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Abstract

The c-Jun amino terminal kinases (JNKSs) regulate transcription, and studies suggest they
contribute to neuropathology in the EAE model of MS. To examine the role of the JNK3 isoform,
we compared EAE in JINK3 null mice to wild type (WT) littermates. Although disease severity
was similar in female mice, in male JNK3 null mice the day of onset and time to reach 100%
incidence occurred sooner, and disease severity was increased. While glial activation in spinal cord
was similar, white matter lesions were increased in JNK3 null mice. These results suggest JINK3
normally limits EAE disease in a sex-dependent manner.
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1. Introduction

The c-jun N terminal kinases (JNKs) are a family of serine/threonine mitogen activated
stress kinases (MAPK) consisting of 3 isoforms: JINK1, JNK2, and JNK3, which are
encoded by 3 different genes (MAPKSE, MAPK?Y, and MAPK10, respectively). All INKs
have been shown to bind to, phosphorylate, and increase the activity of transcription
factors, including c-Jun, ATF2 and ELK-1 in various cell types (Gupta et al. , 1996).

JNK1 and JNK2 are ubiquitously expressed throughout the body. In contrast, INK3 tissue
expression is primarily limited to brain, although lower levels are also found in heart,
testis, and pancreatic B-cells. In the CNS, immunostaining shows that JINK3 is expressed
in neurons in several adult brain regions including the cerebral cortex, hippocampus,
cerebellum and spinal cord (Martin et al. , 1996). Phenotypic analysis showed that mice
featuring genetic JINK3 deletion (JNK3 null mice) have fewer neural progenitor cells in the
hippocampus (Castro-Torres et al. , 2019), reduced neuritogenesis in dorsal root ganglion
neurons following sciatic nerve damage (Barnat et al. , 2010), and abnormalities in axonal
regeneration after facial nerve axotomy (Ruff et al., 2012) suggesting roles of this kinase
in the context of adult neurogenesis and regeneration. Additionally, siRNA-based JNK3
knockdown was shown to decrease neurite outgrowth and cell viability in vitro (T6nges
etal., 2011), whereas its deletion in vivo protects neurons against kainic acid-induced
excitotoxicity (Barnat, Enslen, 2010). Collectively, the available data indicates that INK3 is
involved in diverse roles relevant to survival, regenerative and degenerative actions.

In addition to neurons, JNK3 is also expressed in glial cells. In primary astrocytes,
knockdown studies showed a role of JNK3 on chemokine secretion (Wang et al., 2007);
while in BV2 microglial cells, the selective INK3 inhibitor azelastine reduced the LPS-
induced production of TNFa, IL6, and nitric oxide (Nguyen et al. , 2021). INK3 is

also expressed in oligodendrocytes, where its expression increases upon exposure to

tumor necrosis related apoptosis inducing ligand (TRAIL) or TNF, and is required for
induction of oligodendrocyte death (Jurewicz et al. , 2006, Jurewicz et al. , 2003). Similarly,
activation of both JINK1 and JNK3 was required for neurotrophin p75-mediated apoptosis of
oligodendrocytes (Harrington et al. , 2002) and in JNK3 null mice, the number of TUNEL+
oligodendrocytes decreased 2-to-3-fold following spinal cord injury (Li et al. , 2007). In

a mouse model of spinal cord injury, treatment with the estrogen receptor ligand 17p-
estradiol, which inhibited JNK3, reduced oligodendrocyte apoptosis, suggesting potential
gender-dependent effects of this kinase (Lee et al. , 2012). Collectively, these findings point
to JNK3 roles in inflammatory activation and in oligodendrocyte damage and death.

The above findings suggest that INK3 may modulate neuropathology in mouse models

of multiple sclerosis (MS), and several studies have examined the roles of specific INK
isoforms in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS. In
the MOG peptide-based chronic EAE model, disease development in INK2 null mice was
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similar to wild type mice. Although JNK2 reportedly participates in T cell differentiation,
the authors concluded that it is not necessary for the induction or effector phases of EAE
(Nicolson et al. , 2002). Examination of the expression of several MAPKSs including ERK1,
p38, and non-specific INKs, showed that phosphorylation of each of these classes of
MAPKSs was increased at the peak of EAE, followed by a decline (Shin et al. , 2003).

The same study documented phosphorylated (active) forms of INK kinases in T cells and

in some glial cells, but the experiments did provide distinguish specific INK isoforms

(Shin, Ahn, 2003). A potential contribution of INKs on EAE-induced neuropathology was
shown by use of SP600125, a pan-JNK isoform inhibitor, which suppressed EAE disease
progression (Bagnoud et al. , 2020, Ichiyama et al. , 2011). A contribution of INK kinases
to EAE-induced neuropathology is also supported by studies using mice with knockdown

of JKAP, a phosphatase that dephosphorylates and inactivates JINKs. In INKAP null mice,
which have greater INK activity, EAE disease was worsened (Li et al. , 2014). Other agents,
including several natural products that reduce JNK phosphorylation have also been shown to
ameliorate EAE disease severity (Chen et al. , 2021, Yang et al. , 2021). Taken together, the
existing studies show that INK1 suppression can reduce EAE symptoms, while inhibiting
JNK2 does not seem to play a significant role. Despite this knowledge, specific contributions
of INK3 to EAE-induced neuropathology have not yet been reported.

