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Abstract

Spinal cord injury (SCI) to the terminal segments of the spinal cord causes severe disruption of the neural circuitry of the bladder, resulting
in neurogenic underactive bladder (nUAB). We developed a rodent lumbosacral injury model to investigate the effects of bladder function
and structure. A severe contusion SCl was performed over the L5-52 segmental spinal cord (T13/L1 junction, L1 vertebra, L1/L2 junction). The
injured spinal cords were scanned by advanced micro-CT imaging. Bladder function was assessed in awake rats before and at 2, 4, 6, and 8
weeks after SCI. Locomotor function was assessed using the BBB Open Field Rating Scale and the Catwalk system. Specific histological staining
assessed structural bladder remodelling in control and SCl rats. Contusion SCI at the three respective segmental heights revealed variations
in lesion sizes and white and gray matter sparing. However, this did not influence SCl rats’ bladder and locomotor outcomes, whereas the
functional deficits were comparable in control and SCI rats. From week 2 onwards, the main functional changes of nUAB in SCI rats were
noticeable: a low detrusor strength with a combination of slow maximal flow rate and low leakage volumes with no to incomplete voiding.
Histological analyses of bladder tissue underlined the functional outcomes by depicting a thickened bladder wall with ongoing fibrotic and
uroepithelial changes. As expected, only mild locomotor impairments were determined. This model of lumbosacral SCI reproduces nUAB
with structural and functional outcomes similar to human nUAB, giving future studies a well-defined framework to test therapies for nUAB
conditions in a standardized rat model.
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Introduction

Traumatic spinal cord injury (SCI) is a serious combat-related
injury that is becoming increasingly common in modern
warfare [1]. The urinary system is considered particularly
vulnerable in patients with such neurological conditions, and
renal failure due to bladder filling and voiding dysfunction and
chronicurinary tract infections are the leading causes of second
hospitalization in these patients [2,3]. Therefore, the initial

diagnosis of urinary tract dysfunction is critical for counselling
patients, setting rehabilitation goals, and determining an
intervention tailored to the patient. Based on the fact that
bladder function is steered by interacting motoneurons at
T12-L1 (in spinal cord segments S2-S4) and higher brain centers,
for lesions above T12, the terms “upper motor neuron lesion”
(overactive detrusor with a contractile urinary sphincter) and
below T12 “lower motor neuron lesion” (areflexia with paralysis
of the urinary sphincter) have been used [4-6].
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In the case of damage below the T12 spine, some or all of
the nerves in this region are affected, depending on the
type of lesion. If all nerve roots are affected, there will be an
acontractile detrusor and sphincter. However, because the
spinal cord terminates at approximately L2, a lesion at the
thoracolumbar junction and at the L1 spine would result in
different clinical features [7,8].

Interestingly, however, in recent studies reporting on the
development of new models of SCI at the lumbar level in
rodents by peripheral nerve crush [7], ventral root avulsion
(VRA) [9] and lumbar canal stenosis (LCS) [10], unlike the
denervated EUS muscle that becomes flaccid [11], the bladder
may maintain reinnervation with improvement in voiding
efficiency. This is in contrast to the situation in humans,
because most of SCls at this level are incomplete and caused
by fractures with permanent damage to the bladder reflex
segment in the spinal cord.

Accordingly, the present study aimed to directly assess
whether there were differences in bladder dysfunction
following contusive SCI at T13/L1 junction, L1 vertebral
level and L1/L2 junction in a rat model. We report here that
histologically all different lesions at segments L5-S2 produced
severe changes in the structure and function of the bladder,
whereas the locomotor function was mildly impaired.

Materials and Methods
Animals and study protocol

A total of 20 adults (190-230 g) female Lewis rats (strain LEV/
Crl, Charles River) were studied. Rats were group- housed
at controlled temperature, humidity, and light cycle. All
experimental procedures conformed with the Austrian Law
on the Protection of Animals. The animals were divided into
two groups: neurologically intact rats (intact group, n = 4) and
SCI group with severe contusion at T13/L1 junction (SCI,n =4),
L1 vertebral level (SCI, N=4) and L1/L2 junction (SCl, n=4). Due
to a technical error, four animals received an injury not in the
interest areas. We have excluded data from these animals due
to the outlier status.

