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Abstract
Tanshinone IIA, extracted from Salvia miltiorrhiza Bunge, exerts neuroprotective effects through its anti-inflammatory, anti-oxidative and 
anti-apoptotic properties. This study intravenously injected tanshinone IIA 20 mg/kg into rat models of spinal cord injury for 7 consecutive 
days. Results showed that tanshinone IIA could reduce the inflammation, edema as well as compensatory thickening of the bladder tissue, 
improve urodynamic parameters, attenuate secondary injury, and promote spinal cord regeneration. The number of hypertrophic and 
apoptotic dorsal root ganglion (L6–S1) cells was less after treatment with tanshinone IIA. The effects of tanshinone IIA were similar to intra-
venous injection of 30 mg/kg methylprednisolone. These findings suggested that tanshinone IIA improved functional recovery after spinal 
cord injury-induced lower urinary tract dysfunction by remodeling the spinal pathway involved in lower urinary tract control. 

Key Words: nerve regeneration; spinal cord injury; tanshinone IIA; spinal pathway; lower urinary tract dysfunction; neurogenic bladder; dorsal 
root ganglion; detrusor-sphincter dyssynergia; urodynamics; neural regeneration 

Graphical Abstract

Tanshione IIA (TIIA) improves functional recovery in spinal cord injury (SCI)-induced lower urinary 
tract (LUT) dysfunction in adult rats and its effect is similar to methylprednisolone (MP)

Introduction
Lower urinary tract (LUT) dysfunction after spinal cord 
injury (SCI) has been recognized as one of the severe com-
plications for SCI patients, even of higher importance than 
the loss of locomotion (Pikov and Wrathall, 2001; Leung 
et al., 2007). Urine storage and micturition are complex in 
the normal condition, requiring the spinal cord to integrate 
information from the brain, bladder, and urethra (Yu et al., 

2003; Birder et al., 2010). SCI impairs LUT by interrupting 
the communication between the cerebral and spinal circuits 
that coordinate the bladder detrusor and external urethral 
sphincter, leading to a severe disorder known as detru-
sor-sphincter dyssynergia (de Groat and Yoshimura, 2012; 
Gao et al., 2015). Therefore, the bladder cannot empty effi-
ciently, which inevitably causes more serious consequences, 
such as urinary tract infections, urinary calculus, hydrone-
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phrosis, chronic renal failure and uremia. 
Most of the research in LUT dysfunction recovery after 

SCI focuses on adjusting the bladder or sacral nerves with 
drug intervention, surgical therapies and functional elec-
trical stimulation. However, these therapeutic methods 
are less than satisfactory. First, the standard treatment for 
neurogenic bladder after SCI is usually limited to clean 
intermittent catheterization, which can lead to repeated 
urinary tract infection and lower quality of life (Jamison et 
al., 2013). Second, the antimuscarinic drugs that are cur-
rently the first-line choice for the treatment of neurogenic 
detrusor overactivity cannot be used chronically, because 
the high dosage required in patients with neurogenic de-
trusor overactivity often results in more severe side effects, 
such as dry mouth, constipation, blurred vision, drowsi-
ness, and dry skin and mucosa (Cameron, 2010; Goldmark 
et al., 2014). Furthermore, surgical options for the neuro-
genic bladder, such as augmentation cystoplasty, may solve 
the problems related to bladder capacity but would lead to 
urinary tract infection, mucus production, urolithiasis and 
other complications (Kikuno et al., 2009; Lee et al., 2013). 
Functional electrical stimulation offers another approach 
to restore LUT function by activating the bladder detrusor 
and inhibiting the urethral sphincter to produce voiding, 
alternatively, inhibiting the bladder detrusor to provide 
urinary continence. Dorsal rhizotomy, before functional 
electrical stimulation, that transects the dorsal spinal roots 
to eliminate unwanted bladder and urethral reflexes also 
eliminates desirable reflexes that affect sexual and bowel 
functions (Ho et al., 2014). 

Tanshinone IIA (TIIA) is an important lipophilic diter-
pene extracted from Salvia miltiorrhiza Bunge and has 
been widely used in traditional Chinese medicine for the 
treatment of many diseases, especially in cardiovascular and 
cerebrovascular diseases (Xu and Liu, 2013). TIIA also has 
neuroprotective effects through its anti-inflammatory, an-
ti-oxidative and anti-apoptotic properties (Chen et al., 2012; 
Gao et al., 2012; Su et al., 2012; Yan et al., 2012). Therefore, 
we hypothesized that TIIA has great potential in remodeling 
the spinal pathway. The primary purpose of this study is to 
evaluate the effect of TIIA in reorganizing the spinal pathway 
related to LUT control. 

