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Abstract: Rats manifest a condition called hemorrhagic cystitis after spinal cord injury (SCI). The
mechanism of this condition is unknown, but it is more severe in male rats than in female rats. We
assessed the role of sex regarding hemorrhagic cystitis and pathological chronic changes in the bladder.
We analyzed the urine of male and female Sprague-Dawley and Fischer 344 rats after experimental
spinal cord contusion, including unstained microscopic inspections of the urine, differential white
blood cell counts colored by the Wright stain, and total leukocyte counts using fluorescent nuclear
stains. We examined bladder histological changes in acute and chronic phases of SCI, using principal
component analysis (PCA) and clustered heatmaps of Pearson correlation coefficients to interpret how
measured variables correlated with each other. Male rats showed a distinct pattern of macroscopic
hematuria after spinal cord injury. They had higher numbers of red blood cells with significantly
more leukocytes and neutrophils than female rats, particularly hypersegmented neutrophils. The
histological examination of the bladders revealed a distinct line of apoptotic umbrella cells and
disrupted bladder vessels early after SCI and progressive pathological changes in multiple bladder
layers in the chronic phase. Multivariate analyses indicated immune cell infiltration in the bladder,
especially hypersegmented neutrophils, that correlated with red blood cell counts in male rats. Our
study highlights a hitherto unreported sex difference of hematuria and pathological changes in males
and females’ bladders after SCI, suggesting an important role of immune cell infiltration, especially
neutrophils, in SCI-induced hemorrhagic cystitis.
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1. Introduction

Traumatic injuries to the spinal cord cause considerable bladder dysfunction [1],
usually attributed to the loss of neurological control of micturition, catheterization, and
subsequent bacterial infections. In experimental animal spinal cord injury (SCI) models,
however, some investigators [2–4] have noted acute hemorrhagic cystitis. While SCI pa-
tients usually show chronic mucosal ulcerations and inflammation of the bladder associated
with bacterial cystitis and even cancer in the weeks or months after SCI, rats show a much
more rapid and gross hematuria within a day after SCI [5]. The urinary bladder undergoes
substantial anatomical and structural changes after SCI [5–8].

The urinary bladder wall Is composed of the uroepithelium, lamina propria, and de-
trusor muscle layers. Umbrella cells form the mucosal surface of the multi-layer urothelium.
The umbrella layer undergoes a dramatic apoptotic transformation within 1 day of SCI,
followed by the sloughing of the umbrella cells [5,8]. Although some of these changes
are transient and may be followed by spontaneous restoration, they can cause long-term
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damage to the bladder structure that leaves the bladder susceptible to chronic inflammation
and chronic bacterial infections [7,9,10]. Accordingly, identifying acute and chronic patterns
of pathological changes should provide insights into both mechanisms and therapies of
bladder damage after SCI.

Sex differences in bladder pathology after SCI are not surprising considering the
marked differences in male and female urinary tract anatomy [11,12]. Because male animals
have more bladder complications after SCI, many investigators have preferred to use only
female SCI animal models [13]. Even though unisex SCI models are likely to introduce
a sex bias [14], few investigators have studied the effects of sex on the pathophysiology
of hemorrhagic cystitis after SCI [15]. Additionally, despite a growing body of literature
showing sex-based differences in male and female immune responses [16–18], the roles
of immunological differences between males and females regarding the bladder after SCI
require further investigation.

Infiltrating myeloid cells, especially neutrophils, play central roles in acute neuroin-
flammatory responses following SCI [19–22]. Certain subsets of neutrophils may promote
neuroregeneration after spinal cord injury [23]. Interestingly, large numbers of neutrophils
infiltrate the bladder uroepithelium, followed by a loss of bladder integrity during the acute
phase of the spinal cord injury [7]. Neutrophil infiltration and activation differ considerably
between men and women in acute inflammatory states [24,25] and in SCI. Yet, no studies to
date have examined post-SCI bladder neuroinflammatory responses that may leave males
or females more vulnerable to inflammation or hemorrhagic cystitis.

Here, in studies of a clinically relevant and well-standardized SCI contusion model [26],
we uncovered remarkable sex-related differences in hemorrhagic cystitis between male and
female rats after SCI. Interestingly, we found a distinct line of apoptotic urothelial umbrella
cells and the profound recruitment of neutrophils including hypersegmented neutrophils
into the bladder, correlating with the severity of hematuria. In contrast to spontaneous
recovery from acute hemorrhagic cystitis in male rats, substantial pathological changes
occur in bladder layers in the chronic phase of both male and female rats. Together, our
data revealed the extraordinary sloughing of the bladder uroepithelium with a disruption
in vascular integrity very early after SCI that occurs primarily in male rats that have robust
hematuria. These findings underscore the susceptibility of the bladder structure in response
to SCI and highlight the importance of special bladder care in the acute phase after SCI [27].

2. Materials and Methods
2.1. Retrospective Study

All of the rats received a consistent contusion of the thoracic spinal cord using
the MASCIS standard weight-drop impactor [28] that dropped a 10 g weight 12.5 mm
onto T9–T10 spinal cord of two rat strains: SD and F344 (n = SD 27 males/33 females;
F344 46 males/36 females) rats. We examined urine samples collected from 142 rats from
the two rat strains. Levels of gross hematuria for 3 days were scored on a 1–4-point scale ac-
cording to the intensity of the blood color (1: No hematuria, 2: Mild hematuria, 3: Moderate
hematuria, 4: Severe hematuria) in male and female rats.

2.2. Spinal Cord Contusion Injury

The contusion model of SCI was carried out as previously described [28]. After making
an incision on the skin, longitudinal incisions were made on the left and right sides of
the spinous processes muscles. The paravertebral muscles were then pulled away from
the spine, without any further incision or damage to the muscles. Lamina was removed
to expose the dorsal surface of the spinal cord. Stabilization clamps were placed at the
posterior spinous processes of the vertebrae to support the vertebral column during impact.
F344 rats (half male and half female) were contused with a Multicenter Animal Spinal
Cord Injury Study (MASCIS) impactor that drops a 10 g weight 12.5 mm onto the T9–T10
spinal cord exposed by laminectomy. After injury, the muscles were sutured in layers, and
the skin was closed with metal wound clips. Rats that received laminectomy without SCI
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served as controls for the effects of anesthesia and laminectomy without contusion. After
surgery, we placed the rats on heating pads (37 ◦C) and observed them until they were
stable and awake before returning them to their home cage. Pre- and post-operatively, the
rats were housed in a temperature- (21 ± 1 ◦C) and humidity-controlled environment with
a 12 h dark/light phase. The rats received ad libitum access to a certified rodent diet and
water over the study period, and each rat box housed one spinal-injured rat. The Rutgers
Animal Care and Facilities Committee (equivalent to the Institutional Animal Care and Use
Committee) approved all the animal use and care procedures (No 99-025).

2.3. Urinalysis

We expressed the bladders manually and collected urine in sterile tubes. Urine samples
with mild to no gross hematuria were centrifuged at 3000 RPM for 7 min, the supernatant
was poured off, and the resuspended sediment was examined by a light microscope (Zeiss,
Axiophot; Jena, Germany) under high-power magnification (HPF). Urine samples with
moderate to severe macroscopic hematuria were examined directly without centrifugation.
Microscopic red blood cell (RBC) counts of unstained urine in male and female rats were
averaged for 3 days after SCI.

2.4. Urine Analysis: Wright Stain Differential

To make urine leukocyte differential counts, we spread a drop of urine over a glass
slide and air-dried and stained the urine with the Wright-stain (LeukoStat, Fisher Scientific,
Pittsburg, PA, USA). Urine samples with mild to no gross hematuria were centrifuged at
3000 RPM for 7 min, the supernatant was poured off, and the resuspended sediment was
used for blood smear preparation. Leukocyte differential counts were determined using a
40× objective lens of a light microscope (Zeiss, Axiophot; Jena, Germany). All slides were
blinded, and 200 leukocytes in the monolayer of the smear were manually counted by two
experienced investigators. The differential count measures the percentages of each type of
leukocyte present.

2.5. Urine Analysis: Total Leukocyte Count

For the total leukocyte count, we stained each uncentrifuged urine sample with the
fluorescent dyes acridine orange and propidium iodide and counted the total WBC with a
Cellometer (Nexcelom, Lawrence, MA, USA), an automated cell counter. The quantification
was optimized for the volume and shape for the urine analysis chamber. All cell counts
were performed in duplicate.

2.6. Tissue Processing for Histological Evaluation

To characterize the histological bladder changes in acute and chronic phases after SCI,
we cut transverse paraffin sections of the bladder from rats euthanized 24 h and 6 weeks af-
ter SCI [29]. The rats were deeply anesthetized with injections of ketamine (80 mg/kg) and
xylazine (10 mg/kg), followed by transcardial perfusion with saline containing 10 U/mL
heparin and then 4% of paraformaldehyde. The bladder was then removed and left in
4% paraformaldehyde overnight at 4 ◦C. After fixation, the tissues were dehydrated with
a graded series of ethanol solutions, cleared in xylene, and embedded in paraffin blocks
for sectioning. Bladder samples were sectioned transversally with a microtome at a 5 µm
thickness and mounted on slides.

2.7. Hematoxylin and Eosin Staining

To visualize the bladder structure during the acute phase, we cut paraffin sections and
stained with hematoxylin and eosin [30]. Paraffin sections were deparaffinated. To stain
the nuclei, the sections were incubated in Gill Hematoxylin (Sigma, St. Louis, MO, USA)
for 10 min, rinsed in running tap water, differentiated in Bluing reagent, rinsed in distilled
water followed by 95% ethanol, counterstained in Eosin Y solution (Sigma, St. Louis, MO,
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USA) for 20 s, rinsed in distilled water, differentiated in 95% ethanol, rinsed in 100% ethanol,
cleared with xylene, and cover-slipped with mounting media.

2.8. Wright Staining

The bladder sections were deparaffinized and then rinsed in distilled water. The
sections were stained with Wright stain (Sigma, St. Louis, MO, USA), rinsed in distilled
water, and cover-slipped with mounting media.

2.9. Masson’s Trichrome Staining

The bladder sections were deparaffinized and then washed in distilled water. The
sections were re-fixed in Bouin’s solution for 1 h at 56 ◦C, rinsed in running tap water, and
then stained with Weigert’s iron hematoxylin solution. The sections were then rinsed in
running tap water followed by a wash in distilled water, stained with Biebrich scarlet acid
fuchsin, washed in distilled water, differentiated in phosphomolybdic-phosphotungstic
acid solution, and stained with aniline blue solution. The sections were washed in distilled
water and rinsed briefly in 1% acetic acid. The bladder sections were dehydrated followed
by clearing in xylene and then cover-slipped with mounting media. Stained sections were
photographed with a light microscope (Zeiss, Axiophot; Jena, Germany). We measured
the bladder layers thickness using ImageJ software (Version 1.50b; National Institutes of
Health) (accessed on 10 May 2023).

