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ABSTRACT. Our previous study indicates that global ischemia facilitates the assembly of the -BBIR6
95-MLK3 signaling module, which in turn activated MLKS3, leading to exacerbated ischemic neuron death.
In addition, JIP1, functioning as a scaffold protein, could couple MLK3-MKK7-JNK to form a specific
signaling module and facilitate the activation of the JNK signal pathway. However, the organization,
regulation, and function between the two signaling modules and the effects they have on MLK3 activation
remain incompletely understood. Here, we show that JIP1 maintains MLK3 in an inactive and monomeric
state; once activated, MLK3 binds to PSD-95 and then dimerizes and autophosphorylates. In addition, a
GluR6 C-terminus-containing peptide (Tat-GluR6-9c) and antisense oligonucleotides (AS-ODNs) against
PSD-95 inhibit the integration of PSD-95 and MLK3 and the dimerization of MLK3, facilitate the interaction

of JIP1 and MLK3, and, consequently, perform neuroprotection on neuron death. However, AS-ODNs
against JIP1 play a negative role compared to that mentioned above. The findings show that the crosstalk
occurs between PSD-95 and the JIP1-mediated signaling module, which may be involved in brain ischemic
injury and contribute to the regulation of MLK3 activation. Thus, specific blockade of PSEMAK3

coupling may reduce the extent of ischemia-reperfusion-induced neuronal cell death.

Among various hypotheses about the mechanism of determines the JNK signaling specificity. Among the com-
ischemic injury, excitotoxicity mediated by kainate (KA) ponents of INK-signaling modules, the MLK3-MKK7-JNK
receptors has attracted our attenti@y KA receptor subunit  signaling module is the most important in the mechanism
glutamate receptor 6 (GluRBinay mediate the activation  of neuronal apoptosis9&11). Moreover, JNK-interacting
of INKS3 in response to the excitotoxicity of kaina 8). protein 1 (JIP1), which is highly concentrated in the adult
Moreover, our previous paper reports they might form a brain, and particularly enriched in the cerebral cortex and
GluR6PSD-95MLK3 signaling module and facilitate the  hippocampus2), is identified as a scaffold and selectively
JNK signal pathway, 4). The peptide Tat-GIuR6-9c we mediates signaling by the MLK3-MKK7-JNK pathway by

construct could perturb the assembly of the GItFR&ED-95 facilitating sequential interaction of this cascade-11);
MLKS3 signaling module and, therefore, play a protective however, the mechanism of coupling between JIP1 and the
role against ischemic injurylj. signaling module during reperfusion after transient (15 min)

Previous work $—10) has shown that the components of brain ischemia was poorly understood. The information
the JNK protein kinase cascade can be organized into amentioned above forces us to consider whether Tat-GluR6-
defined signaling module with a scaffold in vivo, which 9c¢ could inhibit the binding of JIP1 and the MLK3-MKK7-
JNK signaling module. In the global ischemic model, we
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1 Abbreviations: MLK3, mixed-lineage kinase 3; JIP1, JNK- in cerebral ischemia-reperfusion and whether AS-ODNs
interacting protein 1; PSD-95, postsynaptic density protein-95; SAP90, against JIP1 could have the opposite effect on activation of
;ﬁg?g?ggzsoggﬁ% psrg:ﬁ'nr; 9565%5; 5D'EVB°%?éﬁ;fﬁ(‘)%&i;(‘j’}gg!ybﬁ?& JNK compared to overexpression of JIP1. In addition, JIP1
dithiofhreitoi; ERK, extracellular si’gnal-r(’egulated kinase; C’BIuRG’, ,mamf[ams MLKiin amonomenzlatlon’ unphOSphlorylatllon’ apd
glutamate receptor 6; JNK, c-Jun hHerminal kinase; MOPS, 3\ inactive state, and the activation of MLK requires dissocia-
morpholino)propanesulfonic acid; NBT, nitroblue tetrazolium; NP-40, tion from JIP1 (4, 15). Moreover, MLK3 dimerization via
Nonidet P40; PBS, phosphate-buffered saline; PMSF, phenylmethane-; inalfi ; ; £ i
sulfonyl fluoride; PNPPp-nitrophenyl phosphate; SBFAGE, sodium its leucine/isoleucine le.pel’ (LZ.S) ”.‘O“.f ISa prereqwsﬂe_ for
dodecy! sulfate-polyacrylamide gel electrophoresis; TBST, Tris- MLK3 autophosphorylation, which indicates that dimeriza-

