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The effect of myeloablative 
radiation on urinary bladder mast 
cells
Jessica Smith 1, Jonathan Kah Huat Tan 2, Christie Short 2, Helen O’Neill 2 & Christian Moro 1*

Radiation-induced cystitis is an inflammatory condition affecting the urinary bladder, which can 
develop as a side effect of abdominopelvic radiotherapy, specifically external-beam radiation 
therapy or myeloablative radiotherapy. A possible involvement of mast cells in the pathophysiology 
of radiation-induced cystitis has been indicated in cases of external-beam radiation therapy; 
however, there is no evidence that these findings apply to the myeloablative aetiology. As such, 
this study investigated potential changes to urinary bladder mast cell prevalence when exposed to 
myeloablative radiation. Lethally irradiated C57BL/6J mice that received donor rescue bone marrow 
cells exhibited an increased mast cell frequency amongst host leukocytes 1 week following irradiation. 
By 4 weeks, no significant difference in either frequency or cell density was observed. However 
mast cell diameter was smaller, and a significant increase in mast cell number in the adventitia was 
observed. This study highlights that mast cells constitute a significant portion of the remaining 
host leukocyte population following radiation exposure, with changes to mast cell distribution and 
decreased cell diameter four weeks following radiation-induced injury.

Radiation-induced cystitis is an inflammatory condition affecting the urinary bladder, which can develop as a 
side-effect of external beam radiation therapy (EBRT) on abdominopelvic  cancers1 or myeloablative radiotherapy 
used in haematopoietic stem cell transplantation (HSCT) conditioning  regimens2,3. Radiation directed at the uri-
nary bladder is reported to induce inflammation of the  urothelium4–7, damage to urinary bladder  vasculature5–8, 
increased collagen deposition in the lamina  propria6,9–11 and detrusor smooth muscle layers of the  bladder4–6,9; 
though the mechanisms underpinning radiation-induced injuries are not yet known.

Current pre-clinical research has suggested a role for mast cells in the pathophysiology of radiation-induced 
 cystitis5,12–14. In the healthy urinary bladder, mast cells are critical regulators of  immunity15–18. They are distrib-
uted throughout all layers of the urinary bladder  wall18,19 and are reported to be close to  vasculature20. Histo-
logically, mast cells are characterised by their metachromatic staining properties using the toluidine blue stain, 
though they can also be identified by flow cytometry through the expression of their characteristic markers: stem 
cell factor (CD117) and Fc receptor epsilon alpha (FcεRIα)21–23. Mast cell prevalence can be further contextualised 
in terms of the broader  CD45+ leukocyte populations, such that they have been reported to constitute around 
1% to 5% of all leukocytes in the urinary  bladder22.

In the context of radiation-induced pathologies, mast cells have been associated with the development of 
fibrosis in the urinary bladder and in other tissues around the  body24–27.

Through their degranulates, mast cells have been implicated in various physiological and pathological pro-
cesses, including wound healing, angiogenesis, tissue repair and defence against  pathogens28. In the urinary blad-
der, mast cells have been implicated in the pathogenesis of various disorders, such as urinary tract  infections29, 
 cancer30, contractile  diseases19,31 and various forms of  cystitis19,32. In such pathologies, abnormalities have been 
reported in the activation state, prevalence, and distribution of mast cells, suggesting their prominent role in 
many urinary bladder pathologies. Concerning radiation-induced cystitis, mast cells are believed to act by releas-
ing cytokines such as transforming growth factor-β (TGF-β). TGF-β is of particular interest, as it can induce 
fibrosis by promoting fibroblast recruitment and  proliferation33. Additionally, mast cells are believed to disrupt 
vasculature by increasing the permeability of blood  vessels34 and playing a direct role in chemical cascades that 
result in radiation-induced  injury26.

Previous literature has suggested a role for the urinary bladder mast cell in radiation-induced cystitis. How-
ever, these findings are only applicable to the EBRT aetiology and not the myeloablative  aetiology13,14,25,35,36. 
The latter may differ from EBRT aetiology, in that a key characteristic of myeloablative radiotherapy is the 
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destruction of proliferative cells in bone marrow. Specifically, myeloablation is known to disrupt haematopoie-
sis and subsequent recovery of leukocyte  populations37,38 and may therefore disrupt the recovery of leukocytes 
in the urinary bladder following radiation exposure. Considering current research focusing on mast cells and 
their possible role in the pathophysiology of radiation-induced injuries to the urinary bladder, coupled with the 
uncertainty surrounding the impact of radiation exposure on leukocyte recovery, this study sought to clarify the 
effect of myeloablative radiation exposure on urinary bladder mast cells to draw conclusions on their possible 
involvement in disease.

Results
Leukocyte prevalence
In non-irradiated urinary bladders, 19.76 ± 3.51% (mean ± SEM) of live singlet urinary bladder cells were 
CD45.2+. Following irradiation, host leukocytes decreased in frequency significantly after one week (2.00 ± 1.23%, 
p = 0.0018). Leukocyte prevalence did not significantly differ between control and irradiated bladders after four 
weeks (22.87 ± 3.63%, p = 0.7381), though it significantly differed between one- and four-week irradiation time 
points (p = 0.0004, Fig. 1C).

Mast cell prevalence in the irradiated urinary bladder
Mast cells were identified by flow cytometry based on the gating strategy in Fig. 1. From the identification of 
CD45.2+ leukocytes, mast cells were identified based on their characteristic expression of CD117 and FcεRIα cell 
surface markers (Fig. 2). Mast cells were determined to constitute 2.73 ± 0.57% of live, CD45.2+ cells. One week 
following irradiation, mast cell frequency significantly increased to 17.69 ± 3.81% amongst CD45.2+ populations 
(p = 0.0011). Mast cell frequency was unchanged between non-irradiated and irradiated bladders at the fourth 
week (3.41 ± 1.2%, p = 0.9769) but decreased between one- and four-week post-irradiation time points (p = 0.0016) 

Figure 1.  Representative gating of urinary bladder leukocytes. (A) Contour plots demonstrating the 
identification of live cells through the exclusion of propidium iodide-labelled cells, followed by forward scatter 
(FSC) and side scatter (SSC) doublet discrimination in a control urinary bladder sample. (B) Demonstrates 
the identification of host (CD45.2+) leukocytes in control (non-irradiated) and irradiated urinary bladders at 
one- and four-week time points, gated from live singlet populations, with CD45.2 FMOCs illustrated below. (C) 
Shows the frequency of host leukocytes in control and irradiated urinary bladders.
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(Fig. 2B). Additionally, mast cell prevalence amongst all live cell singlet cells did not differ between non-irradiated 
and irradiated urinary bladder samples at one- (p = 0.6392) and four-week (p = 0.9494) time points (Fig. 2C).

