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Abstract

Interstitial cystitis is associated with neurogenic inflamma-
tion and neuropathic bladder pain. Dual leucine zipper ki-
nase (DLK) expressed in sensory neurons is implicated in
neuropathic pain. We hypothesized that neuronal DLK is in-
volved in the regulation of inflammation and nociceptive
behavior in cystitis. Mice deficient in DLK in sensory neurons
(cKO) were generated by crossing DLK floxed mice with mice
expressing Cre recombinase under Advillin promoter. Cysti-
tis was induced by cyclophosphamide (CYP) administration
in mice. Nociceptive behavior, bladder inflammation, and
pathology were assessed following cystitis induction in con-
trol and cKO mice. The role of DLK in CYP-induced cystitis
was further determined by pharmacological inhibition of
DLK with GNE-3511. Deletion of neuronal DLK attenuated
CYP-induced pain-like nociceptive behavior and suppressed
histamine release from mast cells, neuronal activation in the
spinal cord, and bladder pathology. Mice deficient in neuro-
nal DLK also showed reduced inflammation induced by CYP

and reduced c-Jun activation in the dorsal root ganglia
(DRG). Pharmacological inhibition of DLK with GNE-3511 re-
capitulated the effects of neuronal DLK depletion in CYP
treatment mice. Our study suggests that DLK is a potential
target for the treatment of neuropathic pain and bladder pa-

thology associated with cystitis. © 2021 The Author(s).

Published by S. Karger AG, Basel

Introduction

Interstitial cystitis or painful bladder syndrome is an
idiopathic condition of the bladder that has multiple clin-
ical manifestations such as urinary urgency and frequen-
cy and discomfort in the pelvic and bladder region. The
disease affects approximately 10.6/10,000 of the popula-
tion with more females affected and adversely impacts
patients’ daily life [1]. Although the cause of the disease
is largely unknown, potential etiologies include neuro-
genic inflammation and mast cell activation [2, 3].

Mast cells play an important role in the pathogenesis
of interstitial cystitis with their number elevated in blad-
der tissue of patients with the disease [4]. These cells are
involved in pain regulation by triggering inflammation
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[5, 6]. Mice deficient in mast cells showed abrogation of
bladder pathophysiology and pelvic pain induced by
pseudorabies virus [4]. Upon degranulation induced by
various stimuli such as damage to the nerve, mast cells
release histamine to mediate neuropathic pain [7]. Along
with accumulation of mast cells, increased levels of hista-
mine metabolites are detected in the urine of patients
with interstitial cystitis [8]. Previous studies have revealed
that histamine released from mast cells is implicated in
the pain behavior of a mouse model of cystitis and a
mouse with disrupted histamine receptor showed re-
duced pelvic pain [4]. In fact, increased urinary histamine
is used as a factor for the diagnosis of interstitial cystitis
[9].

Additionally, neuronal activation as indicated by c-
Fos expression and elevated inflammatory responses in-
cluding neutrophil migration and increased cytokine
production are also implicated in cystitis pathogenesis
[10]. In the mouse model of cyclophosphamide (CYP)-
induced cystitis, CYP induced upregulation of c-Fox ex-
pression in the spinal cord, increased myeloperoxidase
(MPO) activity which is an indication of neutrophil ac-
cumulation, and promoted production of proinflamma-
tory cytokines, including interleukin (IL)-1{3 and tumor
necrosis factor (TNF)-a.

In this study, we aimed to determine the intracellular
signaling implicated in the pathophysiology of cystitis
and to seek for a potential therapeutic target that may al-
leviate bladder pain and neurogenic inflammation in cys-
titis. One such potential signaling molecule is the dual
leucine zipper kinase (DLK), also known as mitogen-ac-
tivated protein kinase 12 (MAP3K12). DLK is a multi-
functional protein implicated in a wide range of patho-
physiological conditions of neurons including neuro-
pathic pain, axonal degeneration and regeneration, and
neuronal survival and death following nerve injury [11,
12]. Pharmacological inhibition and genetic ablation of
DLK have been shown to alleviate nerve injury-induced
mechanical hypersensitivity [11]. Deletion of DLK in sen-
sory neurons using Wntla-Cre-mediated recombination
suppresses neuroinflammation by inhibition of cytokine
and chemokine production [13].