Materials and Methods
Animals
A total of 80 specific-pathogen-free female Sprague-Daw-
ley rats, aged 8–10 weeks and weighing 220–250 g, were 
obtained from Vital River Laboratories in Beijing, China 
(animal license No. SCXK (Jing) 2012-0001). The rats were 
housed 3 to 4 per cage, kept on a 12-hour light/dark cycle, 
and allowed free access to food and water. The experimen-
tal protocol was approved by the Animal Care and Use 
Committee of Dongzhimen Hospital Affiliated to Beijing 
University of Chinese Medicine, China (approval No. 2014-
14). Adult Sprague-Dawley rats (n = 80) were equally and 
randomly divided into four groups: sham, SCI, TIIA (SCI + 
TIIA) and methylprednisolone (MP) (SCI + MP). 

Establishment of SCI models
Rats were intraperitoneally anesthetized with 10% chloral 
hydrate (3.5 mL/kg) and a midline dorsal incision was made 
over the lower thoracic vertebra to expose the vertebral 
spines and paravertebral muscles. A laminectomy was made 
at T9–11 to expose the dura. A standardized mild, incomplete 
contusive SCI was produced using the multicenter animal 
spinal cord injury study device (made by New York Univer-
sity, New York, USA) with a 10-g weight dropped from a 
height of 25 mm onto the exposed dura (Gruner, 1992). The 
muscle and skin overlying the wound were then sutured in 
layers, followed by a 3 mL subcutaneous injection of saline 
solution to replace the blood volume lost during the surgery. 
After surgery, rats were placed on a heating pad until they 
awoke. The Basso, Beattie & Bresnahan open field locomotor 
test and lower abdominal palpation were used to test the suc-
cess of the SCI model. When the Basso, Beattie & Bresnahan 
score was 0 (no observable hindlimb movement) and the 
bladder was excessively filled the rat model was considered 
successful. Subsequently, the rats were injected with peni-
cillin subcutaneously (200,000 unit/animal/day) for 3 days 
to prevent incision and urinary tract infections. Bladders of 
the injured rats were gently manually expressed 2 to 3 times 
daily by Crede’s method, with the volume of expressed urine 
recorded, until spontaneous micturition was re-established. 
This provided an estimation of the time required for the 
re-emergence of spontaneous micturition (urine volume < 2 
mL) (Leung et al., 2007). Infection, decubitus, dehydration 
and autophagia were monitored daily during the process.

Rats were given easy access to food and water and were 
placed in cages with highly absorbent bedding. Fluid intake 
was not controlled as it has been shown that this did not af-
fect the time for the recovery of a reflex bladder (Chancellor 
et al., 1994). Rats failing to establish SCI models or those 
died were excluded from the experiment and replaced by the 
same number of rats.

The sham group consisted of rats that were only subjected 
to laminectomy.

Drug treatment
TIIA injection (batch No. A140133; No. 1 Biochemical Phar-
maceutical Co., Ltd., Shanghai, China; 10 mg/2 mL) and MP 
injection (batch No. A08894; Pfizer Manufacturing Belgium 
NV, Belgium, 40 mg) were purchased from Dongzhimen 
Hospital, Beijing University of Chinese Medicine, China, the 
main component was sodium TIIA sulfonate or methylpred-
nisolone sodium succinate, respectively. The rats in TIIA 
group were intravenously administered TIIA (20 mg/kg) 
once a day at the same time from day 1 to day 7 post-surgery. 
The dose and timing of TIIA administration used were the 
same as in previous studies (Yin et al., 2012). The rats in the 
MP group were intravenously administered MP (30 mg/kg) 
once, immediately post-surgery after confirming the success 
of the SCI model. 

