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ABSTRACT 

Mona Zarifpour 

ESTABLISHING A MODEL OF ORGAN REGENERATION IN THE ADULT 

MAMMAL: manipulating and developing a permissive microenvironment 

Dissertation under the direction of 

Frank Marini, Ph.D. 

Wake Forest Institute for Regenerative Medicine 

The repair potential of the mammalian bladder has been known for over a century, but 
very few studies have examined the extent of bladder regeneration using animal models. 
The aim of the present studies was to develop a model of bladder regeneration in mice 
with specific emphasis on restoration of function. The impacts of immune response and a 
permissive microenvironment were also evaluated. Removal of a large portion of the 
urinary bladder (subtotal cystectomy; STC) in adult mice initiated a proliferative 
response that eventually gave rise to normal bladder wall architecture, including nerves, 
vessels, urothelium, and smooth muscle. Regenerated bladders displayed a normal low 
pressure, high capacity function, and were able to empty completely 12 weeks after 
cystectomy. Magnetic Resonance Imaging revealed a progressive increase in the bladder 
capacity and was able to predict the rate of bladder growth that resulted in normal 
function. InCITE, a combined optical tissue clearing method and computational analysis 
approach enabled a qualitative and quantitative exploration of the relationship between 
smooth muscle cell and extracellular matrix fiber morphometrics and functional recovery 
during repair. 

When STC was performed in macrophage depleted mice (by clodronate injection), 
bladder regeneration was negatively impacted and the bladders of treated animals had 
several identifiable differences compared to liposome only controls: disorganization of 
the lamina propria and smooth muscle layers, large regions of thinning smooth muscle, 
large regions of inflammation, inappropriate amounts of collagen structures, and 
dysfunctional voiding, eventually dribbling incontinence. There was also a decrease in 
cholinergic innervation in the clodronate-treated group compared to liposome injected 
controls. In vitro contractile responses of bladder strips were significantly reduced. This 
model of mammalian organ regeneration may be utilized to identify molecular regulators 
of (un)successful regeneration and to increase our understanding of impaired regenerative 
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capacities due to macrophage depletion. Further studies are needed to define the role of 
macrophage sub-populations and their interaction with local stem cells/primary cells. 
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CHAPTER I 

 

Introduction	
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The promise of tissue and organ regeneration has captured the imagination of the general 

public. Regeneration has been observed, characterized and most extensively studied in 

invertebrates and lower vertebrates, including the limbs, jaw, tail, nervous system, and 

heart of the axolotl and the newt [1]–[4]. In this regard, adult mammals have a much 

more restricted repertoire for wound healing, repair and functional replacement of 

damaged tissues/organ systems, which is generally thought to be largely restricted to 

epidermis, muscle, bone, and liver [5], [6]. On the other hand, many organs have the 

capacity to repair or regenerate epithelia and muscle after acute damage. A model of 

bladder regeneration that produces a functional bladder has the potential to generate 

information of translational impact that ultimately may contribute to improvement of the 

quality of life in patients who suffer battle related injuries, bladder cancer, voiding 

dysfunction and bladder pain syndrome.  

There is evidence that among mammalian organs, the rodent bladder has the unique 

capacity to fully regenerate after partial cystectomy [7]–[10]. Burmeister et al. observed 

de novo bladder regeneration in rats subjected to subtotal cystectomy (STC = removal of 

more than 50% of the dome of the bladder), and studied the size and functional 

characteristics of the regenerated bladder [11]. However, the desirable microenvironment 

promoting bladder regeneration has not been established. 

After tissue injury, large numbers of inflammatory cells are recruited from the bone 

marrow via chemokine gradients and various adhesion molecules. Circulating monocytes 

together with resident tissue macrophages are important drivers of inflammatory and 

tissue regenerative responses that develop following organ damage induced by 

mechanical injury [12]–[15]. Proinflammatory monocytes are characterized by their 
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ability to rapidly migrate to sites of injury, whereas resident monocytes are characterized 

by their ability to patrol the vasculature, populate normal tissues, and act as regulators of 

the inflammatory response [12]. 

On the other hand, why some animals are able to regenerate particular structures and 

others are not, has not been established, but differences in immune mechanisms and 

immunomodulation have been suggested as important factors [16]. There is evidence 

suggesting that there is a correlation in phylogeny between the development of adaptive 

immunity and progressive loss of regenerative ability [17]. Godwin et al. [18] 

demonstrated the critical role of macrophages during salamander limb regeneration by 

depleting the systemic macrophages during the early stages of the regeneration using 

clodronate (dichloromethylene bisphosphonate). Clodronate containing liposomes for 

selective depletion of the peripheral monocytes have been by various investigators to 

study the mechanism of the regeneration in different models of injury/wound healing, 

such as skeletal muscle, cornea, myocardial infarction and liver [19]–[27], and it has been 

suggested that there is a correlation between macrophage phenotype (M1 or M2) and 

functional recovery in wound healing [12], [28]. 

Our overall hypothesis is that there is a regenerative response of the mouse bladder 

elicited by subtotal cystectomy, which is compromised in macrophage-depleted animals, 

and that regenerative responses can be monitored non-invasively. We present two sets of 

experiments that all examine functional aspects of the bladder following subtotal 

cystectomy. In the first set of experiments (Chapter II) we perform STC on young adult 

mice and characterize time-dependent changes in function of bladder both in vivo and in 

vitro for up to 12 weeks after STC. Then, the usefulness of non-invasive imaging (i.e., 
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Magnetic Resonance Imaging) as a prognostic indicator of bladder function post-STC 

will be examined (Chapters II).  

In the second set of experiments (Chapter III) at phase I we examine the role of bone 

marrow derived versus local macrophages by using colored mice during the bladder 

regeneration. Then  at phase II we examine the effect of macrophage depletion prior to 

the STC on bladder function, and report on both early (3 and 7 days) and long term (8 

weeks) effects after STC. Additionally we explore mechanisms associated with 

regeneration via histology, with the overarching hypothesis that the differences in bladder 

regeneration will resemble that seen in other organs (i.e., decreased hyperplasia, 

angiogenesis, and increased fibrosis, inflammation). Finally, Chapter IV is an overall 

review of our understanding about the role of the immune system during regeneration. 

The ultimate goal of the studies presented within this thesis is to establish a model of 

endogenous bladder regeneration and investigate the importance of 

monocytes/macrophages in bladder regeneration using our well established STC mouse 

model in order to harness this ability for application to the tissue engineering field in 

urology. A more detailed understanding of macrophage role in regeneration process can 

provide new targets in regenerative medicine. 
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Abstract 

 

Introduction and Objectives: Previous work demonstrated restoration of a bioequivalent 

bladder within 8 weeks of removing the majority of the bladder (STC; subtotal 

cystectomy) in rats. The goal of the present study was to extend our investigations of 

bladder repair to the murine model, in order to harness the power of mouse genetics to 

delineate the cellular and molecular mechanisms responsible for the observed robust 

bladder regrowth. Methods: Female C57 black mice underwent STC, and at 4, 8, and 12 

weeks post−STC, bladder repair and function was assessed via cystometry, ex vivo 

pharmacologic organ bath studies and T2-weighted MRI. Histology was also performed to 

measure bladder wall thickness. Results: We observed a time-dependent increase in 

bladder capacity following STC, such that 8 and 12 weeks post−STC, bladder capacity 

and micturition volumes were indistinguishable from those of age-matched non-STC 

controls and significantly higher than observed at 4 weeks. MRI studies confirmed that 

bladder volume was indistinguishable within 3 months (11 weeks) post-STC. 

Additionally, bladders emptied completely at all time-points studied (i.e., no increases in 

residual volume), consistent with functional bladder repair. At 8 and 12 weeks STC, there 

were no significant differences in bladder wall thickness, or in the different components 

(urothelium, lamina propria or smooth muscle layers) of the bladder wall compared to 

age-matched control animals. The maximal contractile response to pharmacological 

activation and electrical field stimulation increased over time in isolated tissue strips from 

repaired bladders, but remained lower at all-time points compared with controls.  
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Conclusions: We have established and validated a murine model for the study of de novo 

organ repair that will allow for further mechanistic studies of this phenomenon after e.g. 

genetic manipulation. 
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Introduction 

 

The promise of tissue and organ regeneration has captured the imagination of the 

general public. Regeneration has been observed, characterized and most extensively 

studied in invertebrates and lower vertebrates, including the limbs, jaw, tail, nervous 

system, and heart of the axolotl and the newt 1–4. In this regard, adult mammals have a 

much more restricted repertoire for wound healing, repair and functional replacement of 

damaged tissues/organ systems, which is generally thought to be largely restricted to 

epidermis, muscle, bone, and liver. On the other hand, many organs have the capacity to 

repair or regenerate epithelia and muscle after acute damage 5,6. Developing a more high 

throughput, genetically tractable, mammalian model of bladder regeneration is an 

important first step toward the identification of molecular targets that could better inform 

the process of mammalian bladder regeneration. The ultimate goal is to leverage these 

findings to develop novel and more effective regeernative therapetucis that could 

dramatically improve the quality of life in patients who suffer, for example, from 

trauamtic bladder injuries, bladder cancer, voiding dysfunction and/or bladder pain 

syndrome.  

Current approaches to achieve functional tissue/organ regeneration have utilized 

scaffolds, cells and growth factors, alone or in various combinations, to promote a more 

favorable in vivo environment for tissue repair, regeneration or replacement 5,7–19.In this 

regard, Atala et. al., created autologous engineered bladder tissues that incorporated 

urothelial and muscle cells from bladder biopsies seeded on collagen-polyglycolic acid 
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scaffolds to reconstruct the bladder in seven patients with myelomeningocele 20. These 

engineered tissues were implanted with or without omental coverage. Patients 

reconstructed with engineered bladder tissue created with cell-seeded PGA-collagen 

scaffolds and omental coverage showed increased compliance, decreased end-filling 

pressures, increased capacities and longer dry periods over time 20.However, as recently 

noted by Andersson 21, despite encouraging proof of concept from the results, the more 

widespread applications of these technologies awaits further preclinical investigation.  

In that regard, the repair potential of the mammalian bladder has been known for 

over a century 22–29 and has been explored in canine 22,29,30,rat 31–34 and also in humans 

23,24,35. Burmiester et al.34 observed de novo repair of bladder in a rat model of sub-total 

cystectomy (STC) and studied the size and functional characteristics of the observed 

wound healing response. Urodynamic studies revealed urine storage and elimination 

profiles were similar to age-matched control native bladders within 8 weeks of STC, 

while corresponding histological analysis documented the presence of well-defined layers 

of urothelium, lamina propria and detrusor in bladders 34. In short, the regrown bladders 

were histologically and functionally indistinguishable from native age-matched bladders 

(i.e., bioequivalent). A follow-up study by Peyton et al., evaluated molecular mechanisms 

associated with the robust tissue recovery previously observed 34,36–38. In fact, Peyton et 

al.  38established time-dependent changes in the location of proliferating cell populations 

during the early stages of functional rat bladder regrowth, suggesting a role for Shh, Gli-

1, and BMP-4 signaling pathways that are known regulators of urothelial regeneration 

homeostasis (Mysorekar (bmp), Shh/Gli, Shin. Taken together these observations indicate 
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that the rodent bladder is capable of robust wound healing and true multilayer tissue 

regrowth.  