In the current study, we monitored the progression of EAE disease severity and spinal cord
inflammation in JNK3 null mice and wild type littermates. In contrast to results involving
JNK1 and JNK2 inhibition, we find that JNK3 null male, but not female mice, show a
modest increase in disease severity. This effect was associated with a small, but significant
increase in the lesioned white matter area of the spinal cord.

2. Materials and Methods

2.1. Animals and induction of EAE

Male and female wildtype (WT) and JNK3 homozygous null mice (JNK3 null mice)
(Jackson laboratory C6.129S1-Mapk10tm1FIv/J, RRID:IMSR_JAX:004322) The mice were
immunized to develop chronic demyelinating experimental autoimmune encephalomyelitis
(EAE) using reagents purchased from Hooke Laboratories (catalog #EK-2110) as we
previously described (Kalinin et al. , 2020). Both JNK3 null and the WT mice were
originally generated in C67BL/6 blastocytes, and were backcrossed several generations to
C57BL/6. Therefore, immunization with MOG3s._55 peptide in these mice is expected to

be chronic disease (Moreno et al. , 2013, Voskuhl and MacKenzie-Graham, 2022). Briefly,
10-week old mice were injected with 200 pg MOG3s.55 peptide emulsified in CFA (one 100
ul s.c. injection into the midline of the upper and one into the lower back). Two hours later,
mice received an i.p. injection of pertussis toxin (PT; 125 ng in 100 pl PBS), followed by a
second PT injection 24 hours later. Sham mice received the same injections as EAE mice,
but the MOG3s.55 peptide was omitted. Clinical signs were scored as: 0, no signs; 1, limp
tail; 2, impaired righting; 3, paresis of one hind limb; 4, paresis of two hind limbs; 5, death.
Scoring was performed every other day at the same time by the same investigator blinded to
treatment allocation.
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2.2. Tissue processing and analysis

Mice were transcardially perfused with PBS, followed by PBS containing 4%
paraformaldehyde (PFA). Spinal cords were dissected, post-fixed in PBS with 4% PFA for
16 hrs, then cryoprotected through washes in sucrose solutions of increasing concentration
(5%,10%,20% and 30% sucrose in PBS) and stored at 4 °C. Lumbar sections of the spinal
cord were dissected using a metal matrix, mounted in OCT compound, fast frozen in dry ice
plus isopentane and then stored at —80°C until sectioning. Spinal cord coronal sections (40
um) were prepared using a Leica Cryostat from rostral to caudal of the lumbar cord segment
and stored in tris-buffered saline (TBS) containing 0.02% sodium azide.

2.3. Immunohistochemistry (IHC)

IHC was carried by incubating free-floating sections with the following primary antibodies
(Abs): anti-Ibal rabbit polyclonal Ab (Wako #019-19741; RRID:AB_839504) at 1:500 to
visualize microglial cells; anti-glial fibrillary acidic protein (GFAP) rat monoclonal Ab

at 1:500 to visualize astrocytes (Trojanowski et al. , 1986); and anti-myelin basic protein
(MBP) rabbit polyclonal Ab at 1:700 to visualize oligodendrocytes (Reidl et al. , 1981).
After incubation at 4°C overnight, tissue sections were washed in PBS, then incubated at
4°C for 2 hr with appropriate secondary antibodies (Alexa-568 conjugated goat anti-rabbit
1gG, 1:500, Invitrogen #A11011, RRID:AB_143157; FITC-conjugated donkey anti-rat,
1:250, Jackson ImmunoResearch 712-095-153, RRID:AB_2340652). After 2 hr incubation,
sections were washed 3 times in PBS, counter-stained with DAPI, mounted onto glass slides,
and coverslips applied. Negative control sections were prepared where primary antibodies
were omitted. Images were collected on a Zeiss Axioplan 2 microscope equipped with

an MRm camera. Axiovision version 4.7 software parameters were set to define positive
staining versus background values, obtained from the same regions in negative control
sections.