Urodynamic assessment 
The urodynamic studies were carried out in awake rats at 
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2 and 4 weeks after SCI so that the bladder was stabilized 
after the spinal shock phase (D’Amico and Collins, 2012). 
To insert a catheter into the bladder, rats were briefly anes-
thetized with isoflurane. A PE-50 polyethylene catheter was 
inserted via a midline abdominal incision into the bladder 
through the bladder dome and secured with cotton thread. 
The intravesical catheter was connected via a three-way 
stopcock to a pressure transducer (MP150, BIOPAC Sys-
tems, Inc., Goleta, CA, USA) and a micro-infusion pump 
(WZ-50C6, Smiths Medical Instrument, Co., Zhejiang, 
China) to record intravesical pressure and infuse saline into 
the bladder, respectively. Intravesical pressure was record-
ed continuously using data acquisition software (BIOPAC 
AcqKnowledge4.2, BIOPAC Systems, Inc.). Anesthesia was 
stopped after catheter implantation and the rats awakened 
then left untouched for 30 minutes for bladder stabilization. 
After this period, rats received a continuous infusion of sa-
line (0.9% NaCl; 37°C) at a rate of 0.1 mL/min (Smith et al., 
2008; Artim et al., 2011). It was not necessary to measure 
abdominal pressure because the abdominal incision was 
not sutured. 

The parameters we assessed included the micturition pres-

sure (maximum bladder pressure during micturition), basal 
pressure (the lowest bladder pressure between micturitions), 
threshold pressure (bladder pressure immediately before 
micturition), and the intercontraction interval. The number 
of non-voiding contractions was also measured (Andrade et 
al., 2011). 

Saline voided from the urethral meatus was collected 
and the voided volume was measured. Saline infusion was 
stopped at the beginning of the voiding contraction to 
avoid interfering with the measurement of the residual vol-
ume. The residual volume was measured by drawing saline 
through the intravesical catheter and then manually express-
ing the remaining intravesical contents by exerting pressure 
on the bladder abdominal wall. The bladder capacity was 
calculated as the voided volume plus the residual volume. 
The voiding efficiency (%) is equal to (voided volume/blad-
der capacity) × 100% (Urakami et al., 2007; Andrade et al., 
2011). 

Sample drawing
At the end of the urodynamic experiment, the rats were 
intracardially perfused with saline followed by ice-cold 4% 
paraformaldehyde. Subsequently, bladders were removed, 
blotted dry, and weighed. Four dorsal root ganglions (DRGs) 
on both sides of L6–S1 level, and the 5-mm spinal cord tis-
sues including the central site of injured tissue (T9) were 
collected. After fixing in 4% paraformaldehyde overnight, 
tissue blocks were embedded in paraffin. The bladders were 
cut into 5-µm slices and stained with Masson’s trichrome. 
The spinal cords (T9) were cut transversely into 9-µm slices 
and stained with Cresyl Violet for Nissl staining. The DRGs 
were cut transversely into 5-µm slices for terminal deoxyri-
bonucleotidyl transferase (TdT)-mediated biotin-16-dUTP 
nick-end labeling (TUNEL) assay and 9-µm slices for Nissl 
staining.

Histological analysis 
Hematoxylin-eosin staining
Sections (5-µm thick) of DRGs at 4 weeks after surgery were 
deparaffinized and washed twice with distilled water and 
then immersed in hematoxylin solution for 3 minutes, fol-

Normal bladder in sham group shows 
stable intravesical pressure without 
non-voiding contractions. SCI-in-
duced hyperreflexic-bladder shows 
many large non-voiding contractions 
(more than 11 mmHg) during saline 
infusion. At 4 weeks, the micturition 
interval was more regular than at 2 
weeks. After TIIA administration, 
bladder shows stable intravesical 
pressure without non-voiding con-
tractions at 2 and 4 weeks after SCI. 
After MP administration, bladder 
shows some non-voiding contractions 
during saline infusion at 2 weeks after 
SCI, but clearly improved at 4 weeks. 
SCI: Spinal cord injury; TIIA: tanshi-
none IIA; MP: methylprednisolone. 

Figure 2 Typical cystometrogram patterns of bladder activity during urodynamics at 2 and 4 weeks 
after SCI. 

Figure 1 Bladder weights in four groups of rats at 2 and 4 weeks after 
SCI. 
The bladder weights of SCI group, TIIA group and MP group increased 
significantly compared with sham group at 2 and 4 weeks after SCI. After 
drug administration of TIIA or MP, the bladder weights of the TIIA and 
MP groups increased less than those in the SCI group without any treat-
ment (n = 5 in each group, *P < 0.05). 
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Figure 3 Effect of TIIA on secondary injury and spinal cord regeneration at 4 weeks after SCI (Nissl staining). 
(A, E) The motor neurons in the anterior horn of the sham group. Nissl bodies and nuclei were clearly visible. (B, F) The number of motor neurons 
in the anterior horn in SCI group had decreased dramatically. The administration of TIIA (C, G) or MP (D, H) reduced this change. Red arrows 
show motor neurons in the anterior horn of spinal cord. Scale bars: 200 µm for A–D; 100 µm for E–H. (I) The ratio of spinal cord injury area (n = 
5 in each group). (J) The number of motor neurons in the anterior horn (n = 8 in each group). *P < 0.05. SCI: Spinal cord injury; TIIA: tanshinone 
IIA; MP: methylprednisolone. 