Surgical procedures

Catheterimplantation: For a detailed implantation protocol,
please refer to the following publications [12,13].

In brief, under general anaesthesia (medetomidine
hydrochloride (Narcostart 1 mg/ml), midazolam (5 mg/
ml) and Fentanyl-Janssen (0.1 mg/ml), based on the body
weight of the individual animal), a PE-50 bladder catheter was
implanted via the bladder dome into the bladder. The bladder
catheter was tunnelled subcutaneously and exteriorized at
the level of the scapulae. Analgesic and antibiotic coverage
(Metacam 0.05 mg/kg and Baytril 5 mg/kg) were administered
for five post-surgical days.

Spinal cord injury: In general anaesthesia (details, see
above) a standard laminectomy was performed at the T13/L1
level. An IH-0400 infinite horizon impactor (Precision Systems
& Instrumentation, Fairfax Station, VA) was used to apply a
dorsal-ventral impact with a force of 300 kDyne. Analgesic
and antibiotic coverage was given as outlined above. Follow
up period post SCl was 8 weeks.

Functional analysis

Evaluation of bladder function: Awake urodynamic was
done as described in detail elsewhere [12,13] once prior to SCI
and after that weekly. Room-temperature warm saline solution
was instilled via the catheter line into the bladder at a speed of
120 pl/min.The intravesical pressure (Pves) and voided volume
(VV) events were recorded for 60 minutes at a sampling rate
of 60 Hz using pressure and force transducer, respectively
(World Precision Instruments. Sarasota, FL). Cystometric data
were acquired and analysed using catamount software (Med
Associates, CAT-CYT-M).

Evaluation of locomotor behaviors: Two condition-
blind observers evaluated Open-field locomotion before
surgery; and at 1, 16, 29, 43, and 55 d post-surgery using the
21-point BBB locomotion scale [14]. Gait analyses of voluntary
locomotion were performed using the Catwalk XT system for
rats with BBB scores of 11 or higher. Every session consisted of
six good runs defined as transit across the recording window
with a variation of the walking speed of less than 60%. Each
paw was documented and compared using a nonparametric
test for longitudinal data. Since the lesions are bilateral and
ratio of left hind limb to right hind limb is 1, for comparison
of the experimental groups, only the ratio of left hind limb
post SCl to pre-SCl was measured for analyses. The parameters
were print area, base of support and swing time.

In- vitro experiments

Tissue harvesting and assessments: Eight weeks after
SCl, the rats were deeply IV anesthetized via intraperitoneal
injection of ketamine (273 mg/kg), Xylazine (7.1 mg/kg),
and Acepromazine (0.625 mg/kg). They were transcardially
perfused via the aorta with heparinized saline solution
(slow steady drip (20 ml/min)) followed by ice-cold 4%
paraformaldehyde solution (20 ml/min).

Histological staining: For histological analysis, the bladders
were embedded in paraffin. The paraffin blocks were
transversely cut into 10 um serial sections and documented
by a Slide Scanner (Leica SCN400) microscope. The contents
of urothelial, connective, smooth muscle and vascular tissue
by Masson-Goldner trichrome and collagen type | and I
by Herovici staining were quantified by means of Image)
analysis software (National Institutes of Health, Bethesda, MD,
USA). For elastic fiber quality, Orcein stained sections, were
documented by an Olympus CX23 microscope at 63x.
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Contrast agent-enhanced pCT scan: Following perfusion
(see above), the excised spinal cords were stained by
submersion in contrast agent Accupaque-350 (GE Healthcare,
Munich, Germany) diluted 1:2 in PBS for 48 h and scanned in
a SCANCO pCT 50. Spinal cords were mounted on 2¥4 mm
strips of XPS board attached by gently wrapping ~ 5 mm
wide strips of parafilm gently around the spinal cords above
and below the defect region. Scans were performed at 70 kVp
with 85 pA using a 0.5 mm Al Filter. 1250 Projections/180°
were integrated 2 times for 750 ms and averaged. The scans
were reconstructed to an isotropic resolution of 6 pm.
Approximately 16 mm of spinal length was scanned centered
on the epicenter of the lesion. Volume of interest (VOI) was
analyzed semi-automatically using Fiji (ImageJ v1.53a) [15]
with a newly developed algorithm. The outer border of white
matter, gray matter and damaged regions were manually
marked using the ROl manager and interpolation. The cyst
was segmented using a threshold adjusted to the density of
the pure contrast agent in each image. The primary readout
parameters remained white and gray matter compared to
healthy reference, cyst size and cyst distribution.