Toluidine blue was also used to assess mast cell prevalence histologically (Fig. 3, revealing no statistically 
significant differences in the number of mast cells in non-irradiated and irradiated urinary bladders at one- 
(p = 0.9012) and four-week (p = 0.7500) time points (Fig. 3B).

Mast cell density per layer of the urinary bladder wall was also assessed between non-irradiated and irradiated 
urinary bladders (Fig. 3C–F). Mast cell density did not change in the lamina propria (3D) and detrusor muscle 
(3E) layers of the urinary bladder, however appeared to alter in the urothelium (Fig. 3C) and the adventitia 
(Fig. 3F). In the urothelium, mast cell density increased one week following radiation exposure compared to the 
non-irradiated controls (p = 0.0387), but not compared to the four-week timepoint (p = 0.1080) nor between one- 
and four-week timepoints (p = 0.2576). In the adventitia, mast cell density increased in the four-week timepoint 
compared to the one-week timepoint (p = 0.0167) but did not differ between control (p = 0.1043) or between 
control and one-week post-irradiation (p = 0.9658).

Mast cell characteristics in the irradiated urinary bladder
Approximate size and internal complexity were measured using the forward scatter and side scatter parameters 
(via flow cytometry), and cell diameter (via microscopy) was also investigated in urinary bladder mast cell 
populations. Between non-irradiated and irradiated time points, there was no statistically significant difference 
in forward and side scatter median fluorescent intensities, despite apparent changes in forward scatter four weeks 
following radiation exposure (Fig. 4).

The equivalent diameter was also measured to further investigate potential alterations to mast cell charac-
teristics. While there was no significant difference between non-irradiated and irradiated bladders one week 
following irradiation, a significant decrease in mast cell diameter was observed between non-irradiated and 
irradiated urinary bladders at four weeks following radiation injury (p = 0.0068, Fig. 4E).

Discussion
Radiation-induced cystitis is an inflammatory condition affecting the urinary bladder and can develop as a 
side-effect of pelvic  radiotherapy1 and in HSCT conditioning regimens, such as myeloablative  radiotherapy2,3. 
Current research has identified a role for mast cells in the pathophysiology of this  disease14. Although, current 

Figure 2.  Identification of mast cells in the irradiated urinary bladder using flow cytometry. (A) Representative 
dot plots of mast cells from live, CD45.2+ singlet populations with FcεRIα and CD117 FMOCs are illustrated 
below. (B) Frequency of mast cells in host leukocytes in non-irradiated and irradiated urinary bladders amongst 
CD45.2+ cells. (C) Frequency of mast cells in live singlet populations.
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literature has focussed entirely on the EBRT aetiology of radiation-induced cystitis and not the myeloablative 
 aetiology14, which was the focus of this investigation.

Firstly, the effect of myeloablative radiation on host leukocyte prevalence was investigated. One week follow-
ing irradiation, host leukocytes decreased significantly in number (p = 0.0018) compared with non-irradiated 
controls (Fig. 1C), suggesting that myeloablative radiation has an immediate impact on leukocyte populations 
in the urinary bladder. This finding is consistent with the expected result of HSCT conditioning regimens, which 
aim to induce myeloablation and suppress the transplant recipient’s immune system to avoid allograft  rejection39. 
As a result, HSCT conditioning regimens are known to disrupt haematopoiesis and subsequent recovery of 
leukocyte  populations37,38. Additionally, this finding is supported by reports of decreasing numbers of  CD4+ 
T-cells40 and  CD3+  lymphocytes13 in the irradiated urinary bladder. Though, the full extent to which urinary 
bladder leukocytes are affected by radiation is not yet known, warranting further investigation.

Leukocyte depletion following myeloablative radiation exposure affects the bladder’s innate and adaptive 
immune systems and may also affect the bladder’s ability to recover from radiation-induced injuries. Of note, 
HSCT and its conditioning regimens are associated with adverse treatment outcomes, such as increased disease 
morbidity, prolonged  hospitalisation39,41 and significant increases in non-relapse-related  mortality42, though 
the exact cause underpinning these adverse outcomes is not clear. It is possible that leukocyte depletion may 
be related to such adverse treatment outcomes. To elaborate, the urinary bladder is continuously exposed to 
pathogens, such as uropathogenic Escherichia coli43 and the dormant BK  virus44. Despite this, the healthy urinary 
bladder is generally resistant to infection. Following leukocyte depletion, the irradiated urinary bladder may not 
have adequate defences against such pathogens and thus may be susceptible to infection and subsequent disease. 
In fact, the reactivation of the BK virus following HSCT is recognised as a major pathological cause of cystitis 

Figure 3.  Toluidine blue staining of mast cells in the urinary bladder. (A) Representative images of non-
irradiated and irradiated urinary bladders. Mast cells are indicated by black arrowheads. Scale bar represents 
100 μm, × 20 magnification, U urothelium, LP lamina propria, DM detrusor muscle and Ad adventitia. (B) 
Number of mast cells per  mm2 of urinary bladder tissue and number of mast cells per  mm2 tissue in the (C) 
urothelium, (D) lamina propria, (E) detrusor muscle and (F) adventitia of the urinary bladder. Each dot 
represents mast cell numbers from one section of urinary bladder tissue.
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following HSCT and its conditioning  regimens44,45. It is likely that leukocyte depletion in the irradiated urinary 
bladder provides such pathogens with the opportunity to infect the HSCT recipient, subsequently contributing 
to adverse treatment outcomes, though more research is needed to establish a causative link.

Four weeks following radiation exposure, the frequency of host leukocytes returned to non-irradiated control 
levels (p = 0.7381), suggesting that the leukocyte populations in the bladder may recover from the effects of radia-
tion over time (Fig. 1C). This finding is consistent with reports of leukocyte reconstitution occurring between 
12 and 40 days post-HSCT, though in some instances leukocyte reconstitution can take  months46–48. The initial 
decrease in leukocyte prevalence observed after one week may represent a transient response to the acute effects 
of irradiation, while the four-week time point may represent a more stable state of immune cell presence in the 
bladder, with a gradual recovery of leukocytes occurring between the one- and four-week time points.

