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Abstract 
 
Cavernous nerve injury by radiotherapy potentiates erectile dysfunction in rats 
 
Caroline Connors, Master of Science 
 
Dissertation Directed By: Dr. Javed Mahmood 
 
 
Approximately 50% of prostate cancer patients receiving radiotherapy develop erectile 
dysfunction within 3–5 years. The precise role of radiation-induced neurogenic injury 
post-radiotherapy has not been fully established. The CNs are post-ganglionic 
parasympathetic nerves that assist in the penile erection, located beside the prostate. Male 
rats were exposed to RT, and erectile function, CN injury, and penile tissue damage were 
evaluated. Physiological, electrophysiological, and TEM analysis elucidated the extent of 
damage to CN. RT also significantly increased the mRNA and protein expression of 
neural damage markers in the MPG. A significant upregulation of both RhoA/ROCK1 
mRNA and ROCK1 protein expression were observed in radiated MPG. This result will 
introduce a rationale for utilizing novel strategies to prevent CN damage post-RT, and the 
RhoA/ROCK signaling pathway could be a feasible future target pathway to mitigate 
RiED in prostate cancer patients.  
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Introduction 
 

 

Prostate cancer is the second most diagnosed cancer in the United States behind 

breast cancer, with an estimated 180,890 new cases and 26,120 deaths per year (1) (See 

also Background Figure 1). One in 7 men will be diagnosed with prostate cancer during 

their lifetime (2). Around 70% of these patients will present with organ-confined disease, 

the majority being described as low or intermediate risk prostate cancer (3). While it 

makes up 21% of all new cases of cancer each year in men, prostate cancer is only 

responsible for 8% of all cancer-related deaths in men each year. This is because modern 

prostate cancer treatment has good outcomes and most prostate cancer is slow growing. 

The five-year survival rate for prostate cancer between the years of 2005-2011 was 

approximately 99%, whereas the five-year survival rate between 1975-1977 was only 

68% (1).  

 



 2 

 

Background Figure 1: Cancer statistics for 2016. Prostate is the most diagnosed and 
second most deadly cancer in men. Adapted from Siegel et al 2016. 

 
 

RT is one of the most important treatment modalities for prostate cancer, 

providing long-term disease control and survival, and is administered on a case by case 

basis to patients whose cancer is diagnosed as anywhere between Stage I – Stage IV 

either alone or in combination with other treatment modalities (2).  However, there are 

significant concerns regarding the potential late side effects of RT. Although the 

technology for delivering RT in the treatment of prostate cancer is rapidly improving, 

approximately half of patients receiving RT develop ED, depending on their age and 
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baseline function, which significantly impacts QoL among cancer survivors (4). 

Furthermore, RT associated risk for RiED development often influences prostate cancer 

treatment decisions by patients after diagnosis. At this time, there is no Food and Drug 

Administration (FDA) approved a specific drug to prevent and/or treat RiED. Effective 

clinical management of RiED is largely unavailable since the precise molecular 

mechanism involved in the pathogenesis of RiED is still far from being fully understood. 

The most common treatment for men with RiED is prescription phosphodiesterase type 5 

(PDE5) inhibitors, which have a reasonable success rate, although they do not address the 

root cause of RiED and a number of patients still do not respond well (4). A list of the 

other available therapies and their limitations are summarized in Background Table 1. 
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Background Table 1: The only currently available treatments for RiED. Adapted from 
Mahmood et al 2016. 

 
 

The physiology of normal erectile function depends upon 3 processes: (a) 

increased arterial blood flow into the penis by neurological initiation, (b) cavernosal 

smooth muscle relaxation, and (c) restriction of venous blood outflow from the penis. 

Impairment of any of these processes can lead to ED (5) (Background Figure 2). Smooth 

muscle contraction is a complicated process principally involving the neurotransmitter 

nitric oxide (NO) and nitric oxide synthase (NOS) isoforms. NO diffuses into smooth-

muscle cells, where it binds to and stimulates guanylyl cyclase, which increases cGMP. 

cGMP activates protein kinase G (PKG), which phosphorylates several intracellular 
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proteins and ion transporters, resulting in hyperpolarization and decreased cytoplasmic 

Ca2+, causing smooth-muscle relaxation (6). 

 

Background Figure 2: Prostate radiation may damage the three functional processes of 
erection initiation, leading to increased muscle contraction, and erectile dysfunction. 
 
 

Masaki et al. demonstrated that there is an increase in oxidative stress and chronic 

inflammatory responses in irradiated prostate tissue as well as in penile tissue (7), 

suggesting that chronic oxidative stress plays a crucial role in the development of RiED. 