buffered saline with 0.1% Tween 20. tion plays a pivotal role in MLK3 activationlf). However,
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MLK3 could not only bind with PSD-95 but also interact Glu-Thr-Met-Ala; GIuR6-9c), were conserved in sapiens and
with JIP1 @10, 16). The above-mentioned facts imply that rodents. Tat protein (Tyr-Gly-Arg-Lys-Lys-Arg-Arg-GlIn-
MLK3 exhibits an indispensable effect on the regulation of Arg-Arg-Arg) was fused to GIluR6-9¢ and resulted in a 20-
the JNK signaling module, and PSD-95 and JIP1 which amino acid fusion peptide (Tat-GIuR6-9c). Peptides Tat-
function as scaffold proteins may have an important influence GIuR6-9c (Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gin-Arg-Arg-
on the MLK3-JNK signaling transduction pathway; however, Arg-Arg-Leu-Pro-Gly-Lys-Glu-Thr-Met-Ala) (10Qug) or
the mechanisms remain poorly elucidated. control peptides, a Tat-GluR6-9c peptide in which the
To further clarify the mechanism of JIP1 and PSD-95 in COOH-terminal ETMA motif contained four points mutation
the JNK signaling pathway induced by cerebral ischemia- (Arg-Leu-Pro-Gly-Lys-Ala-Ala-Asp-Asp; Tat-GIuRBAA), in
reperfusion, our research shed light on the interaction of JIP110 uL of saline were administered to rats 40 min before
and MLK3, PSD-95, and MLK3; the specific AS-ODNs ischemia using a microinjector through both cerebral ven-
against JIP1 and the specific AS-ODNSs against PSD-95 weretricles (anteroposterior, 0.8 mm; lateral, 1.5 mm; depth, 3.5
used. Fully stated, in this study, we clarify the crosstalk mm from bregma)3). Ten nanomoles of specific antisence
between the two signaling modules and the molecule oligodeoxynucleotides against PSD-95 (Invitrogen Japan
mechanism underlying MLK3 activation in rat hippocampus K.K., Tokyo, Japan) in 1Q:L of TE buffer [10 mM Tris-

after global ischemia. HCI (pH 8.0) and 1 mM EDTA] was administered to the
rats every 24 h for 3 days through cerebral ventriclar injection
MATERIALS AND METHODS (anteroposterior, 0.8 mm; lateral, 1.5 mm; depth, 3.5 mm

o ) ) , from bregma). The same dose of missense oligodeoxynucle-
Antibodies and Reagentehe following primary antibod-  tijes and vehicle were used as the control. The antisense

ies were used. Rabbit polyclonal anti-MLK3 (sc-13072), anti- 5,4 missense sequences are as follows: ASTGH-
MEK? (sc-13071), anti-p-JNKs (sc-6254), and anti-JIP1 (SC- GATCTCCTCATACTC-3: and MS. 5AAGCCCTTGT-
15353) were from Santa Cruz Biotechnology. Mouse tccCATTT-3. Ten nanomoles of specific antisence oli-
monoclonal anti-PSD-95 (CP35-100UL) was from Onco- g4qeoxynucleotides against JIP1 also accepted the same

gene. Rabbit polyclonal anti-p-MLK3 and anti-p-MKK7 were  geament. The same dose of missense oligodeoxynucleotides
acquired from Cell Signaling Biotechnology (Beverly, MA). 5 vehicle were used as a control. The antisense and