2.10. TUNEL Assay

Bladder paraffin sections were deparaffinized and then washed in distilled water.
The sections were stained using ApopTag In Situ Apoptosis Detection Kits (EMD Mil-
lipore Corp; Billerica, MA, USA), according to the manufacturer’s instructions, and nu-
clei were counterstained by DAPI. The sections were digitally photographed with an
epifluorescent microscope (Zeiss, Axiophot; Jena, Germany). The number of TUNEL
and DAPI+ cells were counted for each image area using ImageJ software (accessed
on 10 May 2023) (Version 1.50b; National Institutes of Health), and the percentage of
TUNEL+ cells per DAPI+ cells was calculated.

2.11. Statistical Analysis

The experiments and analyses were double-blinded such that neither the experimenter
nor the analyst knew the treatment nor source of the tissues being analyzed. We used
GraphPad Prism version 9.0 (GraphPad Software Inc., San Diego, CA, USA) (accessed on
5 May 2023) for statistical analyses. A nonparametric statistical Mann–Whitney test or
Friedman test followed by Dunn’s post hoc were used for rank-based gross hematuria
comparisons. Student’s t-tests or ANOVA tests followed by Tukey’s post hoc test used
other comparisons. The Shapiro–Wilk test was used to test for a normal data distribution.

Multidimensional reduction analysis was conducted using principal components
analysis (PCA) with GraphPad Prism version 9.0 (GraphPad Software Inc., San Diego, CA,
USA). Orthogonal transformation was applied to input variables including the thickness
of the total bladder wall, detrusor muscle, connective tissue, and urothelium; the urine
analysis parameters of 1 day and 2 days after injury were: the total leukocyte count,
total neutrophils, total lymphocytes, and total hypersegmented neutrophils. Principal
components (PC1, PC2) were identified, which explained the majority of the variance. The
retention of PCs was determined by the “Kaiser Rule” (eigenvalue > 1). The length of the
arrows indicates the magnitude of the loading for the variable in the loading plot.

Correlation analyses between histology and urine analysis parameters after SCI in male
rats were evaluated by calculating the parametric Pearson’s correlation coefficient r, R2,
and a two-tailed p value. A p value of <0.05 was considered to be statistically significant. To
improve the visual representation of the correlation on a heatmap and facilitate finding groups
of correlated features, we loaded the data onto Morpheus (https://software.broadinstitute.
org/morpheus/) (accessed on 25 April 2023) and constructed a dendrogram of hierarchical
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clustering using 1-Pearson correlation. After computing the distance matrix, the parameters
were grouped hierarchically according to their distances in the dendrogram.

3. Results
3.1. Hemorrhagic Cystitis with Acute Vascular Injury and Neutrophils Infiltration after SCI

After dissecting the ventral lobe of the prostate to expose the urinary bladder, the
gross pathological examination of the urinary bladder in the abdominal cavity in male
rats revealed a cherry-colored bladder at 24 h after SCI (Figure 1A). Severe macroscopic
hematuria was apparent during the first days after spinal injury (Figure 1B).

Urine analysis by the unstained method showed large numbers of isomorphic round
erythrocytes combined with crenated (characterized by regular spikes) red blood cells
(RBC), confirming that microscopic hematuria originated from bladder injury and not
kidney damage. Morphological inspections of the RBC indicated no dysmorphic RBC and
acanthocytes, confirming the non-glomerular origin of RBC in urine (Figure 1C).

The Wright staining of urine samples, in addition to showing the presence of RBC in
the urine, presented dramatically increased numbers of leukocytes, especially neutrophils,
in the urine samples after SCI (Figure 1D). Furthermore, microscopic sediment urine
analysis, Wright staining finding, and dipstick tests indicate no sign of bacterial urinary
tract infection.

The microscopic analysis of the bladder with H&E and Wright staining indicated
marked hemorrhage and edema throughout the lamina propria (Figure 1E,F), with vascular
dilatation and capillary changes that indicate acute vascular injury after SCI (Figure 1G,H).
A severely damaged endothelium is evident, including increased vascular permeability,
bleeding along with an urothelium ulceration, and endothelial erosion covered with blood.
H&E staining revealed large numbers of neutrophils that had migrated to the endothelial
surface and infiltrated into the lamina propria and urothelium layers. H&E and Wright
staining confirmed neutrophilic hemorrhagic cystitis (Figure 1G,H).

3.2. Sex Differences in Hemorrhagic Cystitis in the Acute Phase after Spinal Cord Injury

Severe macroscopic hematuria, especially during the first days after spinal injury in
male rats, gradually cleared during the first week after injury. Mild gross hematuria in some
female rats on the first day following SCI could be detected by a naked eye examination
of the urine specimen (Figure 2A). The pattern and severity of macroscopic hematuria
were considered in two different rat strains including SD and F344 in both males and
females after SCI (Figure 2B,C). Of the 27 male SD rat urine specimens at one day after SCI,
19 (70.4%) had severe hematuria. Severe hematuria resolved 2 and 3 days following SCI
in male rats, and, therefore, only nine (33.3%) and four (14.8%) had severe hematuria on
day 1 and day 2, respectively. Similarly, of 46 (100%) male F344 rats with severe hematuria
24 h after SCI, macroscopic hematuria resolved in 31 (68.9%) rats in 3 days following SCI.
In contrast, among 69 female rats including 33 Sprague-Dawley rats and 36 F344 rats,
only 6 (16.9%) rats had severe hematuria in the urine specimen at 1 day after SCI, while
macroscopic hematuria completely disappeared from 31 (93.9%) and 36 (100%) female
Sprague-Dawley and F344 rats, respectively.

While both male and female rats received the same contusive spinal cord injuries,
male Sprague-Dawley rats had significantly higher hematuria scores compared to female
rats on day 1 after SCI (Figure 2D). Similar statistical analyses showed significantly higher
hematuria scores in male Fischer 344 rats compared to female F344 rats at 24 h after SCI
(Figure 2F). This pattern of more severe hematuria in both rat strains in male rats compared
to female rats was also observed on day 2 and day 3 after spinal cord injury. However, the
spontaneous resolution of hematuria was observed in males and females in both strains,
especially on day 3 after SCI (Figure 2E,G).
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Figure 1. Histological characterizations of hemorrhagic cystitis show the source of severe hematuria 
after spinal cord injury (SCI). (A) Anatomical dissection of the lower abdominal area reveals a dis-
tended reddish bladder (arrow) in a male rat 1 day after SCI; (B) Urine samples collected 1 day after 
SCI illustrate gross hematuria; (C) Microscopic analysis of urine with an unstained method confirms 
the presence of crenated blood cells in the urine on the first day after SCI. Isomorphic or crenated 
RBCs (arrows) indicate that the cells originated from the bladder; (D) Wright staining on urine sam-
ple leukocytes in urine after SCI. The arrow points to a neutrophil; (E,F) Severe hemorrhagic cystitis 
including an ulceration (blue dashed area) in the urothelium layer and a hemorrhage with leukocyte 
infiltration (arrow) in the lamina propria layer (green dashed area) stained by hematoxylin and eo-
sin; (G,H) Dilated blood vessels with increased capillary fragility are confirmed by H&E and Wright 
staining after SCI. Neutrophil infiltration (arrows) from blood vessels into the bladder wall during 
hemorrhagic cystitis can be seen using both staining methods. Scale bar = 10 μm (C,D) and 20 μm 
(E–H). 

  

Figure 1. Histological characterizations of hemorrhagic cystitis show the source of severe hematuria
after spinal cord injury (SCI). (A) Anatomical dissection of the lower abdominal area reveals a
distended reddish bladder (arrow) in a male rat 1 day after SCI; (B) Urine samples collected 1 day
after SCI illustrate gross hematuria; (C) Microscopic analysis of urine with an unstained method
confirms the presence of crenated blood cells in the urine on the first day after SCI. Isomorphic or
crenated RBCs (arrows) indicate that the cells originated from the bladder; (D) Wright staining on
urine sample leukocytes in urine after SCI. The arrow points to a neutrophil; (E,F) Severe hemorrhagic
cystitis including an ulceration (blue dashed area) in the urothelium layer and a hemorrhage with
leukocyte infiltration (arrow) in the lamina propria layer (green dashed area) stained by hematoxylin
and eosin; (G,H) Dilated blood vessels with increased capillary fragility are confirmed by H&E and
Wright staining after SCI. Neutrophil infiltration (arrows) from blood vessels into the bladder wall
during hemorrhagic cystitis can be seen using both staining methods. Scale bar = 10 µm (C,D) and
20 µm (E–H).
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Figure 2. Male rats have more severe hemorrhagic cystitis compared to female rats in the acute 
phase after thoracic spinal cord injury in two different rat strains, Sprague-Dawley (SD) and Fischer 
344 (F344). (A) Representative images show urine samples collected during the first five days after 
spinal injury. Severe hematuria in male rats compared to mild gross hematuria in female rats was 
observed in the first days after spinal cord injury. Representative pie charts (B,C) and bar diagrams 
(D–G) indicate the average percentage frequencies of different levels of gross hematuria during the 
3 days following SCI. The severity of hematuria scored on a 1–4-point scale according to the inten-
sity of blood color (1: No hematuria, 2: Mild hematuria, 3: Moderate hematuria, 4: Severe hematuria) 
in male and female rats. (n = SD 27 males/33 females; F344 46 males/36 females). Mann–Whitney test 
for planned multiple comparisons (C) or Friedman test followed by Dunn’s post hoc test for planned 
multiple comparisons (D); (H) Representative images showing a higher number of red blood cells 
(RBC) in males compared to females in urine samples collected 24 h after SCI by the unstained urine 
method. Scale bar = 20 μm; (I,J) Bar diagrams show the average values of the microscopic red blood 
cells (RBC) count of unstained urine in male and female rats (n = 5 males/5 females) 3 days following 
SCI. Student’s t-tests (day 1: df = 8, t = 3.430, ** p < 0.01; day 2: df = 8, t = 2.615, * p < 0.05; day 3: df = 
8, t = 2.794, * p < 0.05) for planned multiple comparison (C) or repeated measures ANOVA test (for 
females comparison: F (1.016, 4.063) = 2.233, p = 0.2088; for males comparison: F (1.067, 4.269) = 12.83, 
p = 0.0202) followed by Tukey’s post hoc test for planned multiple comparison (D). * p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001, ns non-significant. Error bars are the mean ± SEM. 

