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Purpose: To examine (1) whether spinal cord injury (SCI) time-dependently increases the severity of autonomic
dysreflexia (AD) and expression levels of bladder nerve growth factor (NGF) protein, and (2) whether local sup-
pression of NGF in the bladder improves SCI-induced AD in rats.
Materials and methods: SCI was produced by the transection of the T2/3 spinal cord in female Sprague-Dawley
rats. At 4 or 8 weeks after SCI, differences in the mean arterial blood pressure (ΔMAP) and heart rate (ΔMHR)
during graded increases in intravesical pressure to 20, 40 and 60 cm H2O from those before bladder distention
andNGF protein levels in the bladderwall were evaluated in spinal intact and SCI rats under urethane anesthesia.
Seven weeks after SCI liposome-NGF antisense conjugates were administered intravesically to the animals. At
1 week after intravesical treatment (8 weeks after SCI), ΔMAP and ΔMHR during bladder distention and bladder
NGF protein expression were evaluated.
Results: The ΔMAP and ΔMHR were increased in a graded manner in response to bladder distention at
intravesical pressures of 20, 40 and 60 cm H2O in SCI rats. These AD-like cardiovascular responses and NGF pro-
tein expression in the bladder mucosal and muscle layers were increased after SCI in a time-dependent manner.
The liposome-NGF antisense treatment significantly reduced the NGF protein overexpression in the mucosal
layer of SCI rat bladder and reduced ΔMAP and ΔMHR elicited by bladder distention.
Conclusions: These results indicate that the duration of the post-SCI recovery period affects the severity of AD in-
duced by bladder distention aswell as the level of bladder NGF protein, and that local suppression of NGF expres-
sion in the bladder reduces SCI-induced AD. Thus, Intravesical application of liposome-NGF antisense conjugates
can be a new effective therapy for bladder distention-induced AD after SCI.
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1. Introduction

Autonomic dysreflexia (AD) is a serious complication in persons
with spinal cord injury (SCI) above the mid-thoracic spinal cord level.
It is a potentially life-threatening medical emergency that induces un-
controlled sympathetic activity resulting in hypertension and bradycar-
dia, and the source of stimulation initiating AD is bladder distention in
up to 85% of cases, followed by colorectal distention in 13% of cases
(Furusawa et al., 2011; Khastgir et al., 2007; Krassioukov et al., 2009).
Clinically, episodes of AD usually occur within the first 6 to 12 months
after injury (Colachis, 1991), and the blood pressure response during

bladder distention induced during urodynamics or cystoscopy, is more
severe after post SCI recovery periods N2 years than after recovery pe-
riods b2 years (Liu et al., 2013; Otani et al., 1985). Neurogenic lower uri-
nary tract dysfunction, after SCI, presentswith detrusor overactivity and
detrusor-sphincter dyssynergia (DSD), which result in inefficient
voiding and bladder wall tissue remodeling such as hypertrophy and fi-
brosis (de Groat and Yoshimura, 2010; Kadekawa et al., 2016). It has
been demonstrated that, in SCI rats with spinal cord transection at the
T4 level, DSD and AD are correlated, as evidenced by increases of elec-
tromyography activity of pelvic floor muscles during voiding contrac-
tion, elevations of mean blood pressure and decreases of mean heart
rate at cystometric capacity (Rivas et al., 1995). Therefore, inefficient
voiding and high intravesical pressure, induced by DSD after SCI, are
likely to be involved in the emergence of AD. In addition, the temporal
changes in AD during colorectal distention in SCI rats with T3
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transection has been shown by time-dependent increases in arterial
pressure by 22 ± 3 and 49 ± 5 mm Hg accompanied by bradycardia
at 7 and 30 days after SCI, respectively (Krassioukov and Weaver,
1995). Thus, it is assumed that the severity of AD may be time-depen-
dent after SCI; however, a clinically relevant animal model of bladder
distention-induced AD, which shows the time-dependent progression
after SCI, has not been established.