The goal of the present study was to extend these investigations to the murine 

model. We document that following surgical removal of the majority of the murine 

bladder, the remaining native bladder tissue undergoes robust wound healing and 

regrowth, achieving a functionally bioequivalent bladder that reconstitutes all three layers 

of the bladder wall within 8-12 weeks. Importantly, the urothelium, which is a key 

functional barrier for normal bladder function, appears to have regenerated efficiently and 

extends across the luminal surface of the bladder, suggesting that regeneration and repair 

were efficient despite the large amount of tissue removed. These observations have 

important implications for future studies of mammalian bladder wound healing and/or 

repair (regeneration), where the power of murine molecular genetics can be leveraged to 

provide improved mechanistic insight into the regenerative capacity of the bladder, 

potentially pointing toward novel therapeutic strategies for bladder repair in larger animal 

models and humans.  
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Material and Methods 

 

Animals 

 

A total of 52 female C57 black mice weighing 20–22 g underwent STC followed by 

evaluation with urodynamic and in vitro organ bath studies at either four, eight, or 12 

weeks post-STC. Two postoperative animal deaths occurred (3.38% mortality rate), while 

two mice were removed from the study because of bladder stone formation. All animal 

protocols were approved by the Animal Care and Use Committee of Wake Forest 

University and carried out with strict adherence to the guidelines set forth.  

 

Trigone Sparing Cystectomy 

 

Animals were anesthetized with 2% isoflurane chamber induction and maintained with 1-

2% via mask with inhalation and spontaneous breathing. The lower abdomen was shaved, 

and pivodine–iodine solution was applied to the surgical site as an antiseptic. Sterile 

technique was used throughout each procedure. A low-midline abdominal incision was 

made, and the bladder was identified and delivered outside of the body (Figure 1). Two 

9-0 Vicryl stay sutures were placed on either side of the bladder just above the 

ureterovesical junction (UVJ). Approximately 60% of the bladder dome above the UVJ 

was removed, leaving the trigone and ureters intact (trigone-sparing cystectomy). The 
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remaining portion of the bladder was then closed in 2 layers with 10-0 (muscularis) and 

9-0 Vicryl (serosa) in a continuous fashion. The abdominal wall and skin were closed in 

two layers using 6-0 vicryl sutures. Animals were followed for up to 12 weeks post-STC. 

 

Bladder Catheter Implantation 

 

Urinary catheters were implanted during surgical cystostomy in post-STC and control 

mice similar to methods previously described 34,39–43. Briefly, mice were anesthetized 

with 2% isoflurane, and the bladder was dissected from ensuing adhesions caused by the 

previous surgery. The dome was elevated outside of the body as described earlier, a small 

incision was made by 20-gauge needle, and a PE-10 intramedic polyethylene catheter 

(Becton-Dickinson) with cuff was inserted and anchored with a 9-0 purse string vicryl 

suture. The catheter was then tunneled subcutaneously, brought out through the nape of 

the animals, and held in place with cloth tape anchored to the skin via a 6-0 Vicryl suture. 

The abdominal wall and skin were closed in two layers with 6-0 vicryl sutures, and the 

free end of the catheter was thermally sealed. 

 

 



	 20	

 

Figure	1:	Subtotal	cystectomy	(STC).	(A)	After	dissection	of	the	bladder,	the	bladder	
body	is	excised	(*50%–60%	of	the	total	bladder),	leaving	the	trigone	and	uretero–vesical	
junction	(asterisk)	intact.	(B)	Photographs	of	STC	showing	the	bladder	held	in	place	with	
stay	sutures	before	excision	and	after	closure.		

	

Cystometric analysis 

 

All cystometric studies were performed at 3 days after catheter implantation in conscious, 

freely moving mice similar to previously described protocols 34,44. Briefly, the bladder 

catheter was connected to a two-way valve that was, in turn, connected to a pressure 

transducer and an infusion pump. The pressure transducer was connected to an ETH 400 

(CD Sciences) transducer amplifier and subsequently connected to a MacLab/8e (Analog 

Digital Instruments) data acquisition board with accompanying LabChart Pro software. 
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The pressure transducers and acquisition board were calibrated in cm H2O before each 

experiment. Room-temperature saline was infused at a rate of 1.5 mL/h. Micturition 

volumes (MVs) were measured with a silicone-coated funnel leading into a collection 

tube that was connected to a force-displacement transducer. All analyses were conducted 

after a stable voiding pattern of at least 20-30 min was established. The terminology and 

standards for reporting on cystometric analyses follow previous recommendations 44. The 

cystometric parameters investigated were: basal pressure (Pbase; lowest pressure between 

voids), maximum pressure (Pmax; the maximum pressure seen during a micturition cycle), 

threshold pressure (Pthres; pressure at which voiding is initiated), intermicturition pressure 

(Pim; mean bladder pressure between voids), bladder capacity (BC), micturition volume 

(MV; volume of expelled urine), residual volume (RV: BC − MV), intercontraction 

interval (ICI), which is most often defined as the time period between two maximum 

voiding pressures. 

 

In vitro studies 

 

After cystometric analysis, animals were sacrificed with CO2 inhalation and bilateral 

thoracotomy, and the bladders were harvested and immediately placed in ice-cold Krebs 

buffer. The bladders were cut into 2 strips along the longitudinal axis. The strips were 

denuded of the urothelium and were attached to tissue holders at one end and force 

transducers at the other in an organ bath system (Danish Myo Technology) containing 

15 mL of Krebs buffer aerated with 95% O2/5% CO2 at 37°C. Bladder strips were 
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subjected to a resting tension of 400-600 mg and allowed to stabilize for at least 15 min. 

They were then primed using 60 µM KCl and subsequently 5 µM carbachol. Contractions 

were recorded as changes in tension from baseline in response to both carbachol and 

electrical field stimulation (EFS). Carbachol concentration–response curves were 

generated by adding increasing concentrations of carbachol at 0.5 log increments starting 

at 3 nM up to 100 µM. For EFS, strips were placed between two platinum electrodes in 

the organ chamber, and electrical pulses (0.1 ms pulse width, 22 V in the bath) were 

delivered, lasting 30 s at increasing frequencies (1, 2, 4, 8, 16, and 32 Hz), using an S88 

stimulator (Grass Instruments). All tissue responses were normalized to grams of tissue 

weight. 

 

Magnetic Resonance Imaging (MRI) 

 

A total of 3 female C57 black mice were evaluated before and after STC. MRI studies 

were performed at 0, 3, 28 and 77 days after STC. Prior to MR scans, animals were 

anesthetized with 3% isoflurane mixed with oxygen at 2 L/min flow rate (for induction 

only). Mice underwent T2-weighted MR imaging with no-contrast agent. All MRI 

experiments were performed in a 7 T horizontal bore small animal MRI scanner (Bruker 

70/30 Biospec, Billerica, MA) equipped with a high power 60mm I.D. gradient/shim 

insert capable producing a maximum magnetic field gradient of 1000 mT/m. A 

quadrature 35 mm I.D. volume coil tuned to 300.2 MHz was used for RF transmission 

and reception. Each animal was placed so that the bladder was at the isocenter of the  
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magnet and RF coil. Anesthesia was maintained during the scan via nose cone which 

provided oxygen (1 L/min) and isoflurane (1.5%). Body temperature was kept constant 

by thermostatically controlled warm air (SA Instruments, Stoney Brook, NY). T2-

weighted MR images were acquired using a Rapid Acquisition with Relaxation 

Enhancement (RARE) spin echo pulse sequence with the following parameters: TR = 

9000 ms, TE = 36ms, FOV = 2 cm, matrix = 128x128, slice thickness = 0.4 mm, NEX = 

2. The three plane localizer verified that the bladder of each mouse was centered in both 

the RF coil and the magnet. All the data obtained during MRI studies were processed and 

analyzed with TeraRecon 3D visualization and image analysis software (V4.4.8.36). 

 

Histological analysis & Immunohistochemistry 

 

Bladders not subjected to pharmacological analysis were preserved for histology. After 

removal of the most superior part of the dome, bladders were fixed in 10% buffered 

formalin and processed. Serial 7 µm cross-sections were sliced along the upper part of the 

bladder wall (above the uretero–vesical junction). At least six sections were examined 

from the proximal and distal ends of the bladder. Slides were cleared in xylene, 

rehydrated and used for staining. Staining with standard hematoxylin and eosin was 

performed. For measurement of bladder wall thickness, at least five measurements were 

taken from three different sections of the bladder as previously described 34. 

For immunostaining, bladders were fixed, embedded in paraffin and serial sections were 

generated. Sections were deparaffinized using HistoClear and rehydrated through a series 

of ethanol and 1xPBS washes. Antigen retrieval was performed by boiling slides for 30 
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minutes in pH9 buffer. Primary antibodies in 1% horse serum were incubated overnight 

at 4ºC . On the next day, slides were washed with TBSTX3 times for 10 minutes each and 

secondary antibodies were applied for 2 hours at room temperature. DAPI was applied 

for 10 minutes for nuclear staining, then the slides were cover-slipped.  

The following primary antibodies have been applied:  For Trp63 staining we used 

mouse IgG (clone 4A4, Santa Cruz Biotechnology, sc8431, 1:100) or rabbit IgG, (Santa 

Cruz Biotechnology, sc8343, 1:100). For Krt5 we used rabbit IgG (Covance, AF-138, 

PRB-160P, 1:300) or chicken IgY (Covance, SIG-3475, 1:300). For Upk3 we used mouse 

IgG1, clone AU1 (Fitzgerald, 10R-U103a, 1:50).  

 

Statistical analysis 

 

Statistical evaluations were performed using GraphPad Prism software. For 

pharmacological studies, individual carbachol and EFS-induced stimulus-response curves 

were placed in GraphPad software and a mean curve was fit to the family of curves. 

Mean values for the stimulus-response contraction curves were analyzed via one-way 

analysis of variances (ANOVA). One-way analysis of variance was also performed on all 

relevant parameters from the cystometric studies, as well as the results of histological 

analysis and MRI measurements. In all cases a p-value of less than 0.05 was considered 

significant. Unless otherwise stated, all results were expressed as the mean ± standard 

error of the mean. 
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Results 

 

Mice that successfully recovered from surgery did not show any difference in weight gain 

(6.60±0.610 g, n=39) compared with non-cystectomized animals (6.54±0.74 g, n=13). 

 

Cystometric analysis 

 

Mean values for all urodynamic parameters from cystectomized and age-matched 

control animals are shown in Table 1. Age-matched controls were treated as one group because 

no age-dependent differences were noted in any of the cystometric parameters among the three 

time points in this study (four, eight and 12 weeks post-STC). Cystometric investigations 

showed a progressive increase in bladder capacity at four, eight, and 12 weeks post-STC (Figure 

2). Moreover, BC at the 8- and 12-week time points was not statistically different from controls. 

The increase in MV also paralleled the increase in bladder capacity data, which significantly 

increased from 4 weeks to 12 weeks, and documented that all bladders emptied completely as 

they regained size post-STC. Differences in several measures of bladder function were noted in 

regenerating bladders at the 4 week time point , relative to bladders from control animals, or 

animals at the 8 and 12 week time points post-STC. For example, there was a significant 

increase in baseline pressure at four weeks compared to control and eight weeks post-STC. Pmax 

generated in animals at 12 weeks post-STC was increased (33.84±1.27 cm H2O) compared with 

eight (28.63±1.06 cm H2O) and four weeks (29.84±1.43 cm H2O) post-STC. Though Pmax was 



	 26	

statistically different at eight weeks compared to control, it was not physiologically or clinically 

relevant and indeed normalized by 12 weeks. Importantly, all bladders at each time-point were 

able to empty completely as evidenced by similar RVs between age-matched control and post-

STC animals (Table 1). 

 

Table	I:	Urodynamic	Parameters	as	Determined	by	In	Vivo	Cystometry. Age-
matched controls revealed no differences and were subsequently grouped together as 
controls. a Significantly different compared with controls. b Significantly different 
compared with 8 weeks. c Significantly different compared with 12 weeks. Bcap, bladder 
capacity; MV, micturition volume; RV, residual volume; BP, basal pressure; TP, 
threshold pressure; MP, micturition pressure; IMP, inter micturition pressure; ICI, 
intercontraction interval. 