Statistical analysis

Standard tests were used to check the data of the individual
urodynamic measurements (intravesical pressure, filling
volume, bladder compliance and micturition behavior) on
the normal distribution and variance homogeneity. For time-

course data, a repeated measures two-way ANOVA was used.
In addition, a parametric unpaired one-way ANOVA and t-test
were used for data analyzed at a single time point which
provided the statistically significant differences between the
parameters before and after SCI. Standard software packages
(e.g. GraphPad Prism 9) were used for the calculations. Data
were significant when p<0.05. Data were plotted as the mean
+ SEM.

Results

The spinal cord lesion areas were characterized by Micro
CT scanning

In a first step, by using an advanced uCT imaging, we
determined (i) the location, size and severity of the lesions,
and (ii) the sparing of white and gray matter at the epicenter, 8
weeks post-SCl. The SCl rats were classified into three distinct
groups according to the neuropathological damage from
vertebral levels. Group A included SCI at the thoracolumbar
junction with a segmental lesion area ranging from mid L5 to
mid L6 and bilateral dorsoventrally epicenter damage, (group
B) vertebral L1 with segmental lesion area ranging from
mid L6 to mid S1 and bilateral dorsal and unilateral ventral,
and (group C) L1/L2 junction with segmental lesion area
stretching from the beginning S1 to one third S2 and bilateral
dorsoventrally epicenter damage (Figure 1A, b). Lesion length,
lesion volume, cyst volume and spared white and gray matter
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Figure 1A: (a) Dorsal view of spinal cords 8 weeks post SCl visualized by pCT scanning. The uCT imaging showing the laminectomy at L1
vertebral canal. uCT projection along the dorsoventral axis, blue lines indicate the position of the five equidistant curved slices, showing the
variations of the lesion levels along the rostro-caudal axis. (Group A) Lesion area, rostral to caudal, from mid L5 to mid L6. (Group B) Lesion
area from mid L6 to mid S1. (Group C) Lesion area from beginning S1 to one third of S2. (b) Cross sections of the lesion area, T mm cranial
and caudal from the epicenter. Bar graphs represent (c) the defect length along the spinal cord, (d) the lesion volume (mm?), based on the
defect length (mm) x epicenter area (mm?), (e) cyst volume (mm3). Data represent mean + S.E.M. n = 4/group. P<0.05 indicates statistical
significance difference. *p < 0.05. The significance difference was evaluated by One-way ANOVA. Magnification 20x. R: Rostral; C: Caudal; V:
Ventral; D: Dorsal; E: Epicenter.
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Figure 1B: Areas of spinal cord damage produced by lumbosacral contusion SCI. Group A: Destruction of T13/L1 junction. Group B:
Destruction of L1 and surrounding lumbar roots. Group C: Destruction of L1/L2 junction with peripheral nerves.

Table 1: Values of interest in the lesion area.

Parameter Group A Group B Group C P-Value

Defect length (mm) 1.65+0.09 2.24+0.23 6.3 +2.88 0.1499

Lesion volume (mm’) 294+0,14 74193 10.66 + 0.44 0.0771

Cyst volume (mms) 14£0.12 0.45+0.03 0.22 = 0.04 0.0036

Sham White Matter (%) 69.27 £2.7 64.25+0.14 65.22 £5.1 0.5505

Minimum White Matter (%) 6.35+1.62 4.79+£0.02 0 0.0025

Sham Gray Matter (%) 30.73£2.7 357+0.18 3478 £5.1 0.5567

Minimum Gray Matter (%) 0.31 0 0 -

Sham White Matter Spared White matter at the same level of epicenter in lesion area in sham
Sham Gray Matter Spared Gray matter at the same level of epicenter in lesion area in sham
Minimum White Matter Spared White Matter at epicenter of lesion area (least percentage of Gray Matter)
Minimum Gray Matter Spared Gray Matter at epicenter of lesion area (least percentage of Gray Matter)

difference among SCI group means (Two-way ANOVA).