We hypothesized that DLK in sensory neurons is in-
volved in the pathophysiology of interstitial cystitis and
that specific depletion of DLK in sensory neurons may
suppress bladder pain and alleviate bladder pathology by
suppressing neuroinflammation and neuronal activation.
We tested our hypothesis by investigating the effect of
DLK conditional deletion in sensory neurons by Advillin-
Cre (Adv-Cre)-mediated recombination on CYP-in-
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duced cystitis in mice and explored the potential mecha-
nism underlying DLK-mediated regulation in bladder
pain. We also confirmed our findings with pharmacolog-
ical inhibition of DLK using GNE-3511. GNE-3511 is a
specific DLK inhibitor with a low Ki of 0.5 nM that has
been shown to exert dramatic protection of neurons from
degeneration both in vitro and in vivo [14] and attenuate
neurodevelopmental and behavioral defects [15] and
neuropathic pain [11], with prospective therapeutic po-
tential in multiple indications.

Materials and Methods

Mice

A cystitis mouse model was generated by a single intraperito-
neal injection of CYP at the dose of 300 mg/kg in saline according
to a previous procedure [10]. Mice were subjected to behavioral
assessment at indicated time points and were sacrificed for bio-
chemical and histological analyses at 6 h following CYP injection.

To specifically delete DLK in sensory neurons, DLK"! mice
with a background of C57BL/6 ] were generated by Biocytogen
(Beijing, China) as described previously [13]. Adv-Cre mice (ID:
032536; The Jackson Laboratory) were purchased from The Jack-
son Laboratory. DLK female mice were crossed with Adv-Cre
mice to obtain Adv-Cre:DLK (cKO) mice so that Cre-recombi-
nase-mediated recombination is confined to the peripheral sen-
sory neurons [16]. DLKY! (WT) mice were used as control. For
breeding, cKO male mice were crossed with WT female mice.

To determine the effect of DLK inhibition in mice with cystitis, a
single dose of DLK inhibitor GNE-3511 (Catalog No. HY-12947; Med-
ChemExpress) was administered at a dose of 75 mg/kg with 10 mg/kg
of 7.5 mg/mL GNE-3511 solution by oral gavage at 2 h prior to CYP
injection [11]. Mice were housed in an environmentally controlled fa-
cility with a 12 h/12 hlight/dark cycle and free access to water and food.
All procedures were approved by the ethics committee of Renji Hos-
pital, School of Medicine, Shanghai Jiao Tong University.

Assessment of Nociceptive Behavior

Nociceptive behavior and referred hyperalgesia in cystitis mice
were assessed according to a previous procedure [17]. Nociceptive
behavior was examined at 3.5-4 h after CYP injection. In brief,
mice were acclimated on a raised wire mesh for 1 h prior to obser-
vation. Nociceptive behavior was defined as licking of the external
urethral opening by the mice. The number of nociceptive behav-
iors was counted for 30 min. Following the assessment of nocicep-
tive behavior, mice were subjected to the von Frey test to assess
referred hyperalgesia. In brief, 4 von Frey filaments with strengths
0£0.008,0.07, 0.4, and 1.0 g, respectively, were used sequentially to
mechanically stimulate the mice between the urethral opening and
the anus. Referred hyperalgesia was scored by the following crite-
ria: a score of 0 indicates that the experimental mouse showed no
response at the stimulation; a score of 1 indicates that the mouse
bit or licked the area at or around the external urethral opening,
bent the trunk, thrashed limbs, raised upper body, and left the po-
sition; and a score of 2 indicated that the mouse jumped. Each
mouse was stimulated with the same von Frey filament for 10
times, and the total score was recorded.
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Mast Cell Quantification

Mast cells were visualized through acidified toluidine blue
staining as described previously [4]. In brief, bladder tissues were
isolated from experimental mice, fixed, embedded in paraffin, sec-
tioned, and stained with acidified toluidine blue. Toluidine-blue-
positive cells were counted from 2 sections, and the average num-
ber was used for each mouse.