	

  ICI 

(min) 

Bcap  

(mL) 

MV 

 (mL) 

RV  

(mL) 

BP  

(cm H2O) 

TP  

(cm H2O) 

MP 

 (cm H2O) 

IMP 

 (cm H2O) 

TP/MP 

Controls, 
n=10 

8.52 
± 0.4 

0.21± 0.01 0.20± 0.01 0.015 ± 0.008 12.04 ± 0.9 17.80± 1.22 32.32 ± 1.23 13.63 ± 0.86 0.55 ± 0.02 

4 weeks, 
n=10 

5.96 
± 

0.6a 

0.15± 0.01a,b,c 0.13± 0.01a,b,c 0.010± 0.006 15.94 ± 0.9 a,b 19.52 ± 1.20 29.84 ± 1.43c 17.15 ± 0.96 a,b 0.65 ± 0.03a,c 

8 weeks, 
n=10 

7.66 
± 0.8 

0.19± 0.02 0.18± 0.01 0.009± 0.007 12.10 ± 0.8 17.30 ± 0.93 28.63 ± 1.06a,c 13.62 ± 0.73 0.60 ± 0.03 

12 
weeks, 
n=10 

7.89 
± 0.3 

0.19± 0.0 0.21± 0.01 0.010± 0.005 14.13 ± 0.8 19.03 ± 1.08 33.84 ± 1.27 15.91  ± 0.77 0.56 ± 0.02 
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Figure	2:	Representative	cystometrogram	recordings	from	control,	and	4,	8	and	12	
weeks	post	STC	animals.	As	can	be	seen	there	was	a	decrease	in	intermicturition	intervals	
(ICI)	at	4	weeks.	ICI	at	8	and	12	weeks	was	not	different	from	control.	Also	there	was		a	
decrease	in	micturition	pressure	at	4	and	8	weeks	which	was	normalized	at	12	weeks.	Scale	
bar	represents	10	min.	

	

There was an increase in Pimp at 4 weeks compared to control and eight weeks post-STC. There 

was no significant difference in Pthres at any time point post-STC. In addition, statistical analysis 



	 28	

also revealed significant differences in the calculated parameter (Pthres/Pmax). Pthres/Pmax 

nominally denotes the relationship between the pressure at which micturition is initiated relative 

to the maximal pressure at which micturition occurs. As indicated in Table 1, Pthres/Pmax 

increased significantly at four weeks post-STC relative to control and 12 weeks post-STC. A 

decrease in intermicturition intervals (ICI) was also observed at 4 weeks post-STC compared to 

control. ICI at 8 and 12 weeks was not different from control. 

 

In vitro studies 

 

Steady-state concentration response curves (CRCs) were obtained for carbachol-induced 

contractile responses in bladder strips from both age-matched control and post-STC animals. 

Mean values for logistic parameter estimates are shown in Table 2, and the data are graphically 

depicted in Figure 3. In short, logistic analysis revealed a significant reduction in the calculated 

maximal steady state response (Emax) values in isolated detrusor strips from the regenerating 

bladder at all time points (Figure 3). As illustrated in Figure 3, and summarized in Table 2, there 

were no detectable differences in either pEC50 (the –log of the agonist concentration that results 

in 50% of the maximum response) or Hill slope parameters among the groups. The maximum 

contractions of regenerating detrusor smooth muscle strips induced by EFS were also 

significantly lower than those of native tissue at all frequencies tested, and the ratio of native 

responses to experimental responses was similar across all frequencies (Figure 4).  
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Table II: Parameters Obtained from Carbachol Dose–Response Curves. a Emax at all 
time points is significantly lower than control ( p<0.05). There was no difference between 
groups for either the EC50 or the hill slope values. STC, subtotal cystectomy; Emax, 
maximal effect; EC50, carbachol concentration producing 50% of the maximal response. 

 

 

Figure 3: Carbachol concentration–response curves obtained from bladder bladder 
strips harvested from control animals, as well as animals at 4, 8, and 12 weeks post-STC. 
Responses have been normalized to strip weight. 

 

	

    
 Emax (g/g tissue) Log [EC50] 

(log[carbachole]) Hill Slope 

  Control, n=18 strips, n=10 animals 140.5±5.24 -6.009±0.06 1.63±0.36 

  STC-4 weeks, n=16 strips, n=9 animals 85.04±6.23a -5.82±0.12 1.29±0.43 

  STC-8 weeks, n=18 strips, n=10 animals 68.98±4.50a -5.78±0.11 1.286±0.38 

  STC-12 weeks, n=14 strips, n=9 animals 76.54±6.83a -5.91±015 1.35±0.60 
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Figure 4: Responses to electrical field stimulation (EFS) in control bladders at 4, 8, 
and 12 weeks post-STC. Responses have been normalized to strip weight. *All groups 
are different from each other as determined by one-way analysis of variance (p<0.001). 

 

Magnetic Resonance Imaging (MRI) 

 

To study bladder dimensions during the regeneration process, T2-weighted MRI imaging 

was performed pre-operatively, 3 days post-STC, as well as 4 and 11 weeks post-STC 

(Figure 5A). The bladder was observed to be close to circular in shape in all cases. At 3 

days post-STC, there was a significant reduction in bladder diameter. The overall bladder 

diameter at day 3 post-STC was: 3.65 ± 0.51 mm, and at weeks 4 post-STC: 4.76 ± 0.23 

mm, and at 11 weeks post-STC: 5.87 ± 0.56 mm (Figure 5B). These data are consistent 

with the data from the cystometric analyses as reflected by the parallel increases observed 

in bladder capacity over the same time frame (see Table 1). 
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Figure 5: Magnetic Resonance Imaging (MRI). (A) Axial slices taken during T2-
weighted, non-contrast enhanced MRI on mouse bladder. MR Imaging was performed 
pre-operatively as well as on day-3, week 4 and week 11 after STC.  (B) Change in 
bladder diameter during the regeneration process. p≤ 0.05 .  

 

Histological immunochemical analysis 

 

The wall of regenerating bladders appeared to retain the architecture of the native bladder 

(Figure 6). As illustrated by the representative examples of hematoxylin and eosin 

staining of native, 4, 8, and 12–week regenerated bladders (Figure 6A-D). Specifically, 

the urothelial, suburothelial, and smooth muscle layers appear to be intact in the 

regenerating bladders. Similar staining of these layers was also seen with trichrome 

staining (data not shown). Importantly, bladder wall thickness at the 8- and 12-week time 



	 32	

points (951.09 ± 32 and 1099.065 ± 99.74 µm) was not significantly different from 

control bladders (1096.2 ± 28 µm) as shown in Figure 6E.  

 

 

Figure 6: Representative examples of hematoxylin and eosin staining of native tissue 
(A)  and  4, 8 and 12 weeks after STC (B, C, D) shown at 10X magnification. (E) Bladder 
wall thickness of native and 4, 8 and 12 weeks  post STC bladders (hematoxylin and 
eosin staining). Values are mean_standard error of the mean of four measurements from 
the proximal and distal ends of each of three bladders. 

 

Finally, analysis of the urothelium in the bladders of mice 12 weeks post-STC, revealed a 

regenerated urothelium that was virtually indistinguishable compared to un-operated 

controls (Figure 7). As expected, the urothelium consisted of 1-2 layers of Krt5-

expressing basal cells, intermediate cells and superficial cells, which were multinucleated 

and positive for Upk expression.  
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Figure 7: Representative example of Urothelial repair following STC. As illustrated 
from this animal 12 weeks post-STC, we have observed a remarkable restorative 
response of the urothelium following removal of 60% of the murine bladder. Analysis of 
urothelial markers in bladders 12-Weeks Post cystectomy showing defined layers 
including K5-Basal cells (P63+), intermediate cells (P63+/Upk+) and superficial cells 
(Upk+). Upk expression is shown in red, P63 expression is shown in green. Where: p63 
(green), Upk1 (uroplakin I; red) and DAPI (blue) in the urothelium. These are all 
indicative of the complete degree of urothelial bladder repair.  
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Discussion 

 

Consistent with previous observations in rats 34, the present urodynamic investigation in 

mice demonstrated a time-dependent increase in bladder capacity, with 8-week post-STC mice 

achieving baseline capacities of age-matched control animals. Bladder capacities increased only 

slightly from eight to 12 weeks and were not statistically different from one another. The 

regrown bladders were no larger than expected for an age-matched control animal at the 12 

week time point, suggesting the wound healing and repair response may in some way be 

dictated by pre-STC bladder size. Significantly, bladders in all groups, at all time points post-

STC emptied completely (as indicated by calculated RV (Table 1), even when Pmax was 

decreased (e.g., 8 weeks). Moreover, after 4 weeks post-STC, PThres/Pmax was similar between all 

groups. The PThres/Pmax parameter describes the relationship between the pressures at the onset 

of micturition and the maximum achieved during a single void 44. Thus, consistency in 

PThres/Pmax between the 8 and 12 week post-STC groups and native (age-matched control) 

bladders indicates that these bladders are truly bioequivalent from a functional standpoint. Of 

note, clearly the bladders 4 weeks post-STC, which differed with respect to both bladder 

volume and pressure, represent a relatively immature and intermediate bladder regrowth stage 38 

(Table 1, Figures. 2 & 6). 

KCl and carbachol-induced contractions were significantly lower at all time-

points compared to control, and no significant difference could be detected among the 

experimental groups. EFS, performed with and without atropine, demonstrated similar 

effects. While atropine decreased the absolute contractile response in all strips tested, 
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there was no effect on the relative responses of strips from regrown bladders compared to 

age-matched controls Importantly, the failure of bladder strips obtained from regrown 

bladders to achieve contractile responses comparable to age-matched controls was in line 

with other published series in rats 3,36. In addition to the decreased amplitude of  

contraction, a significantly decreased maximal shortening velocity has been demonstrated 

in the STC bladders 36, and it was and speculated that this was related to growth and 

regeneration of muscle cells. 

However, there is no definitive explanation for the decreased contractile response, since 

histological investigations revealed an apparently complete reconstitution of all three bladder 

layers with preserved smooth muscle layer thickness. Functionally, Pthres and Pmax values were 

maintained in full-capacity (i.e., BC equivalent to age-matched control values) regrown 

bladders that emptied completely at 12 weeks. Thus, the diminished contractile response 

observed in vitro does not affect the functionality observed in vivo; as evidenced by complete 

restoration of BC, MV and RV.  One possibility is that alterations in the orientation of smooth 

muscle cell bundles in the wall of the repaired/regrown bladder may lead to decreased 

contractile responses as measured in isolated tissue strips in vitro, without affecting the 

emptying efficiency of the bladder in vivo. More specifically, since in vitro contractile 

measurements assess force (grams of tension) largely in the longitudinal axis in parallel with the 

deflection of the force transducer, they would be more sensitive to isotropic alterations in 

smooth muscle cell orientation than force generation (pressure) measured in vivo (which 

measures the sum of smooth muscle contractile responses in all orientations in three 

dimensions).  
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In short, this mouse model of bladder wound healing, repair and regrowth post-STC 

should provide researchers many new opportunities to study the regenerative potential of the 

mammalian bladder. More specifically, the use of commercially available fluorescent murine 

models (e.g., green and red fluorescent proteins), coupled to bone marrow irradiation 

procedures and/or tissue transplants will permit additional evaluation of the contribution(s) of 

tissue resident versus systemic precursor cells to bladder wound healing, repair and regrowth. In 

conjunction with the use of knock-out/knock-in transgenic mouse strains of interest, future 

investigations will be able to identify target cell populations and gene products required for, or 

associated with, successful bladder reconstitution. This information, in turn, could lead to novel 

therapeutic (i.e., regenerative) strategies for bladder repair in the face of reductions in viable 

tissue due to a wide variety of age- and/or disease-related pathologies.  