Figure 2. Male rats have more severe hemorrhagic cystitis compared to female rats in the acute
phase after thoracic spinal cord injury in two different rat strains, Sprague-Dawley (SD) and Fischer
344 (F344). (A) Representative images show urine samples collected during the first five days after
spinal injury. Severe hematuria in male rats compared to mild gross hematuria in female rats was
observed in the first days after spinal cord injury. Representative pie charts (B,C) and bar diagrams
(D–G) indicate the average percentage frequencies of different levels of gross hematuria during the
3 days following SCI. The severity of hematuria scored on a 1–4-point scale according to the intensity
of blood color (1: No hematuria, 2: Mild hematuria, 3: Moderate hematuria, 4: Severe hematuria) in
male and female rats. (n = SD 27 males/33 females; F344 46 males/36 females). Mann–Whitney test
for planned multiple comparisons (C) or Friedman test followed by Dunn’s post hoc test for planned
multiple comparisons (D); (H) Representative images showing a higher number of red blood cells
(RBC) in males compared to females in urine samples collected 24 h after SCI by the unstained urine
method. Scale bar = 20 µm; (I,J) Bar diagrams show the average values of the microscopic red blood
cells (RBC) count of unstained urine in male and female rats (n = 5 males/5 females) 3 days following
SCI. Student’s t-tests (day 1: df = 8, t = 3.430, ** p < 0.01; day 2: df = 8, t = 2.615, * p < 0.05; day 3: df = 8,
t = 2.794, * p < 0.05) for planned multiple comparison (C) or repeated measures ANOVA test (for
females comparison: F (1.016, 4.063) = 2.233, p = 0.2088; for males comparison: F (1.067, 4.269) = 12.83,
p = 0.0202) followed by Tukey’s post hoc test for planned multiple comparison (D). * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001, ns non-significant. Error bars are the mean ± SEM.
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To determine whether this distinct macroscopic difference in hematuria between males
and females is observable at the microscopic level of examination, we used the unstained
method for RBC quantification to assess the urine specimen after SCI (Figure 2H). On all
three days, the comparisons of males and females based on microscopic RBC quantification
showed a statistically significantly higher number of RBC in male urine samples compared
to female urine samples, confirming that the pattern was observed in macroscopic urine
evaluation (Figure 2I,J).

3.3. Apoptotic Umbrella Cells Early after SCI

To define the pathological consequences of spinal cord injury in the acute phase
to show it could contribute to hemorrhagic cystitis, we stained for apoptotic cells in the
bladder using the TUNEL method [31]. Positive signals resulting from DNA fragmentations
were detected in the cellular nuclei of the bladder within 24 h after SCI (Figure 3A). A
distinct line of apoptotic cells was present in the urothelium—specifically, in the umbrella
cells layer exposed to urine in the bladder (Figure 3B).

Pathophysiology 2023, 30, FOR PEER REVIEW 10 
 

 

 
Figure 3. Appearance of a distinct morphological line of apoptotic cells in the bladder urothelium 
24 h after spinal cord injury (SCI). (A) TUNEL-stained nuclei showed many cells in the bladder 
urothelium with apoptotic DNA fragmentation (green); (B) Higher-magnification image of apop-
totic cells in the umbrella cell layer of the urothelium exposed to bladder lumen; (C) Bar diagram 
shows the average percentage of apoptotic positive cells in control and injured rats (df = 18, t = 4.141, 
*** p < 0.001, Student’s t test); (D) Bar diagram compares the percentages of apoptotic cells in male 
and female rats (F (1, 16) = 4.737, p = 0.0448 Two-way ANOVA, Tukey’s * p < 0.01, *** p < 0.001). Scale 
bar = 50 μm (A) and 20 μm (B). Error bars are the mean ± SD. 

Statistical analysis revealed that the percentage of apoptotic cells significantly in-
creased in the bladder 24 h after injury compared to that of normal animals (Figure 3C). 
There was a significant increase in the frequency of apoptotic cells in the urothelium in 
both male and female rats after SCI compared to sham-operated animals (control). How-
ever, male rats showed more robust apoptosis than female rats after SCI (Figure 3D). 

3.4. Severe Pathological Changes Occur during the Chronic Phase after SCI 
Sections of the bladder from the 6-week post-SCI group were stained with Masson’s 
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Figure 3. Appearance of a distinct morphological line of apoptotic cells in the bladder urothelium
24 h after spinal cord injury (SCI). (A) TUNEL-stained nuclei showed many cells in the bladder
urothelium with apoptotic DNA fragmentation (green); (B) Higher-magnification image of apoptotic
cells in the umbrella cell layer of the urothelium exposed to bladder lumen; (C) Bar diagram shows
the average percentage of apoptotic positive cells in control and injured rats (df = 18, t = 4.141,
*** p < 0.001, Student’s t test); (D) Bar diagram compares the percentages of apoptotic cells in male
and female rats (F (1, 16) = 4.737, p = 0.0448 Two-way ANOVA, Tukey’s * p < 0.01, *** p < 0.001).
Scale bar = 50 µm (A) and 20 µm (B). Error bars are the mean ± SD.
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Statistical analysis revealed that the percentage of apoptotic cells significantly in-
creased in the bladder 24 h after injury compared to that of normal animals (Figure 3C).
There was a significant increase in the frequency of apoptotic cells in the urothelium in both
male and female rats after SCI compared to sham-operated animals (control). However,
male rats showed more robust apoptosis than female rats after SCI (Figure 3D).

3.4. Severe Pathological Changes Occur during the Chronic Phase after SCI

Sections of the bladder from the 6-week post-SCI group were stained with Masson’s
trichrome stain. Unlike bladder sections from animals shortly after SCI, histological ex-
aminations showed substantial changes in all three layers of the bladder, including the
urothelium, lamina propria, and detrusor muscle layers (Figure 4A–D), instead of just the
umbrella cell layer.

We then compared the thickness of the total bladder wall, detrusor muscle, connective
tissue of the lamina propria, and urothelium between the control and SCI-injured rats. Each
bladder layer showed significant trends of thickening and, consequently, an increasing total
bladder wall thickness compared to control rats (Figure 4E–H).

We compared the control and SCI-injured rats stratified by sex, confirming the same
pattern of alterations happening in all three layers in male and female rats in the chronic
phase (Figure 4I–L). An increased number of fibroblastic cells were present in the lamina
propria layer located beneath the urothelium in the chronic phase (Figure 4B) of both
genders. The thickness of the detrusor muscle and connective tissues of the lamina propria
did not differ between male and female rats after SCI (Figure 4I–K), but the urothelia of the
male rats were significantly thicker than those in female rats after SCI (Figure 4L). However,
the transitional urothelia of both male and female rats after injury were distended instead
of collapsed in control rats (Figure 4B,D,M).

3.5. Robust Neutrophil Infiltration during Hemorrhagic Cystitis in Male Rats

To determine whether the infiltrated leukocytes into the bladder are responding to
hematuria after SCI, we stained the leukocytes in urine with fluorescent dyes (acridine
orange and propidium iodide) and counted the total number of WBC in the urine of
male and female rats (Figure 5A). Male urine leukocytes suddenly increased on day 1 and
day 2 after SCI compared to those of the control uninjured rats (Figure 5B). The WBC also
rose in the female urine specimens but was statistically significant only on day 2 after SCI
(Figure 5B).

Given that sex differences in hemorrhagic cystitis severity were observed after SCI, we
asked whether the total leukocyte counts showed a similar pattern of difference in urine
white cell counts after SCI. Our results showed robust and significant differences in the
leukocyte numbers in urine between male and female rats on both day 1 and day 2 after
SCI, even though there was no significant difference between male and female rats before
injury (Figure 5C).

We also asked whether the unusually robust number of leukocytes observed in the
urine of male rats during severe hematuria might be reflected in WBC differential counts
in urine (Figure 5D). On day 1 and day 2 after SCI (Figure 5E), differential WBC counts
in urine showed that the percentage of lymphocytes is higher than the percentage of
neutrophils in rat blood [32]. When hematuria was present, the percentage of neutrophils
was significantly greater than that of lymphocytes in urine on both day 1 and day 2 after
SCI (Figure 5D,E).

To assess the neutrophil heterogeneity in urine, we counted neutrophils with differ-
ent nuclear morphologies (Figure 5D). The Wright-stained urine smear revealed a few
neutrophils with a higher number of nuclear lobes (>four lobes) among conventional neu-
trophils with two to four segmented nuclei in urine in male rats after SCI. The percentage
of hypersegmented neutrophils increased significantly in the urine samples on day 2 versus
day 1 after spinal cord injury (Figure 5F).
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Figure 4. Substantial histological changes in bladder layers are present at 6 weeks after spinal
cord injury (SCI). (A–D) Representative images show transverse sections of the bladder wall of
uninjured and injured male and female rats stained by Masson’s trichrome staining. The green
arrow shows the total bladder wall thickness, red arrows indicate the thickness of the detrusor
smooth muscle layer, blue arrows indicate collagen fibers of connective tissue, and the purple arrow
demonstrates urothelium layer thickness. In addition, fibroblasts in the lamina propria layer display
high proliferation after SCI (black dotted area) (B,D). Scale bar = 30 µm; (E–H) Bar diagrams show
a significant effect of injury on the average thickness of the total bladder wall (df = 18, t = 23.56,
*** p < 0.001, Student’s t test) (E), detrusor smooth muscle (df = 18, t = 24.40, *** p < 0.001, Student’s
t test) (F), connective tissue (df = 18, t = 9.969, *** p < 0.001, Student’s t test) (G), and urothelium
(df = 18, t = 6.248, *** p < 0.001, Student’s t test) (H). (I–L) Two-way ANOVA (sex x injury) revealed
a consistent and significant effect of injury on both males and females regarding the thickness of
the total bladder wall (F (1, 16) = 24.95, p = 0.0001), detrusor muscle (F (1, 16) = 10.74, p = 0.0047),
connective tissue (F (1, 16) = 7.703, p = 0.0135), and urothelium tissue (F (1, 16) = 13.01, p = 0.0024).
(** p ≤ 0.01, *** p ≤ 0.001, ns: non-significant) (M) Urothelium in a distended state 6 weeks after
injury compared to the collapsed state of control rats. Scale bar = 50 µm. Statistical comparisons were
made using a two-way ANOVA, and Tukey’s post hoc test was used for individual group differences.
Error bars are the mean ± SD.
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Figure 5. Hypersegmented neutrophil infiltration with a higher number of leukocytes in urine
(predominantly neutrophil) in male rats compared to female rats, correlating with the severity of
hemorrhagic cystitis. (A) Representative images of collected urine samples at 24 h after SCI, stained
with the fluorescent dye acridine orange (green) to label leukocytes infiltrating the bladder wall into
urine; (B,C) Bar diagrams indicate the average urine leukocytes count in male and female rats 2 days
after SCI compared with that before SCI. Repeated measures ANOVA test (for females comparison: F
(1.091, 4.366) = 6.186, p = 0.0613; for males comparison: F (1.399, 5.597) = 12.02, p = 0.0119) followed
by Tukey’s post hoc test (* p ≤ 0.05; ns: non-significant) for planned multiple comparison (B) or
Student’s t tests (before injury: t = 0.6109, df = 8, p = 0.5582; day 1: t = 2.474, df = 8, * p < 0.05; day 2:
t = 2.524, df = 8, * p < 0.05) for planned multiple comparison (C); (D) Wright staining performed on
urine samples following SCI differentiated white blood cells (WBC); Hypersegmented neutrophils
with five or more nuclear lobes (arrow) Scale bar = 10 µm; (E) Bar diagrams show the percentage of
the white blood cell differential (lymphocyte, neutrophil, and macrophage) count from male urine
samples 1 day and 2 days following SCI by wright staining quantification. ANOVA test for Day 1
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comparison: (F (2, 12) = 50.39, p < 0.0001; for Day 2 comparison: F (2, 12) = 78.02, p < 0.0001) followed
by Tukey’s post hoc test for planned multiple comparison. ** p≤ 0.01, *** p≤ 0.001; (F) Quantification
of the percentage of hypersegmented neutrophils from male urine samples 1 day and 2 days after
SCI by Wright staining. More hypersegmented neutrophils are present at 2 days after SCI (df = 4,
t = 4.129, * p < 0.05, Student’s t test). Error bars indicate SEM; (G) Principal Component Analysis
(PCA) loading plot based on the urine parameters and bladder histological profiles of the male rats
after SCI. The length of the arrows indicates the magnitude of the loading for the variable. Principal
components 1 and 2 can represent 90.8% of the variation between samples. Variables include the
thickness of the total bladder wall (T blad w), detrusor muscle (Det Mus), connective tissue (Con T),
and urothelium (Uroth); urine analysis parameters of day 1 (D1) and day 2 (D2) after injury: total
leukocyte count (WBC D1, WBC D2), total neutrophils (Neut D1,Neut D2), total lymphocytes (Lym
D1, Lym D2), and total hypersegmented neutrophils (S Neut D1, S Neut D2); severity of hemorrhagic
cystitis based on urine red blood cell count (RBC D1, RBC D2); (H) A clustered heatmap of Pearson
correlation coefficients based on the correlation matrix of pairwise using the Pearson distance and
average linkage. Dark red denotes a high correlation (r→ 1), dark blue denotes a high anti-correlation
(r→−1), and white denotes a lack of correlation (r ∼= 0).