Following this determination, the effect of myeloablative radiation on tissue-resident mast cells was then 
examined by flow cytometry and histology. Flow cytometric analysis demonstrated that mast cells constituted 
3% of the healthy (non-irradiated) urinary bladder leukocyte populations (Fig. 2B), which was consistent with 
current  literature22. After one week, the prevalence of mast cells within leukocyte populations increased signifi-
cantly compared to non-irradiated bladders (p = 0.0011), although mast cell frequency did not differ between 
non-irradiated and four-week irradiated bladders (p = 0.9769) (Fig. 2B). This suggests that mast cells constitute 
approximately one-fifth of the entire immune cell population one week after radiation exposure, which may 
indicate their involvement in radiation-induced injuries in the urinary bladder. At four weeks post-irradiation, 
mast cell frequency was comparable to non-irradiated levels (p = 0.9769) in line with leukocyte  reconstitution46–48. 
Histologically, mast cell numbers did not differ significantly when assessed per  mm2 of tissue in both one- 
(p = 0.9012) and four-week (p = 0.7500) time points (Fig. 3B). Consistent with this evidence is that the percentage 
of mast cells amongst live singlet cells did not differ between non-irradiated and irradiated urinary bladder sam-
ples at one- (p = 0.6392) and four-week (p = 0.9494) time points (Fig. 2C). This finding is reinforced by previous 
evidence, which indicated that mast cell prevalence is unaffected by radiation in the urinary  bladder13,25. Specifi-
cally, research conducted by Zwaans et al.25 and Podmolíková et al.13 found no statistically significant changes 
in the total number of mast cells in the irradiated bladder of Sprague–Dawley rats. With regard to the present 

Figure 4.  Irradiated mast cell morphology. (A) Concatenated flow cytometry data for forward scatter and 
side scatter parameters between non-irradiated and irradiated urinary bladders (n = 6 per group). (B) Median 
fluorescent intensity of forward scatter area and (C) median fluorescent intensity of side scatter area for each 
experimental group. (D) Representative image of mast cell stained with toluidine blue in the urinary bladder 
with annotated diameter measurement and (E) comparison of mast cell diameter between non-irradiated and 
irradiated bladders at one- and four-week time points. Each dot represents a single mast cell in (A) and (E), 
whereas (B) and (C) represent pooled data from non-irradiated and irradiated experimental samples.
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study, these data suggest that while the percentage of mast cells increases in leukocyte populations one week 
following radiation exposure and returns to non-irradiated levels four weeks following radiation exposure, the 
percentage of mast cells does not change amongst the total number of live cells extracted from urinary bladder 
single cell suspensions. Additionally, these data illustrate that mast cells constitute a significant portion of the 
remaining leukocyte population in the urinary bladder and may therefore suggest a role in the recovery of the 
urinary bladder and potential pathologies following radiation injury.

Mast cell distribution remained unaffected in the lamina propria (Fig. 3D) and detrusor muscle (Fig. 3E) lay-
ers of the urinary bladder between non-irradiated, one- and four-week timepoints. These findings are partially 
supported by research conducted by Podmolíková et al.13. The aforementioned study indicated no statistically 
significant differences in mast cell numbers across the discrete layers of the urinary bladder wall—aligning with 
the lamina propria and detrusor muscle data presented in Fig. 3D and E, respectively. Additionally, a significant 
increase in mast cell density in the urothelium (Fig. 3C) and adventitia (Fig. 3F) was noted. In the urothelium, 
mast cell density increased one week following radiation exposure compared to the non-irradiated controls 
(p = 0.0387), but not compared to the four-week timepoint (p = 0.1080) nor between one- and four-week time-
points (p = 0.2576). This finding is contradicted by current literature, where a study conducted by Giglio et al.49 
reported a significant decrease of mast cells in the urothelium (p < 0.05). The urothelium is known for its role in 
innate  immunity50, and in the context of radiation-induced cystitis, histopathological reports indicate decreased 
urothelial cell  numbers4–7,  swelling9, irregular cell  nucleation5,  ulceration5,9 and compromised barrier  function51 
in the irradiated urinary bladder. An increase in mast cell density within the urothelium, indicated by the results 
of the present study, may suggest an involvement in such histopathological features noted in the irradiated blad-
der. Though this finding indicates statistical significance, scrutiny is warranted. To elaborate, while the density 
of mast cells per  mm2 of tissue increased one week following radiation exposure, mast cells were detected in 
only one of six irradiated samples at this time point. In the remaining five samples, no mast cells were detected 
in the urothelium (Fig. 3C). Future studies may wish to reproduce the methods described in the present study 
with larger sample sizes to validate these findings.

In the adventitia, mast cell density increased between non-irradiated and irradiated bladders four weeks 
following irradiation (p = 0.0167) (Fig. 3F). Contextually, the adventitia of the urinary bladder connects the blad-
der to other organs of the abdominopelvic region; beyond acting as an interface between the bladder and other 
abdominopelvic organs, the adventitia’s functional significance is unknown. The urothelium, lamina propria and 
detrusor muscle layers, however, have physiological significance in the urinary bladder—from innate  immunity50, 
signal  transduction52 and  micturition53, respectively. As a result, it is difficult to interpret this finding. It is possible 
that radiation may have an unbeknownst effect on the adventitia that would result in the aggregation of mast 
cells in this layer of the urinary bladder wall, though current literature in this area remains sparse. Ultimately, 
more research is needed to contextualise the significance of this finding.

Lastly, potential changes to mast cell diameter were investigated. While there was no significant difference in 
forward (Fig. 4B) and side scatter (Fig. 4C) parameters, a significant reduction in mast cell diameter was observed 
histologically between non-irradiated and irradiated urinary bladders four weeks (p = 0.0068) following radia-
tion injury (Fig. 4E). Decreases in mast cell size may indicate a late response to radiation-induced injury or may 
indicate the infiltration of mast cell progenitors. With regard to the former, a study conducted by Burwen and 
 Satir54 found that, upon stimulation, mast cell radius decreased by approximately 5%. Taken together with this 
finding, this may suggest that mast cells have a late response to radiation injury in the urinary bladder. Concern-
ing the latter, a study conducted by Dahlin and  Hallgren55 determined that mast cell progenitors, identified by 
their high expression of integrin β7, were smaller in diameter than mature mast cells. Thus, it is also possible that 
this decrease in diameter represents the infiltration of immature mast cells four weeks following irradiation. Of 
additional consideration is that these cells may be derived from transplanted donor cells, aligning with leukocyte 
reconstitution occurring between 12 and 40 days post-HSCT46–48.