 

Conclusions 

 

 We have established and validated a murine model for the study of robust bladder 

wound healing and repair, resulting in regrowth of a bioequivalent bladder within 8-12 

following removal of a majority (60%) of the bladder. Future studies in relevant murine models 

will exploit the power of molecular genetics to further evaluate the cellular and molecular basis 

of bioequivalent bladder regrowth, and thus, shed insight on the mechanisms responsible for the 

apparently marked regenerative potential of the mammalian bladder. The improved mechanistic 

insight into the regenerative capacity of the bladder, should permit the development of novel 
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therapeutic strategies for bladder repair in larger and more clinically relevant animal models, 

and eventually, humans.  
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Abstract 

 
Introduction: Previous studies have demonstrated that 8 weeks after subtotal cystectomy 

(STC) in rodents, bladder morphology and function are restored to normal. The goal of 

this study was to investigate the source and role of macrophages in bladder regeneration.  

Materials and Methods: Phase 1: Female RFP+ mice were transplanted using the bone 

marrow of GFP+ male mice. Phase 2: Female black mice underwent STC after 

clodronate-liposome (macrophage depleting agent) or control PBS-liposome injections.  

Results: Phase 1: Three days after STC bone marrow derived macrophages were 

predominant in regenerating bladder compared with local macrophages. The macrophage 

markers switched from NOS-2+ (M1 phenotype) to Arg-1+ (M2 phenotype) from day 3 

to day 15. Phase 2: At 8 weeks post−STC, the bladder of clodronate-treated animals 

revealed disorganization of the lamina propria and smooth muscle layers, large regions of 

thinning smooth muscle, large regions of inflammation, inappropriate amounts of 

collagen structures, and physiologically, a dysfunctional voiding, eventually dribbling 

incontinence; whereas the size, structure, and function of the liposome injected animals 

were indistinguishable from age−matched controls. There was also a decrease in 

innervation (PGP9.5, tyrosine hydroxylase and vesicular acetylcholine transporter) in the 

clodronate-treated group compared to control liposome injected animals. In vitro 

contractile responses of bladder strips to KCl, carbachol and electrical field stimulation 

were all significantly reduced.  

Conclusion: After STC bone marrow derived macrophages are recruited for bladder 

regeneration with phenotype switching from M1 to M2 between days 7-15. Depleting the 

monocyte/macrophage populations with clodronate negatively affects bladder 

regeneration.  

 

Key words: Macrophage, regeneration, clodronate, murine, bladder, subtotal-cystectomy, 

microenvironment 
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Introduction 

 

For centuries the mechanisms of regeneration in salamanders, such as newts and axolots, 

have been studied. Spallanzani in 1768 described that frog tadpoles could regenerate their 

tails and that salamanders could regenerate whole limbs and tails during adult life stages 

1. Unlike mammalians, salamanders maintain their ability to repair wounds without 

scarring, and regenerate a range of organs and tissues throughout their lives 2.  

Why some animals are able to regenerate particular structures and others are not has not 

been established, but differences in immune mechanisms and immunomodulation have 

been suggested as important factors 3. There is evidence suggesting that there is a 

correlation in phylogeny between the development of adaptive immunity and progressive 

loss of regenerative ability 4. Mammals have highly developed adaptive immunity and 

relatively poor capacity to regenerate. Among amphibians the urodeles are better 

regenerators, but relatively immune deficient compared with anurans such as Xenopus, as 

they have an IgM-based humoral immune response with slow allograft rejection 3.  

Adult mammals have a much more restricted repertoire for repair and functional 

replacement of damaged tissues/organ systems, which is generally thought to be largely 

restricted to epidermis, muscle, bone, and liver 5,6.  

There is evidence that among mammalian organs, the rodent bladder has the unique 

capacity to fully regenerate after partial cystectomy 7–10. Burmeister et al. 11 observed de 

novo bladder regeneration in rats subjected to subtotal cystectomy (STC = removal of 
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more than 50% of the dome of the bladder), and studied the size and functional 

characteristics of the regenerated bladder. Mice, similar to rats, have the ability to regrow 

a functional bladder after sub-total cystectomy, which is morphologically and 

functionally identical to native tissues, that is, bioequivalent in all measureable ways 12. 

However, the desirable microenvironment promoting bladder regeneration has not been 

established. 

After tissue injury, large numbers of inflammatory cells are recruited from the bone 

marrow via chemokine gradients and various adhesion molecules. Circulating monocytes 

together with resident tissue macrophages are important drivers of inflammatory and 

tissue regenerative responses that develop in response to organ damage induced by 

mechanical injury 13–16. Proinflammatory monocytes are characterized by their ability to 

rapidly migrate to sites of injury, whereas resident monocytes are characterized by their 

ability to patrol the vasculature, populate normal tissues, and act as regulators of the 

inflammatory response 13. Bone marrow derived monocytes differentiate into 

macrophages upon emigration from the vasculature into the tissue. Once within the 

tissue, macrophages may undergo differentiation into a number of distinct phenotypes 

depending on the tissue type, microenvironmental conditions, and the immunologic 

milieu 16. Macrophages produce numerous growth factors and soluble mediators such as 

TGF-β1 that stimulate local and recruited tissue fibroblasts to differentiate into 

myofibroblasts that facilitate the synthesis of extracellular matrix components. The 

recruited cells often greatly exceed the population of tissue-resident macrophages 15. 

Godwin et al. (2013) demonstrated the critical role of macrophages during salamander 

limb regeneration by depleting the systemic macrophages during the early stages of the 
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regeneration using clodronate (dichloromethylene bisphosphonate). Clodronate 

containing liposomes for selective depletion of the peripheral monocytes have been by 

various investigators to study the mechanism of the regeneration in different models of 

injury/wound healing, such as skeletal muscle, cornea, myocardial infarction and liver 17–

25, and it has been suggested that there is a correlation between macrophage phenotype 

and functional recovery in wound healing 13, 26.  

The aim of the present study was to investigate, using clodronate, the importance of 

monocytes/macrophages in supporting and participating in bladder regeneration in a STC 

mouse model. 
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Results 

 

Relative contribution of bone marrow-derived vs. local resident tissue macrophages in 

bladder regeneration 

 

In the first set of experiments, bone marrow from GFP expressing mice was transplanted 

into lethally irradiated RFP mice. Upon engraftment, as evidenced by >95% GFP 

expression in the peripheral blood and the death of control mice not receiving bone 

marrow, the mice underwent sub-total cystectomy (Figure 1). Total of 9 female mice 

(RFP + with GFP + bone marrow) underwent STC and after 3, 7 and 15 days post STC 

(n=3 for each time point) we sacrificed them for histological examinations. 
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Figure 1. Bone marrow transplant experimental design. Bone marrow from a GFP+ 
mouse was transplanted into a lethally irradiated RFP+ mouse. After 4 weeks, 
engraftment is verified by >99% GFP positivity in peripheral blood as well as bone 
marrow. At this time, mice underwent subtotal cystectomy. After 3, 7 and 15 days post 
STC, the bladder is resected and analyzed for recruited bone marrow (GFP+) and non 
bone marrow (RFP+) host derived cells in the injury microenvironment. 

 

Analysis of bladder sections revealed that 8% of the cells were GFP+. These cells were 

found both in the lamina propria and the urothelium. We analyzed the bladder sections 

for phenotypic markers associated with macrophages including CSF1R and CD11b. 
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Interestingly, under our experimental conditions, 82% of the GFP+ cells were either 

CSF1R or CD11b. 

After quantitation of acquired images from total of 9 animals (n=3 for each time point) 3, 

7 and 15 days post STC stained for bone marrow- derived GFP+ cells, host-derived RFP+ 

cells, and markers of macrophages with Inform software, the origin of each recruited 

leukocyte population was determined, and there were statistically significant (p<0.0001) 

differences between the origin within each macrophage marker group (Figure 2). 

CD11b+ cells appeared to be largely bone marrow derived in origin (92.27±5.3%); 

however, a minor component of non-bone-marrow derived CD11b+ cells were detected 

representing 7.69±5.3% the total CD11b+ macrophage population. Similar to CD11b+ 

staining patterns, CSF1R+ populations were nearly identical in tissue origins: 

96.88±2.8% originating from bone marrow tissue (Figure 2).  

The recruitment of macrophages appeared early after subtotal cystectomy, whereas the 

M1 macrophages (NOS2 expressing macrophages) were dominant starting from 3 days 

and decreasing up to 15 days post STC.  From day 3 to day 15 after STC macrophages 

change phenotype from M1 to M2 (Arg1 expressing macrophages) population (Fig. 3). 
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Figure 2. Relative contribution of bone marrow-derived vs. local resident tissue 
macrophages during the early stage of bladder regeneration. Green color represents 
the percentage of bone marrow derived CD11b or CSF1R and red color represents the 
percentage of local macrophages (CD11b or CSF1R). ). CD11b+ cells appeared to be 
largely bone marrow derived in origin (92.27±5.3%); however, a minor component of 
non-bone-marrow derived CD11b+ cells were detected representing 7.69±5.3% the total 
CD11b+ macrophage population. CSF1R+ populations were nearly identical in tissue 
origins: 96.88±2.8% originating from bone marrow tissue with a minor component of 
non-bone-marrow derived CSF1R+ cells (3.07±2.8%). n=9 animals. p<0.0001  
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Figure 3. Macrophage polarization during the early phage of bladder remodeling. 
Changing in the phenotype of macrophages from M1 to M2 during the early phase of 
remodeling after injury. Blue line represents the M2 and red line M1 phenotype. Error 
bars determine from variation across n=3 mice.  ANOVA shows statistically different 
between day 3 and day 15. * P<0.05  

 

Assessment the effects of macrophage depletion on bladder regeneration 

 

Histological analysis 

 

 The wall of regenerated bladders appeared to retain the architecture of the native bladder 

as shown in Figure 4. As illustrated, by the representative examples of hematoxylin and 

eosin (H&E) staining of 8 weeks post STC in liposome and clodronate injected bladders 
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(Fig 4), the urothelial, suburothelial, and smooth muscle layers appear to be intact in the 

liposome, but not in the clodronate injected bladders. H&E staining of the bladders 8 

weeks after subtotal cystectomy in clodronate groups showed decrease in the bladder wall 

thickness, especially the muscle layer and the urothelium. More inflammation was 

observed in clodronate injected bladders. 

 

Figure 4. Hematoxylin and eosin staining. Representative images of control liposome 
injected tissue (A) and clodronate liposome injected bladder 8 weeks after STC (B). 
Black arrow shows the bladder wall and dotted arrow shows the muscle layer thickness. 
shown at 10X magnification. (U) Urothelium, (LP) Lamina propria and (MP) Muscle. 

 

Masson trichrome staining of bladder tissue revealed a significantly increased percent of 

collagen in the muscle layer in the clodronate group (Fig 5B) (mean 47.39% ± 2.98%) 

compared with controls (Fig 5A)  (mean 32.5% ± 1.53%, p <0.01). 
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Figure 5. Masson trichrome staining. Bladder tissue of control liposomes(A), 
clodronate liposomes(B). reduced from x400. Scale bars represent 100µm. Percent of 
collagen in muscle layer in control liposomes vs. clodronate liposomes (C), n=3 animals. 
**p <0.01  

 

Cystometric analysis 

 

 Mean values for all urodynamic parameters from cystectomized and age-matched control 

animals are shown in Table 1. Cystometric studies showed an increase in bladder 

capacity in clodronate treated animals post STC (Fig 6A). The increase in MV also 

paralleled the increase in bladder capacity data, which increased in clodronate treated 
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animals, and documented that all bladders emptied completely as they regained size 8 

weeks post-STC (no significant change in residual volume).  