2.4. Data analysis

Average daily clinical scores were compared using a repeated measures mixed-effects
model. The progression of daily incidence (# of ill mice divided by total mice in each group)
was tested for normality using D’ Agostino & Pearson test, then compared by Wilcoxon
matched-pairs signed rank test. Daily cumulative scores were calculated for each mouse

as the sum of all clinical scores up to that day, and groups were compared by repeated
measures mixed-effects model. Images were quantified for % area displaying anti-GFAP
and anti-1bal immunoreactivity above background (no primary Ab). Fluorescence intensity
values were obtained from 3-4 mice/experimental group (6-9 sections/mouse). Lesion
volume was defined as the total area occupied by DAPI staining in white matter, which was
delineated by anti-MBP antibody staining. Bars show mean + s.e.m. Data were tested for
normality, then compared by 1-way parametric ANOVA, with Sidak’s post hoc comparisons.
Analyses were done using GraphPad Prism Version 9.5.1 (GraphPad Software, San Diego,
CA, USA).
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3. Results
3.1. EAE disease severity is increased in JNK3 null male mice.

In male mice, the incidence of disease increased more quickly in INK3 null mice reaching
100% by day 14, compared to WT mice which reached 100% at day 19 (Fig 1A). The
average day of onset (Fig 1B) was earlier in the JNK3 null mice than WT mice (12.0 =
0.33 versus 14.0 + 0.86 days, p=0.036). Comparison of the daily average clinical scores
(Fig 1C) showed that INK3 null mice tended to exhibit higher clinical scores than the

WT mice, reaching a maximum of 3.2 + 0.3 on day 17, compared to 2.6 £ 0.5 on day

17 in WT mice. Although daily disease severity between groups did not reach statistical
significance, average daily cumulative scores (Fig 1D) were statistically different (p=0.023
2-way repeated measures ANOVA). In contrast to males, there was no effect of genotype on
incidence of disease, average day of onset in female mice, average daily clinical scores, or
cumulative scores in female mice (Fig 2).

3.2. JINK3 depletion does not increase neuroinflammation in EAE spinal cords.

3.3.

Spinal cord sections from male mice were stained using antibodies that recognize well-
established markers of microglial (Ibal) and astrocyte (GFAP) activation to determine
whether increased glial cell activation was associated with increased disease severity.

As expected, EAE-treated WT mice showed significant increases in both GFAP (Figs.

3A, A’) and Ibal (Figs. 4A, A’) staining, compared to sham-treated mice. The increase

in GFAP immunostaining predominantly localized to gray matter, while increased Ibal
immunoreactivity was primarily observed in white matter. However, both GFAP (Figs. 3B,
B”) and Ibal (Figs. 4B, B’) immunostaining were similar between WT and JNK3 null EAE
mice, suggesting that INK3 depletion did not influence the extent of EAE-induced glial cell
activation.

JNK3 deletion increases spinal cord white matter lesion volume in EAE mice.

Quantitation of DAPI staining, an index of leukocyte infiltration, showed that spinal cord
lesion areas in white matter (delineated by anti-MBP immunoreactivity) were significantly
increased in spinal cord sections of EAE WT mice, compared to sections obtained

from sham WT mice (Figs. 5A, 5A”). Remarkably, DAPI-stained areas were increased
approximately 50% in EAE JNK3 null mice, compared to EAE WT mice (Figs 5B, B’),
suggesting that JINK3 depletion increases cellular infiltration into the CNS.

4. Discussion

Findings presented here that JNK3 deletion increased EAE disease severity in association
with increased lesion volume contrast with studies indicating that JNK3 is associated

with an increase in cell damage and death. JINK3 null mice show reduced responses to
epileptogenic injections of kainic acid (Yang et al. , 1997); and show reduced loss of
dopaminergic neurons in response to MPTP (Hunot et al. , 2004). Similarly, /n vitro studies
have shown that cortical neurons prepared from JNK3 null mice show less cell damage
when exposed to B-amyloid (Morishima et al. , 2001), and other revealed toxic effects

of INK3 on axonal transport, a major cellular process sustaining axonal health (Morfini
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etal., 2009). Similarly, in acutely isolated adult human oligodendrocytes, it was shown
that cell death induced by TNFa was associated with phosphorylation of INK, correlated
most strongly with JNK3 activation (Jurewicz, Matysiak, 2003). The same authors later
showed that JNK3 was the primary MAPK activated upon exposure to the tumor necrosis
related apoptosis inducing ligand (TRAIL), and that treatment with inhibitors of calpain,
p38, or serine proteases did not rescue the cells from apoptosis. Oligodendrocyte cell death
following spinal cord injury has also been shown to involve JNK3 activation, since death
was reduced in JNK3 null mice (Li, Tep, 2007). Since we did not directly assess cell death,
it is possible that oligodendrocyte death was reduced in the JNK3 null EAE mice. However,
worse EAE in those mice could be due to JINK3 depletion from other cell types, for example
by increasing leukocyte infiltration into the CNS.