3.6. Underlying Trends among the Variables in an Unbiased Multivariate Analysis

Given the profound gross hematuria that occurred in male rats after SCI, we wanted
to understand the nature of the association among urine analysis in the acute phase
and histology variables in chronic phase in male rats. To do so, we conducted principal
component factor analysis (PCA), which allowed us to spot two underlying trends among
variables (Figure 5G). This analysis yielded two orthogonal PCs, explaining 89.47% of the
total variance among urine analysis and histology variables. Variables related to the urine
analysis in the acute phase loaded highly on principal component 1 (PC1), and variables
related to the histology, including the total bladder wall and connective tissue thickness,
loaded highly on principal component 2 (PC2).

PCA demonstrated that the first principal component (PC1) correlates most strongly
with the neutrophil count on day 1, WBC count on day 2, RBC count on day 1, RBC count
on day 2, and WBC count on day 1 (loading score: 0.99, 0.985, 0.984, 0.971, and 0.962,
respectively); however, the lowest correlation to PC1 was observed with the total bladder
wall and connective tissue thickness (loading score: 0.37 and 0.38, respectively). In contrast,
the second principal component (PC2) most strongly correlated with histological changes
occurring in the chronic phase, including the total bladder wall and connective tissue
thickness loading score (0.91 and 0.87, respectively).

To analyze the correlations among variables as well as to visualize the associations
among them in the different stages after SCI, hierarchical clustering analysis based on a
heatmap matrix of pairwise Pearson correlations of urine analysis and histology variables
in male rats was performed (Figure 5H). The heatmap of the clustered correlation matrix
revealed a strong correlation of RBC counts on day 1 and day 2 with leukocyte analysis
results. The RBC counts on day 1 correlate most strongly with the WBC count on day 2,
the neutrophil count on day 2, the hypersegmented neutrophil count on day 2, and the
WBC count on day 1 (correlation coefficient: 0.99, 0.985, 0.98, 0.97, and 0.90, respectively).
Similarly, the largest correlation coefficient to RBC counts on day 2 was observed with
the hypersegmented neutrophil count on day 2, the neutrophil count on day 2, the WBC
count on day 2, the neutrophil count on day 1, and the WBC count on day 1 (correlation
coefficient: 0.989, 0.988, 0.97, 0.92, and 0.91, respectively). However, the histology variables
in the chronic phase in male rats, including the total bladder wall, connective tissue, and
urothelium thickness, have the lowest correlation to RBC counts on day 1 and day 2.

As a result, the dendrogram clusters based on the Pearson distance and average
linkage using hierarchical clustering analysis (Figure 5H) showed that the RBC counts on
day 1 and day 2 have the closest clusters with the WBC count on day 2, the neutrophil
count on day 2, and the hypersegmented neutrophil count on day 2. The RBC counts on
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day 1 and day 2, in contrast, have the most distance from the total bladder wall, connective
tissue, and urothelium cluster.

4. Discussion

Patients with spinal cord injury may show sustained ulcerations as well as other
abnormal alterations of the bladder uroepithelium [6,33], which may result in bladder
susceptibility to chronic cystitis or inflammation, possibly related to chronic bacterial
infections [7]. Although many articles have reported significant physiological and func-
tional alterations following SCI in the urinary bladder [34,35], the detailed pattern of
hemorrhagic cystitis and urothelium ulcerations in the acute phase after SCI is unknown.

Surprisingly, our retrospective data analyses revealed profound differences in the
severity of hemorrhagic cystitis between male and female rats in two different strains of rats.
Therefore, we used novel urine analysis methodologies in combination with histological
study to ascertain the role of pathological changes and immune cells in hemorrhagic
cystitis following SCI. Further, we demonstrated a distinctive line of apoptosis in urothelial
umbrella cells and robust neutrophil infiltration with hypersegmented neutrophils in urine.
These remarkable features point to potentially important factors causing a rapid breakdown
and sloughing of the bladder uroepithelium during hemorrhagic cystitis after SCI.

Our findings confirm a previous report [7] regarding hemoglobin in urine (hemoglobin-
uria) after SCI. We have shown direct evidence for the presence of a significant number
of red blood cells and white blood cells, using the unstained method and Wright stain-
ing of urine during hematuria after SCI. Additionally, we showed microscopic evidence
of isomorphic round erythrocytes combined with crenated forms in urine that indicate
the non-glomerular origin of RBC. Finally, our observation of cherry-colored bladders
shown by anatomical dissection confirms the non-glomerular origin of RBC or hemoglobin
in urine [36].

Importantly, histological examinations of the bladder revealed the robust recruitment
of leukocytes to the bladder blood vessels, with alternations in vascular integrity resulting
in red blood cell and neutrophil extravasation from inflamed blood vessels early after
SCI, followed by the accumulation and dissemination of leukocytes and RBC into the
lamina propria and uroepithelium layers. Coincidentally, we observed the disruption
of the bladder urothelium layer with the sloughing of urothelium cells, allowing for the
penetration of leukocytes and erythrocytes into the bladder lumen and urine.

In agreement with our data, previous studies reported that hemorrhagic cystitis after
SCI correlates with rapid disruptions in the uroepithelium and increased water and urea
permeability [5]. Additionally, early vascular permeability also occurs in the bladder, as
indicated by increased protein and hemoglobin levels in urine just 6 h after spinal cord
injury [7]. Interestingly, injured vessels in intact regions of the spinal cord after SCI can
originate from the secondary pathogenesis of the inflammatory response [37,38]. Overall,
our results indicate that, in addition to affecting the mucosal integrity and its transepithelial
resistance, SCI also leads to a rapid disruption of the bladder vascular structure. This
manifested in the inflammatory cell accumulation and the breakdown of the endothelial
permeability barrier with the extravasation of red blood cells. Therefore, both vascular
dysfunction and uroepithelium layer ulcerations are essential pathological features of
hemorrhagic cystitis after SCI.

Our retrospective analysis of a macroscopic urine examination of 142 rats from two
different rat strains unveiled different patterns of hematuria between male and female
rats. Male rats in both strains exhibited significantly more severe hematuria than female
rats after SCI. Microscopic examinations of the urine revealed a remarkable increase in
erythrocytes in the urine of male rats compared to female rats.

A previous study has also demonstrated significantly longer durations of hematuria
in male rats compared to female rats, perhaps because male rats have longer urethras,
and clotting may block the urine flow after hematuria [15]. However, we showed by
retrospective and experimental studies that longer durations of hematuria are more likely
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to be a consequence of considerably more severe hemorrhagic cystitis in male compared
to female rats. Furthermore, we also found devastating effects of SCI on the bladder
urothelium integrity and vascular structure, which exacerbated hemorrhagic ulcers in male
rats, potentially requiring more time to recover.

Interestingly, we found a pattern of a fast spontaneous resolution of hematuria in both
male and female rats with no therapy. Additionally, the number of urine RBC often fell
off quickly in just a few days after SCI, suggesting that the pathological consequences of
acute hemorrhagic cystitis differ from more chronic apoptotic changes in the bladder. Our
findings are in line with previous studies showing that the early recovery of hematuria
signs can occur after bilateral contusion injury [7,15]; however, increased urine protein and
the aberrant expression of bladders’ tight junction protein with regions of an incompletely
differentiated urothelium can be observed in the chronic phase after SCI [7,8]. Thus, unlike
the spontaneous and rapid recovery of hematuria, in which early protective changes in
the bladder limit blood leakage into the urine, the long-term effect of hemorrhagic cystitis
needs to be considered seriously in chronic SCI.

We identified a clearly delineated layer of apoptotic cells in the uroepithelium layer
of the bladder in the acute phase after SCI. Specifically, umbrella cells are undergoing
programmed cell death, explaining the rapid breakdown and sloughing of the bladder
uroepithelium after SCI. Within the uroepithelium, specialized umbrella cells send pro-
cesses that cover the luminal surface of the bladder, forming the main barrier that prevents
urine’s re-entry into the underlying mucosa and bloodstream [39,40]. While previous arti-
cles mentioned a loss of a network of tight junction proteins among umbrella cells after SCI
as the main reason for the permeability of the bladder wall in the acute phase [5], our result
indicated that the permeability is not just due to the loss of tight junctions but the apoptosis
of the umbrella cells. Our results are consistent with previous findings that show the
apoptosis and early shedding of superficial umbrella cells in rats and mice with SCI [5,8].

Importantly, we showed a higher percentage of apoptosis in males compared with
females in the urothelium layer, which may be related to the higher intensity of hematuria
in male rats. Previous studies have shown sex differences in the susceptibility to apoptosis;
vascular cells and renal tubular epithelial cells from females are more resistant to oxidative
stress-induced apoptosis than those from males [41,42]. These results suggest that the sex
disparity in the susceptibility to apoptosis at the uroepithelium layer and the disruption
in vascular integrity induced by SCI can result in severe hemorrhagic cystitis in male
compared to female rats.

Our bladder morphometric analysis showed that bladder hypertrophy is a result of the
thickening of all layers of the urinary bladder. The microscopic evaluation of the bladder
wall layers in rats after SCI revealed that increased collagen accumulation, the hypertrophy
of detrusor muscles, and the fibrosis of the urothelium contribute to the hypertrophy.
Earlier studies [6,43] have shown lamina propria fibrosis and hypertrophy of the detrusor
muscle layer in the bladder after SCI.

Rats with chronic SCI may exhibit uroepithelium barrier dysfunction with increases
in the urine protein [7]. Both morphological and physiological dysfunctions of bladder
permeability are similar between male and female rats in the chronic phase. In humans, un-
coordinated contractions of the bladder muscle (detrusor) and bladder-urethral sphincters,
sometimes called detrusor–sphincter dyssynergia [44], also lead to a significant neurogenic
bladder condition in both male and female patients [45,46]. Bladder wall hypertrophy may
contribute to increased outlet resistance.