Enzyme-Linked Immunosorbent Assay

The levels of monocyte chemoattractant protein-1 (MCP-1),
IL-183, and TNF-a in bladder tissue and histamine in urine were
determined by ELISA using relative ELISA kits according to the
instructions provided by the manufacturer (R&D Systems, Min-
neapolis, MN, USA). For ELISA of MCP-1, IL-1£3, and TNF-aq, the
bladder tissues were isolated from experimental mice and homog-
enized in lysis buffer provided in the ELISA kit. For ELISA of his-
tamine, urine was collected from experimental mice and diluted in
the buffer provided in the ELISA kit.

Immunohistochemistry

Neuronal activity in the spinal cord was assessed by c-Fos ex-
pression as described previously [13]. In brief, 6 h following CYP
administration, mice were perfused under anesthesia and the spi-
nal cord was isolated and postfixed in 4% paraformaldehyde. After
dehydration with 30% sucrose, L5 spinal cord cryosections were
stained with anti-c-Fos antibody (Catalog No. 2250; Cell Signaling
Technology) and secondary antibody conjugated to fluorescent
dye. c-Fos-stained sections were imaged under a fluorescent mi-
croscope, and the number of c-Fos-positive cells in each section
was counted.

To determine c-Jun activation in dorsal root ganglion (DRG)
neurons, L5 DRGs were dissected out from relevant mice following
perfusion. After postfixation, dehydration, and cryosectioning,
DRG sections were costained with p-c-Jun (Catalog No. 9146; Cell
Signaling Technology) and NeuN (Catalog No. MAB377; Milli-
poreSigma) primary antibodies and corresponding fluorescent
secondary antibodies. DRG sections were then imaged under a flu-
orescent microscope, and the number of p-c-Jun-positive neurons
was counted.

Bladder Edema and Hemorrhage Assessment

Following indicated treatments in respective mice, the bladder
was dissected, weighed, and grossly evaluated in aspects of edema
and hemorrhage according to a previous study [10]. In brief, blad-
der edema was assessed according to the following grading criteria:
a score of 3 was assigned to severe edema with fluid detected in the
bladder walls; a score of 2 was assigned to moderate edema with
fluid detected only in the internal mucosa; a score of 1 was assigned
to mild edema with little fluid detected; and a score of 0 was as-
signed to normal bladder tissue in the absence of edema. Bladder
hemorrhage was graded as follows: a score of 0 indicated absence
of bleeding, a score of 1 indicated bladder vascular dilatation, a
score of 2 indicated presence of mucosal hematomas, and a score
of 3 indicated findings of intravesical clots.

MPO Activity Assay

MPO activity in the bladder was assessed to determine recruit-
ment of neutrophils to the bladder as described previously [10]. In
brief, the bladders from the experimental mice were extracted and
homogenized. After centrifugation at 4°C for 15 min at 4,000 g, the
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supernatant was discarded and the homogenate was resuspended
with hexadecyltrimethyl ammonium bromide buffer. Following
another centrifugation at the same conditions, MPO assay was per-
formed by mixing the supernatant (25 pL per sample) with a solu-
tion containing 0.3 mM hydrogen peroxide, 80 mM NaPOy, and 1.6
mM tetramethylbenzidine. The optical density was acquired by
measuring the absorbance at 595 nm.