Despite numerous studies linking JNK3 activation to toxic effects, other studies in different
context support protective ones. For example, exposure of human Jurkat T cells to a

JNK2/3 inhibitor induced apoptosis, an effect associated with prometaphase arrest, Cdk1
activation, and Bcl-2 phosphorylation (Jang et al. , 2014), making it conceivable that INK3
depletion could increase survival of activated, infiltrating T cells in EAE. Precedents

from work in other cell types appear consistent with this possibility. For example, INK3
depletion reportedly limits apoptosis in insulin secreting beta-cells (Abdelli and Bonny,
2012). Further, JNK3 was shown to maintain activation of the protein kinase Akt2, a specific
molecular component of a PI3K pathway known to promote cell survival (Abdelli and
Bonny, 2012). Also, JNK3 is also required for beta-cell resistance to IFNa (Roca-Rivada et
al., 2023), and its knockdown increases cytokine-induced apoptosis in these cells (Abdelli et
al., 2009, Ezanno et al. , 2014). Taken together, these findings again suggest the possibility
that JNK3 null mice display increased cytokine-induced apoptosis, or reduced survival of
cells in which Akt2 increases survival.

JNK3 roles in neurogenesis and regeneration have also been reported. For example,

JNK3 null mice have fewer neural progenitor cells (Castro-Torres, Landa, 2019), reduced
neuritogenesis following sciatic nerve damage (Barnat, Enslen, 2010), and deficits in axonal
regeneration (Ruff, Staak, 2012). In addition, /n vitro studies showed that INK3 knockdown
decreases neurite outgrowth and cell viability (T6nges, Planchamp, 2011). Although in EAE
there is limited neurogenesis, proliferation and maturation of oligodendrocyte progenitor
cells occurs in attempts at remyelination; an event which could conceivably be reduced in
the INK3 null mice. Finally, our results do not rule out a contribution of neuronal INK3

to the worsening of EAE clinical scores observed in the INK3 KO mice. For example,

any attempts at recovery of axonal damage due to EAE could be compromised due to
alterations in JNK3-depleted neurons. Additional experiments featuring cell-type specific
JNK3 knockdown would help evaluate the extent to which neuronal and/or glial INK3
contributes to the worsening of EAE clinical scores associated with ubiquitous JNK3
deletion.

Interestingly, our data show increased cellular infiltrates in spinal cord white matter of
JNK3 null, EAE mice. Leukocyte infiltration is regulated by numerous factors including the
expression of chemoattractants, the degree of neuroinflammation, as well as the integrity of
the blood brain barrier (Legroux and Arbour, 2015). Interestingly, blood vessel pruning is
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reduced the absence of JINK3, leading to vasculature defects (Salvucci et al. , 2015). Further,
JNK3 has been shown to promote vascular remodeling (Kant et al. , 2019) and angiogenesis
(Ebelt et al. , 2013), which occurs in both MS (Girolamo et al. , 2014, Lengfeld et al. , 2014)
and EAE (Fujita and Yamashita, 2017), potentially to increase blood supply to lesion sites.
Whether effects on brain vasculature contribute to increased damage in JINK3 null EAE mice
remains to be determined.

in EAE and JNKs

In the current study we did not observe any differences due to JNK3 deletion on the course
of EAE in female mice. As reported for MS, gender-related effects on neuropathology

have also been reported in EAE (Alvarez-Sanchez and Dunn, 2023), in most cases showing
a bias towards worse disease in females. These differences may be due to sex-specific
features of the immune system under the influence of specific hormones (Ryan and Mills,
2022). Gender bias has also been reported with regard to the biological actions of MAPKS.
For example, genetic studies have shown that depletion of the MAPK isoform p38a from
microglial cells worsened EAE only in males; while depletion from microglia and peripheral
macrophages reduced severity in females (McGill et al., 2021, McGill et al. , 2020). INK
activation also shows gender bias: INK expression is greater in female P301L transgenic tau
mice, and its levels were correlated with greater tau pathology (Buccarello et al. , 2018). In
a formalin-based model of nociception, the anti-nociceptive effects of a pan-JNK inhibitor
were more potent in male than female mice, although the inhibitor reduced inflammatory
expression only in females (Blanton et al., 2021). Finally, oligodendrocyte-specific effects of
17p-estradiol have been reported (Lee, Choi, 2012). Further studies aimed to illuminate
mechanisms underlying contributions of INK3 to MS neuropathology, as well as its
potential role on gender bias are therefore warranted.

Funding and Acknowledgements

This work was supported by grants from the NIH (R21NS120126-01, to GM), Neurodegenerative Disease Research
(to GM), and the Department of Veterans Affairs (BX002625 and 14S-RCS-003, to DLF). We thank Dr. Sarah Lutz
and Andrea Ochoa (University of Illinois) for help with a small pilot study that evaluated EAE effects on WT and
JNKS3 null mice.