Differences in several measures of bladder function were noted in bladders of clodronate 

treated animals, relative to bladders from control liposome treated animals at the 8-week 

time point post-STC. For example, there was a significant increase in baseline pressure in 

clodronate treated group compared to control liposome treated group eight weeks post-

STC (Fig 6B). Pmax generated in animals injected with clodronate liposomes at 8 weeks 

post-STC was increased (35.79±1.02 cm H2O) compared with control liposomes 

(29.19±0.76 cm H2O). All bladders in each group were able to empty completely as 

evidenced by similar RVs between control liposomes and clodronate liposomes (Table I). 

There was a significant increase in Pimp clodronate treated group compared to control 

liposome treated group at eight weeks post-STC. There was a significant difference in 

Pthres between clodronate (24.54±1.71 cm H2O) and control liposome treated groups 

(19.01±1.00 cm H2O) post-STC. In addition, statistical analysis also revealed no 

significant differences in the calculated parameter (Pthres/Pmax). Pthres/Pmax nominally 

denotes the relationship between the pressure at which micturition is initiated relative to 

the maximal pressure at which micturition occurs. As indicated in Table 1, Pthres/Pmax 

slightly increased in animals injected with clodronate liposomes at 8 weeks post-STC 

(0.687±0.05 cm H2O) compared with control liposomes (0.651±0.03 cm H2O). 
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Figure 6. Urodynamic studies. A) In the clodronate injected group the bladder capacity 
was slightly higher than in the liposome injected group. B) where as the baseline pressure 
was significantly higher in clodronate group compared to the liposome injected group (p 
<0.05). 

 

In vitro studies 

 

 To assess changes in the overall contractile response all bladder strips were initially 

treated with 60 mM KCl. In the clodronate treated group the mean contractile response to 

60 mM KCl was significantly less than in the control liposome treated group (p<0.01, fig. 

7).  

Steady-state concentration response curves (CRCs) were obtained for carbachol-induced 

contractile responses in bladder strips from both control liposomes and clodronate 

liposomes post-STC animals. Mean values for logistic parameter estimates are shown in 

Table 2, and some of the data are graphically depicted in Figure 7. Logistic analysis 
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revealed a significant reduction in the calculated maximal steady state response (Emax) 

values in isolated bladder strips from the clodronate treated group compared to control 

liposome treated group (Fig. 7). As summarized in Table II, there were no detectable 

differences in either pEC50 (the –log of the agonist concentration that results in 50% of 

the maximum response) or Hill slope parameters among the groups. The maximum 

contractions of clodronate treated bladder smooth muscle strips induced by EFS were 

also significantly lower than those of control liposome treated tissues at 16 and 32 Hz 

(Fig. 7).   

 

Figure 7. Invitro organ bath study. A) Contractile response to 60 mM KCl, B) 
frequency-response to EFS. (n=6) g/g. * p <0.05. ** p <0.01 
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Impaired bladder regeneration assessment by study of innervation-related markers 

 

Staining the bladder tissues for innervation markers revealed that 8 weeks post STC in 

control liposome treated bladders restored the innervation, which was consistent with 

presence of the functional bladder assessed by in vivo urodynamic studies (Fig. 8A). 

Bladders tissues from clodronate treated animals had significantly less innervation (PGP 

9.5, TH, VaChT) than controls (Fig 8B).  

 

Figure 8A. Representative example of neural impairment caused by clodronate 
injection following STC. As illustrated 8 weeks post-STC, we have observed a 
remarkable decrease in bladder innervation after macrophage depletion (b) in compare to 
control bladder restoration (a). PGP 9.5 expression is shown in yellow, VAChT 
expression is shown in cyan and TH expression is pink. DAPI (blue).  Scale bars 
represent 50µm. 
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Figure 8B. Analysis of neural markers in bladders 8-Weeks Post cystectomy showing 
a significant decrease in bladder innervation following macrophage depletion  (green) 
comparing to control liposome injected animals (red). a) analysis of PGP 9.5 expression, 
b) VAChT expression and c) TH expression. All data normalized to Dapi expression. 
AU, arbitrary unit. *** p <0.001 

 

Impaired bladder regeneration assessment by study of the TGFb signaling 

 

 Early after STC (3 days) in the clodronate liposome injected bladders, the staining 

intensity of TGFb marker was significantly lower than in the control liposome injected 

bladders. Cells that were stained strongly positive for TGFb were found in the urothelium 

and occasionally in the lamina propria and the muscle layer (Fig 9).  Analysis of TGFb 

expression showed the highest intensity 3 days post injury in control liposome treated 

animals and there was a little decrease at day 7 indicating the highest proliferating 

response starting early after regeneration (Fig. 9B, blue and green columns). TGFb 

expression was significantly lower in clodronate liposome treated bladders both 3 and 7 

days post injury (Fig. 7B, red and yellow columns).  



	 62	

 

Figure 9A: Representative image of TGFb expression 3days post STC after 
macrophage depletion on clodronate injected mice (b) and control liposome injected mice 
(a). Yellow is TGFb expression and Blue is Dapi. Arrows indicate the positive staining. 
Scale bars represent 50µm. 

 

 
Figure 9B: Analysis of TGF b staining on control liposomes (3 days blue and 7 days 
green) and clodronate liposomes (3 days red and 7 days yellow). All data normalized to 
Dapi expression. AU, arbitrary unit. ** p<0.01 
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Pro-regenerative macrophage polarization impaired by clodronate injection 

 

 During the early phases of regeneration macrophage polarization was observed in the 

control liposome group. In bladders of the control liposome groups there was a high 

expression of NOS2 (marker of M1 macrophages) at 3 days, which was decreasing at 7 

days. There was a low expression of the Arg1 (marker of M2 macrophages), which was 

increase by 7 days post STC (Fig 10A and B). 

In clodronate injected group a consistently high amount of NOS2 expression associated 

with macrophages through the early phase after STC was observed with lower expression 

of macrophage related Arg1 during the early phase post STC (Fig 10B).  

Figure 10A is representative image of Immunostaining for the macrophage markers in 

bladders 7 days post STC. Staining of the bladder section for macrophage markers 

CD11b and CSF1R showed triple the amount of macrophage markers in control group 

compared to clodronate group at 3 days post STC and double the amount in control group 

compared to clodronate group at 7 days post STC which was mostly in urothelium and 

smooth muscle area (Fig 10B). 
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Figure 10A. Immunostaining for the macrophage markers in bladders 3 and 7 days 
post STC were characterized for NOS2 (red), Arg1 (green), CD11b (yellow) and CSF1R 
(cyan). Expression by multispectral imaging at 3 days after injury in the control (a) and 
clodronate (b) liposome injected animals and 7 days after injury in the control (c) and 
clodronate (d) liposome injected animals. Scale bars represent 50µm. 
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Figure 10B: Macrophage polarization study during the early stage of remodeling at 
3 and 7 days post STC. a and b) Percentage of NOS2 and Arg1 expression in control 
and clodronate liposomes 3 and 7 days post STC. c) Percentage of CD11b and CSf1R 
double positive expression in control and clodronate liposomes 3 and 7 days post STC. d) 
Percentage of CD11b and CSf1R double positive expression in control and clodronate 
liposomes 3 and 7 days post STC in each tissue category. * p <0.05. ** p <0.01 
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Discussion 

 

Various macrophage populations, bone marrow derived and resident, are 

involved in the different stages of tissue repair 15. Previous studies have 

shown that immediately after injury, infiltrating macrophages become 

polarized toward a M1 phenotype (classical activation).  Around 2 days after 

skeletal muscle injury, macrophages participating in the remodeling of 

injured skeletal muscle showed a transition from to the immunoregulatory 

and anti- inflammatory M2 phenotype. M2, “alternatively activated”, 

macrophages are induced by exposure to a variety of signals 27–29. Although 

the M1 and M2 phenotypes occur as a continuum between the M1 and M2 

extremes, these extremes may provide a simplified frame work for 

description of tissue regeneration and remodelling 30. 

However, the classical paradigm of M1/M2 activation has been criticised 

31,32, and it was underlined that a simple bipolar scheme is not sufficient. A 

new nomenclature was suggested based on three principles: the source of 

macrophages, definition of activators, and a consensus collection of markers 

to describe macrophage activation 32. Thus, it may be that a sufficient 

number of macrophages with a right polarization type in the right place and 

at the right time are required for a positive outcome.  
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We found that in mice undergoing sub-total cystectomy after bone marrow 

transplantation, analysis of bladder sections revealed that 8% of the cells 

were GFP+. These cells were found both in the lamina propria and the 

urothelium. Under our experimental conditions, 82% of the GFP+ cells were 

either CSF1R or CD11b. CD11b+ cells appeared to be largely bone marrow 

derived in origin (86%); however, a minor component of non-bone-marrow 

derived CD11b+ cells were detected representing 14% the total CD11b+ 

macrophage population. Similar to CD11b+ staining patterns, CSF1R+ 

populations were nearly identical in tissue origins: 97% originating from 

bone marrow tissue (Figure 2).  

We observed that the recruitment of macrophages appeared early after 

subtotal cystectomy in the controls. The M1 macrophages (NOS2 expressing 

macrophages) were dominant starting from 3 days and decreasing up to 15 

days post STC.  From day 3 to day 15 after STC, we noted the predominance 

of macrophages changing from the M1 phenotype to M2.  

It is possible that all phases of muscle injury, including degeneration, 

regeneration, and fibrosis, are influenced by mediators released from 

activated macrophages, including inflammatory cytokines, chemokines, and 

growth factors 33,34. Consistent with a role of macrophages in regenerative 

mechanisms are the in vivo observations that recovery of muscle function 
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post-injury begins simultaneously the time of peak macrophage infiltration. 

Furthermore, increasing data suggest that  resident macrophages and 

macrophages originating from the systemic circulation, as well as 

phagocytic and nonphagocytic macrophages, may play different roles during 

muscle repair after injury 27,35–37. 

Systemic injection of liposome-encapsulated clodronate in mice has 

previously been demonstrated to rapidly deplete (within 24 h) 90% of the 

peripheral monocytes, as well as tissue macrophages38,39. We found that 

mice given 2 pretreatment doses of clodronate displayed a 2-log reduction in 

circulating macrophages at 8 weeks post−STC. Clodronate treatment has 

been shown to induce selective apoptotic cell death in monocytes and 

macrophages without affecting lymphocytes and neutrophils 39,40 and 

without secretion of pro-inflammatory cytokines 41. Three days after STC, 

the staining intensity of TGFb protein was significantly lower in the 

clodronate liposome injected bladders than in the controls. In animals 

injected with control liposomes, the structure and function of the bladder 

were indistinguishable from what was found in age−matched STC controls. 

In contrast, clodronate treated animals had a deficient regenerative process 

resulting in both morphological and functional changes. Thus, clodronate 

caused disorganization of the lamina propria and smooth muscle layers, 
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thinning of smooth muscle, decrease in expression of cholinergic 

innervation-associated receptors, increase in collagen structure, and 

development of large regions of inflammation. Supporting that the structural 

changes had functional consequences, clodronate-treated animals also 

exhibited reduced in vitro contractile responses to KCL, carbachol and 

electrical stimulation, supporting a failing bladder contractility. This resulted 

in dysfunctional voiding, and eventually dribbling incontinence.   

Our findings suggest a major role for macrophages in  early phases of 

bladder regeneration after STC, and suggest that the potential manipulation 

of macrophage effector mechanisms can be a strategy for promoting site-

appropriate and constructive tissue remodelling and regeneration. 