Current pre-clinical research has demonstrated a potential role for mast cells in the pathophysiology of 
radiation-induced  toxicities5,12–14; however, a clear link has not been established for the involvement of these 
immune cells in this disease. The present study is the first to demonstrate that mast cell prevalence does not 
change in response to myeloablative radiation exposure, and that mast cell frequency in broader leukocyte 
populations increases following acute radiation injury. These data suggest that mast cells represent a significant 
portion of the remaining leukocytes following acute radiation injury and may be involved in the early patho-
physiology of radiation-induced cystitis. Future research should aim to investigate the effects of radiation on 
other urinary bladder leukocytes to better understand potential immunological mediators of radiation-induced 
cystitis. It is also recommended that future research aim to investigate potential causative links between adverse 
treatment outcomes, infection from opportunistic pathogens and leukocyte depletion to improve patient out-
comes. Finally, future research should aim to investigate changes to mast cell distribution in urinary bladder 
disease, and to understand potential mechanisms underpinning morphological changes to mast cells following 
radiation exposure.

Methods
Animals and ethics approval
Female C57BL/6J and B6.SJL mice aged between 7 and 11 weeks were acquired from the Animal Resource Centre 
(Perth, Western Australia, Australia). Mice were housed and handled according to standard operating protocols 
approved by the University of Queensland (Brisbane, Australia) Animal Ethics Committee.

Euthanasia was performed by cervical dislocation. Animal ethics approval was granted by the University 
of Queensland Molecular Biosciences Animal Ethics Committee under a shared tissue agreement (BOND/
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ANRFA/162/20). All experiments were performed in accordance with relevant guidelines and regulations and 
are reported in accordance with ARRIVE  Guidelines56.

Animal irradiation and adoptive cell transfer
Recipient female C57BL/6J mice were exposed to 1.0 Gy/min of radiation by two opposing 137Cs γ-ray sources 
(Gammacell® 40 Extractor, Best Theratronics; Ottawa, Ontario, Canada). A split dose of 4.5 Gy and 5 Gy total 
body irradiation was given four hours apart, totalling 9.5 Gy, to induce myeloablation.

Within eight hours of irradiation, irradiated recipient mice received rescue bone marrow cells (1 ×  105) in 
combination with selected cell populations extracted from the femur and tibia of donor B6.SJL mice, described 
under Magnetic Cell Depletion. Rescue cells (1 ×  105) were resuspended in 300 µL of Dulbecco’s Modified Eagle 
Medium supplemented with 2% foetal calf serum (Sigma-Aldrich Corporation; St. Louis, Missouri, USA) and 
administered intravenously via the tail vein using a 26-gauge syringe. Irradiated mice received antibiotic water 
(neomycin sulphate, 1.1 g/L, and polymyxin B sulphate,  106 U/L; Sigma-Aldrich Corporation) and were moni-
tored daily using a score sheet. After one- and four-week time points, C57BL/6J mice were euthanised and urinary 
bladder tissue was harvested for assessment.

Magnetic cell depletion
Multipotent progenitors and haematopoietic stem cells from donor B6.SJL mice were isolated to reconstitute 
the immune system and stem cell populations of irradiated C57BL/6J recipient mice. Bone marrow cell enrich-
ment was achieved using the panel lineage-depletion antibodies as described in Table 1. Cells derived from bone 
marrow were prepared by ejecting the central marrow from the femur and tibia of both hind legs of naïve B6.SJL 
mice using 2 mL of ice-cold PBS with a 23G × ¼ syringe (Terumo Corporation; Shibuya, Tokyo, Japan) into a 
14 mL conical centrifuge tube. Single-cell preparations were then centrifuged for five minutes (200G, 4 °C), and 
the supernatant was discarded. To remove erythrocytes, cell pellets were resuspended in 1 mL of red blood cell 
lysis buffer at a 1:10 dilution (eBioscience Incorporated; San Diego, California, USA) for five minutes at room 
temperature. Cells were then washed in 13 mL PBS and resuspended in 1 mL of staining buffer (phosphate 
buffered saline (PBS) containing 5% foetal bovine serum) (Sigma-Aldrich Corporation). Cells were then incu-
bated for 10 min on ice, washed with 10 mL of staining buffer and resuspended in the remaining supernatant 
post-centrifugation. Magnetic beads (20 μL for 1 ×  107 cells; Miltenyi Biotech; Bergisch Gladbach, Germany) 
were added to the single-cell suspension, incubated for 10 min at 4 °C and centrifuged for five minutes (200G, 
4 °C). The supernatant was discarded, and cells were resuspended in 2 mL of staining buffer in a culture tube 
(Becton, Dickinson and Company; Franklin Lakes, New Jersey, USA). Tubes were placed inside an EasyStep™ 
Magnet (STEMCELL Technologies; Vancouver, British Columbia, Canada) for 10 min. Flow-through cell frac-
tions were decanted into a second culture tube and placed into the magnet for the second round of cell depletion. 
The negative cell fraction was decanted into a 14 mL conical centrifuge tube (TPP Techno Plastic Products AG; 
Transadingen, Switzerland), resuspended in 13 mL staining buffer, and then centrifuged for 5 min (200G, 4 °C). 
Supernatant was discarded, and cells were resuspended in 1 mL of staining buffer.

Flow cytometry
Bladder tissue was harvested and prepared from C57BL6/J female mice to isolate tissue-resident immune cells. 
Tissue was cut into small pieces and enzymatically digested in a 14 mL conical centrifuge tube containing 400 μL 
of Collagenase IV (10 µg/mL; Sigma-Aldrich Corporation) and 1500 μL of Dulbecco’s Modified Eagle Medium 
(DMEM; Sigma-Aldrich Corporation). The tube was incubated at 37 °C for 10 min with constant rotation. 400 μL 
of Collagenase D (10 µg/mL; Sigma-Aldrich Corporation), 80 μL of deoxyribonuclease I from bovine pancreas. 
Type II-S (DNAse; 10 µg/mL; Sigma-Aldrich Corporation) and 11.62 mL of DMEM was added to the same tube 
and incubated for a further 20 min. Digested tissue was filtered through a 100 μm cell strainer (Greiner Bio-One; 
Kremsmünster, Upper Austria, Austria) into a new 14 mL conical centrifuge tube and centrifuged for 5 min 
(200G, 4 °C). The supernatant was then discarded. The cell pellet was resuspended in 1 mL of PBS supplemented 
with 2% bovine serum albumin (Sigma-Aldrich Corporation).

Cells were aliquoted into a 96-well U-bottom plate (TPP Techno Plastic Products AG; Trasadingen, Swit-
zerland) and centrifuged for five minutes at 4 °C for 200G, after which supernatant was discarded. Wells were 
labelled with 10 μL antibody solution, prepared by diluting each antibody 1:100 in staining buffer. 10 μL of anti-
body solution was added to each well and then incubated for 10 min on ice with protection from light. Stained 

Table 1.  Lineage depleting antibody panel for bone marrow.