Western Blot

The protein levels of phosphorylated c-Jun and total c-Jun were
assessed by Western blot assay as described previously [17]. In brief,
L5 DRGs were extracted at 6 h following CYP treatment and homog-
enized in radioimmunoprecipitation buffer containing 0.1% SDS,
0.5% sodium deoxycholate, and 1% Igepal CA-630 in phosphate-
buffered saline supplemented with protease and phosphatase inhibi-
tors. Proteins were separated in a sodium dodecyl sulfate (SDS)-poly-
acrylamide gel, transferred onto a polyvinylidene fluoride mem-
brane, and incubated in a primary antibody at 4°C overnight. After
incubation in corresponding horseradish peroxidase-conjugated
secondary antibodies, proteins were shown by an enhanced chemi-
luminescence detection reagent. Primary antibodies used in this
study include anti-p-c-Jun (Catalog No. 9146; Cell Signaling Tech-
nology), anti-c-Jun (Catalog No. 9165; Cell Signaling Technology),
and anti-f3-actin (Catalog No. ab6276; Abcam). All antibodies were
purchased from Abcam (Cambridge, MA, USA).

Statistical Analysis

Differences between 2 indicated groups were assessed by Stu-
dent’s two-sided ¢ tests or one-way ANOVA analysis with Tukey’s
post hoc test through GraphPad Prism. The sample size is given in
figure legends. Each n represents the number of mice used in the
experiment. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

Deletion of Neuronal DLK Attenuates CYP-Induced

Pain-Like Nociceptive Behavior

To determine the role of neuronal DLK in CYP-in-
duced cystitis in mice, we generated DLKY mice, spe-
cifically ablated DLK in sensory neurons by Advillin-Cre-
mediated recombination [16], and induced cystitis by in-
traperitoneal injection of CYP. We then assessed
nociceptive behavior in these mice and relevant control
mice at 3.5 h following CYP administration. Consistent
with the presence of bladder pain, CYP treatment in WT
mice substantially increased the number of nociceptive
behaviors within the 30-min observation window com-
pared to vehicle-treated WT mice (Fig. 1a). Vehicle treat-
ment in cKO mice with DLK deletion in sensory neurons
did not significantly impact nociceptive behavior com-
pared to vehicle-treated WT mice. Importantly, DLK ab-
lation in sensory neurons significantly reduced the num-
ber of nociceptive behaviors compared to that of WT
mice following CYP treatment.
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Immediately after assessing nociceptive behavior,
mice were subjected to von Frey assay to evaluate referred
hyperalgesia. Four von Frey filaments of different
strengths were used to stimulate the mice with 10 chal-
lenges for each filament. Similarly, we found that CYP
administration lead to increased nociceptive score com-
pared to vehicle treatment during all challenges (Fig. 1b-
e) and neuronal ablation of DLK did not induce hyperal-
gesia in vehicle-treated mice. Consistent with suppres-
sion of nociceptive behavior, DLK cKO mice showed
significantly reduced nociceptive scores after CYP treat-
ment. Taken together, ablation of DLK in sensory neu-
rons attenuated pain-like nociceptive behavior in the
mouse model of CYP-induced cystitis.

Neuronal DLK Modulates Histamine Release and

Spinal Neuron Activation in Mice with CYP-Induced

Bladder Pain

We next determined that histopathological mechanism
underlying neuronal DLK ablation induced attenuation of
pain-like nociceptive behavior in mice treated with CYP.
We asked whether neuronal DLK was involved in the reg-
ulation of histamine release from mast cells that are im-
portant for the pathogenesis of cystitis. To address this
possibility, we first examined the level of mast cells in the
bladder tissue of DLK ¢cKO mice collected at 6 h after CYP
administration. Quantification of mast cells labeled with
toluidine blue showed that CYP significantly elevated the
number of mast cells in WT bladder tissue compared to
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vehicle treatment (Fig. 2a). Vehicle treatment in mice de-
ficient in neuron DLK did not significantly change the lev-
el of mast cells compared to that of WT mice. Important-
ly, deletion of DLK in sensory neurons significantly re-
duced the number of mast cells in mice treated with CYP.

We then assessed the levels of histamine in the urine of
the experimental mice. We found that in WT mice, CYP
treatment drastically increased histamine level compared to
vehicle treatment. Vehicle treatment in mice with condi-
tional depletion of neuronal DLK did not show significant
difference in urine histamine level compared to WT mice
(Fig. 2b). On the other hand, mice deficient in neuronal
DLK showed significantly reduced histamine in the urine
after CYP treatment compared to CYP-treated WT mice.