n=4/group. Values are presented as mean = SEM. P< 0.05 indicates statistical significance difference. P-value represents the significance

are shown in graphs b-c and Table 1. The lesion pattern from
rostral to caudal showed continual increases in defect length
and lesion volume (Figures 1A, c-d). Cystic cavities surrounded
by rims of anatomically preserved white matter were observed
in all three groups, with group B depicting the largest cysts
(average amount:1,4 mm?3, Figure 1, A e).

Lumbosacral SCI caused detrusor underactivity with
high compliance

Bladder function was evaluated by awake repetitive
measurements healthy and SCI rats. Table 2 shows the
influence of lumbosacral SCI on defined urodynamic
parameters. Most striking was that in all recordings functional
deficits were identical, irrespective of the injury group and
severity. Lumbosacral SCI resulted in significant reductions
in maximum intravesical pressures (Figure 2b). While mean

maximum intravesical pressure ranged 38,1 + 6,28 cmH,O pre
SCl, it continuously dropped to average 12,04 + 1,69 cmH,0
at 8 weeks post-SCl (Figure 2c). Threshold pressure to trigger
micturition pre-SCl was 14,93 + 2,97 cmH,O and pointedly
decreased after SCI (Figure 2e). Present low leaking volumes
post SCl are shown in Figure 2d. Low intravesical pressures and
leaking volumes led to high post-void residuals (PVR) and poor
bladder leaking flow rate post SCI (Table 2). Bladder intravoid
intervals (end of previous micturition until threshold pressure)
showed significant interval time decreases post SCI (Table 2).
Bladder capacity was evaluated by weighting expressed urine
at morning care and at the end of each awake cystometry
showed significant volume decreases at morning care and
increases after cystometry (Figure 2f) (Table 2). Altogether,
the data revealed that bladder capacity was increased after
lumbosacral SCI, but showed no obstruction based on the
expressed urine at the morning care.
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Table 2: Urodynamic data of SCl rats before and 8 WPI in SCl rats.

Parameter PRI Group A Group B Group C P-Value
Maximum intravesical pressure (cmHZO) 38.1+6,28 14.5+ 2.98" 11.8+1.5" 10.37 +1.64" 0.2842
Intravesical pressure threshold (cmHZO) 14.93 £2.97 55+0.5" 7.63 +1.02° 6.2 +0.85 0.0975
Voided volume (ml) 0.44 = 0.06 0.14+£0.01" 0.18 £ 0.05" 0.12+£0.03" 0.2919
Intravoid interval (s) 200.5 +£39.83 62+ 13" 54.62 +12.62" 62.25+16.75 0.5603
Flow/leaking rate (ml/s) 0.025 +0.003 0.006 + 0.002™ 0.01 +£0.002" 0.007 + 0.002™ 0.4104
PVR (ml) 0 2.12+£0.097 311+£1.15™ 3+0.69™ 0.4707

n=4/group. Values are presented as mean + SEM. P< 0.05 indicates statistical significance difference. P-value represents the significance
difference among SCI group means.”™ P<0.0001, ™ P<0.0005, * P<0.005, “P<0.05. Statistical significance difference between the SCl vs PRI
(Two-way ANOVA). PRI; pre-SCI, WPI; weeks post SCI, PRV; post-void residual urine.
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Figure 2: Effects of spinal cord injury on bladder activity and urodynamic parameters. Recordings were obtained in the unanesthetized
state. Representative maximum intravesical pressure and voided volume traces in rats (a) pre-SCl and (b) 8 weeks post SCI. Bar graphs
represent the cytometric parameters from SCl rats at 2, 4, 6 and 8 weeks post SCl in comparison to levels pre SCI. Parameters: (c) Maximum
intravesical pressure, (d) Voided volume, (e) Intravesical pressure threshold, and (f) Weight of urine after bladder expression in the morning.
Data represent mean + S.E.M. n = 4/group. P<0.05 indicates statistical significance difference. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001.
Two-way ANOVA with geisser greenhaus correction was applied to evaluate the significance difference between the SCI groups vs PRI data
in each time point. SCl: Spinal Cord Injury; PRI: Pre SCI; WPI: Weeks Post SCI.