 

Conclusion 

 

 The present study demonstrates that macrophage depletion using clodronate 

negatively affects bladder regeneration, preventing regeneration and the 

recovery of   structure and function that occurs after subtotal cystectomy. 
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Material and Methods 

 

Phase I: Relative contribution of bone marrow-derived vs. local resident tissue 

macrophages in bladder regeneration 

 

Transgenic Mice 

 

 Transgenic C57Bl/6 mice expressing either green fluorescent protein GFP under the 

control of the ubiquitin promoter, RFP, under the control of the chicken beta actin 

promoter, or LacZ under the control of the ROSA26 promoter were purchased from 

Jackson Labs, and bred in house to maintain colonies. Mice were utilized for experiments 

between 8 and 12 weeks of age. All mice were housed and treated in accordance with 

institutional standards. 

 

Whole Bone Marrow Transplantation 

 

 Whole marrow was isolated from the tibia, femur, and iliac crest of donor mice (GFP + 

males) as described previously [28]. Recipient mice (RFP + females) were lethally 

irradiated with 10 Gy 4 hours before reconstitution. 107 donor whole marrow cells 

suspended in 100 µl PBS were then tail vein injected (IV) into irradiated mice. Control 
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animals received (phosphate buffered saline (PBS) injections. Within 2–3 weeks, control 

animals died while transplanted animals survived and displayed 99% donor-derived cells 

in the bone marrow. 

 

Animals 

 

 A total of 9 female mice (RFP + with GFP + bone marrow) weighing 20–22 g underwent 

STC and sacrificed for further histological analysis at 3, 7 and 15 days post surgery. All 

animal protocols were approved by the Animal Care and Use Committee of Wake Forest 

University and carried out with strict adherence to the guidelines set forth. 

 

Phase II: Contributions of bone marrow-derived macrophages during bladder 

regeneration 

 

Experimental Design 

 

 The experimental protocol, which complied with set guidelines for animal experiments, 

was reviewed and approved by the Animal Care and Use Committee, Wake Forest 

University. Female C57 black mice (20–22 g) were divided into control Liposome (STC-

Lipo) and liposome loaded with clodronate (STC-Clo). Both groups received either 



	 72	

control or clodronate liposomes twice before surgery every other day each time dose of 

200 µl. Basal and after treatment monocyte count was done by flow cytometry. Animals 

were sacrificed at 3, 7 days and 8 weeks post STC. Cystometrogram recording on live 

animal was performed at 8 weeks (n=6 for each group). At 8 weeks post surgery, mice 

from either liposome or clodronate group were killed, and the bladders were harvested for 

pharmacological studies (n=6 for each group), and immunohistochemical and histological 

examination (n=3 for each group). 

 

Animals 

 

 A total of 45 female C57 black mice weighing 20–22 g who had received either 

clodronate or PBS liposome injection underwent STC followed by evaluation with 

urodynamic and in-vitro organ bath studies at eight weeks. Two postoperative animal 

deaths occurred (4.44% mortality rate), while one mouse was removed from the study 

because of bladder stone formation. All animal protocols were approved by the Animal 

Care and Use Committee of Wake Forest University and carried out with strict adherence 

to the guidelines set forth.  
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Macrophage depletion 

 

 For macrophage depletion during the early phase of the regenerative responding events 

clodronate- or PBS-loaded liposomes (FormuMax Scientific, USA) were injected to the 

mice 3 days (0.2 ml iv of liposomes through the tail vein) and one day (0.2 ml ip of 

liposomes) prior to the surgery. This protocol was based on previous publications [29], as 

well as discussions through the Web site www.ClodronateLiposomes.org.  

Assessment the effects of clodronate liposome treatment on peripheral leukocytes by 

flow cytometry 

 

 To evaluate the effects of clodronate liposome and PBS liposome treatment on 

peripheral leukocytes, blood smears were prepared from the foot vein for all of the 

experimental animals one day before the injections and one day after the injections; the 

smears were analyzed by flow cytometry with monoclonal antibodies [directly 

conjugated with fluorescein isothiocyanate (FITC) or phycoerythrin] to CD68 according 

to the manufacturers' recommendations. The flow cytometry analysis was performed with 

a FACScan (BD Biosciences), and the results were compared before and after injections 

and the percentage of change in peripheral leukocytes were measured. Sample acquisition 

was accompanied with use of control unstained, single color stained and isotype controls 

to determine the appropriate voltages, compensations, and positioning of gates for data 

acquisition. 
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Trigone Sparing Cystectomy 

 Animals underwent STC (subtotal cystectomy) as described previously. Briefly, animals 

were anesthetized with 2% isoflurane chamber induction and maintained with 1-2% via 

mask with inhalation and spontaneous breathing. The lower abdomen was shaved, and 

pivodine–iodine solution was applied to the surgical site as an antiseptic. Sterile 

technique was used throughout each procedure. A low-midline abdominal incision was 

made, and the bladder was identified and delivered outside of the body. Two 9-0 Vicryl 

stay sutures were placed on either side of the bladder just above the ureterovesical 

junction (UVJ). Approximately 60% of the bladder dome above the UVJ was removed, 

leaving the trigone and ureters intact (trigone-sparing cystectomy). The remaining portion 

of the bladder was then closed in 2 layers with 10-0 (muscularis) and 9-0 Vicryl (serosa) 

in a continuous fashion. The abdominal wall and skin were closed in two layers using 6-0 

vicryl sutures. Animals were followed for up to 8 weeks post-STC. 

 

Bladder Catheter Implantation 

 

 Urinary catheters were implanted during surgical cystostomy in post-STC and control 

mice similar to methods previously described [30], [31]. Briefly, mice were anesthetized 

with 2% isoflurane, and the bladder was dissected from ensuing adhesions caused by the 

previous surgery. The dome was elevated outside of the body as described earlier, a small 

incision was made by 20-gauge needle, and a PE-10 intramedic polyethylene catheter 

(Becton-Dickinson) with cuff was inserted and anchored with a 9-0 purse string vicryl 
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suture. The catheter was then tunneled subcutaneously, brought out through the nape of 

the animals, and held in place with cloth tape anchored to the skin via a 6-0 Vicryl suture. 

The abdominal wall and skin were closed in two layers with 6-0 vicryl sutures, and the 

free end of the catheter was thermally sealed. 

 

Cystometric analysis 

 

 All cystometric studies were performed at 3 days after catheter implantation in 

conscious, freely moving mice similar to previously described protocols [11]; [32]. 

Briefly, the bladder catheter was connected to a two-way valve that was, in turn, 

connected to a pressure transducer and an infusion pump. The pressure transducer was 

connected to an ETH 400 (CD Sciences) transducer amplifier and subsequently 

connected to a MacLab/8e (Analog Digital Instruments) data acquisition board with 

accompanying LabChart Pro software. The pressure transducers and acquisition board 

were calibrated in cm H2O before each experiment. Room-temperature saline was infused 

at a rate of 1.5 mL/h. Micturition volumes (MVs) were measured with a silicone-coated 

funnel leading into a collection tube that was connected to a force-displacement 

transducer. All analyses were conducted after a stable voiding pattern of at least 20-

30 min was established. The terminology and standards for reporting on cystometric 

analyses follow previous recommendations [32]. The cystometric parameters investigated 

were: basal pressure (Pbase; lowest pressure between voids), maximum pressure (Pmax; the 

maximum pressure seen during a micturition cycle), threshold pressure (Pthres; pressure at 
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which voiding is initiated), intermicturition pressure (Pim; mean bladder pressure between 

voids), bladder capacity (BC: residual volume (RV) after last micturition plus amount of 

saline infused), micturition volume (MV; volume of expelled urine), and RV (BC − MV), 

intercontraction interval (ICI), which is most often defined as the time period between 

two maximum voiding pressures. 

 

In vitro studies 

 

 After cystometric analysis, animals were sacrificed with CO2 inhalation and bilateral 

thoracotomy, and the bladders were harvested and immediately placed in ice-cold Krebs 

buffer. The bladders were cut into 2 strips along the longitudinal axis. The strips were 

denuded of the urothelium and were attached to tissue holders at one end and force 

transducers at the other in an organ bath system (Danish Myo Technology) containing 

15 mL of Krebs buffer aerated with 95% O2/5% CO2 at 37°C. Bladder strips were 

subjected to a resting tension of 400-600 mg and allowed to stabilize for at least 15 min. 

They were then primed using 60 µM KCl and subsequently 5 µM carbachol. Contractions 

were recorded as changes in tension from baseline in response to both carbachol and 

electrical field stimulation (EFS). Carbachol concentration–response curves were 

generated by adding increasing concentrations of carbachol at 0.5 log increments starting 

at 3 nM up to 100 µM. For EFS, strips were placed between two platinum electrodes in 

the organ chamber, and electrical pulses (0.1 ms pulse width, 22 V in the bath) were 

delivered, lasting 30 s at increasing frequencies (1, 2, 4, 8, 16, and 32 Hz), using an S88 
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stimulator (Grass Instruments). All tissue responses were normalized to grams of tissue 

weight. 

 

Histological analysis 

 

 Bladders for 3,7 and 15 days and 8 weeks post STC were preserved for histology (n=3 

animals for each time point). After removal of the most superior part of the dome, 

bladders were fixed in 4% paraformaldehyde and processed. Serial 3 mM cross-sections 

were sliced along the upper part of the bladder wall (above the uretero–vesical junction). 

Slides cleared in xylene and rehydrated were used for staining with standard hematoxylin 

and eosin and, Masson trichrome stains. Computer assisted histomorphometric analysis 

of the hematoxylin and eosin stained and of Masson trichrome stained bladder tissues 

was performed using Image-Pro® Express image analysis software and a Olympus® 

IX63 microscope. To determine the percent of collagen content in the bladder 4 high 

power fields were randomly selected per specimen. The percent of collagen in the bladder 

was calculated for each high-power field as the sum of the blue stained areas divided by 

the sum of all red and blue stained areas. Slides were examined by a single investigator. 

For all measurements, at least four measurements were taken from 3 sections in the 

proximal and distal ends of each bladder. 

 

 



	 78	

Antibodies 

 

Antibodies to CD11b, CD68, F4/80, Arg1, VacChT, PGP9.5, TH, and TGFb, ARG1 and 

GFP (Abcam Inc., Cambridge, MA), RFP (Rockland, Gilbertsville, PA), NOS2  

(OriGene Technologies Inc., Rockville, MD), CSF1R (Antibodies Onlinen Inc., UK), 

DAPI (Dako, Glostrup, Denmark) and secondary Alexafluor antibodies 488, 555, 594, 

647, 660R, DAPI (Biotium Inc., Fremont, CA) were purchased and used according to 

manufacturer's instructions. 

 

Multi-parameter Immunofluorescent Staining 

 

 As described previously [33], [34] bladder sections were deparaffinized in a series of 

xylene and ethanol gradient incubations before being subjected to boiling sodium citrate 

buffer. Sections were blocked in 3% BSA, 2% FBS for 2 h before being stained with 

primary antibody (consecutively for multiple primaries) for 2 h at room temperature or 

overnight at 4°C and secondary antibody for 2 h at room temperature. Slides were stained 

with DAPI (Sigma, St. Louis, MO) before coverslip application over Dako Fluorescent 

Mounting Medium.  
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Multispectral Imaging 

 

 Multispectral data image analysis was described previously [35]. Briefly, we collected 

multispectral Images utilizing a Nuance EX camera (CRI, Perkin Elmer, Framingham, 

MA) on an Olympus X63 upright microscope with Nuance software for data collection. 

After collecting images we created "spectral library" that the software used to identify 

and separate the signal-to-noise ratio of the fluorophores from each other and background 

signal. Then we imported a representative assortment of acquired Nuance images using 

InForm Software (Perkin Elmer, Waltham, MA, USA).  