Antibody (conjugation) Clone Isotype Concentration Supplier

CD16/13-purified (Fc block) 93 Rat  IgG2a, λ 0.5 mg/mL Biolegend

Ly6G-ly6C (Gr-1) (biotin) RB6-8C5 Rat  IgG2b, κ 0.5 mg/mL Biolegend

CD11c (biotin) N418 Armenian Hamster  IgG1, κ 0.5 mg/mL Biolegend

NK1.1 (biotin) PK136 Rat  IgG2a, κ 0.5 mg/mL Biolegend

CD48 (biotin) HM48-1 Armenian Hamster  IgG1, κ 0.5 mg/mL eBioscience

CD3ε (biotin) 145-2C11 Armenian Hamster  IgG1, κ 0.5 mg/mL BD Pharmingen

CD19 (biotin) 6D5 Rat  IgG2a, κ 0.5 mg/mL Biolegend
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cells were then washed with 150 μL of staining buffer. Samples were then resuspended in 150 μL of staining buffer 
and transferred into 5 mL Falcon round-bottom tubes (Becton, Dickinson and Company; Franklin Lakes, New 
Jersey, USA) for flow cytometric analysis.

CD45 is a pan-leukocyte marker that detects almost all haematopoietic-derived cells, with the exception of 
mature  erythrocytes57. The CD45.2 isotype of the pan-leukocyte marker was used to identify haematopoietic 
cells from C57BL/6J (host)  mice58,59. Mast cells were also identified based on the expression of CD45, CD117 
and FcεRIα outlined in Table 2. Propidium iodide (Sigma-Aldrich Corporation) was used to discriminate live 
and dead cells in all populations. Flow cytometric analysis and cell sorting were performed on a BD FACSAria™ 
Fusion (Becton Dickinson; Franklin Lakes, New Jersey, USA). Single-colour controls were used to adjust com-
pensation for spectral overlap, and cell population gating was based on a series of fluorescence minus-one 
control antibody mixtures. Flow cytometric data was analysed using FlowJo (v10.8.1; FlowJo LLC; Ashland, 
Oregon, USA).

Toluidine blue staining
Toluidine blue was used to determine mast cell distribution and size in the non-irradiated and irradiated urinary 
bladder. Mast cells were identified by light microscopy based on their metachromatic appearance and violet 
colouration. To achieve this, tissue was harvested and prepared from C57BL6/J female mice. Tissue extracted 
from C57BL/6J mice was frozen in Tissue-Tek O.C.T. compound (Sakura Finetek USA Inc; Torrance, Califor-
nia, U.S.A). Three serial sections (10 μm thickness) were sectioned per urinary bladder using a Leica CM1800 
Cryostat (Leica Microsystems GmbH; Wetzlar, Germany) and placed on Starfrost Advanced Adhesive slides 
(ProSciTech; Kirwan, Queensland, Australia).

Urinary bladder sections were first rehydrated through sequential five-minute immersions of 100%, 95% and 
70% ethanol (w/v) (Sigma-Aldrich). Sections were then submersed for 2-min in distilled water and stained with 
toluidine blue (pH 2.2) for a further 2-min. Slides were washed with distilled water and then quickly dehydrated 
in 95% (twice) and 100% (twice) ethanol. After mounting, tissues were imaged using a live cell microscope with 
a brightfield camera (Nikon Eclipse Ti2-E; Nikon Corporation; Tokyo, Japan).

Statistical analysis
Animal numbers for experimental studies were based on power calculations using pilot data of control urinary 
bladders and were reviewed in consultation with a biostatistician. Mast cell density was reported out of all 
three sections per sample by  mm2 of bladder tissue. The equivalent diameter was calculated by NIS-Elements 
Advanced Research software (v4.0, Nikon Corporation; Tokyo, Japan) and reported as mast cell diameter in 
μm. To compare non-irradiated and irradiated controls, an ordinary one-way ANOVA with Tukey’s multiple 
comparisons test was used. Statistics were performed using Prism 9 for macOS (v9.3.0, GraphPad Software; San 
Diego, California, USA).

Data availability
Data used in this study will be made available from the corresponding author upon reasonable request.

Received: 1 August 2023; Accepted: 8 March 2024

References
 1. Browne, C. et al. A narrative review on the pathophysiology and management for radiation cystitis. Adv. Urol. 2015, 346812. https:// 

doi. org/ 10. 1155/ 2015/ 346812 (2015).
 2. Konishi, T. et al. Safety of total body irradiation using intensity-modulated radiation therapy by helical tomotherapy in allogeneic 

hematopoietic stem cell transplantation: A prospective pilot study. J. Radiat. Res. 61, 969–976. https:// doi. org/ 10. 1093/ jrr/ rraa0 
78 (2020).

 3. Lunde, L. E. et al. Hemorrhagic cystitis after allogeneic hematopoietic cell transplantation: Risk factors, graft source and survival. 
Bone Marrow Transpl. 50, 1432–1437. https:// doi. org/ 10. 1038/ bmt. 2015. 162 (2015).

 4. Zhang, S. et al. Basic fibroblast growth factor ameliorates endothelial dysfunction in radiation-induced bladder injury. Biomed. 
Res. Int. 2015, 967680. https:// doi. org/ 10. 1155/ 2015/ 967680 (2015).

 5. Zwaans, B. M., Nicolai, H. G., Chancellor, M. B. & Lamb, L. E. Challenges and opportunities in radiation-induced hemorrhagic 
cystitis. Rev. Urol. 18, 57–65. https:// doi. org/ 10. 3909/ riu07 00 (2016).

 6. Zwaans, B. M. M., Nicolai, H. E., Chancellor, M. B. & Lamb, L. E. Prostate cancer survivors with symptoms of radiation cystitis have 
elevated fibrotic and vascular proteins in urine. PLoS ONE 15, e0241388. https:// doi. org/ 10. 1371/ journ al. pone. 02413 88 (2020).

 7. Helissey, C. et al. Two new potential therapeutic approaches in radiation cystitis derived from mesenchymal stem cells: Extracel-
lular vesicles and conditioned medium. Biology https:// doi. org/ 10. 3390/ biolo gy110 70980 (2022).

Table 2.  Antibodies for mast cell detection. aF647 Alexa Fluorochrome 647 dye, FITC fluorescein 
isothiocyanate, PB pacific blue, PE phycoerythrin. Antibodies were diluted at 1:100 in staining buffer.