Amajormechanism underlying the emergence of AD is the develop-
ment of a vesico-cardiovascular reflex triggered by activation of bladder
afferents during bladderfilling, which facilitates sympathetic nerve out-
flow via spinal reflexes below the level of injury and causes widespread
vasoconstriction and hypertension that then triggers bradycardia due to
activation of the vagal nerve-mediated baroreceptor reflex (Blackmer,
2003). Our recent study in SCI rats also revealed that AD induced by
bladder distention is mediated by activation of resiniferatoxin-sensitive
C-fiber afferents and is accompanied by increased expression of nerve
growth factor (NGF) in the bladder wall and increased transient recep-
tor potential (TRP) V1 channels in bladder afferent neurons (Yoshizawa
et al., 2015). NGF overexpression in the bladder wall as well as in the
spinal cord and dorsal root ganglia (DRG) after SCI is thought to be a
major contributor to the induction of bladder afferent hyperexcitability
and bladder overactivity (Seki et al., 2002; Yoshimura et al., 2006) as
well as to AD during colon distention (Krenz et al., 1999). In addition,
intravesical botulinum toxin treatment reportedly reduces arterial pres-
sure responses during bladder contractions in association with a de-
creased NGF expression in the bladder and DRG of SCI rats (Elkelini et
al., 2012). Taken together, these findings suggest that suppression of
NGF expression in the bladder wall after SCI could reduce bladder affer-
ent hyperexcitability, leading to a reduction in AD induced by a vesico-
cardiovascular reflex during bladder distention.

A recent randomized double-blind placebo controlled phase 2 study,
which examined the effects of tanezumab, an NGF monoclonal anti-
body, on clinical symptoms in patients with bladder pain syndrome
showed that systemic application of the antibody significantly im-
proved the symptoms (Evans et al., 2011); however, another clinical
trial reported systemic adverse effects such as paresthesia, hypoesthesia
and arthralgia,which led the FDA to terminate other trials using system-
ic application of NGF antibodies (Wood, 2010). Therefore, the site-spe-
cific reduction of NGFwould be desirable to reduce the intrinsic toxicity
from systemic blockade of NGF.

We recently reported that intravesical treatment with liposome-
NGF antisense conjugates can deliver the NGF antisense to the bladder
urothelium (Kashyap et al., 2013) and suppress the level of urothelial
NGF expression as well as bladder overactivity in rats with acetic acid-
induced cystitis (Kashyap et al., 2013) or experimental colitis
(Kawamorita et al., 2016). Therefore, we hypothesized that local sup-
pression of NGF expression in the bladder wall after SCI using
intravesical liposome-based delivery techniques could also reduce blad-
der afferent hyperexcitability, leading to the improvement of AD after
SCI. Thus, the present study was performed to examine; (1) whether
SCI time-dependently increases the severity of vesico-cardiovascular
hypertensive reflexes during bladder distention and expression levels
of bladder NGF protein and (2) whether local suppression of NGF in
the bladder improves bladder distention-induced AD in SCI rats.

2. Materials and methods

2.1. Animal preparation

Adult female Sprague–Dawley rats weighing 280–368 g (5 to
10 months old) with spinal intact (n = 6) and spinal cord injury (SCI)
(n = 40) were used according to the experimental protocol approved
by the University of Pittsburgh Institutional Animal Care and Use Com-
mittee. In SCI groups, the T2/3 spinal cord was transected under
isoflurane anesthesia. Eight SCI rats per each of five experimental
groups were prepared because of possible attrition due to premature

death of some animals after high thoracic-level SCI. Using sharp
microscissors, muscle and fascia between T2 and 3 vertebras were dis-
sected, and the dura and spinal cord were transected completely with
an aid of a surgical stereomicroscope. To ensure complete transection
of the spinal cord, the tip of a 23G needle was inserted into the inner
space between the exposed vertebrae. The overlying muscles and skin
were then sutured. Buprenorphine (Tocris) (0.05 mg/kg, bid) was
injected subcutaneously for 3 days postoperatively as an analgesic. Post-
operatively the bladder was emptied by abdominal compression twice a
day until reflex voiding recovered and once a day afterwards until the
final experiment. The animals were treated with ampicillin (100 mg/kg,
subcutaneously) for 5 days after surgery, and this treatment was contin-
ued twice a week afterwards to prevent urinary tract infection.