Different regions of the cells we identified.  Individual cells were identified based on 

DAPI-stain. Cytoplasm was defined automatically based on the shape of the nucleus. The 

acquired images were batched and after image processing we sent the results to the 

Spotfire or Excel for quantitation. All images were taken and analyzed with a single 

acquisition algorithm utilizing the Nuance and InForm software (Perkin Elmer, Waltham, 

MA, USA). Fluorescent intensity was calculated per cell based on nuclear Dapi stain. 

 

Statistical analysis 

 

 Statistical evaluations were performed using GraphPad Prism software. For 

pharmacological studies, individual carbachol and EFS-induced stimulus-response curves 

were placed in GraphPad software and a mean curve was fit to the family of curves. 
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Mean values for the stimulus-response contraction curves were analyzed via one-way 

analysis of variances (ANOVA). One-way analysis of variance was also performed on all 

relevant parameters from the cystometric studies. In all cases a p-value of less than 0.05 

was considered significant. Unless otherwise stated, all results were expressed as the 

mean ± standard error of the mean. 
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Abstract 

 

The role of the macrophages in orchestrating regenerative tissue responses has recently 

received significant attention. Heterogeneity and plasticity are key features of 

macrophages. Based on the microenvironmental cues, macrophages can differentiate 

toward the proinflammatory phenotype known as M1, or toward the anti-inflammatory 

phenotype, M2. Current evidence shows that acute injury induces the M1 dominant 

phenotype, which promotes the clearance of necrotic tissues/debris, whereas the M2 

dominant phenotype appears later to help with healing/regenerative process. This shift 

from one phenotype to the other is dynamic and is well coordinated through precise 

signaling and post-translational mechanisms. Better understanding of these sequences 

might help in translation of these benchtop finding to clinical settings. 

In this paper, we review current data regarding the role of macrophages and their 

different phenotypes in tissue regeneration and remodeling. 
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Introduction 

 

Macrophages are essential in the process of wound healing[1],  and their functions 

include defense against pathogens and foreign bodies, pro-inflammatory and anti-

inflammatory actions, and removal of debris and dead cells. They also act as a support for 

local residential cells and tissue remodeling following injury[1]. The role of macrophages 

in tissue regeneration has attracted much recent interest [2]–[6],  and their crucial role in 

tissue repair and remodeling after injury has been emphasized [2], [3], [7]–[10]. Two 

major macrophage phenotypes, M1 and M2, have been proposed [11]–[13]. Although 

these phenotypes occur as a continuum between the M1 and M2 extremes, and the 

classical paradigm of M1/M2 activation has been criticised, these extremes may provide 

a simplified frame work for description of tissue regeneration and remodelling [60]. M1 

macrophages are mostly pro-inflammatory and M2 macrophages are considered anti-

inflammatory. Switching from M1 to M2 phenotype determines the ultimate outcome 

after tissue injury. Timely switch from M1 to M2 can lead to tissue regeneration while 

persistent M1 phenotype can lead to scar tissue formation[14]. Thus, the macrophage 

phenotypes and switching of one type to another at a specific time during the remodeling 

process play an important part in tissue repair and remodeling and determine if the 

processes lead to proper regeneration or scar tissue formation. [14], [15]. It is obvious 

that a more detailed understanding of the role of macrophages in the tissue regeneration 

processes can provide new targets in regenerative medicine. 
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Macrophages 

 

The immune system has many functions including fight against pathogens and cleaning 

debris, recognizing mutated and tumor cells, and destroying those cells. The immune 

system consists of many different cell types amongst which mononuclear cells especially 

monocytes and macrophages have a crucial and significant role.  

Monocytes are derived from hematopoietic stem cells (HSCs). These cells are important 

in inflammatory responses as well as in clearing the debris and dead/apoptotic cells[16]. 

The differentiation of HSCs into monocytes is through a process which involves 

differentiation into common myeloid progenitor cells, then into granulocyte-macrophage 

progenitor cells, then into the common macrophage and dendritic cell precursors, and 

finally into the committed monocyte progenitor[17]. This process is influenced by the 

macrophage colony-stimulating factor, IL-34, and granulocyte-macrophage colony-

stimulating factor (GM-CSF)[18]–[20]. There are three different subtypes of human 

monocytes based on CD14 and CD16 expression. Most of the classical monocytes in 

blood have high CD14 and no CD16 (CD14hi/CD16neg), whereas the intermediate 

monocytes have low to high CD14 and low CD16 (CD14+ or hi/CD16med), and the non-

classical monocytes have no CD14 and high CD16 (CD14neg/CD16hi)[21]. 

Macrophages are present throughout the body tissues. There are different macrophages in 

various tissues, such as microglia in brain, osteoclasts in bone, and Kupffer cells in the 

liver[22]. These macrophages acquire their own characteristics in respective tissues.  
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Two forms of macrophages can be found in any tissue: the tissue resident macrophages, 

which originate from embryonic tissues; and adult derived macrophages[22], [23]. Tissue 

resident macrophages are derived from the yolk sac and definitive HSCs[22]. Adult 

derived macrophages are derived from monocytes[23].  Macrophages are heterogenous 

and have high plasticity that is manifested in response to microenvironment and different 

cytokines, molecules and other cues[24]–[29]. As mentioned previously, macrophages 

can differentiate into proinflammatory type I macrophages (M1) or anti-inflammatory or 

pro-reparative type II macrophages (M2). 

 

Macrophage Plasticity 

 

Macrophages are the frontline of the immune system and their different activation 

pathways, the “classic” that leads to the M1, and the “alternative” which leads to the M2 

phenotype are activated by the microenvironmental milieu. It is well known that 

interferon gamma (IFNγ), microbial lipopolysaccharide, and different cytokines, such as 

tumor necrosis factor (TNF) and GM-CSF, can activate the classic pathway [29], [30], 

and that IL-4 and IL-13 can activate the alternative pathway [23].  M2 macrophages can 

also be activated by other cytokines like IL-33, IL-21[31], [32].  

The two different types of macrophages have different markers. M1 macrophages are 

positive for IL-10low, IL-12high and IL-23high whereas M2 macrophages show IL-

10high, IL-12low and IL-23low markers and have high levels of scavenger, mannose, 
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and galactose-type receptors[33], [34]. M1 macrophages produce inflammatory cytokines 

(IL-1β, TNF, IL-6) and effector molecules (reactive oxygen and nitrogen 

intermediates)[29], whereas M2 macrophages are part of Th2 responses and promote Th2 

responses[35] and help to clear helminth infections[36]; this class of macrophages also 

decrease inflammation and help in tissue remodeling and repair[29]. Interestingly,  it has 

been shown that M2 macrophages play a role in tumor progression and tumorigenesis and 

contribute to angiogenesis[37], [38]. 

The chemokinome profile can also be used to differentiate  M1 and M2 macrophages: M1 

macrophages express CXCL9 and CXCL10 which are TH1 cell-attracting chemokines, 

whereas M2 macrophages express CCL17, CCL22 and CCL24 chemokines[29]. 

 

Role of macrophages in regeneration of larger organs 

 

Amphibians have great regenerative capacities and have been extensively studied in the 

last decades. In 1768 Spallanzani published his book the “Prodromo” in which he  

described several types of regeneration with mention of regeneration of the frog tail and 

salamander limbs[39]. Salamanders have the ability to repair the wounds without any 

scar and regenerate complex body organs like limbs, spinal cord and brain[40]–[42]. It 

has been proposed that inflammatory and anti-inflammatory signals play an important 

role in wound healing and organ regeneration and these responses are mediated through 

multiple microenvironmental clues including different cytokines[43]–[45]. Cytokines 
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influence many steps of regeneration including monocyte/macrophage infiltration and 

tissue remodeling and can affect the fate of injured tissue toward regeneration vs. 

scarring.  

After resecting the axolotl limbs, the blastema shows multiple cytokines, chemokines, 

and multiple inflammatory markers at the site on day 1[41]. There are also anti-

inflammatory cytokines present on day 1 at the same site. The level of cytokines and 

chemokines will return to pre-injury level by day 15. IL-4 and IL-13 increase on day 1 

which are more related with scarring. However, IFN-γ will increase which helps to 

decrease fibrosis[46]. Different chemokines like CCL2/JE/MCP-1, CCL3/MIP-1 alpha, 

CCL4/MIP-1 beta increase significantly on day 1 after limb resection which shows that 

monocytes are recruited to the site of regeneration.  

Macrophages are detectable on the blastema of resected limb on day 1 and peak on day 4 

and 6 as well. The macrophage in the blastema returns to normal on day 15. These 

macrophages have phagocytic capacity. The number of macrophages in a regenerating 

limb is much higher than in a normal limb. 

To evaluate the effect of macrophages on limb regeneration, liposome-encapsulated 

clodronate has been used to decrease the number of circulating monocytes and tissue 

resident macrophages[47]. Monocytes/macrophages will start to restore within 5-10 days. 

When the axolotl is treated with clodronate before limb resection, macrophage chemo-

attractant levels like CCL2/JE/MCP-1, CCL3/MIP-1 alpha, CCL4/MIP-1 beta will 

decrease; inflammatory cytokines like INF gamma, TNF alpha, and IL-1 beta will 

increase; and anti-inflammatory cytokines like IL-3, IL-10, and IL-13 will decrease. The 
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expression of the extracellular matrix (ECM)-degrading enzymes, matrix 

metalloproteinase 9 and 3 will decrease as well as the expression of Msx2, Prrxx1 and 

Sp9 genes. 

Failure to up-regulate the activated wound epithelial marker WE3 in animals treated with 

clodronate within 6 days after amputation is indicative of non-functional wound 

epithelium. The mesenchyme of clodronate treated animals is not activated to go through 

regeneration, which is confirmed with absent blastemal progenitor marker 22/18[41]. 

Depletion of macrophages can also lead to under-expression of TGF-beta 1. TGF-beta 

plays an important role in wound healing in limb regeneration[48]. TGF-beta 1 pathway 

failure in salamanders might affect the regeneration of limb after amputation.  

Macrophage depletion does not affect the activity of some genes required for 

regeneration, including Bmp2 and Amtwist which are involved in the regeneration of the 

dermis during limb regeneration[49].  

These findings suggest that macrophage depletion before limb amputation interferes with 

regeneration through interruption of genes that are involved in progression from wound 

healing to limb regeneration, which happens early in first few days. 

Intensive macrophage depletion using multiple injections of clodronate liposomes before 

limb amputation will result in more profound disruption of regeneration compared to 

single injection of clodronate which leads to delayed blastemal formation and limb 

regeneration[41].  The healed wound after amputation in these animals contains 

permanent scar tissue despite the recovery of macrophage population within 2 weeks 

after clodronate treatment. There is no evidence of blastemal formation and there is 
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collagen deposition and fibrosis at the site of amputation. There is extensive deposition of 

collagen type I, Type IV, and α-smooth muscle actin below the wound. However 

intensive macrophage depletion in later stages of regeneration (day 10-13 after 

amputation) does not block the regeneration, although it will be delayed with a reduction 

in  the superficial vascular network[41]. 

These findings suggest that macrophages are essential for limb regeneration, however 

they should be present early after injury to orchestrate a successful regenerative process. 

