeat (TPR) region of kinesin light chain. The observa-
tion that JIP proteins accumulate in growth cones at the
ends of extended neurites (Meyer et al. 1999; Yasuda et

al. 1999; Kelkar et al. 2000) is consistent with the role of
kinesin-1 as a plus end-directed microtubule motor pro-
tein. Indeed, the finding that dominant-negative kine-
sin-1 prevents the localization of JIP proteins to growth
cones suggests that kinesin-1 may actively transport JIP
proteins along microtubules (Verhey et al. 2001). Simi-
larly, genetic analysis of JIP3 in Drosophila shows that a

Figure 7. JIP1 deficiency causes reduced
oxygen and glucose deprivation-induced
JNK activation and apoptosis of hippocam-
pal neurons. (A,B) Wild-type (A) and Jip1−/−

(B) hippocampal neurons were cultured in
vitro and visualized by MAP2 immunocy-
tochemistry. (C,D) Activated JNK (red)
was detected by immunofluorescence
analysis of wild-type (C) and Jip1−/− (D)
hippocampal neurons following oxygen
and glucose deprivation (OGD) challenge
(4 h) and recovery (12 h) by staining with
an antibody to phospho-(pThr183pTyr185)-
JNK. Neurites were detected by staining
with an antibody to MAP2 (green). A
marked increase in the amount of acti-
vated JNK was observed in wild-type neu-
rons (C), but not in Jip1−/− neurons (D) fol-
lowing exposure to stress. (E,F) Cell death
was measured by the percentage of
TUNEL-positive nuclei (red) in the total
number of bis-benzimide-stained nuclei
(blue) following OGD challenge (4 h) and
recovery (24 h). Increased numbers of
apoptotic neurons were detected in wild-
type (E) compared with Jip1−/− (F) cultures.
(G,H) The survival of wild-type (G) and
Jip1−/− (H) hippocampal neurons was com-
pared by MAP2 immunocytochemistry
following OGD challenge (4 h) and recov-
ery (48 h). (I,J) Wild-type and Jip1−/− hippo-
campal neurons were exposed to OGD
challenge. Apoptosis measured by TUNEL
assay (I) and survival measured by MAP2
staining (J) was quantitated in three inde-
pendent experiments (mean ± SD). Scale
bar in H, 200 µm (panels A,B,E–H) and 20
µm (panels C,D).
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mutant allele of JIP3 (sunday driver) causes altered axo-
nal transport (Bowman et al. 2000). Together, these data
strongly support the conclusion that JIP proteins are ac-
tively transported within cells.
Although the accumulation of JIP1 in the growth

cones of neurons is consistent with the known role of
kinesin-1 as a plus end-directed microtubule motor pro-
tein, the mechanism that accounts for the stress-induced
accumulation of JIP1 in the perinuclear region of neu-
rons is unclear. Studies using dominant-negative kinesin
light chain show inhibition of growth cone localization
of JIP proteins and the redistribution of JIP proteins
throughout the cytoplasm (Verhey et al. 2001). In con-
trast, we found that JIP1 accumulated in a punctate pat-
tern in the perinuclear region of primary hippocampal
neurons. The altered subcellular localization of JIP1
caused by stress (Fig. 2) is therefore very different from
the effect of disruption of kinesin-1 function in cells.
It is possible that the altered subcellular localization of

JIP1 caused by stress is mediated, in part, by a minus
end-directed microtubule motor protein (e.g., cytoplas-
mic dynein). However, endogenous JIP1 was found to
coprecipitate with kinesin-1, but not with cytoplasmic
dynein under all conditions tested (N. Kelkar, unpubl.).
The coprecipitation of kinesin-1 with JIP1 suggests that
kinesin-1 might contribute to the perinuclear accumu-
lation of JIP1 (using dendritic microtubules with the re-
verse orientation). However, this analysis does not ex-
clude the possibility that an independent mechanism ac-
counts for the perinuclear accumulation of JIP1
molecules in stressed cells. For example, it is possible
that the perinuclear JIP1 corresponds to the localization
of newly synthesized JIP1 molecules in stressed cells
rather than to the redistribution of preexisting JIP1 mol-
ecules from neurites. Further studies will be required to
establish the mechanisms that control the subcellular
localization of JIP1 in neurons exposed to stress.