2.2. Evaluation of vesico-cardiovascular reflexes during bladder distention
after SCI

The rats were divided into 3 groups; (1) spinal intact (n = 6), (2)
4 weeks after SCI (SCI 4 weeks, n = 6) and (3) 8 weeks after SCI (SCI
8 weeks, n = 7) groups. Two rats died prematurely in the 4 weeks
group and one in the 8 weeks groups. These rats were anesthetized
with urethane (0.9 g/kg subcutaneously) aidedwith isoflurane anesthe-
sia. The dose of urethane was determined by our previous study
(Yoshizawa et al., 2015) and preliminary experiments to suppress the
body movement in spinal intact rats and spastic movements of the
hind limbs in SCI rats during bladder distention. A 3Fr catheter (Hakko
Co., Ltd., Nagano, Japan) filled with saline containing heparin was
inserted into the common carotid artery to record the mean arterial
pressure (MAP) and the mean heart rate (MHR). The bladder was ex-
posed via a lower abdominal incision, and bilateral ureters were cut
and the distal ends were ligated to prevent vesicoureteral reflux during
bladder distention (Sugata, 1980). A polyethylene catheter (PE-160,
Clay-Adams, Parsippany, NJ) was inserted through the bladder dome
and a purse suture was placed tightly around the catheter. The urethral
orifice was closed with glue to prevent fluid leakage (Fig. 1-A). Thereaf-
ter, isoflurane anesthesia was turned off and the rats were placed in
restraining cages (W 80 mm × L 300 mm × H 150 mm, Yamanaka
Chemical Ind., Ltd. Osaka, Japan). Intravesical pressure was kept con-
stant by connecting a bladder catheter to a saline reservoir and a pres-
sure transducer via three-way stopcocks. The reservoir was mounted
on ametered vertical pole for controlled height adjustment. Intravesical
pressure was abruptly increased to 20, 40 and 60 cm H2O by elevating
the reservoir and maintained at each pressure level for 2 min
(Yoshizawa et al., 2015). Between pressure elevations, the reservoir
was returned to 0 cm H2O for 2 min. The MAP was electronically aver-
aged from pressure values measured for 2 min before and during blad-
der distention using Chart software (AD Instruments, Colorado Springs,
CO) (Fig. 1-B). Using a faster scale of arterial pressure tracing, heart
beats were also counted for 10 s and the MHR was averaged for 1 min
(Fig. 1-C). Arterial pressure and heart rate responses are shown as
ΔMAP and ΔMHR by the difference of mean values measured before
and during bladder distention.

2.3. Local suppression of NGF in the bladder after SCI

Cationic liposomes composed of DOTAP were made by the thin film
hydration method (Fraser et al., 2003), during which a lipid film is hy-
drated with nuclease-free water to a final lipid concentration of 7 mM.
The NGF antisense oligonucleotide (5′GCCCGAGACGCCTCCCGA3′) was
dispersed in nuclease-free water at a concentration of 12 μM, and then
conjugated with liposomes by incubating the two entities together at
room temperature for 30min. Themolar ratio of NGF antisense oligonu-
cleotide to lipid in the liposomal complex was 1:10. Seven weeks after
SCI the rats were divided into 3 groups; (1) vehicle (saline) (n = 6),
(2) liposome-only (n = 8) and (3) liposome-NGF antisense (n = 8)
treated groups because 2 out 8 vehicle-treated SCI rats died
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