Anti-JNK1/2 antibody, anti-PSD-95 antibody, and the sec- issense sequences are as follows: AS.GTCTCGCTC-

ondary goat anti-rabbit IgG antibody used in our experiment cGccATTC-3: and MS. 5-CTCTCTCACTGCGTCCCT-
were from Sigma (St. Louis, MO). The nitrocellulose filter 5 ' ’

was acquired from Amersham. BCIP and NBT were acquired Immunoprecipitation and Immunoblottingissue homo-

from Promega. AII other chemicals were from Sigma unless genates (40@g of protein) were diluted 4-fold with 50 mM
indicated otherwise. HEPES buffer (pH 7.4) containing 10% glycerol, 150 mM
Induction of IschemiaAdult male Sprague-Dawley rats  NaCl, 1% Triton X-100, 0.5% NP-40, and EDTA, EGTA,
weighing 200-250 g were used. Transient cerebral ischemia ppMSFE, and NavO, (1 mM each). Samples were preincu-
was induced by a four-vessel occluded (4-VO) method as pated fo 1 h with 20 uL of protein A Sepharose CL-4B
described previoush\2@). Briefly, rats were anesthetized with (Amersham, Uppsala, Sweden) at@and then centrifuged
chloral hydrate (300 mg/kg, intraperitoneally), and both tg remove protein adhered nonspecifically to protein A. The
vertebral arteries were occluded permanently by eIectrocau—Supematams were incubated with-2 ug of primary
tery. Then rats were allowed to recover for 24 h, and both gntibodies fo 4 h orovernight at 4°C. Protein A-agarose
carotid arteries were occluded with aneurysm clips to induce pegds (2QuL, Sigma) were added to the tube, and incubation
cerebral ischemia. After occlusion for 15 min, the aneurysm \yas continued for an additional 2 h. Samples were centri-
clips were removed for reperfusion. Rats who lost their right f,ged at 10009 for 2 min at 4°C, and pellets were washed
reflex within 30 s and those whose pupils were dilated and with immunoprecipitation buffer three times. Bound protein
unresponsive to light were selected for the experiments. yere eluted by boiling at 108C for 5 min in SDS-PAGE
Rectal temperature was maintained 87 °C during  |oading buffer and then isolated with a centrifuge. The
ischemia (15 min) and &2 h reperfusion. Sham control  sypernatants were separated on polyacrylamide gels and then
rats were treated using the same surgical procedures excepélectrotransferred onto a nitrocellulose membrane (Amer-
that the carotid arteries were not occluded. sham, Buckinghamshire, U.K.). After being blocked for 3 h
Sample PreparationRats were decapitated immediately in Tris-buffered saline with 0.1% Tween 20 (TBST) and 3%
at various times after reperfusion, and then the hippocampibovine serum albumin (BSA), membranes were incubated
were isolated and quickly frozen in liquid nitrogen. Tissues overnight at 42°C with primary antibodies in TBST contain-
were homogenized in ice-cold homogenization buffer con- ing 3% BSA. Membranes were then washed and incubated
taining 50 mM 3-{-morpholino)propanesulfonic acid (MOPS,  with alkaline phosphatase conjugate secondary antibodies in
pH 7.4) (Sigma), 100 mM KCI, 100 mM Mggl 0.2 mM TBST for 2 h and developed using NBT/BCIP color substrate
DTT, 1 mM EGTA, 1 mM NaVO, (Sigma), 20 mM sodium  (Promega, Madison, WI). The densities of the bands on the
pyrophosphate, 20 m-phosphoglycerol, 1 mMp-nitro- membrane were scanned and analyzed with an image
phenyl phosphate (PNPP), 1 mM benzamidine, 1 mM analyzer (LabWorks Software, UVP, Upland, CA).
phenylmethanesulfonyl fluoride (PMSF), and leupeptin,  When necessary, to examine monomer and dimeric forms
aprotinin, and pepstatin A (gg/mL each). The homogenates of MLK3, 2x SDS sample buffer [100 mM Tris-HCI (pH
were centrifuged at 8@dfor 10 min at 4°C. 6.8), 4% SDS, 0.2% bromophenol blue, and 20% glycerol]
Drug Administration.Peptides, which comprise the nine both with and without the reducing agent dithiothreitol (DTT)
COOH-terminal residues of GIuR6 (Arg-Leu-Pro-Gly-Lys- (final concentration, 200 mM) was added to the protein
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Ficure 1: Time courses of reperfusion-induced alteration of interaction between JIP1 and the MLK3-JNK signaling module as well as
MLK3 and PSD-95. Extracts were obtained from rat hippocampus derived from sham-operated (sham) or 15 min ischemic rats at the
indicated times, and immunoprecipitation followed by immunoblotting analysis was used to detect the alteration of JIP1 with the MLK3-
MKK7-JNK signal module and MLK3 with PSD-95. Bands were scanned, and the intensities are represenfield & sham control.