Data availability

Data will be made available upon request

References

Abdelli S, Bonny C. JNK3 maintains expression of the insulin receptor substrate 2 (IRS2) in insulin-
secreting cells: functional consequences for insulin signaling. PloS one. 2012;7:¢35997. 10.1371/
iournal.pone.0035997. [PubMed: 22563476]

Abdelli S, Puyal J, Bielmann C, Buchillier V, Abderrahmani A, Clarke PG, et al. INK3 is
abundant in insulin-secreting cells and protects against cytokine-induced apoptosis. Diabetologia.
2009;52:1871-80. 10.1007/s00125-009-1431-7. [PubMed: 19609503]

Alvarez-Sanchez N, Dunn SE. Immune Cell Contributors to the Female Sex Bias in Multiple Sclerosis
and Experimental Autoimmune Encephalomyelitis. Current topics in behavioral neurosciences.
2023;62:333-73. 10.1007/7854_2022_324. [PubMed: 35467295]

J Neuroimmunol. Author manuscript; available in PMC 2024 September 15.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Priego et al.

Page 8

Bagnoud M, Briner M, Remlinger J, Meli I, Schuetz S, Pistor M, et al. c-Jun N-Terminal Kinase
as a Therapeutic Target in Experimental Autoimmune Encephalomyelitis. Cells. 2020;9. 10.3390/
cells9102154.

Barnat M, Enslen H, Propst F, Davis RJ, Soares S, Nothias F. Distinct roles of c-Jun N-terminal
kinase isoforms in neurite initiation and elongation during axonal regeneration. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2010;30:7804-16. 10.1523/
j.neurosci.0372-10.2010. [PubMed: 20534829]

Blanton HL, Pietrzak A, McHann MC, Guindon J. Sex and dose-dependent antinociceptive effects of
the JNK (c-Jun N-terminal kinase) inhibitor SU 3327 are mediated by CB(2) receptors in female,
and CB(1)/CB(2) receptors in male mice in an inflammatory pain model. Brain research bulletin.
2021;177:39-52. 10.1016/j.brainresbull.2021.09.004. [PubMed: 34530070]

Buccarello L, Musi CA, Turati A, Borsello T. The Stress c-Jun N-terminal Kinase Signaling Pathway
Activation Correlates with Synaptic Pathology and Presents A Sex Bias in P301L Mouse Model
of Tauopathy. Neuroscience. 2018;393:196-205. 10.1016/j.neuroscience.2018.09.049. [PubMed:
30315879]

Castro-Torres RD, Landa J, Rabaza M, Busquets O, Olloquequi J, Ettcheto M, et al. INK
Isoforms Are Involved in the Control of Adult Hippocampal Neurogenesis in Mice, Both
in Physiological Conditions and in an Experimental Model of Temporal Lobe Epilepsy. Mol
Neurobiol. 2019;56:5856—65. 10.1007/s12035-019-1476-7. [PubMed: 30685843]

Chen S, Zhang J, Yu WB, Zhuang JC, Xiao W, Wu ZY, et al. Eomesodermin in CD4(+)T cells

is essential for Ginkgolide K ameliorating disease progression in experimental autoimmune
encephalomyelitis. Int J Biol Sci. 2021;17:50-61. 10.7150/iibs.50041. [PubMed: 33390832]

Ebelt ND, Cantrell MA, Van Den Berg CL. c-Jun N-Terminal Kinases Mediate a Wide Range of
Targets in the Metastatic Cascade. Genes & cancer. 2013;4:378-87. 10.1177/1947601913485413.
[PubMed: 24349635]

Ezanno H, Pawlowski V, Abdelli S, Boutry R, Gmyr V, Kerr-Conte J, et al. INK3 is required
for the cytoprotective effect of exendin 4. Journal of diabetes research. 2014;2014:814854.
10.1155/2014/814854. [PubMed: 25025079]

Fujita Y, Yamashita T. The roles of RGMa-neogenin signaling in inflammation and angiogenesis.
Inflammation and regeneration. 2017;37:6. 10.1186/s41232-017-0037-6. [PubMed: 29259705]

Girolamo F, Coppola C, Ribatti D, Trojano M. Angiogenesis in multiple sclerosis and experimental
autoimmune encephalomyelitis. Acta neuropathologica communications. 2014;2:84. 10.1186/
s40478-014-0084-z. [PubMed: 25047180]

Gupta S, Barrett T, Whitmarsh AJ, Cavanagh J, Sluss HK, Dérijard B, et al. Selective interaction
of JNK protein kinase isoforms with transcription factors. Embo j. 1996;15:2760—-70. [PubMed:
8654373]

Harrington AW, Kim JY, Yoon SO. Activation of Rac GTPase by p75 is necessary for c-jun N-terminal
kinase-mediated apoptosis. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 2002;22:156-66. 10.1523/jneurosci.22-01-00156.2002. [PubMed: 11756498]