Our study is also consistent with a previous study [8] reporting that umbrella cells are
replaced by small, superficial cells found in the basal and intermediate cell layers with an
aberrant expression of keratins and other differentiation markers, indicating incomplete
regeneration. Overall, this pattern of dysfunction might contribute to the increased vulner-
ability to cystitis and bladder cancer that is all too common in chronic SCI patients [47–49].

Our finding of greater neutrophilic infiltration and hyper-segmented neutrophils in
the bladder associated with more severe hemorrhagic cystitis in male rats is of interest
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for the following reasons. Male rats have much greater peripheral blood neutrophilia
than female rats after SCI (Ayala, et al. in preparation). This may explain the greater
severity of hemorrhagic cystitis in male rats. Second, SCI releases a free radical called
acrolein [50,51] that is also released by cyclophosphamide [52–54] and known to cause
hemorrhagic cystitis [55–59], including apoptosis [60].

We demonstrated a profound number of leukocytes in the urine of male rats after SCI
in comparison with female rats, with only a mild increase in leukocytes. Interestingly, the
WBC differential of male urine samples revealed robust numbers of neutrophils in urine.
The presence of neutrophils in urine can explain how the guided recruitment of neutrophils
during hemorrhagic cystitis occurs by sequential steps including the sequestration of
neutrophils in the bladder vasculature, bladder vascular dysfunction, transendothelial
migration into the lamina propria layer, and, subsequently, the transurothelial migration
of neutrophils into the bladder lumen and urine. In agreement with our data, which
indicate the critical role of neutrophils during hematuria, it has been demonstrated that
large numbers of myeloperoxidase (MPO)-immunoreactive neutrophils can be detected in
the lamina propria and uroepithelium layers after SCI. Moreover, we showed an increased
number of neutrophils on day 2 compared to day 1 post-injury, which is in line with
elevated MPO activity by 48 h post-SCI [7]. In addition to the degradation of endothelial
junction proteins [61,62], activated neutrophils can induce endothelial cell apoptosis during
acute inflammation, resulting in vascular damage [63,64]. While decreased neutrophils
infiltration in the bladder after a urinary tract infection has been shown [65], a substantially
increased trafficking of neutrophils mobilized from bone marrow was shown in male
rats in an ischemia/reperfusion (I/R) injury model [25]. Therefore, activated neutrophils
regarding sex discrepancies might be a key determinant for the disruption/destabilization
of the bladder vascular endothelium and urothelium early after SCI.

Next, we considered the presence of hypersegmented neutrophils in male urine speci-
mens after SCI. Although there were few hypersegmented neutrophils in the urine samples
24 h after SCI, the percentage of hypersegmented neutrophils in urine increased signifi-
cantly 48 h after injury. Hypersegmented neutrophils are a separate neutrophil subset that
is recruited into the peripheral blood during acute inflammation [66]; however, the origin of
neutrophils with a hypersegmented nucleus is still unclear [67]. Moreover, hypersegmented
neutrophils could mediate CNS damage in optic nerve crush injury [23], whereas some
studies have shown that neutrophils with a more (hyper)segmented nucleus can inhibit T
cell responses [68,69]. Hypersegmented neutrophils can also represent other physiological
conditions such as vitamin B12 deficiency [70] and neutrophil right shifts during aging that
the number of lobes increase [71], but it has been shown that these cells are not older than
the neutrophils with a normal nuclear morphology recruited during inflammation, and it
is unknown whether hypersegmented neutrophils found in those conditions are the same
phenotype as the one found during acute inflammation [66].

In the presented investigations, we used principal component analysis (PCA) to deter-
mine the dimensionality and relationships among variables related to the urine analysis
findings in the acute phase and histology changes in the chronic phase in male rats. While
patterns of multivariate covariation were similar and strong across hemorrhagic cystitis and
leukocyte recruitment components, a low magnitude of correlations was observed between
chronic histology changes and hemorrhagic cystitis variables. Furthermore, since the leuko-
cyte, neutrophil, and erythrocyte counts were the main variables loading in correspondence
with the first principal component, which was mainly loaded by parameters related to the
severity of hemorrhagic cystitis, our analysis would suggest that chronic histology changes
were not essentially involved in the evaluation processes necessary for determining the
severity of hemorrhagic cystitis after SCI. The same pattern of histopathologic findings has
been observed in spinal cord-injured patients; no significant correlation was found between
histopathological inflammation types and histology changes of bladder layers [6]. It has
been shown that, despite the significant difference between male and female rats regarding
the hematuria duration after SCI, the onset of bladder voiding reflexes had the same pattern
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in both genders [15], which may indicate that bladder voiding dysfunction can occur in
both sexes with the same severity after SCI, and it could not be the cause of the difference
between male and female rats regarding the severity of hemorrhagic cystitis. Moreover, we
showed the same pattern of bladder histology. In humans, similar to the animal model, SCI
can lead to bladder dysfunction, with a deleterious effect on the storage and voiding func-
tions of the urinary bladder [72]. It needs to be considered that, despite the emergence of a
spinal micturition reflex pathway, voiding is commonly inefficient following SCI owing to
the disturbance in coordination between bladder detrusor muscles contraction and external
urethral sphincter muscles relaxation (detrusor sphincter dyssynergia, DSD) [35]. Thus,
chronic phase histology changes in the bladder wall in both genders may be explained by a
DSD condition typically seen after SCI.

Hierarchical clustering of the urine analysis and histological change parameters in
male rats confirmed the cluster similarities that were seen in the principal component analy-
sis, which revealed that hemorrhagic cystitis severity has the closest cluster with leukocytes
and, in particular, neutrophils changes. Additionally, our correlation analysis revealed
that hypersegmented neutrophils increases at 48 h after SCI had a significant association
with the severity of hemorrhagic cystitis. It has been shown that sympathetic activity after
SCI could contribute to acute neutrophil infiltration from the spleen to spinal cord [73].
Although splenic neutrophils could be a source of neutrophils with a hypersegmented
morphology [74], it was demonstrated that hypersegmented neutrophils could also be
a distinct subset of neutrophils that can be mobilized from bone marrow during inflam-
mation [66,75]. Notably, during acute inflammation, hypersegmented neutrophils have
a lower antibacterial capacity than normally segmented neutrophils [76,77], which needs
to be considered regarding infection susceptibility in SCI patients and SCI models [78].
Therefore, even though hypersegmented neutrophils might not be the cause of hemorrhagic
cystitis, the presence of this subset of neutrophils might be part of the pathophysiological
effect of SCI on the immune response.

The most common cause of cystitis is an infection, specifically from bacteria [47],
but our microscopic urinalysis and Wright staining did not detect bacteria or parasites
in urine. Furthermore, all the rats after SCI were treated for 7 days with broad-spectrum
postoperative antibiotics to treat any ongoing infection of the urinary tract. Although
viral infection could also develop viral hemorrhagic cystitis [79,80], it can just occur after
long-term immunosuppression conditions; however, hemorrhagic cystitis after SCI could
be identified 24 h after injury. Thus, immediate hemorrhagic cystitis might be a sterile or
non-infectious class of cystitis.

This study involved the characterization of histological bladder changes in the acute
phase performed 24 h after SCI; the bladder was not expressed manually for urination.
For chronic phase evaluation after SCI, we expressed the bladders manually one time
daily in both male and female rats to eliminate urine inside the bladder. Therefore, we
prevent a manually expressed bladder effect on the acute phase evaluation, and for chronic
phase evaluation, we utilized a similar procedure for males and females. Moreover, spinal
cord nerves have control over urethral sphincter function, and a spinal cord injury re-
sults in sphincter dysfunction, with increased bladder outlet resistance in both males and
females with the same pattern of urine retention with increased intra-bladder pressure.
Therefore, further studies on the increased intra-bladder pressure effect on the initiation or
augmentation of hemorrhagic cystitis after SCI can advance our knowledge.

Interestingly, it has been shown that an SCI severity-correlated infiltration of lym-
phocytes SCI may cause hematuria; the incidence of gross hematuria in rats after FTY720
treatment significantly decreased compared to that of the control groups after SCI [81].
We also showed the infiltration of lymphocytes into the bladder and urine in the acute
phase after SCI; however, FTY720 treatment can maintain the integrity and functionality
of endothelial cells, with a reduction in vascular permeability and significantly decreased
neutrophil infiltration [82,83], which are prominent deleterious features we characterized
in hemorrhagic cystitis in this study.
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5. Conclusions

Here, we report that immune cell trafficking can play an important role during hemor-
rhagic cystitis in male rats following SCI; however, differences in leukocyte recruitment
networks, including chemokines and adhesion molecules, in males and females can be
considered in future studies [25]. Furthermore, greater neutrophil activation and function
have been shown in male rats compared to female rats in a trauma-hemorrhagic shock
model [84]. Therefore, it is worth emphasizing that, according to the results of our study, the
neutrophil function comparison between males and females, especially for hypersegmented
neutrophils, must be considered in SCI models.

In conclusion, we show that more severe hemorrhagic cystitis can occur in male rats
compared to female rats after SCI. Furthermore, a distinct line of apoptosis in umbrella cells
with disrupted bladder vessels is a profound pathological feature of hemorrhagic cystitis in
the acute phase following SCI. Although the exact cause or causes of SCI-induced hematuria
are not known, our findings provide insights into the role of immune cells infiltration,
especially neutrophils subsets such as hypersegmented neutrophils, during hemorrhagic
cystitis in male rats. In addition, bladder histology changes in the chronic phase are not
sex-restricted and have a low magnitude of correlation with the severity of hemorrhagic
cystitis in male rats. As such, this study opens new doors towards understanding the role
of sex after SCI, which might be targeted for bladder dysfunction therapies.

Author Contributions: Conceptualization, H.A., L.K., M.F. and W.Y.; Methodology, H.A., L.K., M.F.,
D.S. and W.Y.; Investigation, H.A., L.K., E.W., S.C., C.A., N.C. and T.T.; Formal analysis, H.A. and
L.K.; Writing—original draft, H.A. and L.K.; Writing—review and editing, W.Y. and M.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.

Institutional Review Board Statement: All surgical and postoperative care procedures were per-
formed in accordance with Rutgers University and Shiraz University Animal Care and Facilities
Committee (No. 99-025).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: The authors thank Hamid Rajaian and Victoria Abraira for their comments on
the manuscript, Sean O’Leary for the animal care, and Iman Tadmori and Noriko Kane for their
technical support. The authors thank the Keck Center for Collaborative Neuroscience, Rutgers
University, and Shiraz University for the support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. de Groat, W.C.; Yoshimura, N. Mechanisms underlying the recovery of lower urinary tract function following spinal cord injury.

Prog. Brain Res. 2006, 152, 59–84. [PubMed]
2. Lavelle, J.; Meyers, S.; Ramage, R.; Bastacky, S.; Doty, D.; Apodaca, G.; Zeidel, M.L. Bladder permeability barrier: Recovery from

selective injury of surface epithelial cells. Am. J. Physiol. Ren. Physiol. 2002, 283, F242–F253. [CrossRef] [PubMed]
3. Ronald, A. The etiology of urinary tract infection: Traditional and emerging pathogens. Am. J. Med. 2002, 113 (Suppl. S1A), 14s–19s.