They also showed that erectile dysfunction, as evidenced by significantly decreased mean 

arterial pressure (MAP) to intracavernosal pressure (ICP) ratio (MAP/ICP) occurs in a 

time dependent manner (Background Figure 3). This evidence suggests that RiED is a 

late side effect of RT. Based on Masaki et al’s work on the time dependent nature of the 

development of RiED, we determined we would look at 9 weeks post-RT, and an even 

later time point, 14 weeks post-RT. 
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Background Figure 3: ICP/MAP ratios for different voltage stimulations at 2, 4, and 9 
weeks post-RT and post-sham RT. The significant decrease in the pressure ratio only 
arises 9 weeks after treatment. Adapted from Masaki et al 2012. 
 

In addition to being time dependent, Masaki et al also showed that decreases in 

ICP are dose dependent. Background Figure 4 shows the maximum ICP values for rats 

that were radiated with escalating single doses. Based on their data, we decided to use 
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20Gy as our dose, and additionally added 25Gy as an even more robust dose of RT (all of 

our animals radiated with 25Gy RT developed RiED). 

 

Background Figure 4: Maximum ICP values decrease in a dose dependent manner. 
Adapted from Masaki et al 2015. 
 

Recently, Nolan et al. demonstrated in a dog model of RiED that prostatic 

irradiation causes altered internal pudendal arterial tone, leading to decreased motor 

function in the pudendal nerve (8). However, erectile initiation also involves a set of post-

ganglionic parasympathetic nerves known as the cavernous nerves (CNs), which are 

distributed to the corpora cavernosa of the penis, and facilitate erection. CN neuronal 

signaling results in relaxation of smooth muscle in cavernosal blood vessels. It leads to 

increased blood inflow, venous occlusion, and subsequent penile engorgement. 

Therefore, any injury or damage caused to the CNs may result in erectile dysfunction of 

the penis (6).  

Neurological initiation is a complex neurovascular process that includes the major 

pelvic ganglion (MPG) spreading to the CN, and somatic signaling via the pudendal 



 8 

nerves (5). The MPG, located at the posterolateral border of the prostate in male rats, 

contains a mixture of sympathetic and parasympathetic neurons (9). The CNs are 

excitatory, releasing nitric oxide (NO) and increasing cGMP levels causing smooth 

muscle relaxation, and increasing arterial inflow. Loss of CN innervation causes 

profound and irreversible morphological changes in the penis including induction of 

abundant apoptosis in penile smooth muscle (10). CN damage can be assessed by 

measuring conduction velocity, protein damage markers, or by morphological analysis 

through microscopy. The molecular markers we decided to look for to assess nerve 

damage were glial fibrillary protein (Gfap), myelin protein zero (MPZ), tyrosine 

hydroxylase (TH), and nitric oxide synthase 1 (NOS1). TH is the rate-limiting enzyme of 

catecholamine biosynthesis in the nervous system. There is evidence that paraganglionic 

cells respond to situations such as hypoxia by membrane depolarization, catecholamine 

secretion, and increased transcription and stability of mRNA for TH (11). Gfap was 

isolated many years ago when it was found to be highly concentrated in old demyelinated 

plaques from multiple sclerosis patients. It was later found to be associated 

immunohistochemically with reactive astrocytes demyelinated plaques and in other 

pathological contexts. Gfap expression can be regarded as a reliable marker for reactive 

astrocytes that are responding to CNS injuries (12). MPZ is a myelin-associated protein, 

which, when levels are altered, has been associated with demyelination (13). NOS1 was 

previously shown to be upregulated in an RiED model (14). Together, we chose to use 

TH, Gfap, MPZ, and NOS1 as indicators of CN damage in our model. 

Hannan et al. demonstrated that ED resulting from CN crush injury is linked to 

alterations in the RhoA/ROCK (Rho-Associated Protein Kinase) pathway (15). Following 
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CN crush injury, RhoA and ROCK both increase in penile endothelial and smooth muscle 

cells. Their study was based on previous evidence that indicated that nerve regeneration 

is hampered by activation of RhoA/ROCK pathway (15). RhoA/ROCK signaling is an 

NO-independent pathway at work within the CN that also influences erectile 

homeostasis, and potentiates Ca2+-dependent contraction (16). Background Figure 5 

illustrates this pathway.  

 
Background Figure 5: Pathways of contraction and relaxation in a penile smooth muscle 
cell. Adapted from Sopko et al 2014.  
 