Hunot S, Vila M, Teismann P, Davis RJ, Hirsch EC, Przedborski S, et al. INK-mediated induction
of cyclooxygenase 2 is required for neurodegeneration in a mouse model of Parkinson’s disease.
Proceedings of the National Academy of Sciences of the United States of America. 2004;101:665—
70. 10.1073/pnas.03074531Q1. [PubMed: 14704277]

Ichiyama K, Sekiya T, Inoue N, Tamiya T, Kashiwagi |, Kimura A, et al. Transcription factor
Smad-independent T helper 17 cell induction by transforming-growth factor-f is mediated
by suppression of eomesodermin. Immunity. 2011;34:741-54. 10.1016/j.immuni.2011.02.021.
[PubMed: 21600798]

Jang WY, Lee JY, Lee ST, Jun do Y, Kim YH. Inhibition of INK2 and JNK3 by JNK
inhibitor IX induces prometaphase arrest-dependent apoptotic cell death in human Jurkat
T cells. Biochemical and biophysical research communications. 2014;452:845-51. 10.1016/
i.bbrc.2014.09.015. [PubMed: 25218503]

Jurewicz A, Matysiak M, Andrzejak S, Selmaj K. TRAIL-induced death of human adult
oligodendrocytes is mediated by JNK pathway. Glia. 2006;53:158-66. 10.1002/glia.20249.
[PubMed: 16206163]

J Neuroimmunol. Author manuscript; available in PMC 2024 September 15.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Priego et al.

Page 9

Jurewicz A, Matysiak M, Tybor K, Selmaj K. TNF-induced death of adult human oligodendrocytes
is mediated by c-jun NH2-terminal kinase-3. Brain : a journal of neurology. 2003;126:1358-70.
10.1093/brain/awg146. [PubMed: 12764057]

Kalinin S, Meares GP, Lin SX, Pietruczyk EA, Saher G, Spieth L, et al. Liver kinase B1 depletion
from astrocytes worsens disease in a mouse model of multiple sclerosis. Glia. 2020;68:600-16.
10.1002/glia.23742. [PubMed: 31664743]

Kant S, Craige SM, Chen K, Reif MM, Learnard H, Kelly M, et al. Neural JNK3 regulates blood
flow recovery after hindlimb ischemia in mice via an Egrl/Creb1 axis. Nature communications.
2019;10:4223. 10.1038/s41467-019-11982-4.

Lee JY, Choi SY, Oh TH, Yune TY. 17p-Estradiol inhibits apoptotic cell death of oligodendrocytes
by inhibiting RhoA-JNK3 activation after spinal cord injury. Endocrinology. 2012;153:3815-27.
10.1210/en.2012-1068. [PubMed: 22700771]

Legroux L, Arbour N. Multiple Sclerosis and T Lymphocytes: An Entangled Story. Journal of
neuroimmune pharmacology : the official journal of the Society on Neurolmmune Pharmacology.
2015;10:528-46. 10.1007/s11481-015-9614-0.

Lengfeld J, Cutforth T, Agalliu D. The role of angiogenesis in the pathology of multiple sclerosis.
Vascular cell. 2014;6:23. 10.1186/s13221-014-0023-6. [PubMed: 25473485]

Li JP, Yang CY, Chuang HC, Lan JL, Chen DY, Chen YM, et al. The phosphatase JKAP/DUSP22
inhibits T-cell receptor signalling and autoimmunity by inactivating Lck. Nature communications.
2014;5:3618. 10.1038/ncomms4618.

Li QM, Tep C, Yune TY, Zhou XZ, Uchida T, Lu KP, et al. Opposite regulation of oligodendrocyte
apoptosis by JINK3 and Pin1 after spinal cord injury. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2007;27:8395-404. 10.1523/ineurosci.2478-07.2007.
[PubMed: 17670986]

Martin JH, Mohit AA, Miller CA. Developmental expression in the mouse nervous system of the
p493F12 SAP kinase. Brain Res Mol Brain Res. 1996;35:47-57. 10.1016/0169-328x(95)00181-q.
[PubMed: 8717339]

McGill MM, Richman AR, Boyd JR, Sabikunnahar B, Lahue KG, Montgomery TL, et al. p38 MAP
Kinase Signaling in Microglia Plays a Sex-Specific Protective Role in CNS Autoimmunity and
Regulates Microglial Transcriptional States. Frontiers in immunology. 2021;12:715311. 10.3389/
fimmu.2021.715311. [PubMed: 34707603]

McGill MM, Sabikunnahar B, Fang Q, Teuscher C, Krementsov DN. The sex-specific role of
p38 MAP kinase in CNS autoimmunity is regulated by estrogen receptor alpha. Journal of
neuroimmunology. 2020;342:577209. 10.1016/j.jneuroim.2020.577209. [PubMed: 32200131]

Moreno M, Guo F, Mills Ko E, Bannerman P, Soulika A, Pleasure D. Origins and significance
of astrogliosis in the multiple sclerosis model, MOG peptide EAE. Journal of the neurological
sciences. 2013;333:55-9. 10.1016/j.jns.2012.12.014. [PubMed: 23294494]