Figure 4 Effect of TIIA on histology of bladder tissue at 4 weeks after SCI (Masson’s trichrome staining). 
(A, E) Normal bladder morphology in sham group: The red color indicates muscle fibers, and the green color indicates collagen. (B, F) Bladders 
from SCI group reveal the presence of edema (pink) and proliferation of urothelial layers. The continuity of the umbrella cell layer of the urothe-
lium is disrupted. A marked neutrophil infiltration to the suburothelial tissue as well as blood vessel congestion and dilation are observed in the 
TIIA (C, G) and MP (D, H) groups. The urothelium is disrupted partially and some blood vessel congestion and dilation can be seen. Scale bars: 
100 µm for A–D; 50 µm for E–H. The disrupted urothelium is shown by black arrows. Vascular congestion and dilation are shown by red arrows. (I) 
The thickness of muscle layers. (J) The number of vascular congestion and dilation (n = 8 in each group; *P < 0.05). SCI: Spinal cord injury; TIIA: 
tanshinone IIA; MP: methylprednisolone. 
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lowed by differentiation in 10% acid alcohol for 10 seconds. 
After washing with tap water for 30 minutes, the sections 
were dehydrated through 70%, 80%, 90%, 95%, and 100% 
alcohol, each for 2 minutes, and stained with eosin for 
10 seconds. Finally, the sections were dehydrated through 
increasing concentrations of ethanol, cleared in xylene for 10 
minutes and mounted.

Nissl staining
Sections (9-µm thick) of spinal cord and DRGs at 4 weeks 
after surgery were deparaffinized and washed twice with dis-
tilled water. The sections were immersed in 5% Cresyl Violet 

for 5 minutes. The sections were then dehydrated in increas-
ing concentrations of ethanol and mounted. 

Masson’s trichrome staining
Sections (5-µm thick) of bladder tissue 4 weeks after surgery 
were deparaffinized and hydrated through graded alcohols 
to distilled water. The bladder tissues were stained with Har-
ris Hematoxylin for 2–3 minutes, and then rinsed in distilled 
water until only the nuclei remained stained. The sections 
were then stained with Scarlet-Acid Fuchsin for 5 minutes, 
rinsed twice in distilled water, and immersed in phospho-
molybdic acid for 5 minutes. Next, the sections were stained 

Figure 5 Effect of TIIA on the change of dorsal root ganglion (L6–S1) neurons at 4 weeks after SCI (Nissl staining in A–D and hematoxylin-
eosin staining in E–H). 
(A, E) Typical morphology of normal DRG cells: cell nuclei were round and centered. (B, F) After SCI, cell bodies became hypertrophic and elon-
gated with partial or total loss of their nuclei. Some Nissl bodies also disappeared leaving vacuoles. In the TIIA (C, G) and MP (D, H) treatment 
groups only a small number of cells was observed with reduced or no nucleus and loss of Nissl bodies. Scale bars: 20 µm for A–D; 10 µm for F–I. (I, 
J) Mean diameter and area of ganglion cells. (K) Ganglion cell gaps. (L) Number of inflammatory cells (n = 8 in each group; *P < 0.05). SCI: Spinal 
cord injury; TIIA: tanshinone IIA; MP: methylprednisolone; DRG: dorsal root ganglion.  

Figure 6 Apoptosis in L6–S1 DRG cells examined by terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-end 
labeling (TUNEL) at 2 weeks after SCI. 
(A) Cell nuclei of DRGs were very light brown, not much darker than the cytoplasm, in the sham group. (B) A large number of DRG apoptotic cell 
nuclei were stained dark brown in the SCI group. (C, D) Apoptotic DRG cell nuclei were stained brown or light brown in the TIIA and MP groups. (E) 
IOD of apoptotic DRG cells (n = 8 in each group; *P < 0.05). SCI: Spinal cord injury; TIIA: tanshinone IIA; MP: methylprednisolone; DRGs: dorsal 
root ganglions; IOD: integrated optical density. 
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with Brilliant Green for 5 minutes, rinsed, immersed in ace-
tic acid for 30 seconds. Finally, the sections were dehydrated 
through increasing concentrations of ethanol, air dried, and 
mounted.  