ROCK activity has been recognized to increase penile muscular tone and cause 

ED. Studies using a ROCK inhibitor demonstrated the potential for ROCK inhibition to 

treat ED, and showed that the effects of ROCK inhibition are independent of NO-
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mediated penile relaxation (17,18). Inhibition of ROCK causes smooth muscle relaxation 

in the penis, thereby enhancing the penile erection following CN crush injury (6). There 

is evidence that inhibition of the Rho/ROCK pathway can partially mitigate ED caused 

by many pathologies including hypertention, diabetes, and prostatectomy (Background 

Table 2). Interestingly, the role of this pathway in the pathogenesis of RiED and in the 

regulation of autonomic CN function following RT has never been explored. The purpose 

of this study is to elucidate the contribution of radiation-induced CN injury to the 

development of RiED, and the possible involvement of the RhoA/ROCK pathway in our 

established rat model of RiED. 

 

 
Background Table 2: ED resulting from multiple causes has been treated with ROCK 
inhibitors in animal models. The role of the Rho/ROCK pathway has yet to be explored 
in radiation-induced ED, but has been investigated in animal models of hypertension, 
diabetes, aging, and prostatectomy. Adapted from Sopko et al 2014. 
 

It is important to understand the basic anatomy of that rat pelvis in order to radiate 

and perform the necessary surgery and analysis of the various tissues. The prostate, 

penile shaft, and cavernous nerve are identified in cartoon style in Background Figure 6 
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and the prostate, penile shaft, and cavernous nerve are identified in the photograph from 

our surgery in Background Figure 7. 

 

Background Figure 6: A cartoon description of the basic pelvic anatomy of the rat 
showing the major pelvic ganglia (MPG) and cavernous nerve (CN) in relation to the 
prostate. Adapted from Piao et al 2012 (19). 
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Background Figure 7: A surgical photo of the open rat pelvis indicating the position of 
the prostate, penile shaft, and cavernous nerve.  
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Materials and Methods 

Animals 

Sixty young adult male Sprague-Dawley rats (Charles River Breeding Laboratories, 

Wilmington, MA, USA) with an initial age of 10 to 12 weeks old were randomly divided 

into age-matched sham and single dose RT (20 Gy and 25 Gy) groups (N=10).  Each 

group was analyzed by ICP measurement followed by euthanasia in two subgroups at 9 

and 14 weeks after RT or sham treatment. The University of Maryland Baltimore (UMB) 

Institutional Animal Care and Welfare Committee approved all animal handlings and 

procedures. 

 

Establishment of a RiED Rat Model and Radiation Treatment Planning and Delivery 

Image-guided x-ray irradiations of the rat prostate were administered using the Small 

Animal Radiation Research Platform (SARRP, Xstrahl Ltd., Camberley, UK) installed at 

the University of Maryland School of Medicine (Baltimore, MD). Its on-board computed 

tomography (CT) imager and robotic-table positioner were used to align the pelvic region 

of each animal prior to irradiation. Radiation was delivered in 4 axial beams (45˚, 135˚, 

225˚, and 315˚ from vertical), collimated to 2-cm-diamter circular field at the target 

isocenter and using a technique of 220 kVp, 13 mA, and a 0.15-mm copper filter. An 

overview of the treatment plan is shown in Figure 1. The absorbed dose to the prostate 

region from this plan was either 20 Gy or 25 Gy for different parts of our study. Absolute 

dosimetry was determined following the AAPM TG-61 protocol for kilovoltage x-ray 

beam dosimetry (20) and using measured depth-dose data for this system and technique, 

as described previously (21). Corresponding depths of the rat prostate were measured 
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using the CT images for each beam path to calculate the required irradiation times for 

each animal. 

Figure 1: Image of dose planning and treatment for 20 and 25 Gy single dose RT. (A) 
CT axial sections of rat prostate, with isodose curves and (B) four beam radiation cone-
beam CT images of treatment volume outlined with green, orange, and blue lines, 
respectively. Red outline indicates the isocenter. 
 
Physiologic Erection Studies 

To analyze nerve-mediated physiologic erectile function, intracavernosal pressure (ICP) 

measurement with CN stimulation was performed as described previously (7,21), and 

was conducted at 9 and 14 weeks after irradiation. Erectile response was determined by 

maximum ICP, the area under the curve (AUC; mmHg/s) obtained during ICP elevation, 

and the ICP-to-MAP (mean arterial pressure) ratio. ICP/MAP was calculated using 

maximum ICP divided by MAP obtained during CN stimulation. For MAP monitoring, 

the right carotid artery was cannulated with polyethylene-50 tubing containing 

heparinized saline. All data were recorded using the Biopac MP100 data acquisition 

system and analyzed using the AcqKnowledge software, version 3.9.1 (Biopac System 

Inc., Goleta, CA).  
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Compound action potential measurement from the rat CN 

After the animals were euthanized, CNs were dissected and immediately submerged in 

ice-cold (4ο C) Leibovitz’s L-15 medium (with glutamine).  Nerves were pinned to the 