Additionally, we assessed c-Fos expression in cKO
mice treated with CYP to determine neuronal activation
(Fig. 2¢). Consistent with a previous finding, CYP treat-
ment significantly increased the number of c-Fos-posi-
tive cells in the spinal cord of WT mice (Fig. 2d). We
found that neuronal ablation of DLK had no impact on
neuronal activation in vehicle-treated mice. However,
loss of neuronal DLK significantly suppressed CYP-in-
duced neuronal activation manifested by reduced c-Fos-
positive cells.

Deletion of Neuronal DLK Suppressed CYP-Induced

Edema and Hemorrhage in the Bladder

We confirmed that CYP treatment in WT mice showed
increased bladder weight (Fig. 3b), edema (Fig. 3a, c¢), and
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Fig. 2. Deletion of neuronal DLK attenu-
ates pain-like nociceptive behavior by
modulating the release of histamine and
the activation of spinal neuron. Cystitis was
induced by CYP treatment on WT and
cKO mice (a-d). Bladder tissues from WT
and cKO mice were harvested for assay 6 h
after cystitis induction, and mast cells were
quantified in paraffin sections following
toluidine blue staining (a). The level of uri-
nary histamine was evaluated by ELISA
(b). L5 spinal cords from WT and ¢KO
mice were harvested for c-Fos staining 6 h
after CYP treatment (c-d), and the repre-
sentative images are shown (c), and c-Fos-
positive cells were counted (d). n = 6. Sig-
nificance was evaluated between WT and
cKO groups in the same conditions. **p <
0.01 and ***p < 0.001. Error bars represent
SEM. ns, not significant; DLK, dual leucine
zipper kinase; CYP, cyclophosphamide.

Fig. 3. Deletion of neuronal DLK decreases
edema and hemorrhage caused by CYP.
Bladder tissues from WT and cKO mice
were harvested after cystitis induction (a-
d). a The representative HE images of blad-
der morphology. The wet weight of empty
bladder (b), macroscopic edema (c), and
hemorrhage (d) were evaluated. n = 6. Sig-
nificance was evaluated between WT and
cKO groups in the same conditions. **p <
0.01 and ***p < 0.001. Error bars represent
SEM. ns, not significant; DLK, dual leucine
zipper kinase; CYP, cyclophosphamide.
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hemorrhage (Fig. 3a, d). Vehicle treatment in mice defi-
cient in neuronal DLK had no impact on the overall blad-
der morphology and gross assessment. Importantly, dele-
tion of neuronal DLK partially but significantly protected
mice from CYP-induced edema and hemorrhage and the
bladder weight in CYP-treated cKO mice was also lower

than that of CYP-treated WT mice.

Neuronal Dual Leucine Zipper Kinase
Mediates Inflammation

Deletion of Neuronal DLK Alleviated CYP-Induced

Inflammation

We assessed bladder tissue inflammation in WT and
DLK cKO mice treated with vehicle or CYP. CYP treat-
ment leads to increased MPO activity, an indication of
neutrophil migration, in the bladder tissue [10]. Simi-
larly, in WT mice, we also detected an elevation of MPO
activity following CYP treatment compared to vehicle-