TUNEL assay
TUNEL assay was conducted in accordance with instruc-
tions of the TUNEL kit (Roche, Mannheim, Germany). 
5-µm thick sections of DRGs at 2 weeks after surgery were 
washed with phosphate buffered saline (PBS, 0.01 M), incu-
bated with proteinase K at 37°C for 30 minutes, washed with 
PBS, and then dried. Afterwards, samples were incubated 
with TUNEL reaction mixture at 37°C for 60 minutes, and 
washed with PBS. 

The slides of Nissl staining, Masson’s trichrome staining 
and TUNEL assay were mounted and analyzed under a 
bright-field microscope (Nikon, Tokyo, Japan). The injured 
area in the transverse sections that were located in the lesion 
epicenter of spinal cord was measured by the Image-Pro 
plus 6.0 pathological analysis software (Media Cybernetics, 
Silver Spring, MD, USA). The mean diameter, cross-section 
areas, cell gaps, and the number of inflammatory cells in L6–
S1 DRG were counted and measured. The area of positive 
cell, mean density and integrated optical density in dorsal 
root ganglion sections were measured. The integrated optical 
density was equal to mean density × area of positive cells. 
The number of motor neurons in the anterior horn of spinal 
cord and the thickness of muscle layers and vascular conges-
tion in the bladder tissue were all measured by this software. 
The ratio of injured area was equal to (the injured area/the 
cross-section of the spinal cord) × 100%. 

Statistical analysis
Values were presented as the mean ± SEM. One-way analysis 
of variance was adopted for comparison between groups. 
Statistical analyses were performed using SPSS 20.0 statisti-
cal software (IBM, Armonk, NY, USA). A value of P < 0.05 
was considered statistically significant. 

Results
Effect of TIIA on bladder weight after SCI
The weight of a rat’s bladder indirectly reflects the extent of 
compensatory hypertrophy of the detrusor after SCI (Leung 
et al., 2007). The bladder weights of all the groups were mea-
sured at 2 and 4 weeks after surgery (Figure 1). The bladder 
weights of all experimental groups increased significantly 
compared with the sham group (P < 0.05), indicating the de-
trusor hypertrophied after SCI. After drug administration of 
TIIA or MP, the bladder weights of the TIIA and MP groups 
were remarkably lower in comparison with the SCI group (P 
< 0.05). However, there is no significant difference between 
TIIA and MP groups (P > 0.05). 

Effect of TIIA on urodynamics after SCI
At 2 weeks after surgery, during the bladder-filling phase, 
the sham group showed a large number of voiding con-
tractions in this phase. However, the SCI group showed 
more non-voiding contractions than the sham group (P < 
0.05). The SCI group displayed marked alterations, such 
as reductions in intercontraction interval, voided volume 
and voiding efficiency. There were also increases in basal 
pressure, threshold pressure and bladder capacity compared 
with sham group (P < 0.05; Table 1). On the other hand, the 

Table 1 Changes in urodynamic parameters induced by SCI and effect of treatment with TIIA or MP at 2 and 4 weeks after surgery 

Time after surgery (week) Sham SCI TIIA MP

Maximum voiding pressurea (mmHg) 2 20.94±3.08 29.89±4.51# 31.67±2.75# 32.20±7.54#