Data are means: the standard deviation from four independent animals=(4) and are expressed agold vs control. The asterisk
indicates & of <0.05 vs control.

samples. After boiling for 3 min, the samples were separated RESULTS
by SDS-PAGE and transferred to nitrocellulose membranes. o )
The remaining samples were treated with the process Association of JIP1 with MLK3, MKK7, and JNK and
mentioned above. Interaction of PSD-95 with MLK3 during Reperfusion after
Histology.Rats were perfusion-fixed with 4% paraform- Ischemia for 15 min in Rat Hippocampu3IP proteins
aldehyde in 0.1 M sodium phosphate buffer (pH 7.4) under facilitate MLK-dependent signal transduction to JNK pos-
anesthesia after ischemia-reperfusion for 5 days. Brains weresibly by aggregating the three components of a JNK module
removed rapidly and further fixed with the same fixation (17). MLK3 or DLK, MKK7, and JNK individually associate
solution at 4°C overnight. Postfixed brains were embedded With JIP1 via a direct proteinprotein interaction , 18).
in paraffin, followed by preparation of coronal sections 5 To examine the underlying mechanism and effect of JIP1
um thick using a microtome (RM2155, Leica, Nussloch, on the JNK signaling pathway, we first investigated the
Germany). The paraffin-embedded brain sections were interaction of JIP1 with the MLK3-MKK7-JNK signaling
deparaffinized with xylene and rehydrated with ethanol at module during reperfusion after transient (15 min) global
graded concentrations of 18600% (v/v), followed by cerebral ischemia using immunoprecipitation and immuno-
washing with water. The sections were stained with 0.1% blotting. As shown in Figure 1D, the level of association of
(wiv) cresyl violet and were examined with light microscopy, JIP1 with p-MKK?7 increased obviously after reperfusion for
and the number of surviving hippocampal CA1 pyramidal 6 h and then decreased gradually to the basal level, but the
cells per 1 mm length was counted as the neuronal density.level of protein expression remained unchanged. The interac-
Statistical Baluation. Values from more than three tion of JIP1 with INK produced similar results (Figure 1E).
independent animals were expressed as meahs standard However, the time course of binding of MLK3 with JIP1
deviation. Statistical analysis of the results was carried out was interesting because the interaction peak was different
by one-way analysis of variance (ANOVA) followed by the from others. Figure 1A indicates that the level of binding of
Duncan’s new multiple-range method or Newman-Keuls test. MLK3 to JIP1 gradually increased and reached the maximum
P values of<0.05 were considered significant. after reperfusion for 3 h. These figures suggest MKK7 and
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Ficure 2: Effects of the pretreatment with Tat-GluR6-9c on the binding of JIP1 and the MLK3-JNK signaling module as well as MLK3
and PSD-95. Homogenates of rat hippocampus from animals at indicated reperfusion time points after ischemia for 15 min were used to
examine the effects of the peptides on the interaction of them. Immunoprecipitation and immunoblotting analysis indicated that the peptides
perturb the interaction peak of PSD-95 with MLK3 and JIP1 with p-MKK7 and JNK significantly after reperfusi@énhfdout have little

influence on the association between JIP1 with MLK3 after reperfusion for 3 h; however, the peptides facilitate the interaction of JIP1 with
MLK3 after reperfusion for 6 h. Results are expressed as meatme standard deviation derived from four independent aninmeis 4)

and are expressed as the power of control animals. The asterisk indidates €0.05 vs control, and the number sign indicateB af

<0.05 vs a vehicle-treatment group.
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Ficure 3: Effects of AS-ODNSs against JIP1 and AS-ODNs against PSD-95 on the interaction of MLK3 and JIP1 as well as MLK3 and
PSD-95. (A) The expression protein of JIP1 or PSD-95 was weakened by treatment with AS-ODNs against JIP1 or specific AS-ODNs
against PSD-95. (B and C) Pretreatment with AS-ODNSs against JIP1 can attenuate the interaction of JIP1 and MLKS3 after reperfusion for
3 h but enhances the interaction of PSD-95 and MLKS3 at the same time point. (E and F) Pretreatment with AS-ODNs against PSD-95 can
perturb the interaction of PSD-95 and MLK3 and facilitate the interaction of JIP1 and MLK3 after reperfusion for 6 h. Bands were scanned,
and the intensities were representeddisld vs sham control. Data are meatighe standard deviation from four independent animals (

= 4) and are expressed gdold vs control. The asterisk indicatePeof <0.05 vs control, and the number sign indicaté® af <0.05 vs

the vehicle-treatment group.