J Innate Immun 2021;13:259-268 263
DOI: 10.1159/000514545



120 - N 2500 1 gy
[
;5 2,000 B cKO
=9 c g
£ 2 80 2
2.8 .y 3 2 1,500 *%k
. ) . s o ns <o
Fig. 4. Deletion of neuronal DLK alleviates oy £ E 1,000
inflammation caused by CYP. WT and S5 407 - 8
cKO mice were treated by vehicle and CYP, S 500 1
and bladder tissues were harvested 6 h 0 = 0 ns
posttreatment (a-d). MPO activity was de- a Vehicle cYP b Vehicle CYP
termined as described in Materials and
Methods (a). The expression level of MCP- 60 - 500 -
1 (b), TNF-a (c), and IL-113 (d) in bladder N i T
tissues was determined by ELISA. n = 6. g — g 400 "
Significance was evaluated between WT = % 40 4 sk = %
and cKO groups in the same conditions. ‘% = 2.2 300+
*p < 0.05and **p < 0.01. Error bars repre- g g g 200 -
sent SEM. ns, not significant; DLK, dual > é 20 X g‘- ns
leucine zipper kinase; CYP, cyclophospha- £ e S 100+
mide; MPO, myeloperoxidase; MCP-1, = ﬂj - ﬂj
mn-1- O 1 T 0 B T
monocyte chemoatFractant proteln. I c Vehicle cyp d Vehicle cyp
TNF-a, tumor necrosis factor-a; IL-18, in-
terleukin-183.
Vehicle cvp Vehicle Vehicle
WT cKO WT cKO
§ z
>
(]
z
+
z
-]
LS
a
807 Owr
R B KO
g 60
S z
5 3
2 40 A z
" +
S z
Q. T
ns KKKk Y
0
[4 Vehicle Cyp
b

Fig. 5. DLK mediates the activation of c-Jun in DRG upon CYP
treatment. WT and cKO mice were treated by vehicle and CYP,
and DRGs were harvested 6 h posttreatment (a-c). L5 DRGs were
harvested for immunoblotting on p-c-Jun, and 1 representative
sample from 4 samples is presented (a). n = 4. Also, L5 DRGs
were harvested for immunohistochemical staining on p-c-Jun
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and NeuN, and 1 representative image is presented (b), and p-c-
Jun* neurons were counted (c). n = 6. Significance was evaluated
between WT and cKO groups in the same conditions. ****p <
0.0001. Error bars represent SEM. ns, not significant; DLK, dual
leucine zipper kinase; CYP, cyclophosphamide; DRG, dorsal root
ganglia.
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Fig. 6. Inhibition of DLK attenuates pain-like nociceptive behavior
caused by CYP. DLK inhibitor GNE-3511 was administered 2 h
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3.5-4 h after CYP treatment (a). Hyperalgesia under different von
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treated mice (Fig. 4a) and deletion of neuronal DLK
prevented this CYP-induced MPO activation, while ve-
hicle treatment in cKO mice had no impact on MPO
activity.

We then measured cytokine and chemokine levels in
bladder tissue. Consistently, we found that CYP treat-
ment increased MCP-1 (Fig. 4b), TNF-a (Fig. 4c), and
IL-183 (Fig. 4d) levels in WT mice. Vehicle treatment
had no impact on bladder inflammation in mice with
conditional deletion of DLK in sensory neurons. Im-
portantly, these cytokine and chemokine levels were
significantly lowered in CYP-treated cKO mice com-
pared to those in CYP-treated WT mice, indicating that
conditional DLK deletion prevented CYP-induced
bladder inflammation.

Neuronal Dual Leucine Zipper Kinase
Mediates Inflammation

4 h after CYP treatment. n = 10. Significance was evaluated be-
tween vehicle and GNE-3511 groups in the same conditions. **p <
0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent SEM.
ns, not significant; DLK, dual leucine zipper kinase; CYP, cyclo-
phosphamide.

DLK Mediates CYP-Induced Activation of c-Jun in

Dorsal Root Ganglia

We further investigated potential intracellular signal-
ing regulated by DLK during CYP-induced pain and in-
flammation. We hypothesized that c-Jun is involved in
loss of neuronal-DLK-mediated suppression of CYP-in-
duced pain and inflammation. To test this hypothesis, we
examined the level of c-Jun phosphorylation in the DRGs
of WT and cKO mice treated with vehicle or CYP. West-
ern blot showed a strong induction of p-c-Jun in the
DRGs of WT mice following CYP treatment, which was
absent in cKO mice treated with CYP (Fig. 5a). To con-
firm this finding, we stained DRG sections with p-c-Jun
and Tujl antibodies to label neuronal cells expressing p-
c-Jun (Fig. 5b). We found that, consistently, CYP treat-
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Fig. 7. Inhibition of DLK decreases edema and hemorrhage caused
by CYP. Bladder tissues from vehicle- and GNE-3511-treated mice
were harvested after cystitis induction (a-c). Also, wet weight of
empty bladder (a), macroscopic edema (b), and hemorrhage (c)

ment elicited a drastic increase in the ratio of p-c-Jun-
positive neurons which was absent in mice deficient in
neuronal DLK (Fig. 5¢).