Morfini GA, You YM, Pollema SL, Kaminska A, Liu K, Yoshioka K, et al. Pathogenic
huntingtin inhibits fast axonal transport by activating JNK3 and phosphorylating kinesin. Nature
neuroscience. 2009:12:864-71. 10.1038/nn.2346. [PubMed: 19525941]

Morishima Y, Gotoh Y, Zieg J, Barrett T, Takano H, Flavell R, et al. Beta-amyloid induces neuronal
apoptosis via a mechanism that involves the c-Jun N-terminal kinase pathway and the induction
of Fas ligand. The Journal of neuroscience : the official journal of the Society for Neuroscience.
2001;21:7551-60. 10.1523/jneurosci.21-19-07551.2001. [PubMed: 11567045]

Nguyen PL, Bui BP, Duong MTH, Lee K, Ahn HC, Cho J. Suppression of LPS-Induced Inflammation
and Cell Migration by Azelastine through Inhibition of INK/NF-xB Pathway in BV2 Microglial
Cells. International journal of molecular sciences. 2021;22. 10.3390/jjms22169061. [PubMed:
35008458]

Nicolson K, Freland S, Weir C, Delahunt B, Flavell RA, Backstrom BT. Induction of experimental
autoimmune encephalomyelitis in the absence of c-Jun N-terminal kinase 2. Int Immunol.
2002;14:849-56. 10.1093/intimm/dxf051. [PubMed: 12147621]

Reidl LS, Campagnoni CW, Campagnoni AT. Preparation and properties of an immunosorbent
column specific for the myelin basic protein. Journal of neurochemistry. 1981;37:373-80. 10.1111/
j.1471-4159.1981.tb00465.X. [PubMed: 6167677]

J Neuroimmunol. Author manuscript; available in PMC 2024 September 15.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Priego et al.

Page 10

Roca-Rivada A, Marin-Cafias S, Colli ML, Vinci C, Sawatani T, Marselli L, et al. Inhibition of the
type 1 diabetes candidate gene PTPN2 aggravates TNF-a-induced human beta cell dysfunction
and death. Diabetologia. 2023. 10.1007/s00125-023-05908-5.

Ruff CA, Staak N, Patodia S, Kaswich M, Rocha-Ferreira E, Da Costa C, et al. Neuronal c-Jun is
required for successful axonal regeneration, but the effects of phosphorylation of its N-terminus
are moderate. Journal of neurochemistry. 2012;121:607-18. 10.1111/j.1471-4159.2012.07706.x.
[PubMed: 22372722]

Ryan L, Mills KHG. Sex differences regulate immune responses in experimental autoimmune
encephalomyelitis and multiple sclerosis. European journal of immunology. 2022;52:24-33.
10.1002/ejj.202149589. [PubMed: 34727577]

Salvucci O, Ohnuki H, Marie D, Hou X, Li X, Yoon SO, et al. EphrinB2 controls vessel pruning
through STAT1-JNK3 signalling. Nature communications. 2015;6:6576. 10.1038/ncomms7576.

Shin T, Ahn M, Jung K, Heo S, Kim D, Jee Y, et al. Activation of mitogen-activated protein kinases
in experimental autoimmune encephalomyelitis. Journal of neuroimmunology. 2003;140:118-25.
10.1016/s0165-5728(03)00174-7. [PubMed: 12864979]

Ténges L, Planchamp V, Koch JC, Herdegen T, Bahr M, Lingor P. INK isoforms differentially
regulate neurite growth and regeneration in dopaminergic neurons in vitro. Journal of molecular
neuroscience : MN. 2011;45:284-93. 10.1007/s12031-011-9519-1. [PubMed: 21468718]

Trojanowski JQ, Atkinson B, Lee VM. An immunocytochemical study of normal and abnormal human
cerebrospinal fluid with monoclonal antibodies to glial fibrillary acidic protein. Acta cytologica.
1986;30:235-9. [PubMed: 3459324]

Voskuhl RR, MacKenzie-Graham A. Chronic experimental autoimmune encephalomyelitis is an
excellent model to study neuroaxonal degeneration in multiple sclerosis. Frontiers in molecular
neuroscience. 2022;15:1024058. 10.3389/fnmol.2022.1024058. [PubMed: 36340686]

Wang Y, Luo W, Reiser G. Proteinase-activated receptor-1 and —2 induce the release of chemokine
GRO/CINC-1 from rat astrocytes via differential activation of JNK isoforms, evoking multiple
protective pathways in brain. Biochem J. 2007;401:65-78. 10.1042/bi20060732. [PubMed:
16942465]

Yang DD, Kuan CY, Whitmarsh AJ, Rincén M, Zheng TS, Davis RJ, et al. Absence of excitotoxicity-
induced apoptosis in the hippocampus of mice lacking the Jnk3 gene. Nature. 1997;389:865-70.
10.1038/39899. [PubMed: 9349820]

Yang L, Han X, Xing F, Wu H, Shi H, Huang F, et al. Total flavonoids of astragalus attenuates
experimental autoimmune encephalomyelitis by suppressing the activation and inflammatory
responses of microglia via INK/AKT/NF«xB signaling pathway. Phytomedicine. 2021;80:153385.
10.1016/j.phymed.2020.153385. [PubMed: 33091854]

J Neuroimmunol. Author manuscript; available in PMC 2024 September 15.