JNK congregate with JIP1 simultaneously following MLK3  signaling pathway. Figure 1B indicates that the interaction

dissociation. peak was at reperfusion for 6 h, which was different from
Similarly, PSD-95 also functions as a scaffold protein and the binding of MLK3 to JIP1. Our recent study also reports
mediates the formation of the GIuURESD-95MLK3 signal- that MLK3 activation reached the maximum at the same time

ing module and thereby facilitates the activation of JNK point (19, 20). Together, these results suggest that JIP1 could
protein kinase. We further detected the alteration of the not simultaneously bind the components of the JNK signaling
interaction between MLK3 and PSD-95 because the associa-module and, furthermore, that its interaction peak with MLK3
tion of MLK3 and PSD-95 is also important for the JNK preceded the binding peak between PSD-95 and MLK3.
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Ficure 4: Effects of AS-ODNs against JIP1 and AS-ODNs against PSD-95 on the activation of MLK3 and JNK. Pretreatment with
AS-ODNSs against PSD-95 can inhibit the phosphorylation of MLK3 after reperfusion for 6 h. However, administration with AS-ODNs
against JIP1 can facilitate the activation of MLK3 after reperfusiar3fb (A). At the same time, the activation of JNK was inhibited by
treatment with AS-ODNs against PSD-95 after reperfusionéftn and was strengthened by administration with AS-ODNs against JIP1
after reperfusion fo3 h (B). Results are expressed as mearthe standard deviation derived from four independent aninmads 4) and

are expressed as the power of control animals. The asterisk indicBtet €0.05 vs control, and the number sign indicatd? ef <0.05

vs the vehicle-treatment group.

Effects of the Peptide on the Association of JIP1 with p-MKK7 and JNK. Taken together, our results suggest that
MLK3, MKK7, and JNK and Interaction of PSD-95 and the binding of JIP1 and MLK3 may negatively regulate
MLK3. As mentioned above, the peptide Tat-GluR6-9¢ could MLK3 activity, while the interaction of PSD-95 with MLK3
inhibit the activity of MLK3 via suppression of the assembly could enhance the MLK3-JINK signal pathway. The incre-
of GIUREPSD-95MLK3 and performed neuroprotection mental binding affinity of JIP1 and P-MKK7/INK facilitates
against ischemia-reperfusion-induced neuron injuty. (  the activation of the JNK cascade.