DLK Inhibition Suppressed CYP-Induced Pain-Like

Nociceptive Behavior in Mice

To confirm the role of DLK in CYP-induced cystitis in
mice, we inhibited DLK with a DLK inhibitor GNE-3511
and assessed CYP-induced pain-like nociceptive behav-
ior. We found that GNE-3511 treatment alone had no
significant impact on the number of nociceptive behavior
(Fig. 6a) or nociceptive score during the von Frey assay
(Fig. 6b—e). Importantly, administration of GNE-3511 in
CYP-treated mice significantly reduced the number of
nociceptive behavior as well as nociceptive score, suggest-
ing that inhibition of DLK by GNE-3511 suppressed
CYP-induced nociceptive behavior in mice.

DLK Inhibition Suppressed CYP-Induced Edema and

Hemorrhage in Mouse Bladder

Finally, we assessed the effects of DLK inhibition on
CYP-induced bladder edema and hemorrhage. Consis-
tent with DLK deficiency in sensory neurons, inhibition
of DLK by GNE-3511 had no impact on bladder weight
(Fig. 7a) and did not induce bladder edema (Fig. 7b) or
hemorrhage (Fig. 7c). On the other hand, CYP-induced
increase in bladder weight, bladder edema, and hemor-
rhage was partially and significantly suppressed by GNE-
3511, suggesting that pharmacological inhibition of DLK
alleviated CYP-induced bladder pathology.
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were evaluated. n = 6. Significance was evaluated between vehicle
and GNE-3511 groups in the same conditions. *p < 0.05 and **p <
0.01. Error bars represent SEM. ns, not significant; DLK, dual leu-
cine zipper kinase; CYP, cyclophosphamide.

Discussion

In this study, using a mouse model of CYP-induced
cystitis, we have explored the role of DLK in the patho-
genesis of bladder pain. We show here that genetic abla-
tion of DLK in sensory neurons or pharmacological inhi-
bition of DLK suppressed pain-like nociceptive behavior
and alleviated bladder pathology in mice treated with
CYP. Deletion of neuronal DLK reduced mast cells in
bladder tissue, suppressed histamine release to the urine,
inhibited neuronal activation in the spinal cord, and sup-
pressed inflammatory responses. Our findings in the in-
volvement of DLK in CYP-induced cystitis were also con-
firmed by pharmacological inhibition of DLK. We showed
that c-Jun signaling in DRG might be involved in the
pathogenesis of CYP-induced cystitis. Our results, thus,
for the first time reveal a critical role of the DLK signaling
in sensory neurons in mediating the pathogenic process
of cystitis induced by CYP treatment. Our findings with
both pharmacological inhibition and genetic ablation of
DLK demonstrate that DLK signaling at least partially
contributes to the inflammatory responses and nocicep-
tive behavior in mice with cystitis.

Consistent with the neurogenic inflammation and
neuropathic pain caused by cystitis, it is notable that abla-
tion of DLK in sensory neurons is sufficient to alleviate
bladder pain and inflammation. This is in line with our
observation of reduced c-Fos expression and hence re-
duced neuron activation in the spinal cord. c-Fos expres-
sion has long been regarded as a marker for activated spi-
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nal nociceptive neurons in pain models [18]. Nociceptor
sensory neurons are an important mechanism in the pro-
tection of organisms, and they elicit pain in order to pre-
vent danger [19]. Bladder pain in patients with interstitial
cystitis is associated with neuropathic pain [20]. Previous
studies have shown that several proteins expressed in sen-
sory neurons such as transient receptor potential an-
kyrin-1 and Adral play important roles in bladder pain
[21], suggesting that sensory neurons may be involved in
bladder pain associated with cystitis. Consistent with this
possibility, our study showed that specific deletion of
DLK in sensory neurons was sufficient to alleviate CYP-
induced bladder pathology.