[CrossRef] [PubMed]
4. Subramonian, K.; Cartwright, R.A.; Harnden, P.; Harrison, S.C. Bladder cancer in patients with spinal cord injuries. BJU Int. 2004,

93, 739–743. [CrossRef]
5. Apodaca, G.; Kiss, S.; Ruiz, W.; Meyers, S.; Zeidel, M.; Birder, L. Disruption of bladder epithelium barrier function after spinal

cord injury. Am. J. Physiol. Ren. Physiol. 2003, 284, F966–F976. [CrossRef]
6. Janzen, J.; Bersch, U.; Pietsch-Breitfeld, B.; Pressler, H.; Michel, D.; Bültmann, B. Urinary bladder biopsies in spinal cord injured

patients. Spinal Cord 2001, 39, 568–570. [CrossRef]
7. Herrera, J.J.; Haywood-Watson, R.J., II; Grill, R.J. Acute and chronic deficits in the urinary bladder after spinal contusion injury in

the adult rat. J. Neurotrauma 2010, 27, 423–431. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/16198694
https://doi.org/10.1152/ajprenal.00307.2001
https://www.ncbi.nlm.nih.gov/pubmed/12110507
https://doi.org/10.1016/S0002-9343(02)01055-0
https://www.ncbi.nlm.nih.gov/pubmed/12113867
https://doi.org/10.1111/j.1464-410X.2003.04718.x
https://doi.org/10.1152/ajprenal.00359.2002
https://doi.org/10.1038/sj.sc.3101218
https://doi.org/10.1089/neu.2009.0997


Pathophysiology 2023, 30 292

8. Kullmann, F.A.; Clayton, D.R.; Ruiz, W.G.; Wolf-Johnston, A.; Gauthier, C.; Kanai, A.; Birder, L.A.; Apodaca, G. Urothelial
proliferation and regeneration after spinal cord injury. Am. J. Physiol. Ren. Physiol. 2017, 313, F85–F102. [CrossRef]

9. van Velzen, D.; Krishnan, K.R.; Parsons, K.F.; Soni, B.M.; Howard, C.V.; Fraser, M.H.; Vaidyanathan, S. Vesical urothelium
proliferation in spinal cord injured persons: An immunohistochemical study of PCNA and MIB.1 labelling. Paraplegia 1995,
33, 523–529. [CrossRef]

10. Jiang, Y.-H.; Liu, H.-T.; Kuo, H.-C. Urothelial dysfunction and chronic inflammation in patients with spinal cord injuries at
different levels and correlation with urodynamic findings. Neurourol. Urodyn. 2015, 34, 757–762. [CrossRef]

11. Chan, W.-M.; Mohammed, Y.; Lee, I.; Pearse, D.D. Effect of gender on recovery after spinal cord injury. Transl. Stroke Res. 2013,
4, 447–461. [CrossRef] [PubMed]

12. Theis, T.; Kumar, S.; Wei, E.; Nguyen, J.; Glynos, V.; Paranjape, N.; Askarifirouzjaei, H.; Khajouienejad, L.; Berthiaume, F.;
Young, W.; et al. Myristoylated alanine-rich C-kinase substrate effector domain peptide improves sex-specific recovery and axonal
regrowth after spinal cord injury. FASEB J. 2020, 34, 12677–12690. [CrossRef] [PubMed]

13. Lilley, E.; Andrews, M.R.; Bradbury, E.J.; Elliott, H.; Hawkins, P.; Ichiyama, R.M.; Keeley, J.; Michael-Titus, A.T.; Moon, L.D.F.;
Pluchino, S.; et al. Refining rodent models of spinal cord injury. Exp. Neurol. 2020, 328, 113273. [CrossRef] [PubMed]

14. Stewart, A.N.; MacLean, S.M.; Stromberg, A.J.; Whelan, J.P.; Bailey, W.M.; Gensel, J.C.; Wilson, M.E. Considerations for Studying
Sex as a Biological Variable in Spinal Cord Injury. Front. Neurol. 2020, 11, 802. [CrossRef]

15. Ferrero, S.L.; Brady, T.D.; Dugan, V.P.; Armstrong, J.E.; Hubscher, C.H.; Johnson, R.D. Effects of lateral funiculus sparing, spinal
lesion level, and gender on recovery of bladder voiding reflexes and hematuria in rats. J. Neurotrauma 2015, 32, 200–208. [CrossRef]

16. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
17. Voskuhl, R. Sex differences in autoimmune diseases. Biol. Sex Differ. 2011, 2, 1. [CrossRef]
18. Dotson, A.L.; Offner, H. Sex differences in the immune response to experimental stroke: Implications for translational research.

J. Neurosci. Res. 2017, 95, 437–446. [CrossRef]
19. Taoka, Y.; Okajima, K.; Uchiba, M.; Murakami, K.; Kushimoto, S.; Johno, M.; Naruo, M.; Okabe, H.; Takatsuki, K. Role of

neutrophils in spinal cord injury in the rat. Neuroscience 1997, 79, 1177–1182. [CrossRef]
20. Neirinckx, V.; Coste, C.; Franzen, R.; Gothot, A.; Rogister, B.; Wislet, S. Neutrophil contribution to spinal cord injury and repair.

J. Neuroinflamm. 2014, 11, 150. [CrossRef]
21. Brennan, F.H.; Jogia, T.; Gillespie, E.R.; Blomster, L.V.; Li, X.X.; Nowlan, B.; Williams, G.M.; Jacobson, E.; Osborne, G.W.;

Meunier, F.A.; et al. Complement receptor C3aR1 controls neutrophil mobilization following spinal cord injury through physio-
logical antagonism of CXCR2. JCI Insight 2019, 4, e98254. [CrossRef] [PubMed]

22. Lee, S.M.; Rosen, S.; Weinstein, P.; van Rooijen, N.; Noble-Haeusslein, L.J. Prevention of both neutrophil and monocyte recruitment
promotes recovery after spinal cord injury. J. Neurotrauma 2011, 28, 1893–1907. [CrossRef] [PubMed]

23. Sas, A.R.; Carbajal, K.S.; Jerome, A.D.; Menon, R.; Yoon, C.; Kalinski, A.L.; Giger, R.J.; Segal, B.M. A new neutrophil subset
promotes CNS neuron survival and axon regeneration. Nat. Immunol. 2020, 21, 1496–1505. [CrossRef] [PubMed]

24. Doran, S.J.; Ritzel, R.M.; Glaser, E.P.; Henry, R.J.; Faden, A.I.; Loane, D.J. Sex Differences in Acute Neuroinflammation after
Experimental Traumatic Brain Injury Are Mediated by Infiltrating Myeloid Cells. J. Neurotrauma 2019, 36, 1040–1053. [CrossRef]
[PubMed]

25. Madalli, S.; Beyrau, M.; Whiteford, J.; Duchene, J.; Nandhra, I.S.; Patel, N.S.; Motwani, M.P.; Gilroy, D.W.; Thiemermann, C.;
Nourshargh, S.; et al. Sex-specific regulation of chemokine Cxcl5/6 controls neutrophil recruitment and tissue injury in acute
inflammatory states. Biol. Sex Differ. 2015, 6, 27. [CrossRef] [PubMed]

26. Young, W. Spinal cord contusion models. Prog. Brain Res. 2002, 137, 231–255.
27. Abrams, P.; Agarwal, M.; Drake, M.; El-Masri, W.; Fulford, S.; Reid, S.; Singh, G.; Tophill, P. A proposed guideline for the

urological management of patients with spinal cord injury. BJU Int. 2008, 101, 989–994. [CrossRef]
28. Basso, D.M.; Beattie, M.S.; Bresnahan, J.C.; Anderson, D.K.; Faden, A.I.; Gruner, J.A.; Holford, T.R.; Hsu, C.Y.; Noble, L.J.; Nockels,

R.; et al. MASCIS evaluation of open field locomotor scores: Effects of experience and teamwork on reliability. Multicenter
Animal Spinal Cord Injury Study. J. Neurotrauma 1996, 13, 343–359. [CrossRef]

29. Askarifirouzjaei, H.; Khajoueinejad, L.; Farrokhi, A.S.; Tahoori, M.-T.; Fazeli, M.; Tiraihi, T.; Pourfathollah, A.A. Implications of
immunotherapy with high-dose glatiramer acetate in acute phase of spinal cord injury in rats. Immunopharmacol. Immunotoxicol.
2019, 41, 150–162. [CrossRef]

30. Khajoueinejad, L.; Askarifirouzjaei, H.; Namazi, F.; Mohammadi, A.; Pourfathollah, A.A.; Rajaian, H.; Fazeli, M. Immunomodula-
tory effects of Calcitriol in acute spinal cord injury in rats. Int. Immunopharmacol. 2019, 74, 105726. [CrossRef]

31. Cho, Y.-S.; Ko, I.-G.; Kim, S.-E.; Lee, S.-M.; Shin, M.-S.; Kim, C.-J.; Kim, S.-H.; Jin, J.-J.; Kim, K.-H. Oral mucosa stem cells alleviates
spinal cord injury-induced neurogenic bladder symptoms in rats. J. Biomed. Sci. 2014, 21, 43. [CrossRef] [PubMed]

32. Wu, F.; Ding, X.-Y.; Li, X.-H.; Gong, M.-J.; An, J.-Q.; Lai, J.-H.; Huang, S.-L. Cellular Inflammatory Response of the Spleen After
Acute Spinal Cord Injury in Rat. Inflammation 2019, 42, 1630–1640. [CrossRef] [PubMed]

33. Janzen, J.; Vuong, P.N.; Bersch, U.; Michel, D.; Zaech, G.A. Bladder tissue biopsies in spinal cord injured patients: Histopathologic
aspects of 61 cases. Neurourol. Urodyn. 1998, 17, 525–530. [CrossRef]