4 27.75±5.92 30.86±4.52# 28.43±2.92# 28.83±5.01#

Basal pressurea (mmHg) 2 5.14±1.00 27.06±2.51# 19.92±3.96#* 22.80±2.97#*

4 5.15±0.87 23.31±4.16# 10.83±2.32#* 22.50±3.41#

Threshold pressurea (mmHg) 2 19.06±5.15 27.63±3.59# 28.08±8.41# 29.80±2.93#

4 21.94±5.11 26.88±3.41# 22.33±2.44#* 24.83±4.48#

Intercontraction intervalb (min) 2 1.51±0.49 0.68±0.18# 1.98±0.33#*  2.03±0.87#*

4 1.60±0.58 0.88±0.28# 1.83±0.47#* 1.14±0.44#*

Voided volume (mL) 2 0.49±0.21  0.10±0.05# 0.28±0.11#* 0.24±0.11#

4 0.53±0.21 0.14±0.08# 0.37±0.09#* 0.33±0.10#*

Residual volume (mL) 2 0.14±0.06 4.67±0.49# 3.61±0.52#* 4.10±0.48#

4 0.13±0.05 4.81±0.54# 3.43±0.54#* 4.28±0.68#*

Voiding efficiencyc (%) 2 80.56±5.03 2.12±1.24# 7.10±2.07#* 5.57±2.46#*

4 80.15±3.23  2.83±1.59# 9.64±1.34#* 7.17±2.63#*

Bladder capacity (mL) 2 0.63±0.27 4.77±0.49# 3.89±0.61#* 4.34±0.47#

4 0.66±0.25 4.96±0.56# 3.71±0.60#* 4.60±0.67#

Non-voiding contractionsa 2 0.38±0.52 9.88±3.80# 2.33±1.03#* 6.40±1.95#*

4 0.63±0.74 8.50±2.45## 2.17±1.17#* 6.50±1.87#*

Values are expressed as the mean ± SEM (n = 8 in each group). #P < 0.05, vs. sham group (one-way analysis of variance) and *P < 0.05, vs. SCI 
group (one-way analysis of variance). a The mean of 10 cycles was calculated for each rat, with the final result given as the average of all animals 
in an experimental group. b The number of non-voiding cycles within a 10-minute period. c Voiding efficiency was determined using the voided 
volume and residual volume from the last voiding cycle. SCI: Spinal cord injury; TIIA: tanshinone IIA; MP: methylprednisolone. 
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TIIA group exhibited significant improvements compared 
with the SCI group, such as higher intercontraction interval, 
voided volume and voiding efficiency (P < 0.05). There were 
also fewer non-voiding contractions, residual volume and 
bladder capacity (P < 0.05). The MP group also displayed 
higher voided volume and voiding efficiency (P < 0.05, vs. 
SCI group; Table 1). After 4 weeks, similar improvement can 
also be observed in the TIIA group. Some recovery of blad-
der function was more obvious after 4 weeks than 2 weeks 
compared with SCI only (Figure 2). 

Effect of TIIA on secondary injury and spinal cord 
regeneration after SCI 
The results of Nissl staining at 4 weeks after surgery are 
shown in Figure 3. First, compared with the SCI groups, the 
number of motor neurons in the anterior horn of the sham 
group was greater and their Nissl bodies and nuclei were 
clearly visible. The number of motor neurons in the anterior 
horn in SCI group had decreased dramatically 4 weeks after 
injury. However, the administration of TIIA or MP lessened 
this change over the same time. Second, with the develop-
ment of secondary injury after SCI, the area of injured spinal 
cord gradually increased. In the TIIA and MP groups the ra-
tio of injured area was significantly less than that of the SCI 
group (P < 0.05). 

Effect of TIIA on histology of bladder tissue after SCI
The results of Masson’s trichrome staining at 4 weeks after 
surgery were shown in Figure 4. Bladders from the SCI 
group revealed the presence of vascular alterations, edema, 
and proliferation of urothelial layers compared with bladders 
from the sham group. The continuity of the umbrella cell 
layer of the urothelium was disrupted in rats at 4 weeks after 
SCI. A marked neutrophil infiltration to the suburothelial 
tissue as well as blood vessel congestion and dilation were 
observed. However, there was less neutrophil infiltration to 
the suburothelial tissue in the TIIA or MP groups and the 
muscle layers were not as thick as in the SCI group (P < 0.05). 

Effect of TIIA on the change of DRG (L6–S1) cells after SCI
The isolated DRGs were examined histologically with Nissl 
staining and hematoxylin-eosin staining (Figure 5). First, 
almost no inflammatory cells were observed in the sham 
group, but there were a large number of inflammatory cells 
in the SCI group. In the TIIA or MP groups, only some of 
the ganglion cells were infiltrated by inflammatory cells. Sec-
ond, the sham group showed typical morphology of normal 
ganglion cells; SCI group revealed that ganglion cell gaps 
widened significantly. With the administration of TIIA or 
MP, the ganglion cell gaps in the TIIA and MP groups were 
narrowed compared with the SCI group (P < 0.05). Third, 
the mean diameter and area of DRG cells in cross-section 
from SCI group was much higher than that of sham group 
and TIIA and MP groups (P < 0.05). Moreover, the normal 
cell nuclei in the sham group were round and centered; how-
ever, the cell bodies in the SCI group became hypertrophic 
and elongated with some of the nuclei shrunken or disap-

peared. Some Nissl bodies also disappeared or were replaced 
by vacuoles. In the TIIA and MP groups, only a small num-
ber of cells were observed with shrunken or absent nuclei 
and absent or vacuous Nissl bodies. 