Lumbosacral SCl led to a mild locomotor function steadily improved thereafter and plateaued at averaged

impairment

Locomotor function was measured by open-field locomotor
BBB score and Multivariate gait analysis at different time
points pre and post SCI. No irregularities were seen pre SCl.
On day 1 post SCI, all rats exhibited a locomotor dysfunction
with consistent BBB scores of 8.7+1.0 (Figure 3a). Locomotion

scores of 14 around 2 weeks post-SCl. By two weeks post-
SCl, all SCI animals achieved weight-supported stepping with
hind-limbs and forelimbs (BBB scores above 11) and were
able to complete Catwalk analysis. Multivariate gait analysis
performed weekly started at two weeks post-SCl and included
static parameters to determine changes in the placement and
positioning of the paws and limbs. To objectively quantify the
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Figure 3: Locomotor analysis of rats pre and post SCl by BBB score and catwalk analysis. Graphs present (a) BBB score, (b) print area, (c) base
of support in hind paws, and d) swing time. n=4/group. P<0.05 indicates statistical significance difference. *p<0.05, **p<0.01, ***p<0.005,
**¥%r<0.0001. Two-way ANOVA with geisser greenhaus correction was applied to evaluate the significance between the SCl groups vs PRI

data in each time point. BOS: Base of Support; SCI: Spinal Cord Injury, PRI: Pre SCI; DPI: Days Post SCI; WPI: Weeks Post SCI.

locomotor capacity in intact and SCl rats, the most reliable and
common parameters were measured [16], including print area
(Figure 3b), base of support (BOS) (Figure 3c) and swing time
(Figure 3d) in the hind limbs. The results showed a mild hind
limb dysfunction in all SCI animals. All assessed parameters
showed a subsequent continuous recovery until 8-week post-
SCl. Altogether, mild locomotor function impairment was seen
in all injured rats post lumbosacral SCI, irrespective of lesion
type and severity.

Underactive bladder underwent severe atrophy after
lumbosacral injury

The region of interest for the histological analysis was the
central bladder body. Detailed results of the histological

staining are provided in Table 3 and apply again to all SCl rats,
irrespective of injury type and severity.

Masson’s Goldner trichrome staining to analyze structural
bladder wall preservation (Figure 4A) depicted thickened
bladder walls post SCI with averaging 2-fold increases
(Figure 4A, a), urothelial thickness increases (Figure 4A, b)
and decreased amounts of detrusor muscle (Figure 4A, c).
Lumbosacral SCI also led to an increase collagen content,
decreasing theratio of type | to type lll (Herovici staining, Figure
4B, a-b) (see Table 3). Further remodelling post SCI was seen
in the changes in elastic fiber properties in the ECM. Elastic
fibers were thinner and reduced in numbers, demonstrating
a reduction in the elasticity in the bladder of SCI rats (Figure
4B arrows).

Table 3: Bladder histology data of control and SCl rats.

Parameter Control Group A Group B Group C P value
Bladder tickness (pm) 1073 +10.89 2039+ 117.7™ 1852 +121.7™ 1823 £ 193.4" 0.6144
Urothelium tickness (um) 2522 +3.25 65.84 +10.69” 54.63 +9.4% 58.2+8.73" 0.9460
% MT 51.65+5.33 44,09 £5.12 41.12+£2.10 3434 +2.46" 0.1908
CT/MT 1.11 £0.09 1.56 +£0.30 1.28 £0.07 1.63+£0.12 0.5091