However, whether the JIP1-mediated MLK3 signaling mod-  Effects of AS-ODNs against JIP1 and AS-ODNSs against
ule was also involved in the injury or whether the peptide PSD-95 on the Interaction of MLK3 with JIP1 and PSD-95.
disturbed the signaling module remains unclear. To inves- To further investigate the mechanism of the interaction
tigate the possibility, we examined the effects of the peptides between MLK3 and JIP1 and PSD-95, we used 10 nmol of
on the interaction of JIP1 with MLK3, MKK7, and JNK and  specific AS-ODNs against JIP1 and PSD-95 (Invitrogen
the interaction of PSD-95 with MLK3. Samples at each Japan K.K.) to detect the alteration of the interaction between
maximum interaction time point were selected, and both JIP1 and MLK3 as well as PSD-95 and MLK3. The same
immunoprecipitation and immunoblotting were used to detect dose of missense oligodeoxynucleotides and vehicle were
the alteration. The results show that the peptide could inhibit used as the control. Immunoblotting analyses indicate the
the strengthened interaction of JIP1 with p-MKK7 and JNK protein expression of JIP1 is inhibited significantly by
after reperfusion fio6 h after transient ischemia (Figure 2G  specific AS-ODNs against JIP1. However, the same dose of
I) but had no significant effect on the interaction peak of control has no influence on protein expression (Figure 3A),
JIP1 with MLKS3 after reperfusion fo3 h (Figure 2A,B). and protein expression of PSD-95 produced similar results
Interestingly, the peptide diminished dramatically the in- (Figure 3A). As shown in Figure 3BD, AS-ODNSs against
creased level of interaction of PSD-95 with MLK3 but JIP1 inhibit the strengthened interaction between MLK3 and
facilitated the association of JIP1 and MLKS after reperfusion JIP1 after reperfusion fo3 h but facilitates the interaction
for 6 h (Figure 2C-F). The possible explanation is that the of PSD-95 and MLK3 at the same time point. Furthermore,
peptide Tat-GIuR6-9c¢ could inhibit the interaction of GluR6 AS-ODNs against PSD-95 attenuated the enhancement of
and PSD-95 and further suppress the assembly of the GluR6 the association between PSD-95 and MLK3 after ischemia
PSD-95MLKS signal module. Thus, MLK3 was maintained for 6 h but, however, strengthened the association of JIP1
in a monomeric state and bound to JIP1 instead of PSD-95,and MLK3 at the same time point (Figure 36). All the
which inhibits the following interaction between JIP1 and results suggest JIP1 and PSD-95 interact with MLK3
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Ficure 5: Effects of AS-ODNs against JIP1 and AS-ODNSs against PSD-95 on MLK3 dimerization. In the presence of DTT, the dimerization
of MLK3 could not be detected and the two AS-ODNSs did not have any influence on the MLK3 monomer. However, in the absence of
DTT, pretreatment with AS-ODNSs against PSD-95 diminished the MLK3 monomer and facilitated the MLK3 dimerization synchronously
(A). Under the same conditions, conversely, AS-ODNs against JIP1 enhanced the monomer of MLK3 and suppressed the dimerization of
MLK3. Results are expressed as meanthe standard deviation derived from four independent aninmads 4) and are expressed as the

power of control animals. The asterisk indicate® af <0.05 vs control, and the number sign indicateR af <0.05 vs the vehicle-
treatment group.

competitively, and the dynamic interaction may be involved dimerization and facilitate the expression of the MLK3
in the regulation of the JNK signal transduction pathway. monomer after reperfusion for 6 h. However, after the
Effects of AS-ODNs against JIP1 and AS-ODNs against addition of dithiothreitol, MLK3 dimerization could not be

PSD-95 on the Actiation of MLK3 and JNKOn the basis  detected, and the expression of the MLK3 monomer nearly
of results given above, we further examined the effects of 155 g alteration. From these results, we conclude that JIP1
AS'OD.NS against JIP1 and AS'OD_NS against PSD-95 on keeps MLK3 in a monomeric, inactive state, and the
thg activation of MI.‘K:”. and JNK to investigate _the me_ch- activation of MLK3 requires the dissociation from JIP1 and
anism of MLKS3 activation and the effect of the mFeractlo_n then dimerization and phosphorylation

between MLK3 and JIP1 and PSD-95 on the ischemia- '

induced JNK signal transduction pathway. As shown in  Effects of Tat-GIuR6-9c, AS-ODNSs against JIP1, and PSD-
Figure 4, immunoblotting analysis shows that after reper- g5 o, the Ischemia-Reperfusion-Induced Delayed Neuronal
fusion far 3 h when the interaction of MLK3 with JIP1 Cell Death in Rat Hippocampuss mentioned above, we

reached the maximum strength, AS-ODNs against JIP1 detect effects of the peptide Tat-GIuR6-9c, specific AS-

facilitated the activation of MLK3 and JNK. However, after . . '
reperfusion fo 6 h when the binding of MLK3 and PSD-95 ODNs against JIP1, and specific AS-ODNs against PSD-95