The integrated optical densities of apoptosis in L6–S1 

DRGs of TIIA and MP groups were significantly less com-
pared with SCI group at 2 weeks after surgery (P < 0.05). 
There was no obvious difference in the integrated optical 
density of apoptosis between the TIIA and MP groups (P > 
0.05; Figure 6). 

Discussion
Urinary complications are very common in patients with 
SCI, therefore they attract considerable attention. Over the 
years, most of the therapeutic strategies have concentrated 
on the upper urinary tract and the improvement of the 
quality of life by facilitating the storage of urine and blad-
der emptying (Birder et al., 2010; Cruz and Cruz, 2011). 
However, the therapeutic effects are far from satisfactory. 
Recently, many studies have focused on remodeling the 
spinal pathway related to LUT control (Lee et al., 2013; 
Kim et al., 2015).

SCI at the cervical or thoracic levels disrupts the voluntary 
control of micturition as well as the normal reflex pathways 
that coordinate detrusor and sphincter function. The bladder 
is initially areflexic, but then becomes hyperreflexic due to 
the emergence of a spinal micturition reflex pathway. There-
fore, the bladder does not empty efficiently because of the 
loss of coordination between the bladder and urethral outlet, 
which is called detrusor-sphincter dyssynergia (Leung et 
al., 2007). Initially detrusor-sphincter dyssynergia after SCI 
causes bladder outlet obstruction and bladder load increase, 
leading to chronic inflammation and tissue edema. Then 
bladder weight increases and bladder wall gradually thick-
ens. Other changes after SCI include the disruption of the 
continuity of the umbrella cell layer in urothelium and there 
is a marked neutrophil infiltration to the suburothelial tissue 
and blood vessel congestion and dilation. Ikeda and Kanai 
(2008) using optical imaging techniques showed that alter-
ations at the luminal surface of the bladder contribute to the 
changes in LUT function after SCI. On the other hand, de 
Groat and Yoshimura (2012) found that detrusor-sphincter 
dyssynergia after SCI induce somal hypertrophy of bladder 
afferent neurons in the DRGs (L6–S1). Their studies in cats 
proved that unmyelinated C-fiber afferents rather than Aδ 
afferents initiate voiding after SCI. Therefore, SCI not only 
causes changes in the structure of the bladder itself, but also 
leads to changes in the neuronal pathways innervating the 
LUT. These findings suggest that approaches that facilitate 
the remodeling of the spinal micturition reflex pathway 
might be useful in treating detrusor-sphincter dyssynergia 
after SCI.

It has been revealed that the recovery of bladder func-
tion after SCI could be mediated by improving the remod-
eling of the spinal pathway related to LUT control (Zhao 
et al., 2015). A popular area of research has been the use of 
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cellular implants or the control of the extracellular environ-
ment of the injured site. It was found that injection of neural 
stem cells at the lesion site in the spinal cord of SCI rats en-
hanced threshold pressure, residual volume and non-voiding 
contractions (Kim et al., 2015). Olfactory ensheathing cells 
have also been used in some studies (Fouad et al., 2009). 
The technique of regulating the extracellular environment 
of the lesion site and the formation of the glial scar has also 
been useful in improving bladder function. For example, 
chondroitinase, which has been used alone or in combina-
tion with Schwann cell transplantation, improves recovery of 
bladder function in rats after SCI (Alluin et al., 2014). Other 
therapies have combined implants of biomaterials with other 
approaches  mentioned above (Lee et al., 2013). 

Our previous study demonstrated that TIIA can facilitate 
the recovery of neurological function in rats after SCI, and 
especially promotes the recovery of the sensory function 
of the hindlimb. Therefore, we hypothesized that the use of 
drugs for spinal cord repair may also improve the recovery of 
bladder function after SCI. In this study, detrusor-sphincter 
dyssynergia following SCI caused bladder outlet obstruction 
and bladder load increase, which result in gradual thickening 
of bladder wall and bladder weight increase. The difference of 
bladder weight between SCI group and sham group suggested 
that bladder wall thickening is a chronic compensatory action 
that increases with time (de Groat and Yoshimura, 2012). 
Tissue edema induced by inflammation contributes to the in-
crease in bladder weight after SCI. After TIIA or MP was ad-
ministrated to SCI rats, their bladder weight decreased com-
pared with the SCI group. Nevertheless, there is no significant 
difference between TIIA and MP groups. The urothelial layers 
were also changed after SCI. The continuity of the umbrella 
cell layer of the urothelium is disrupted in rats at 4 weeks after 
SCI. A marked neutrophil infiltration to the suburothelial 
tissue and vascular congestion and dilation was observed. The 
changes can be attenuated by treatment with TIIA or MP. 