While the exact cause of cystitis is not clear, several
pathophysiology mechanisms have been proposed and
mast cell activation is one potential mechanism. Increased
mast cell count has been detected in conditions with over-
active bladder including interstitial cystitis [22]. The che-
mokine MCP-1, which is elevated in the bladder tissue
and urine samples of patients with interstitial cystitis, is
important for the degranulation and hence activation of
mast cells [23]. In a rat model of cystitis induced by prot-
amine sulfate and lipopolysaccharide, along with mast
cell activation, MCP-1 is upregulated which is accompa-
nied with and important for increased release of hista-
mine from mast cells [24]. Consistently, in our mouse
model of cystitis induced by CYP, we also detected a sig-
nificant increase in mast cell counts as well as increased
levels of MCP-1 in bladder tissue and histamine in urine,
which were suppressed by DLK deletion in sensory neu-
rons. Mast cells are a critical component of the immune
system, playing important roles in inflammatory re-
sponses [25]. Along with the changes in mast cell counts
in patients with cystitis and animal models of cystitis, we
also observed a drastic upregulation of proinflammatory
cytokines including TNF-a and IL-183 as well as neutro-
phil accumulation in the bladder tissue in response to
CYP administration in mice. Our important finding that
depletion of neuronal DLK alleviated CYP-induced in-
flammation suggests that DLK may be involved in neuro-
genic inflammation in cystitis and that inhibition of DLK
may be an effective therapeutic strategy for cystitis.

In an effort to explore the intracellular signaling down-
stream of DLK in mediating the effect of DLK depletion
in CYP-treated mice, we assessed c-Jun activation. Previ-
ously, it has been shown that deletion of DLK in sensory
neurons by Wntla-Cre-mediated recombination lead to
reduced c-Jun phosphorylation and hence reduced c-Jun
activation following sciatic nerve injury [13]. Similarly,
we also observed suppression of c-Jun activation induced

Neuronal Dual Leucine Zipper Kinase
Mediates Inflammation

by DLK deletion in mice with cystitis. Although beyond
the scope of our current study, it is of great interest to un-
derstand the more detailed intracellular molecular mech-
anism underlying DLK-mediated pain regulation in cys-
titis. This will be one focus of our future study, and we will
also explore how modulation of other signaling compo-
nents downstream of DLK will impact bladder pain as-
sociated with cystitis. Doing so may promote the identi-
fication of more therapeutic targets for the treatment of
bladder pain associated with cystitis. Nevertheless, our
finding that depletion of neuronal DLK alleviated noci-
ceptive behavior together with the previous finding that
DLK deletion blocks development of neuropathic pain
induced by sciatic nerve injury suggests that suppressing
DLK may be an effective therapeutic strategy for treat-
ment of neuropathic pain in patients with cystitis or oth-
er nerve injuries [11]. In fact, we found that administra-
tion of a pharmacological inhibitor of DLK was sufficient
to alleviate CYP-induced pain-like nociceptive behavior
and bladder pathology including edema and hemorrhage,
confirming the potential of DLK inhibition as a therapeu-
tic strategy. Consistently, previous studies also suggest in-
volvement of DLK in neuronal degeneration and a neu-
roprotective role of DLK deletion in neurodegenerative
diseases [12, 26].

Conclusion

In summary, we for the first time identified a connec-
tion between DLK in sensory neurons and bladder pain
associated with CYP-induced cystitis. Our finding that
DLK inhibition not only alleviates bladder pain but also
suppresses neurogenic inflammation warrants further in-
vestigation of DLK inhibition as an intervention for cys-
titis and other neuropathic pain disorders.
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