Signal transduction to the nucleus

The observation that the JIP1 protein accumulates in the
perinuclear region of cells exposed to stress may be
physiologically significant. Substrates of JNK include
nuclear proteins (e.g., c-Jun). Accumulation of JIP1 in the
perinuclear region of the cell represents a mechanism
that may contribute to signal transduction from the pe-
riphery of the cell to the nucleus. A similar signaling
mechanism has been proposed for target-derived neuro-
trophins and neurotrophin receptors that signal from the
cell periphery to the nucleus (Bhattacharyya et al. 1997;
Watson et al. 1999). The accumulation of JIP1 to the site
of activated JNK in cells exposed to stress also exhibits
some similarities to the regulation of the �-arrestin-2
scaffold, which is recruited from the cytoplasm to the
cytoplasmic surface of endosomal vesicles by receptors
and colocalizes with the major site of JNK activation
(McDonald et al. 2000). These observations of mamma-
lian scaffold proteins reflect previous studies of the Ste5p
scaffold protein in yeast. Ste5p is recruited to the plasma
membrane in response to pheromone by a mechanism

that requires nuclear shuttling (Mahanty et al. 1999).
The dynamic spatial regulation of Ste5p may therefore
be a common property of MAP kinase scaffold proteins.
In conclusion, the results of the present study indicate

that the mammalian scaffold protein JIP1 is a critical
component of a MAP kinase signaling pathway.

Materials and methods

Mice

Jip1−/+ embryonic stem cells were prepared by homologous re-
combination and used to create mice using standard methods.
The mice were back-crossed to C57BL/6 (Jackson Labs). Jip1+/+

and Jip1−/− littermates were obtained from matings of Jip1−/+

mice. Glucose tolerance tests were performed using methods
described previously (Leiter et al. 1988). Systemic injection of
kainate (30 mg/kg) in adult mice was used to induce excitotoxic
stress (Yang et al. 1997b). The brains were isolated 3 d after
treatment with kainate and processed for paraffin embedding
and histology (Yang et al. 1997b). Labeling of embryonic neu-
rons in vivo was performed by systemic injection of BrdU at
gestation day 15.5 (Haydar et al. 2000). The animals were
housed in a facility accredited by the American Association for
Laboratory Animal Care.

Culture of primary neurons

Cortical and hippocampal neurons were cultured from E17.5
embryos and grown in serum-free Neurobasal mediumwith B27
supplements (Life Technologies). Kainate treatment was per-
formed by addition of the drug to the medium. Oxygen and
glucose deprivation was performed by replacing the medium
with glucose-free Earl’s balanced salt solution and incubation in
a tissue culture chamber with reduced oxygen (1%) for 4 h. The
medium was replaced with Neurobasal/B27 medium and the
cultures were returned to a tissue culture chamber with a nor-
mal oxygen environment.

Antibodies

JIP1, JIP2, and JIP3 antibodies have been described (Yasuda et al.
1999; Kelkar et al. 2000). The antibody to KLC1 was provided by
L.S. Goldstein (University of California, San Diego). The anti-
bodies to the Flag epitope (Sigma), V5 epitope (Invitrogen), JNK
(Pharmingen), pThr183/pTyr185 phospho-JNK (BioSource), pSer73

phospho-c-Jun (Cell Signaling), c-Jun (Santa Cruz), MKK7
(Zymed), �-tubulin (Sigma), �-tubulin (BabCo), MAP-2 (Sigma),
and Synapsin 1 (Chemicon) were purchased from the indicated
suppliers.

Biochemical assays

JNK activity was measured by an in vitro kinase assay using the
substrates GST-c-Jun and [�-32P]ATP (Raingeaud et al. 1995).
Coimmunoprecipitation assays and binding assays were per-
formed using methods described previously (Yasuda et al. 1999;
Kelkar et al. 2000).

Immunofluorescence analysis

Cells were fixed with paraformaldehyde and processed for im-
munofluorescence analysis (Yasuda et al. 1999). The cells were
examined by fluorescence microscopy using a conventional mi-
croscope, an Axioplan2 coupled to a MicroImager CCD camera
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(Zeiss, Jena GmbH). Cells were also imaged on a Zeiss LSM510-
NLO microscope fitted with a titanium–sapphire laser (Mira
900F) pumped by a 10-W Verdi laser (Coherent Laser Group). To
enable confidence in the subcellular localization studies, care
was taken to collect potentially overlapping emissions sepa-
rately using the “multi-track” function. Green and red fluoro-
phores were excited using the argon (488-nm) and HeNe (543-
nm) visible lasers, respectively. Bis-benzimide was excited us-
ing the titanium–sapphire laser at 770 nm.
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