reached the maximum level, AS-ODNs against PSD-95 had ©" _the_assembly of the JNK signaling module as well as the
negative effects, which attenuated the phosphorylation of activation of MLK3 and JNK. To further explore whether
MLK3 and JNK. These data show that JIP1 and PSD-95 they play a neuroprotective role against ischemia-reperfusion-
might play different roles in the activation of the JNK signal induced delayed neuronal cell death, cresyl violet staining
pathway, and reducing JIP1 may play a detrimental role in was used. The surviving cells of CA1 pyramidal neurons in
brain ischemia injury. rat hippocampus, which were subjected to ischemia for 15
Effects of AS-ODNs against JIP1 and AS-ODNs against min followed by reperfusion for 5 days, were examined.
PSD-95 on MLK3 Dimerizatior previous study confirms  Normal cells showed round and pale stained nuclei, while
that dimerization is a prerequisite for MLK3 autophospho- shrunken cells with pyknotic nuclei after ischemia were
rylation (15). As mentioned above, JIP1 and PSD-95 perform . nted as dead cells. As shown in Figure 6, transient

different roles in the phosphorylation of MLK3 and JNK. cerebral ischemia followed by reperfusion for 5 days induced

However, the underlying mechanism of the activation of L . .
MLK3 was poorly understood, so we examined the effects severe cell death. However, administration of the peptides

of AS-ODNs against JIP1 and AS-ODNs against PSD-95 40 min before _cerebral ischemia or pretreatment of specific
on MLK3 dimerization to clarify the mechanism. As shown AS-ODNs against PSD-95 to the rats every 24 h for 3 days
in Figure 5, in the absence of dithiothreitol (DTT), AS-ODNs  limited neuronal degeneration. However, pretreatment of

against JIP1 strengthen the expression of MLK3 dimerization SPecific AS-ODNs against JIP1 did not have a protective

and reduce the level of expression of the MLK3 monomer effect. Taken together, these data suggest JIP1 not only
after reperfusion for 3 h. Under the same condition, AS- functions as a scaffold protein but also may be involved in

ODNSs against PSD-95 attenuate the expression of MLK3 the regulation of the JNK signal transduction pathway.
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Ficure 6: Effects of pretreatment with Tat-GluR6-9c, AS-ODNs against JIP1, and PSD-95 on delayed neuronal cell death induced by
ischemia-reperfusion injury. Cresyl violet-stanied sections of the hippocampus in sham operation and rats subjected to reperfusion for 5
days after ischemia for 15 min and rats subjected to ischemia for 15 min followed by reperfusion for 5 days with peptide Tat-GluR6-9¢c
(100 «g) 40 min before ischemia, and AS-ODNs against PSD-95 or JIP1 il 16f TE buffer were administered to the rats every 24 h

for 3 days through cerebral ventriclar injection. Data were obtained from six independent animals, and a typical experiment is presented.
Boxed areas in the left column are shown at higher magnifications in the right columnD)(A0Ox and (E-H) 400x. The scale bar in

the left column is 20Q«m; the scale bar in the right column is Lén.



4014 Biochemistry, Vol. 46, No. 13, 2007 Zhang et al.

Ficure 7: Model for the role of JIP1- and PSD-95-mediated signaling modules in the MLK3 activation during brain ischemia-reperfusion.
This figure shows a schematic diagram of a theoretical model based on the literature and data presented here. This model illustrates the
sequential events which occur on scaffolding proteins during brain ischemia-reperfusion: brain ischemia-repediRibrMLK3 binding

— JNK—JIP1 binding— dissociation of MLK3 from JIP1— binding of MLK3 to PSD-95— MLK3 dimerization — MLK3
autophosphorylation~ activation of the JNK cascade.

DISCUSSION activators of JNKs, to form the receptor complébd,(21,
22). Our results show the interaction of JIP1 and MLKS3

. . ) o . reached the maximum level after reperfusion for 3 h, but
inactive and unphosphorylated state; once it is activated, JNKJIPl—MKK? and JIPT-INK interaction peaked after rep-

recruitment to JIP1-induced MLKS3 dissociates from JIP1 and . s ) . .
congregates to PSD-95 and then dimerized and autophos-erf'“'sIon for 6 h, which is consistent W'th the_ binding pe_ak
phorylated. Subsequently, the activated MLK3 phosphory- 0f_MLK3 and PSD-_95_dur|ng brain ischemia-reperfusion
lates MKK? to increase the binding affinity of MKK7-Jip1,  (Figure 1). These findings suggest that MKK7 and JNK
which in turn activates JNK and ultimately induces the rémain simultaneously associated with JIP1 following dis-
activation of JNK cascades. These findings support the sociation of MLK3 from JIP1. Furthermore, the binding of
hypothesis that during brain ischemia, the crosstalk betweenMLK3 with JIP1 and PSD-95 is dynamic and proceeds
PSD-95 and the JIP1-mediated signaling module contributesorderly. The binding of JIP1 and MLK3 precedes the
significantly to neuron death in rat hippocampus via regula- maximum level of interaction between PSD-95 and MLKS3,
tion of MLK3 activation. and the phosphorylation peak of MLK3 and interaction peak
As mentioned previously, PSD-95 can link GIuR6 to of PSD-95 and MLK3 occurred concurrently during brain