Collagen I/l 0.69 = 0.06 1.26 £0.16 1.25+0.08" 0.94 + 0.03" 0.1112

n=4/group. Values are presented as mean = SEM. P< 0.05 indicates statistical significance difference. P-value represents the significance
difference among SCI group means.™ P<0.0005, * P<0.005, "P<0.05. Statistical significance difference between the SCI vs PRI (Two-way
ANOVA).SCI; spinal cord injury, MT; muscle tissue, CT; connective tissue.
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Figure 4A: Histologic analysis of the bladder body by H&E staining and Masson-Goldner trichrome staining showing marked thickening of
the urothelium at 8 weeks after SCl compared with the bladder of the control group. Magnification 20x. Graphs represent (a) the quantified
bladder wall layers, (b) urothelium thickness, (c) ratio of muscle tissue, showing the differences from control to post SCI.
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Figure 4B: Histological sections stained with H&E and Herovici to visualize collagen type | in red and type Il in blue and Orcein staining to
visualize the elastic fibers (arrows) in bladder of control and SCl rats. Graphs (a-b) showing an increase in the ratio and content of collagen |1l
to collagen lin rat post SCl compare to control, respectively. Data represent mean + S.E.M. P<0.05 indicates statistical significance difference.
*p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 (Two-way ANOVA). SCI: Spinal Cord Injury; UT: Urothelium Tissue; CT: Connective Tissue; MT:
Muscle Tissue; Coll-I: Collagen Type |; Coll-llI: Collagen Type Ill; H&E: Hematoxylin and Eosin.
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Discussion

In humans, the bladder reflex arc is located in S2-S4, the
terminal segments of the adult spinal cord, and lies at the level
of T12/L1 in most adults [17,18]. Clinically, bladder dysfunction
after thoracolumbar SCls may include loss of voluntary
micturition, impaired urethral closure, and an areflexia
bladder [19-21]. However, SCls at the terminal segments of the
spinal cord are complex, and the relative contribution of these
lesions to the central and peripheral parts of the nervous
system may vary from patient to patient. Therefore, it can be
difficult to predict how limiting an injury may be given the
different types of bladder dysfunction.

Since the animal models to study thoracolumbarinjuries have
been relatively sparse, in the present study, we investigated
the bladder and locomotor functions following contusive SCI
to the T13/L1junction, L1 vertebral level and L1/L2 junction
with the L5 to S2 spinal cord segments in a rat model. These
levels were selected to include primarily the L6 and S1
segments, which contain the preganglionic parasympathetic
neurons innervating the detrusor muscle and the somatic
motoneurons innervating the external urethral sphincter
(EUS) [22,23].

High resolution puCT imaging of the injured spinal cords
was performed, and lesion characteristics were analysed
semiautomatically at the epicentral foci and also extended
rostro-caudal. Based on the anatomy of lumbosacral spinal
cord segments, the spinal cord in this area is cone-shaped
and the size of the spinal segments becomes smaller in the
region of the cauda equina. At that point, group A included
thoracolumbar junction lesion that had the shortest defect
length and volume. Group B included the L1 vertebral lesion
had the largest cyst volume, and group C included L1/
L2 junction lesions and had the most caudal injuries with
the longest defect lengths and volumes. Lesions at lumbar
spine may spare a critical portion of white and gray matter
containing axons and sensory and motoneurons located in
the intermediate lateral and ventral horn of the respective
segments, mediating bladder function.To know the functional
deficits among the three groups with the varying lesion
lengths and widths and degrees of white and gray matter
sparing, bladder and motor outcomes were analyzed.

Since the type of resulting functional disturbance depends
on the nature and extent of nerve injury, the urodynamic
assessment among SCl rats with different lesion areas needs
a careful examination. In the present rat model, a consistent
functional deficit of the bladder was observed in the three
different injury groups, although contusion resulted in
varying damage to the parenchyma. Our cystometric data
showed a significant decrease in bladder strength combined
with low leaking volumes and high retained urine compared
to data pre SCl. This is in line with clinical observations, where
any lesion at the lumbosacral spine causes some degree

of voiding deficiency [24]. Based on the neural mechanism
of micturition, low intravesical pressures, which indicates
an hypocontractile detrusor, resulted most likely from the
damage to parasympathetic efferent pathways in lumbosacral
spinal cord. Moreover, the low volume of retained urine during
morning bladder expression may indicate the damage to the
motoneurons in Onuf’s nucleus in the lumbosacral spinal
cord that fosters neurogenic EUS closure [4,18]. The other
finding of the urodynamic analysis was the high PVR without
changes in bladder pressure indicating high compliances
post SCI and can be associated with an increased bladder
capacity in conditions such as underactive or flaccid bladder.
The preservation of sympathetic neurons in L1-L2 spinal cord
innervating the bladder neck may explain the paradoxical
symptomatology of both leaking across the urethra and the
inability to empty the bladder. Based on urodynamic finding,
the disruption of bladder function is not due to differences in
lesion size nor to sparing of different portions of white and
gray matter at the lumbosacral level.