Alterations at the luminal surface of the bladder may con-
tribute to the changes in LUT function after SCI. Optical 
imaging techniques revealed that phasic contractions in 
bladders from SCI animals originate from localized sites in 
the bladder dome and are driven by activity arising in the 
urothelium (McCarthy et al., 2009). Removal of the mucosa 
eliminates the phasic contractions in bladders from SCI rats. 
In addition, gap junction blockers suppress the phasic con-
tractions. It has been proposed that phasic activity in blad-
ders after SCI is due to a signaling pathway that originates in 
the urothelium and then passes through gap junctions via a 
network of myofibroblasts in the lamina propria to smooth 
muscle and afferent nerves (Ikeda and Kanai, 2008). In our 
study, urodynamic assessment examined at 2 and 4 weeks 
after SCI supported the positive effect of MP and TIIA on re-
covery of bladder function. These include increases in void-
ed volume and voiding efficiency and reductions in residual 
volume and in non-voiding contractions after SCI. 

Electrophysiological studies in cats revealed that the re-
covery of bladder function after SCI is mediated by a change 
in the afferent limb of the micturition reflex pathway and 

remodeling of synaptic connections in the spinal cord. In 
chronic SCI cats, unmyelinated C- fiber afferents rather than 
Aδ afferents initiate voiding. These findings are supported 
by pharmacological studies showing that subcutaneous ad-
ministration of capsaicin, a C-fiber neurotoxin, completely 
blocks reflex bladder contractions induced by bladder dis-
tention in chronic spinal cats; whereas capsaicin has no in-
hibitory effect on reflex bladder contractions in spinal intact 
cats (Yoshiyama et al., 1999; de Groat and Yoshimura, 2012). 
In this study, histological observation showed that bladder 
afferent neurons in the DRG (L6–S1) undergo somal hyper-
trophy in SCI rats. However, that could be altered by TIIA or 
MP intervention, which also prevents bladder hypertrophy. 
Further research is needed to examine whether TIIA and 
MP might promote C-fiber bladder afferents to sprout and 
contribute to the synaptic remodeling of the spinal micturi-
tion reflex pathway after SCI.

The ionic mechanisms underlying the hyperexcitability of 
C-fiber bladder afferents were investigated using whole-cell 
patch clamp recording in bladder DRG neurons (Yoshimu-
ra and de Groat, 1997; Yoshiyama et al., 1999). Dissociated 
bladder DRG neurons from chronic SCI rats are larger in 
size and have increased input capacitance. This is consistent 
with results from histological studies showing that bladder 
afferent neurons in the DRG (L6–S1) undergo somal hyper-
trophy in SCI rats (Kruse et al., 1995). The action potentials 
in bladder afferent neurons are also different after SCI in 
both rats and cats. In contrast to neurons from spinal intact 
rats where the majority (approximately 70%) of bladder af-
ferent neurons exhibit high threshold tetrodotoxin-resistant 
action potentials (Yoshimura et al., 1996), in chronic SCI 
rats, 60% of bladder afferent neurons exhibit low thresh-
old tetrodotoxin-sensitive action potentials. Therefore, it 
is likely that following SCI, A-type potassium channels are 
suppressed in parallel with an increased expression of tetro-
dotoxin-sensitive Na+ currents, thereby increasing the excit-
ability of C-fiber bladder afferent neurons. Thus, drugs that 
selectively modulate these types of ion channels might be 
useful in treating neurogenic detrusor overactivity. Whether 
TIIA or MP can modulate these types of ion channels would 
help establish the mechanism of their action. 

In summary, TIIA could reduce the inflammation, edema 
as well as compensatory thickening of the bladder tissue 
and improve urodynamic parameters in adult rats at 2 and 
4 weeks after SCI. Moreover, TIIA inhibited the increase of 
apoptotic and hypertrophic DRGs (L6–S1) at 4 weeks after 
SCI. Taken together, TIIA could improve functional recov-
ery in SCI-induced LUT dysfunction in adult rats and its 
effect is similar to MP. Although there were no dramatic 
differences between TIIA group and MP group, TIIA might 
be a better alternative for the treatment of SCI-induced LUT 
dysfunction. Large doses of MP application has caused many 
severe complications (Varma et al., 2013) so it is no longer 
recommended as the first-line drug for acute SCI (Walters et 
al., 2013). TIIA could be consecutive intravenously injected 
for 7 days but no side-effect.
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