1duosnuey Joyiny wA 1duosnue Joyiny wA

1duosnue Joyiny YA

Priego et al.

Page 11

Highlights
Roles for c-Jun amino terminal kinase (JNK) isoforms in EAE are not well known.
EAE onset was sooner and severity increased in JNK3 male mice compared to WT mice
In spinal cord, astrocyte and microglial activation was similar
White matter lesions were increased in INK3 EAE mice

These findings suggest JINK3 normally plays protective roles in EAE
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Figure 1. EAE disease is modestly worsened in JNK3 null male mice.

Page 12

days post immunization

>Male WT (n=10, @) and JNK3 null (n=11, O) mice were immunized with MOG 35.55
peptide to develop EAE. (A) The daily incidence of disease was significantly greater in the
JNK3 null mice (p=0.0004, Wilcoxon matched-pairs signed rank test). (B) The average day
of disease onset was shorter in the JINK3 null mice (p<0.05, unpaired T-test). (C) Compared
to WT mice, average daily disease severity was slightly higher in JINK3 null mice, but

this difference did not reach statistical significance. (D) Cumulative disease scores were

significantly higher in the INK3 null mice (mixed-effects model).
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Figure 2. EAE disease is not altered in INK3 null female mice.
Female WT (n=7, @) and JNK3 null (n=5, O) mice were immunized with MOG 35.55

peptide to develop EAE. There were no significant differences observed between the 2
groups for either (A) Daily incidence of disease; (B) Average day of disease onset; (C)
Average daily disease severity; or (D) Cumulative disease scores.
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Figure 3: Effect of INK3 deletion on EAE-induced astrocyte activation.
Representative images of spinal cord sections (lumbar level) from sham and EAE WT male

mice double stained with the nuclear marker DAPI (blue) and with antibody recognizing
the astrocytic marker GFAP. Total spinal cord areas used for quantitation are delineated

by a white line. (A) Compared to sham mice, EAE mice showed an increase in the
percentage of total spinal cord area displaying GFAP immunoreactivity. This increase was
particularly prominent in gray matter (yellow dashed line). (A”) Quantitative data confirms
a significant increase in the percentage of GFAP-immunoreactive spinal cord area in EAE
WT mice, compared to sham WT mice. (B, B”) Quantitative analysis shows similar GFAP-
immunoreactive areas in EAE WT, compared to EAE JNK3 null mice. For panel A, data is
mean + sem % area stained; for panel B, data is relative staining of JINK3 null EAE samples,
compared to WT EAE samples. 7=3-4 mice per genotype; 6-9 sections imaged per mouse.
** p<0.01; *** p<0.001 (unpaired T-tests)
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Figure 4: Effect of INK3 deletion on EAE-induced microglia activation.
Representative images of spinal cord sections (lumbar level) from sham and EAE WT male

mice double stained with the nuclear marker DAPI (blue) and with antibody recognizing
microglial marker Ibal. (A) Compared to sham-treated mice, EAE WT mice showed an
increase in the percentage of total spinal cord area displaying Ibal immunoreactivity. (A’)
The percentage of Ibal-immunoreactive area for the entire spinal cord was significantly
increased in EAE WT mice, compared to sham WT mice. As observed for GFAP, no
differences in Ibal-stained areas were observed between EAE WT JNK3 null mice (B, B’).
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Figure 5: Effect of INK3 deletion on EAE-induced white matter spinal cord lesion size.
Representative images of spinal cord sections (lumbar level) from sham and EAE WT male

mice (A) and EAE WT and JNK3 null mice (B). Sections were double stained with the
nuclear marker DAPI (blue) and with an antibody recognizing myelin basic protein to help
delineate white matter (WM, dashed yellow line). (A, A’) Compared to sham WT mice,
EAE WT mice showed an increase in total white matter lesion areas. (B, B”) Compared to
EAE WT mice, the area covered by DAPI-positive lesions in white matter was significantly
higher in EAE JNK3 null mice. For panel A’, data is mean + sem lesion volume. For panel
B’, data is relative lesion area of samples from EAE JNK3 null mice compared to EAE WT
mice. 77=3-4 mice per genotype; 6-9 sections imaged per mouse. *, p<0.05; **** p<0.0001
(unpaired T-tests).
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