 

Role of macrophages in regeneration of mammalian skeletal muscle 

 

Macrophages have a significant role in skeletal muscle regeneration after injury such as 

drug-induced myositis, crash injury and exercise-induced trauma. Muscle injury induces 

the signals that recruit inflammatory cells to the site of injury. Satellite cells, which reside 

inside the skeletal muscles, are the muscle specific progenitor cells that play a major role 

in muscle regeneration [50], [51]. Even though these cells are quiescent in normal 

skeletal muscle, they can be activated by e.g., muscle injury, and start the regeneration 

process through cell division. The satellite cells will renew themselves and also enter the 

myogenic pathway, which restores the muscle[52]. The process of muscle regeneration 

and satellite cell differentiation is tightly regulated. This regeneration process is largely 

regulated by the inflammatory response to muscle injury in which macrophages play a 

significant role. 
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Injury will cause adenosine triphosphate (ATP) release, which activates purinergic P2Y 

receptors. P2Y activation modulates dual oxidase (Duox) activity through phospholipase 

C and intracellular calcium signaling in vivo, which leads to hydrogen peroxide (H2O2) 

release at the injury site[53]. H2O2 is the main trigger that recruits the immune cells to the 

injury site. Another mechanism that has been proposed for H2O2 release is an injury-

induced calcium flash, which travels as a wave via gap junctions several cell rows back 

from the wound edge and activates Duox [54].  

Neutrophils are the first group of immune system cells that enter the injured muscle. 

Neutrophils clear the H2O2 from the injury site and also clear the necrotic cells and debris 

and release the chemokines and cytokines, which recruit monocyte/macrophage [ 55]. 

The neutrophil response fades away over time and by 3-4 days it resolves [56].  At the 

site of injury, recruited monocytes/macrophages appear shortly after neutrophils. They 

constitute the major immune response to muscle injury. Monocytes are derived from 

mesenchymal stem cells in bone marrow. The surface receptors on monocytes help them 

to infiltrate into the skeletal muscle injury site and be differentiated to macrophages[57]. 

Tissue resident macrophages within the skeletal muscle are activated through endogenous 

molecules that are expressed and released after tissue injury. These ‘danger-associated 

molecular patterns’ (DAMPs) can for instance be molecules such as high mobility group 

box 1 (HMGB-1) or ATP[58].   

The ATP that is released immediately after tissue injury acts on two different classes of 

P2 receptors, i.e, metabotropic P2Y receptors (P2YRs), which are G-protein coupled, and 

ionotropic P2X receptors (P2XRs) which are nucleotide-gated ion channels. These 
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receptors have been identified on tissue resident macrophages and contribute in recruiting 

inflammatory cells to the site of injury and participate in early inflammatory 

response[59]. The other factors that activate tissue resident macrophages are cytokines 

that are released from local cell upon injury. These “alarmins” include IL-1α and IL-33 

among others[31]. 

The infiltrated monocytes that are transformed to macrophages will be polarized into 

classical macrophages, aka M1 macrophages. This process is mediated through pro-

inflammatory cytokines like IFN-γ, TNF-α and necrotic cellular and bacterial debris[60]. 

M1 macrophages have phagocytic capabilities, clearing necrotic muscle debris and 

secrete high levels of pro-inflammatory cytokines and mediators (i.e., TNF-α, IL-1β, IL-

12)[61]. The M1 macrophages reach maximum levels after 2 days[56]. M1 macrophages 

have a role in antigen presentation and also produce high levels of nitric oxide (NO), due 

to the induction of nitric oxide synthase which has a critical function in immune 

regulation[62], [63]. The M1 characteristics of macrophages at the injury site will switch 

to anti-inflammatory characteristics (M2 phenotype) after 2 days. Many factors have been 

proposed to be involved in the phenotypic change from M1 to M2, including exposure to 

IL-4 and IL-10[64], [65], apoptotic cells, prostaglandin derivatives, and adenosine 

accumulation.  The number of M2 macrophages greatly increase and the number of M1 

macrophages decline in from day 2 to day 4 after injury[56]. This dynamic change in 

macrophage phenotype from M1 to M2 following acute muscle injury is essential for 

efficient muscle regeneration[14]. M2 phenotype has anti-inflammatory properties and 

helps resolving the inflammation through secretion of different cytokines including IL-10 

and IL-13[60].  
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Muscle regeneration consists of three major stages including a proliferative stage which 

involves the activation of quiescent satellite cells followed by early differentiation and 

finally terminal differentiation[56]. M1 macrophages can induce muscle regeneration 

through secretion of  IL-1β, IL-6 and TNF-α which are particularly important to induce 

proliferative effects on myogenic cells[67]. M2 macrophages mostly promote the 

differentiation phase of regeneration through secretion of IL-4 and IGF-1[67]. 

The specific pathways involved in the regulation of macrophage phenotype transition 

following muscle injury are highly regulated. The cAMP response element-binding 

protein (CREB) upregulates M2-associated gene while repressing M1 activation[57]. 

Following deletion of both CREB binding sites from the C/EBPβ gene promoter, the 

downstream induction of anti-inflammatory genes associated with M2-like macrophage 

activation are blocked, whereas the inflammatory genes related to M1 phenotype are not 

affected. Mice carrying a targeted deletion of two CREB-binding sites in 

the C/EBPβ promoter can efficiently clear necrotic debris however they fail proper 

muscle fiber regeneration, which implies that persistence of M1 phenotype following 

muscle injury can lead to ineffective muscle regeneration[68]. MAP kinase phosphatase 

(MKP)-1 is another effective molecule that has an important function in macrophage 

switch from M1 to M2[69]. Gene-expression analyses has revealed that MKP-1 allows 

M1 phenotypic macrophage transition to M2 and leads to resolution of inflammation as 

tissue fully recovers[69]. Mice deficient in MKP-1fail to regenerate the injured muscle 

with persistence of damage and impaired growth of regenerating myofibers[69]. IL-10 

can affect the transition from M1 to M2 phenotype. IL-10 null mice do not show 

reductions in muscle damage that normally occur  between 1 and 4-days after injury and 
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the increase in CD163+ M2 macrophages in days 1 to 4 was almost absent which led to 

impaired muscle regeneration[65]. 

Participation of both phenotypes of macrophages is necessary for successful 

regeneration[14]. Depletion of macrophages prior to muscle injury prevents the 

participation of M1 macrophages which is accompanied with attenuation of inflammatory 

response, as well as growth-related mediators in early stages of regeneration which leads 

to small regenerated myofiber size together with increased residual necrotic myofibers 

and fat accumulation and impaired muscle regeneration[70]–[72]. TNF-α is an essential 

factor for muscle regeneration which is secreted by M1 macrophages. In mice with 

double-knockout TNF-α receptor the regeneration of injured muscle is impaired[73]; 

however chronic exposure to  TNF-α has deleterious effects and delays the appearance of 

regenerating fibers with impaired muscle regeneration[74] which reveals the importance 

the transition from M1 to M2 in muscle regeneration. The appearance of M2 macrophage 

following the M1 counterpart is crucial for efficient muscle regeneration. Using 

macrophage depleting agents on day 2 post-injury which is consistent with the transition 

from M1 to M2 macrophage, impairs the muscle regeneration through prevention of 

myoblast differentiation[71].  
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Conclusion 

Macrophages have a pivotal role in tissue regeneration. Macrophage polarization and 

heterogenicity are important determinants in tissue remodeling and reconstruction. 

Macrophages can promote both positive and negative outcomes which depends upon 

microenvironmental clues. These clues initiate dynamic changes in macrophage 

phenotypes which have traditionally been classified as M1and M2. However, the precise 

factors that regulate these phenotypic changes have not been clearly defined. The 

potential for investigating the role of different phenotypes of macrophage and the unique 

role of each phenotype in regeneration is enormous. The next step would be identification 

of molecular pathways of macrophage polarization and characterization of each 

phenotype in order to manipulate the macrophage function. This can help to develop 

efficient targeted therapies for clinical situation where functional tissue/organ 

regeneration is impaired or needed 
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Figures 

 

Figure 1: Lineage of myeloid cells that can influence muscle regeneration. Common 
myeloid progenitors (CMPs) differentiate from multipotent hematopoietic stem cells to 
give rise to the numerous lines of myeloid cells. CMPs first differentiate into granulocyte 
and macrophage progenitor cells (GMPs), which giving rise to the myeloid cell 
populations. GMPs in circulating populations differentiate into either monocyte 
precursors (MPs) or granulocyte precursors (GPs). MPs give rise to monocytes that 
release a vast number of soluble factors that modulate the inflammatory response. 
Monocytes undergo further differentiation to become macrophages, the best characterized 
population of myeloid cells that influence tissue regeneration. [75] 
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Figure 2: Two different phenotypes of macrophages with different functions. [76] 
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Conclusion 

 

The present study demonstrates that after STC, bone marrow derived macrophages are 

recruited for bladder regeneration. The macrophage phenotype changes overtime after 

STC. The M1 phenotype is predominant early after STC, however M2 phenotype 

dominates afterward. Depleting the monocyte/macrophage populations with clodronate 

negatively affects bladder regeneration, preventing regeneration and the recovery of   

structure and function that occurs after subtotal cystectomy. 

Depletion of macrophages during different phases have different impact on wound 

healing1, for example if the depletion occurs during the early inflammatory phase resulted 

in impaired wound closure and granulation tissue formation. 

Depletion of macrophages during the early proliferative stage caused severe hemorrhage, 

and curbed later wound closure and tissue maturation but during the tissue maturation 

stage, had no significant effect on healing1. 

Our findings suggest a major role for macrophages in early phases of bladder 

regeneration after STC, and suggest that the potential manipulation of macrophage 

effector mechanisms can be a strategy for promoting site-appropriate and constructive 

tissue remodelling and regeneration. 

In addition, one can deliver the agent in a tissue-restricted manner, as has been done with 

clodronate-encapsulated liposomes to selectively deplete dermal macrophages, sub 

capsular sinus macrophages and lung and colonic mononuclear phagocytes2. More 
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specifically, the use of commercially available genetically manipulated mice will permit 

additional evaluation of the contribution(s) of immune cells to bladder wound healing, 

repair and regrowth. Using Macrophage Fas-induced Apoptosis (MaFIA) transgenic mice 

would be a nice example of these manipulations. CSF-1 signaling blockade leads to 

persistent inflammation, with an increase in neutrophils and M1 macrophages and 

attenuated collagen deposition3. 

However, using clodronate might have confounding effect as clodronate is undergoing 

phagocytosis by cells other than monocyte/macrophages. A downside of these agents is 

that they deplete a broad range of mononuclear phagocyte cell types, and this can lead to 

erroneous conclusions2. One example of this occurred when macrophages and dendritic 

cells (DC) were both implicated in aggravating graft-versus-host disease (GVHD), as 

both were eliminated by systemic treatment with clodronate-encapsulated liposomes4. 

However, in a recent study using a CSF1R-specific antibody and a low-dose of liposomal 

clodronate, it was shown that although DC aggravate GVHD, host lymphoid tissue-

resident macrophages are in fact able to limit GVHD induction and severity5. In addition, 

it is known that antibodies specific for CSF1R can persist in the circulation for weeks, 

and this can lead, potentially, to misinterpretation concerning the relevance of a particular 

mononuclear phagocyte population. Consequently, with broad-spectrum depleting agents, 

one must be careful to verify in other depletion models of more precise specificity that a 

biological phenomenon is indeed due to depletion of a particular cell type. 

We have established and validated a murine model for the study of robust bladder wound 

healing and repair, resulting in regrowth of a bioequivalent bladder within 8-12 weeks 

following removal of the majority (60%) of the bladder. Future studies in relevant murine 
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models will exploit the power of molecular genetics to further evaluate the cellular and 

molecular basis of bioequivalent bladder regrowth, and thus, shed insight on the 

mechanisms responsible for the apparently marked regenerative potential of the 

mammalian bladder. The improved mechanistic insight into the regenerative capacity of 

the bladder, should permit the development of novel therapeutic strategies for bladder 

repair in larger and more clinically relevant animal models, and eventually, humans.  
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