Antibody Fluorochrome Clone Isotype Concentration Supplier

FcεRIα PE MAR-1 Armenian Hamster IgG 0.2 mg/mL BioLegend

CD117 aF647 2B8 Rat IgG2b, κ 0.5 mg/mL BioLegend

CD45.2 PB 104 Mouse (SJL), IgG2a, κ 0.5 mg/mL BioLegend

https://doi.org/10.1155/2015/346812
https://doi.org/10.1155/2015/346812
https://doi.org/10.1093/jrr/rraa078
https://doi.org/10.1093/jrr/rraa078
https://doi.org/10.1038/bmt.2015.162
https://doi.org/10.1155/2015/967680
https://doi.org/10.3909/riu0700
https://doi.org/10.1371/journal.pone.0241388
https://doi.org/10.3390/biology11070980


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6219  | https://doi.org/10.1038/s41598-024-56655-5

www.nature.com/scientificreports/

 8. Rajaganapathy, B. R. et al. Intravesical liposomal tacrolimus protects against radiation cystitis induced by 3-beam targeted bladder 
radiation. J. Urol. 194, 578–584. https:// doi. org/ 10. 1016/j. juro. 2015. 03. 108 (2015).

 9. Kanai, A. J. et al. Manganese superoxide dismutase gene therapy protects against irradiation-induced cystitis. Am. J. Physiol. Renal 
Physiol. 283, F1304-1312. https:// doi. org/ 10. 1152/ ajpre nal. 00228. 2002 (2002).

 10. Ajith Kumar, S., Prasanth, P., Tripathi, K. & Ghosh, P. Hyperbaric oxygen-A new horizon in treating cyclophosphamide-induced 
hemorrhagic cystitis. Indian J. Urol. 27, 272–273. https:// doi. org/ 10. 4103/ 0970- 1591. 82849 (2011).

 11. Polom, W. et al. Hyperbaric oxygen therapy (HBOT) in case of hemorrhagic cystitis after radiotherapy. Cent. Eur. J. Urol. 65, 
200–203. https:// doi. org/ 10. 5173/ ceju. 2012. 04. art4 (2012).

 12. Zwaans, B. M., Chancellor, M. B. & Lamb, L. E. Modeling and treatment of radiation cystitis. Urology 88, 14–21. https:// doi. org/ 
10. 1016/j. urolo gy. 2015. 11. 001 (2016).

 13. Podmolíková, L. et al. Radiation of the urinary bladder attenuates the development of lipopolysaccharide-induced cystitis. Int. 
Immunopharmacol. 83, 106334. https:// doi. org/ 10. 1016/j. intimp. 2020. 106334 (2020).

 14. Smith, J., Toto, R. & Moro, C. The effects of radiation on myeloid lineage immune cells within the rodent urinary bladder: A 
systematic review. Int. Urol. Nephrol. 55, 3005–3014. https:// doi. org/ 10. 1007/ s11255- 023- 03748-1 (2023).

 15. Wu, Z. et al. Pyroptosis engagement and bladder urothelial cell-derived exosomes recruit mast cells and induce barrier dysfunction 
of bladder urothelium after uropathogenic E. coli infection. Am. J. Physiol. Cell Physiol. 317, C544–C555. https:// doi. org/ 10. 1152/ 
ajpce ll. 00102. 2019 (2019).

 16. He, S. & Walls, A. F. Human mast cell chymase induces the accumulation of neutrophils, eosinophils and other inflammatory cells 
in vivo. Br. J. Pharmacol. 125, 1491–1500. https:// doi. org/ 10. 1038/ sj. bjp. 07022 23 (1998).

 17. Atiakshin, D., Buchwalow, I. & Tiemann, M. Mast cell chymase: Morphofunctional characteristics. Histochem. Cell Biol. 152, 
253–269. https:// doi. org/ 10. 1007/ s00418- 019- 01803-6 (2019).

 18. Choi, H. W. et al. Loss of bladder epithelium induced by cytolytic mast cell granules. Immunity 45, 1258–1269. https:// doi. org/ 10. 
1016/j. immuni. 2016. 11. 003 (2016).

 19. Liu, H.-T., Shie, J.-H., Chen, S.-H., Wang, Y.-S. & Kuo, H.-C. Differences in mast cell infiltration, E-cadherin, and zonula 
occludens-1 expression between patients with overactive bladder and interstitial cystitis/bladder pain syndrome. Urology 80(225), 
e213-228. https:// doi. org/ 10. 1016/j. urolo gy. 2012. 01. 047 (2012).

 20. Bao, C. et al. A mast cell–thermoregulatory neuron circuit axis regulates hypothermia in anaphylaxis. Sci. Immunol. https:// doi. 
org/ 10. 1126/ sciim munol. adc94 17 (2023).

 21. López-Sanz, C., Sánchez-Martínez, E. & Jiménez-Saiz, R. Protocol to desensitize human and murine mast cells after polyclonal 
IgE sensitization. STAR Protoc. 3, 101755. https:// doi. org/ 10. 1016/j. xpro. 2022. 101755 (2022).

 22. Mora-Bau, G. et al. Macrophages subvert adaptive immunity to urinary tract infection. PLoS Pathog. 11, e1005044. https:// doi. 
org/ 10. 1371/ journ al. ppat. 10050 44 (2015).

 23. Meurer, S. K. et al. Isolation of mature (peritoneum-derived) mast cells and immature (bone marrow-derived) mast cell precursors 
from mice. PLoS ONE 11, e0158104. https:// doi. org/ 10. 1371/ journ al. pone. 01581 04 (2016).

 24. Brossard, C. et al. Understanding molecular mechanisms and identifying key processes in chronic radiation cystitis. Int. J. Mol. 
Sci. 23, 1836. https:// doi. org/ 10. 3390/ ijms2 30318 36 (2022).

 25. Zwaans, B. M. et al. Modeling of chronic radiation-induced cystitis in mice. Adv. Radiat. Oncol. 1, 333–343. https:// doi. org/ 10. 
1016/j. adro. 2016. 07. 004 (2016).

 26. Blirando, K. et al. Mast cells are an essential component of human radiation proctitis and contribute to experimental colorectal 
damage in mice. Am. J. Pathol. 178, 640–651. https:// doi. org/ 10. 1016/j. ajpath. 2010. 10. 003 (2011).

 27. Strattan, E. et al. mast cells are mediators of fibrosis and effector cell recruitment in dermal chronic graft-vs-host disease. Front. 
Immunol. https:// doi. org/ 10. 3389/ fimmu. 2019. 02470 (2019).