The lumbosacral spinal cord contains also critical motor
centers, including the central pattern generator (CPG) and
the tibial nerve innervating the gastrocnemius and gluteus
maximus muscles [25]. The BBB score locomotor scale was
used to define the consistency of injury outcomes among
individual SCI rats. Previous studies have reported mild
locomotor deficits and relatively little changes of the BBB
locomotor scores after contusion injury at vertebral level T13
[26,27]. The BBB scores revealed similar mild impairments in
trunk stability and coordination in our SCl rat collective, again
similar findings for all lesion groups. The catwalk findings
indicated that rats with lumbosacral lesions are able to walk
with restrains in complete coordination and a disability of
complete paw placement. However, this infirmity was almost
totally recovered during eight weeks post SCI. The deficits
in locomotor function were similar among all three injury
groups. This mild locomotor deficit suggests some but not
extensive sharing of neurons that control the two functional
neural networks (locomotor and bladder motoneurons). The
results obtained in this rat model reflect the deficits described
in patients with lumbosacral SCI, who may experience some
degree of function loss in the hips and legs but will most likely
be able to walk [28]. In our animal model, several histological
stainings were done to compare functional results to structural
remodeling. Results showed an alteration in the urothelium
of the bladder of all SCI rats. No significant difference in
structural bladder changes were seen between the 3 distinct
lesion groups. A significant increase in the bladder wall and
urothelial thickness were seen in SCl rats. These findings
are consistent with previous clinical observations that
hypothesized that SCl and the resulting lack of trophic action
on the urothelium might lead to a cascade of events involving
urothelial proliferation, differentiation, and apoptosis [29-
31]. Mucosal denervation, cell adhesion molecules, secretory
immunoglobulin (IgA), growth factors, nitric oxide synthase
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(NOS), and cytokines could play a complex and interactive
role in the development of the denervation-induced changes
in urothelial structure and function; these cellular changes
could eventually lead to increased susceptibility of the vesical
urothelium to urinary tract infection, and the present animal
model may be a suitable subject to determine the mechanisms.

Regarding the detrusor muscle layer, a decrease in the ratio
of detrusor muscle layer to the whole bladder wall thickness
and connective tissue amount was observed in SCI rats.
Relevant to this alteration, neurogenic atrophy of detrusor
muscle is described in chronic SCI patients [32]. In addition,
to determine the increase in collagen contents of the rat SCI
bladder, investigations of the correlations between collagen
types lll and | showed a dominance in collagen Ill in SCI rats.
The modest amounts of collagen Ill were observed in the
lamina propria, parallel to the urothelium. The linearized
fibrils conformation of the collagen Ill in the submucosal area
indicated more stress in this area, maybe due to the large post-
void residual volumes and/or acontractile bladder pathology.
This would be accounted for the ability of the bladder to
accommodate large changes in volume. Additionally, it has
been shown that the low bladder pressure causes a loss of
elasticity in the bladder tissue [33]. Also, the changes in elastic
fibers by decreasing their number and length demonstrate
nonreversible dilation of the acontractile bladder in SCl rats.

These findings align with the urodynamic finding of
acontractile bladders with low intravesical pressures.
Furthermore, our rat data matches clinical observations, where
anincreasein size of the acontractile bladder with a progressive
structural remodeling, widened ECM with extensive collagen
deposition, and axonal degeneration is described as the major
features of neurogenic areflexia bladder [29,34].

Concluding Remarks

All collected data and conclusions highlight the multifactorial
nature of neurogenic bladder dysfunction (NBD) following
lumbosacral SCI. This new rat model closely reproduced
the main aspects of human NBD following lesions to conus
medullaris or cauda equine and provided deep insight
into the mechanisms underlying the pathogenesis of this
complex condition. Finally, a standardized and well-described
neurological animal modelis available to test new strategies to
tackle the NBD condition and may ultimately help to improve
the quality of life of affected patients.
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