facilitate JNK activation by anchoring MLK3, upstream ischemia-reperfusion. This suggests JIP1 might keep MLK3

In this study, we demonstrate that JIP1 kept MLK3 in an
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in an unphosphorylated state, and once MLK3 interacts with ization via LZs is crucial for MLK3 autophosphorylation and
PSD-95, it will be activated and further facilitate the JNK subsequent phosphorylation of the downstream signaling
cascade. pathway (5). With other MLK family members, the extent
JIP proteins are assigned the role of either inhibitor or of MLK3's catalytic activity is associated with its degree of
facilitator of JNK activation since they were identified autophosphorylationl@, 25).
initially (6, 17). Whitmarsh and co-workers suggested that  To further investigate the mechanism of MLK3 activation
overexpression of JIP1 inhibits JNK activation, which may in response to brain ischemia, AS-ODNs against JIP1 and
reflect the sequestration of limiting JNK pathway components PSD-95 were selected. Our data show AS-ODNs against
into separate complexe9)( Our results presented herein PSD-95 attenuate the dimerization, subsequently inhibit the
show that the peptide Tat-GluR6-9c significantly inhibits the phosphorylation of MLK3 after reperfusion for 6 h, and
interaction of MLK3 and PSD-95 and also enhances the exhibit neuroprotection against programmed neuronal cell
binding of MLK3 and JIP1, which may suggest that during death (Figures 46). However, AS-ODNs against JIP1
brain ischemia-reperfusion, the interaction of JIP1 with enhance the MLK3 dimerization and activation and have little
MLK3 may be involved in the negative regulation of the effect on the delayed neuron death (Figures6}t The
JNK signal pathway. findings mentioned above suggest that the dissociation from
On the basis of the mathematical modeling of a two- JIP1 and the interaction with PSD-95 facilitate the activation
component scaffold, Levchenko et al. argue that JIP may of MLK3, and the dimerization is a prerequisite for MLK3
inhibit or facilitate JNK module signal transduction depend- activation in ischemic rat hippocampus.
ing on the relative concentration of the scaffold and  In summary, we report the molecular mechanism of MLK3
component bind to scaffold in a manner independent of one activation for the first time in rat hippocampus during brain
another, exhibiting no cooperation in bindirZg). Although ischemia-reperfusion. The data presented here support the
those observations suggested that JIP1 specifically interactroposal of a modified model of JIP1 and PSD-95 scaffold
with the MLK3-JNK signaling module and facilitates the functions. In these models, MLK3 binds JIP1 in a mono-
JNK signal pathway, experimental evidence regarding the meric, catalytically inactive state under basal conditions.
function of JIP1 during brain ischemia is lacking and Upon appropriate stimulation, MLK3 dissociated from JIP1
experimental evidence for signal transduction requires in- and interacts with PSD-95, and then dimerizes, autophos-
vestigation. As noted above, during ischemia-reperfusion, thephorylates, and becomes catalytically active. Subsequently,
alterations of binding affinity between MLK3 and PSD-95 phosphorylated MLK3 further activates MKK7, which in turn
as well as MLK3 and JIP1 were different. In the inactive phosphorylates JNK and induces the activity of the JNK
state, the binding affinity of MLK3 with JIP1 was increased. cascade. This study sheds new light on the crosstalk between
Once stimulated appropriately, MLK3 integrates with PSD- JIP1 and PSD-95-mediated signaling modules on MLK3
95 distinctly and reached the maximum height, but the activation during brain ischemia-reperfusion and provides
interaction of JIP1 and MLK3 was decreased to the basal new therapeutic targets against ischemic neuron death.
level (Figure 1). Moreover, Tat-GluR6-9c inhibited the
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