 28. Galli, S. J. & Tsai, M. Mast cells: Versatile regulators of inflammation, tissue remodeling, host defense and homeostasis. J. Dermatol. 
Sci. 49, 7–19. https:// doi. org/ 10. 1016/j. jderm sci. 2007. 09. 009 (2008).

 29. Abraham, S. N. & Miao, Y. The nature of immune responses to urinary tract infections. Nat. Rev. Immunol. 15, 655–663. https:// 
doi. org/ 10. 1038/ nri38 87 (2015).

 30. Serel, T. A., Soyupek, S. & Candir, O. Association between mast cells and bladder carcinoma. Urol. Int. 72, 299–302. https:// doi. 
org/ 10. 1159/ 00007 7681 (2004).

 31. Tyagi, P. et al. Urine cytokines suggest an inflammatory response in the overactive bladder: A pilot study. Int. Urol. Nephrol. 42, 
629–635. https:// doi. org/ 10. 1007/ s11255- 009- 9647-5 (2010).

 32. Gamper, M., Regauer, S., Welter, J., Eberhard, J. & Viereck, V. Are mast cells still good biomarkers for bladder pain syndrome/
interstitial cystitis?. J. Urol. 193, 1994–2000. https:// doi. org/ 10. 1016/j. juro. 2015. 01. 036 (2015).

 33. Conti, P. et al. Critical role of inflammatory mast cell in fibrosis: Potential therapeutic effect of IL-37. Cell Prolif. 51, e12475. https:// 
doi. org/ 10. 1111/ cpr. 12475 (2018).

 34. Park, K. R. et al. Mast cells contribute to radiation-induced vascular hyperpermeability. Radiat. Res. 185, 182–189. https:// doi. org/ 
10. 1667/ rr141 90.1 (2016).

 35. Chen, Y. T. et al. Extracorporeal shock wave markedly alleviates radiation-induced chronic cystitis in rat. Am. J. Transl. Res. 10, 
1036–1052 (2018).

 36. Barcellos, L. M. et al. Protective effects of l-glutamine on the bladder wall of rats submitted to pelvic radiation. Micron 47, 18–23. 
https:// doi. org/ 10. 1016/j. micron. 2013. 01. 001 (2013).

 37. Akanchha Mani, T., Shahanshah, K. & Nabo Kumar, C. Radiomitigation by melatonin in C57BL/6 mice: Possible implications as 
adjuvant in radiotherapy and chemotherapy. In Vivo 36, 1203. https:// doi. org/ 10. 21873/ invivo. 12820 (2022).

 38. Zhou, X. et al. MST1/2 inhibitor XMU-MP-1 alleviates the injury induced by ionizing radiation in haematopoietic and intestinal 
system. J. Cell. Mol. Med. 26, 1621–1628. https:// doi. org/ 10. 1111/ jcmm. 17203 (2022).

 39. Li, D. Z. et al. Comparison of total body irradiation before and after chemotherapy in pretreatment for hematopoietic stem cell 
transplantation. Cancer Biother. Radiopharm. 27, 119–123. https:// doi. org/ 10. 1089/ cbr. 2011. 1041 (2012).

 40. Lombardo, K. A. et al. BCG invokes superior STING-mediated innate immune response over radiotherapy in a carcinogen murine 
model of urothelial cancer. J. Pathol. 256, 223–234. https:// doi. org/ 10. 1002/ path. 5830 (2022).

 41. de Silva, P. L. et al. Hemorrhagic cystitis after allogeneic hematopoietic stem cell transplants is the complex result of BK virus 
infection, preparative regimen intensity and donor type. Haematologica 95, 1183–1190. https:// doi. org/ 10. 3324/ haema tol. 2009. 
016758 (2010).

 42. Galli, E. et al. Hemorrhagic cystitis in allogeneic stem cell transplantation: A role for age and prostatic hyperplasia. Support. Care 
Cancer 30, 4953–4959. https:// doi. org/ 10. 1007/ s00520- 022- 06916-8 (2022).

 43. Bien, J., Sokolova, O. & Bozko, P. Role of uropathogenic Escherichia coli virulence factors in development of urinary tract infection 
and kidney damage. Int. J. Nephrol. 2012, 681473. https:// doi. org/ 10. 1155/ 2012/ 681473 (2012).

 44. Mohammadi Najafabadi, M., Soleimani, M., Ahmadvand, M., Soufi Zomorrod, M. & Mousavi, S. A. Treatment protocols for BK 
virus associated hemorrhagic cystitis after hematopoietic stem cell transplantation. Am. J. Blood Res. 10, 217–230 (2020).

 45. Jandial, A., Mishra, K., Sandal, R. & Kant Sahu, K. Management of BK virus-associated haemorrhagic cystitis in allogeneic stem 
cell transplant recipients. Ther. Adv. Infect. Dis. 8, 2049936121991377. https:// doi. org/ 10. 1177/ 20499 36121 991377 (2021).

 46. Rocha, V. et al. Transplants of umbilical-cord blood or bone marrow from unrelated donors in adults with acute leukemia. N. Engl. 
J. Med. 351, 2276–2285. https:// doi. org/ 10. 1056/ NEJMo a0414 69 (2004).

https://doi.org/10.1016/j.juro.2015.03.108
https://doi.org/10.1152/ajprenal.00228.2002
https://doi.org/10.4103/0970-1591.82849
https://doi.org/10.5173/ceju.2012.04.art4
https://doi.org/10.1016/j.urology.2015.11.001
https://doi.org/10.1016/j.urology.2015.11.001
https://doi.org/10.1016/j.intimp.2020.106334
https://doi.org/10.1007/s11255-023-03748-1
https://doi.org/10.1152/ajpcell.00102.2019
https://doi.org/10.1152/ajpcell.00102.2019
https://doi.org/10.1038/sj.bjp.0702223
https://doi.org/10.1007/s00418-019-01803-6
https://doi.org/10.1016/j.immuni.2016.11.003
https://doi.org/10.1016/j.immuni.2016.11.003
https://doi.org/10.1016/j.urology.2012.01.047
https://doi.org/10.1126/sciimmunol.adc9417
https://doi.org/10.1126/sciimmunol.adc9417
https://doi.org/10.1016/j.xpro.2022.101755
https://doi.org/10.1371/journal.ppat.1005044
https://doi.org/10.1371/journal.ppat.1005044
https://doi.org/10.1371/journal.pone.0158104
https://doi.org/10.3390/ijms23031836
https://doi.org/10.1016/j.adro.2016.07.004
https://doi.org/10.1016/j.adro.2016.07.004
https://doi.org/10.1016/j.ajpath.2010.10.003
https://doi.org/10.3389/fimmu.2019.02470
https://doi.org/10.1016/j.jdermsci.2007.09.009
https://doi.org/10.1038/nri3887
https://doi.org/10.1038/nri3887
https://doi.org/10.1159/000077681
https://doi.org/10.1159/000077681
https://doi.org/10.1007/s11255-009-9647-5
https://doi.org/10.1016/j.juro.2015.01.036
https://doi.org/10.1111/cpr.12475
https://doi.org/10.1111/cpr.12475
https://doi.org/10.1667/rr14190.1
https://doi.org/10.1667/rr14190.1
https://doi.org/10.1016/j.micron.2013.01.001
https://doi.org/10.21873/invivo.12820
https://doi.org/10.1111/jcmm.17203
https://doi.org/10.1089/cbr.2011.1041
https://doi.org/10.1002/path.5830
https://doi.org/10.3324/haematol.2009.016758
https://doi.org/10.3324/haematol.2009.016758
https://doi.org/10.1007/s00520-022-06916-8
https://doi.org/10.1155/2012/681473
https://doi.org/10.1177/2049936121991377
https://doi.org/10.1056/NEJMoa041469