34. de Groat, W.C.; Yoshimura, N. Changes in afferent activity after spinal cord injury. Neurourol. Urodyn. 2010, 29, 63–76. [CrossRef]
[PubMed]

https://doi.org/10.1152/ajprenal.00592.2016
https://doi.org/10.1038/sc.1995.113
https://doi.org/10.1002/nau.22650
https://doi.org/10.1007/s12975-012-0249-7
https://www.ncbi.nlm.nih.gov/pubmed/24323341
https://doi.org/10.1096/fj.202000026RR
https://www.ncbi.nlm.nih.gov/pubmed/32729988
https://doi.org/10.1016/j.expneurol.2020.113273
https://www.ncbi.nlm.nih.gov/pubmed/32142803
https://doi.org/10.3389/fneur.2020.00802
https://doi.org/10.1089/neu.2013.3247
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1186/2042-6410-2-1
https://doi.org/10.1002/jnr.23784
https://doi.org/10.1016/S0306-4522(97)00011-0
https://doi.org/10.1186/s12974-014-0150-2
https://doi.org/10.1172/jci.insight.98254
https://www.ncbi.nlm.nih.gov/pubmed/31045582
https://doi.org/10.1089/neu.2011.1860
https://www.ncbi.nlm.nih.gov/pubmed/21657851
https://doi.org/10.1038/s41590-020-00813-0
https://www.ncbi.nlm.nih.gov/pubmed/33106668
https://doi.org/10.1089/neu.2018.6019
https://www.ncbi.nlm.nih.gov/pubmed/30259790
https://doi.org/10.1186/s13293-015-0047-5
https://www.ncbi.nlm.nih.gov/pubmed/26617980
https://doi.org/10.1111/j.1464-410X.2008.07457.x
https://doi.org/10.1089/neu.1996.13.343
https://doi.org/10.1080/08923973.2019.1566362
https://doi.org/10.1016/j.intimp.2019.105726
https://doi.org/10.1186/1423-0127-21-43
https://www.ncbi.nlm.nih.gov/pubmed/24884998
https://doi.org/10.1007/s10753-019-01024-y
https://www.ncbi.nlm.nih.gov/pubmed/31102125
https://doi.org/10.1002/(SICI)1520-6777(1998)17:5&lt;525::AID-NAU8&gt;3.0.CO;2-F
https://doi.org/10.1002/nau.20761
https://www.ncbi.nlm.nih.gov/pubmed/20025033


Pathophysiology 2023, 30 293

35. de Groat, W.C.; Yoshimura, N. Plasticity in reflex pathways to the lower urinary tract following spinal cord injury. Exp. Neurol.
2012, 235, 123–132. [CrossRef]

36. Tesser Poloni, J.A.; Bosan, I.B.; Garigali, G.; Fogazzi, G.B. Urinary red blood cells: Not only glomerular or nonglomerular. Nephron
Clin. Pract. 2012, 120, c36–c41, Discussion c41. [CrossRef]

37. Figley, S.A.; Khosravi, R.; Legasto, J.M.; Tseng, Y.-F.; Fehlings, M.G. Characterization of vascular disruption and blood–spinal
cord barrier permeability following traumatic spinal cord injury. J. Neurotrauma 2014, 31, 541–552. [CrossRef]

38. Mautes, A.E.; Weinzierl, M.R.; Donovan, F.; Noble, L.J. Vascular events after spinal cord injury: Contribution to secondary
pathogenesis. Phys. Ther. 2000, 80, 673–687. [CrossRef]

39. Birder, L.A. More than just a barrier: Urothelium as a drug target for urinary bladder pain. Am. J. Physiol. Ren. Physiol. 2005,
289, F489–F495. [CrossRef]

40. Acharya, P.; Beckel, J.; Ruiz, W.G.; Wang, E.; Rojas, R.; Birder, L.; Apodaca, G. Distribution of the tight junction proteins ZO-1,
occludin, and claudin-4, -8, and -12 in bladder epithelium. Am. J. Physiol. Ren. Physiol. 2004, 287, F305–F318. [CrossRef]

41. Matarrese, P.; Colasanti, T.; Ascione, B.; Margutti, P.; Franconi, F.; Alessandri, C.; Conti, F.; Riccieri, V.; Rosano, G.; Ortona, E.; et al.
Gender disparity in susceptibility to oxidative stress and apoptosis induced by autoantibodies specific to RLIP76 in vascular cells.
Antioxid. Redox Signal. 2011, 15, 2825–2836. [CrossRef] [PubMed]

42. Peng, Y.; Fang, Z.; Liu, M.; Wang, Z.; Li, L.; Ming, S.; Lu, C.; Dong, H.; Zhang, W.; Wang, Q.; et al. Testosterone induces renal
tubular epithelial cell death through the HIF-1α/BNIP3 pathway. J. Transl. Med. 2019, 17, 62. [CrossRef] [PubMed]

43. Shunmugavel, A.; Khan, M.; Chou, P.C.T.; Dhindsa, R.K.; Martin, M.M.; Copay, A.G.; Subach, B.R.; Schuler, T.C.; Bilgen, M.;
Orak, J.K.; et al. Simvastatin protects bladder and renal functions following spinal cord injury in rats. J. Inflamm. 2010, 7, 17.
[CrossRef] [PubMed]

44. Kruse, M.N.; Bray, L.A.; de Groat, W.C. Influence of spinal cord injury on the morphology of bladder afferent and efferent neurons.
J. Auton. Nerv. Syst. 1995, 54, 215–224. [CrossRef]

45. Li, H.; Nahm, N.; Borchert, A.; Wong, P.; Atiemo, H. Contemporary Treatment of Detrusor Sphincter Dyssynergia: A Systematic
Review. Curr. Bladder Dysfunct. Rep. 2018, 13, 206–214. [CrossRef]

46. Burns, A.S.; Rivas, D.A.; Ditunno, J.F. The management of neurogenic bladder and sexual dysfunction after spinal cord injury.
Spine 2001, 26, S129–S136. [CrossRef]

47. Hung, C.-S.; Bouckaert, J.; Hung, D.; Pinkner, J.; Widberg, C.; DeFusco, A.; Auguste, C.G.; Strouse, R.; Langermann, S.; Waksman,
G.; et al. Structural basis of tropism of Escherichia coli to the bladder during urinary tract infection. Mol. Microbiol. 2002,
44, 903–915. [CrossRef]

48. Hess, M.J.; Zhan, E.H.; Foo, D.K.; Yalla, S.V. Bladder cancer in patients with spinal cord injury. J. Spinal Cord Med. 2003, 26, 335–338.
[CrossRef]

49. Pannek, J.; Bersch, U.L.F.; Moulin, P. Urological rehabilitation of spinal cord injury patients. ArgoSpine News J. 2007, 16, 26–31.
[CrossRef]

50. Hamann, K.; Nehrt, G.; Ouyang, H.; Duerstock, B.; Shi, R. Hydralazine inhibits compression and acrolein-mediated injuries in
ex vivo spinal cord. J. Neurochem. 2008, 104, 708–718. [CrossRef]

51. Hamann, K.; Durkes, A.; Ouyang, H.; Uchida, K.; Pond, A.; Shi, R. Critical role of acrolein in secondary injury following ex vivo
spinal cord trauma. J. Neurochem. 2008, 107, 712–721. [CrossRef] [PubMed]

52. Fraiser, L.; Kehrer, J.P. Murine strain differences in metabolism and bladder toxicity of cyclophosphamide. Toxicology 1992,
75, 257–272. [CrossRef] [PubMed]

53. Hader, J.E.; Marzella, L.; Myers, R.A.; Jacobs, S.C.; Naslund, M.J. Hyperbaric oxygen treatment for experimental
cyclophosphamide-induced hemorrhagic cystitis. J. Urol. 1993, 149, 1617–1621. [CrossRef] [PubMed]

54. Takamoto, S.; Sakura, N.; Namera, A.; Yashiki, M. Monitoring of urinary acrolein concentration in patients receiving cyclophos-
phamide and ifosphamide. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2004, 806, 59–63. [CrossRef] [PubMed]

55. Hacker, M.P.; Ershler, W.B.; Newman, R.A.; Fagan, M.A. Chronobiologic fluctuation of cyclophosphamide induced urinary
bladder damage in mice. Chronobiologia 1983, 10, 301–306. [PubMed]

56. Cannon, J.; Linke, C.A.; Cos, L.R. Cyclophosphamide-associated carcinoma of urothelium: Modalities for prevention. Urology
1991, 38, 413–416. [CrossRef]

57. Al-Rawithi, S.; El-Yazigi, A.; Ernst, P.; Al-Fiar, F.; Nicholls, P.J. Urinary excretion and pharmacokinetics of acrolein and its parent
drug cyclophosphamide in bone marrow transplant patients. Bone Marrow Transplant. 1998, 22, 485–490. [CrossRef]

58. Batista, C.K.; Brito, G.A.; Souza, M.L.; Leitão, B.T.; Cunha, F.Q.; Ribeiro, R.A. A model of hemorrhagic cystitis induced with
acrolein in mice. Braz. J. Med. Biol. Res. 2006, 39, 1475–1481. [CrossRef]

59. Matz, E.L.; Hsieh, M.H. Review of Advances in Uroprotective Agents for Cyclophosphamide- and Ifosfamide-induced Hemor-
rhagic Cystitis. Urology 2017, 100, 16–19. [CrossRef]

60. Hughes, F.M., Jr.; Corn, A.G.; Nimmich, A.R.; Pratt-Thomas, J.D.; Purves, J.T. Cyclophosphamide Induces an Early Wave of
Acrolein-Independent Apoptosis in the Urothelium. Adv. Biosci. Biotechnol. 2013, 4. [CrossRef]

61. Hermant, B.; Bibert, S.; Concord, E.; Dublet, B.; Weidenhaupt, M.; Vernet, T.; Gulino-Debrac, D. Identification of proteases involved
in the proteolysis of vascular endothelium cadherin during neutrophil transmigration. J. Biol. Chem. 2003, 278, 14002–14012.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.expneurol.2011.05.003
https://doi.org/10.1159/000330286
https://doi.org/10.1089/neu.2013.3034
https://doi.org/10.1093/ptj/80.7.673
https://doi.org/10.1152/ajprenal.00467.2004
https://doi.org/10.1152/ajprenal.00341.2003
https://doi.org/10.1089/ars.2011.3942
https://www.ncbi.nlm.nih.gov/pubmed/21671802
https://doi.org/10.1186/s12967-019-1821-7
https://www.ncbi.nlm.nih.gov/pubmed/30819186
https://doi.org/10.1186/1476-9255-7-17
https://www.ncbi.nlm.nih.gov/pubmed/20403180
https://doi.org/10.1016/0165-1838(95)00011-L
https://doi.org/10.1007/s11884-018-0482-3
https://doi.org/10.1097/00007632-200112151-00022
https://doi.org/10.1046/j.1365-2958.2002.02915.x
https://doi.org/10.1080/10790268.2003.11753702
https://doi.org/10.1007/BF03041125
https://doi.org/10.1111/j.1471-4159.2007.05002.x
https://doi.org/10.1111/j.1471-4159.2008.05622.x
https://www.ncbi.nlm.nih.gov/pubmed/18710419
https://doi.org/10.1016/0300-483X(92)90007-2
https://www.ncbi.nlm.nih.gov/pubmed/1455433
https://doi.org/10.1016/S0022-5347(17)36462-5
https://www.ncbi.nlm.nih.gov/pubmed/8501819
https://doi.org/10.1016/j.jchromb.2004.02.008
https://www.ncbi.nlm.nih.gov/pubmed/15149612
https://www.ncbi.nlm.nih.gov/pubmed/6641369
https://doi.org/10.1016/0090-4295(91)80228-Y
https://doi.org/10.1038/sj.bmt.1701355
https://doi.org/10.1590/S0100-879X2006001100011
https://doi.org/10.1016/j.urology.2016.07.030
https://doi.org/10.4236/abb.2013.48A2002
https://doi.org/10.1074/jbc.M300351200
https://www.ncbi.nlm.nih.gov/pubmed/12584200