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6219  | https://doi.org/10.1038/s41598-024-56655-5

www.nature.com/scientificreports/

 47. Wagner, J. E. et al. Transplantation of unrelated donor umbilical cord blood in 102 patients with malignant and nonmalignant 
diseases: influence of CD34 cell dose and HLA disparity on treatment-related mortality and survival. Blood 100, 1611–1618. https:// 
doi. org/ 10. 1182/ blood- 2002- 01- 0294 (2002).

 48. Geddes, M. & Storek, J. Immune reconstitution following hematopoietic stem-cell transplantation. Best Pract. Res. Clin. Haematol. 
20, 329–348. https:// doi. org/ 10. 1016/j. beha. 2006. 09. 009 (2007).

 49. Giglio, D. et al. Downregulation of toll-like receptor 4 and IL-6 following irradiation of the rat urinary bladder. Clin. Exp. Phar-
macol. Physiol. 43, 698–705. https:// doi. org/ 10. 1111/ 1440- 1681. 12583 (2016).

 50. Jafari, N. V. & Rohn, J. L. The urothelium: A multi-faceted barrier against a harsh environment. Mucosal Immunol. 15, 1127–1142. 
https:// doi. org/ 10. 1038/ s41385- 022- 00565-0 (2022).

 51. Smit, S. G. & Heyns, C. F. Management of radiation cystitis. Nat. Rev. Urol. 7, 206–214. https:// doi. org/ 10. 1038/ nrurol. 2010. 23 
(2010).

 52. Andersson, K. E. & McCloskey, K. D. Lamina propria: The functional center of the bladder?. Neurourol. Urodyn. 33, 9–16. https:// 
doi. org/ 10. 1002/ nau. 22465 (2014).

 53. Stromberga, Z., Chess-Williams, R. & Moro, C. Prostaglandin E2 and F2alpha modulate urinary bladder urothelium, lamina 
propria and detrusor contractility via the FP receptor. Front. Physiol. 11, 705. https:// doi. org/ 10. 3389/ fphys. 2020. 00705 (2020).

 54. Burwen, S. J. & Satir, B. H. Plasma membrane folds on the mast cell surface and their relationship to secretory activity. J. Cell Biol. 
74, 690–697. https:// doi. org/ 10. 1083/ jcb. 74.3. 690 (1977).

 55. Dahlin, J. S. & Hallgren, J. Mast cell progenitors: Origin, development and migration to tissues. Mol. Immunol. 63, 9–17. https:// 
doi. org/ 10. 1016/j. molimm. 2014. 01. 018 (2015).

 56. Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: The ARRIVE 
guidelines for reporting animal research. PLoS Biol. 8, e1000412. https:// doi. org/ 10. 1371/ journ al. pbio. 10004 12 (2010).

 57. Nakano, A., Harada, T., Morikawa, S. & Kato, Y. Expression of leukocyte common antigen (CD45) on various human leukemia/
lymphoma cell lines. Acta Pathol. Jpn. 40, 107–115. https:// doi. org/ 10. 1111/j. 1440- 1827. 1990. tb015 49.x (1990).

 58. Jafri, S., Moore, S. D., Morrell, N. W. & Ormiston, M. L. A sex-specific reconstitution bias in the competitive CD45.1/CD45.2 
congenic bone marrow transplant model. Sci. Rep. 7, 3495. https:// doi. org/ 10. 1038/ s41598- 017- 03784-9 (2017).

 59. Ladel, L. et al. Inherent engraftment differences between CD45.1 and CD45.2 HSCs are caused by differential expression of Cxcr4. 
Exp. Hematol. 53, S87. https:// doi. org/ 10. 1016/j. exphem. 2017. 06. 197 (2017).

Acknowledgements
This work was supported by philanthropic funding awarded to Bond University.

Author contributions
Study concept and design: JS, CS, HO, JT, CM. Acquisition of data: JS. Analysis and interpretation of data: JS, 
JT. Preparation of graphs and Figures: JS. Drafting of the manuscript: JS, CS, HO, JT, CM. Critical revision of 
the manuscript for intellectual content: JS, CS, HO, JT, CM. Supervision: JT, HO, CM. All authors (JS, CS, HO, 
JT, CM) approved the final draft and manuscript prior to submission.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1182/blood-2002-01-0294
https://doi.org/10.1182/blood-2002-01-0294
https://doi.org/10.1016/j.beha.2006.09.009
https://doi.org/10.1111/1440-1681.12583
https://doi.org/10.1038/s41385-022-00565-0
https://doi.org/10.1038/nrurol.2010.23
https://doi.org/10.1002/nau.22465
https://doi.org/10.1002/nau.22465
https://doi.org/10.3389/fphys.2020.00705
https://doi.org/10.1083/jcb.74.3.690
https://doi.org/10.1016/j.molimm.2014.01.018
https://doi.org/10.1016/j.molimm.2014.01.018
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1111/j.1440-1827.1990.tb01549.x
https://doi.org/10.1038/s41598-017-03784-9
https://doi.org/10.1016/j.exphem.2017.06.197
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effect of myeloablative radiation on urinary bladder mast cells
	Results
	Leukocyte prevalence
	Mast cell prevalence in the irradiated urinary bladder
	Mast cell characteristics in the irradiated urinary bladder

	Discussion
	Methods
	Animals and ethics approval
	Animal irradiation and adoptive cell transfer
	Magnetic cell depletion
	Flow cytometry
	Toluidine blue staining
	Statistical analysis

	References
	Acknowledgements