Pathophysiology 2023, 30 294

62. Ionescu, C.V.; Cepinskas, G.; Savickiene, J.; Sandig, M.; Kvietys, P.R. Neutrophils induce sequential focal changes in endothelial
adherens junction components: Role of elastase. Microcirculation 2003, 10, 205–220. [CrossRef] [PubMed]

63. Yang, J.J.; Kettritz, R.; Falk, R.J.; Jennette, J.C.; Gaido, M.L. Apoptosis of endothelial cells induced by the neutrophil serine
proteases proteinase 3 and elastase. Am. J. Pathol. 1996, 149, 1617–1626. [PubMed]

64. Kumar, H.; Choi, H.; Jo, M.-J.; Joshi, H.P.; Muttigi, M.; Bonanomi, D.; Kim, S.B.; Ban, E.; Kim, A.; Lee, S.-H.; et al. Neutrophil
elastase inhibition effectively rescued angiopoietin-1 decrease and inhibits glial scar after spinal cord injury. Acta Neuropathol.
Commun. 2018, 6, 73. [CrossRef] [PubMed]

65. Scharff, A.Z.; Rousseau, M.; Mariano, L.L.; Canton, T.; Consiglio, C.R.; Albert, M.L.; Fontes, M.; Duffy, D.; Ingersoll, M.A. Sex
differences in IL-17 contribute to chronicity in male versus female urinary tract infection. JCI Insight 2019, 4, e122998. [CrossRef]
[PubMed]

66. Tak, T.; Wijten, P.; Heeres, M.; Pickkers, P.; Scholten, A.; Heck, A.J.R.; Vrisekoop, N.; Leenen, L.P.; Borghans, J.A.M.;
Tesselaar, K.; et al. Human CD62L(dim) neutrophils identified as a separate subset by proteome profiling and in vivo pulse-chase
labeling. Blood 2017, 129, 3476–3485. [CrossRef]

67. Hellebrekers, P.; Vrisekoop, N.; Koenderman, L. Neutrophil phenotypes in health and disease. Eur. J. Clin. Investig. 2018, 48
(Suppl. S2), e12943. [CrossRef]

68. Pillay, J.; Kamp, V.M.; van Hoffen, E.; Visser, T.; Tak, T.; Lammers, J.-W.; Ulfman, L.H.; Leenen, L.P.; Pickkers, P.; Koenderman, L. A
subset of neutrophils in human systemic inflammation inhibits T cell responses through Mac-1. J. Clin. Investig. 2012, 122, 327–336.
[CrossRef]

69. Marini, O.; Costa, S.; Bevilacqua, D.; Calzetti, F.; Tamassia, N.; Spina, C.; De Sabata, D.; Tinazzi, E.; Lunardi, C.; Scupoli, M.T.; et al.
Mature CD10+ and immature CD10− neutrophils present in G-CSF–treated donors display opposite effects on T cells. Blood 2017,
129, 1343–1356. [CrossRef]

70. Thompson, W.G.; Cassino, C.; Babitz, L.; Meola, T.; Berman, R.; Lipkin, M., Jr.; Freedman, M. Hypersegmented neutrophils and
vitamin B12 deficiency: Hypersegmentation in B12 deficiency. Acta Haematol. 1989, 81, 186–191. [CrossRef]

71. Casanova-Acebes, M.; Pitaval, C.; Weiss, L.A.; Nombela-Arrieta, C.; Chèvre, R.; A-González, N.; Kunisaki, Y.; Zhang, D.;
van Rooijen, N.; Silberstein, L.E.; et al. Rhythmic modulation of the hematopoietic niche through neutrophil clearance. Cell 2013,
153, 1025–1035. [CrossRef] [PubMed]

72. Potter, P.J. Disordered control of the urinary bladder after human spinal cord injury: What are the problems? Prog. Brain Res.
2006, 152, 51–57. [PubMed]

73. Monteiro, S.; Pinho, A.G.; Macieira, M.; Serre-Miranda, C.; Cibrão, J.R.; Lima, R.; Soares-Cunha, C.; Vasconcelos, N.L.;
Lentilhas-Graça, J.; Duarte-Silva, S.; et al. Splenic sympathetic signaling contributes to acute neutrophil infiltration of the injured
spinal cord. J. Neuroinflamm. 2020, 17, 282. [CrossRef]

74. Tomay, F.; Wells, K.; Duong, L.; Tsu, J.W.; Dye, D.E.; Radley-Crabb, H.G.; Grounds, M.D.; Shavlakadze, T.; Metharom, P.;
Nelson, D.J.; et al. Aged neutrophils accumulate in lymphoid tissues from healthy elderly mice and infiltrate T- and B-cell zones.
Immunol. Cell Biol. 2018, 96, 831–840. [CrossRef]

75. Kawano, Y.; Fukui, C.; Shinohara, M.; Wakahashi, K.; Ishii, S.; Suzuki, T.; Sato, M.; Asada, N.; Kawano, H.; Minagawa, K.; et al.
G-CSF-induced sympathetic tone provokes fever and primes antimobilizing functions of neutrophils via PGE2. Blood 2017,
129, 587–597. [CrossRef] [PubMed]

76. Leliefeld, P.H.C.; Pillay, J.; Vrisekoop, N.; Heeres, M.; Tak, T.; Kox, M.; Rooijakkers, S.H.M.; Kuijpers, T.W.; Pickkers, P.; Leenen,
L.P.H.; et al. Differential antibacterial control by neutrophil subsets. Blood Adv. 2018, 2, 1344–1355. [CrossRef] [PubMed]

77. Prüss, H.; Tedeschi, A.; Thiriot, A.; Lynch, L.; Loughhead, S.M.; Stutte, S.; Mazo, I.B.; A Kopp, M.; Brommer, B.; Blex, C.; et al.
Spinal cord injury-induced immunodeficiency is mediated by a sympathetic-neuroendocrine adrenal reflex. Nat. Neurosci. 2017,
20, 1549–1559. [CrossRef]

78. Failli, V.; Kopp, M.A.; Gericke, C.; Martus, P.; Klingbeil, S.; Brommer, B.; Laginha, I.; Chen, Y.; DeVivo, M.J.; Dirnagl, U.; et al.
Functional neurological recovery after spinal cord injury is impaired in patients with infections. Brain 2012, 135, 3238–3250.
[CrossRef]

79. Erard, V.; Storer, B.; Corey, L.; Nollkamper, J.; Huang, M.-L.; Limaye, A.; Boeckh, M. BK virus infection in hematopoietic stem cell
transplant recipients: Frequency, risk factors, and association with postengraftment hemorrhagic cystitis. Clin. Infect. Dis. 2004,
39, 1861–1865. [CrossRef]

80. Hofland, C.A.; Eron, L.J.; Washecka, R.M. Hemorrhagic adenovirus cystitis after renal transplantation. Transplant. Proc. 2004,
36, 3025–3027. [CrossRef]

81. Lee, K.D.; Chow, W.N.; Sato-Bigbee, C.; Graf, M.R.; Graham, R.S.; Colello, R.J.; Young, H.F.; Mathern, B.E. FTY720 reduces
inflammation and promotes functional recovery after spinal cord injury. J. Neurotrauma 2009, 26, 2335–2344. [CrossRef] [PubMed]

82. Sanchez, T.; Estrada-Hernandez, T.; Paik, J.-H.; Wu, M.-T.; Venkataraman, K.; Brinkmann, V.; Claffey, K.; Hla, T. Phosphorylation
and action of the immunomodulator FTY720 inhibits vascular endothelial cell growth factor-induced vascular permeability.
J. Biol. Chem. 2003, 278, 47281–47290. [CrossRef] [PubMed]

https://doi.org/10.1038/sj.mn.7800185
https://www.ncbi.nlm.nih.gov/pubmed/12700588
https://www.ncbi.nlm.nih.gov/pubmed/8909251
https://doi.org/10.1186/s40478-018-0576-3
https://www.ncbi.nlm.nih.gov/pubmed/30086801
https://doi.org/10.1172/jci.insight.122998
https://www.ncbi.nlm.nih.gov/pubmed/31145099
https://doi.org/10.1182/blood-2016-07-727669
https://doi.org/10.1111/eci.12943
https://doi.org/10.1172/JCI57990
https://doi.org/10.1182/blood-2016-04-713206
https://doi.org/10.1159/000205559
https://doi.org/10.1016/j.cell.2013.04.040
https://www.ncbi.nlm.nih.gov/pubmed/23706740
https://www.ncbi.nlm.nih.gov/pubmed/16198693
https://doi.org/10.1186/s12974-020-01945-8
https://doi.org/10.1111/imcb.12046
https://doi.org/10.1182/blood-2016-07-725754
https://www.ncbi.nlm.nih.gov/pubmed/27827823
https://doi.org/10.1182/bloodadvances.2017015578
https://www.ncbi.nlm.nih.gov/pubmed/29895625
https://doi.org/10.1038/nn.4643
https://doi.org/10.1093/brain/aws267
https://doi.org/10.1086/426140
https://doi.org/10.1016/j.transproceed.2004.10.090
https://doi.org/10.1089/neu.2008.0840
https://www.ncbi.nlm.nih.gov/pubmed/19624262
https://doi.org/10.1074/jbc.M306896200
https://www.ncbi.nlm.nih.gov/pubmed/12954648


Pathophysiology 2023, 30 295

83. Wei, Y.; Yemisci, M.; Kim, H.-H.; Yung, L.M.; Shin, H.K.; Hwang, S.-K.; Guo, S.; Qin, T.; Alsharif, N.; Brinkmann, V.; et al.
Fingolimod provides long-term protection in rodent models of cerebral ischemia. Ann. Neurol. 2011, 69, 119–129. [CrossRef]
[PubMed]

84. Deitch, E.A.; Ananthakrishnan, P.; Cohen, D.B.; Xu, D.Z.; Feketeova, E.; Hauser, C.J. Neutrophil activation is modulated by
sex hormones after trauma-hemorrhagic shock and burn injuries. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H1456–H1465.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ana.22186
https://www.ncbi.nlm.nih.gov/pubmed/21280082
https://doi.org/10.1152/ajpheart.00694.2005
https://www.ncbi.nlm.nih.gov/pubmed/16617133

	Introduction 
	Materials and Methods 
	Retrospective Study 
	Spinal Cord Contusion Injury 
	Urinalysis 
	Urine Analysis: Wright Stain Differential 
	Urine Analysis: Total Leukocyte Count 
	Tissue Processing for Histological Evaluation 
	Hematoxylin and Eosin Staining 
	Wright Staining 
	Masson’s Trichrome Staining 
	TUNEL Assay 
	Statistical Analysis 

	Results 
	Hemorrhagic Cystitis with Acute Vascular Injury and Neutrophils Infiltration after SCI 
	Sex Differences in Hemorrhagic Cystitis in the Acute Phase after Spinal Cord Injury 
	Apoptotic Umbrella Cells Early after SCI 
	Severe Pathological Changes Occur during the Chronic Phase after SCI 
	Robust Neutrophil Infiltration during Hemorrhagic Cystitis in Male Rats 
	Underlying Trends among the Variables in an Unbiased Multivariate Analysis 

	Discussion 
	Conclusions 
	References