Sylgard (Dow Corning, Midland, MI)–coated floor of a recording chamber (~0.25 mL 

volume) and submerged in L-15 medium at room temperature (22-23ο C). The compound 

action potentials (CAPs) were recorded with a glass suction electrode connected to the 

input stage of an AC-coupled differential preamplifier (0.1–1kHz; model DAM-5A; WPI 

(Sarasota, FL). Data were filtered at 2 kHz and sampled at 10kHz. The CAPs were 

evoked with electrical pulses (0.03 or 0.3msec in duration) elicited at 0.2Hz using a 

second glass suction electrode. Stimulus strength was 2-3 times that necessary to evoke a 

maximum CAP response. The CAPs were digitized via a Digidata 1200 A/D converter 

(Axon Instruments, Sunnyvale, CA). Data acquisition and storage were controlled via 

pClamp 9.1 (Axon Instruments), and analyzed with Clampfit 9.2 (Axon Instruments). 

Conduction velocities of CAP peaks were estimated by dividing the distance between the 

tips of the stimulating and recording pipettes by the time between the end of the shock 

artifact and the peak amplitude of the CAP. 

 

Real-time polymerase chain reaction and western blot analysis 

Total RNA from rat MPG of CN was isolated and real-time PCR was performed with 

primers for rat nitric oxide synthase (NOS1), tyrosine hydroxylase (TH), myelin protein 

zero (MPZ), Gfap, RhoA, ROCK1 and β-actin (16). For western blot analysis, MPG and 

penile shaft tissues were homogenized in RIPA buffer and extracted proteins were run in 

a Bis-Tris polyacrylamide gel at 200V for 25min. Proteins were transferred onto a 
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membrane using the semi dry iBlot-2 transfer system (Thermo Fisher Scientific, USA) 

and probed for primary and secondary antibodies using the iBind Flex system for 2.5 

hours. All antibodies were purchased from Abcam, USA or Santacruz, USA and probed 

according to the manufacturer's dilution guidelines. Probed protein bands were visualized 

with chemiluminescence (ECL plus western blotting kit; Amersham-Pharmacia Biotech). 

 

Masson’s trichrome staining and analysis 

To detect fibrosis of the PS samples, Masson’s trichrome staining was performed and 

image analysis was performed using the ImageJ software: the area of the cavernous space 

was selected excluding the corpus sponginosum area and the dorsal vessels complex. 

After obtaining the values of newly formed collagen and total collagen using the “color 

threshold” and “analyze” options, the percentage of newly formed collagen was 

calculated. 

 

Transmission Electron Microscopy (TEM) 

CNs were harvested and fixed in 4% glutaraldehyde in 0.5M cacodylate buffer at 4°C for 

24 hours. The tissue was fixed in 1% osmium tetroxide and then dehydrated in graded 

ethanol and embedded in fresh 100% resin. Ultrathin sections (70nm) were cut and 

stained and viewed on a Hitachi H-600 transmission electron microscope run at 75kV 

(22,23).  
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G-ratio calculations for myelin sheath thickness 

A high magnification image of myelinated axons was obtained and the image was 

imported to ImageJ for measuring the diameter of the axon and the myelinated axon 

caliber. The ratio was calculated as the diameter of the axon (a) divided by diameter of 

the myelinated axon caliber (A): g-ratio = a/A. 

 

Statistical analysis 

The hemodynamic data of intracavernous pressures are expressed as means ± SEM. All 

data were analyzed using a student’s t-test. A p-value of <0.05 was used as the criteria for 

statistical significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical 

analysis for the Masson’s trichrome staining was conducted with Wilcoxon rank tests. 
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Results 

Erectile function testing 

ICP/MAP analysis was performed to evaluate the rats’ erectile function post RT 

treatment with a single dose of 25 Gy RT. Forty animals were analyzed (n=10 per group). 

A representative image of ICP measurement concurrently with MAP measurement with 

8-volt electrical stimulation is shown in Figures 2A and 2B, demonstrating a dose-

dependent decrease in ICP in RT rats 9 weeks after 25 Gy RT. The erectile response in 

regards to ICP/MAP ratio was significantly lower (p<0.0001) than that in the sham group 

at both 9 weeks and 14 weeks (Figure 3) post-RT. Mean ratio ± SEM for both 9 and 14-

weeks post RT respectively: 0.71 ± 0.03564 and 0.2767 ± 0.0335. Both 9 and 14 week 

sham rats compared to rats treated with 25 Gy RT have a p<0.0001. Similar results were 

observed at 20 Gy RT (data not shown). This same data was also graphically represented 

as maximum ICP measured (not a ratio) (Figure 4) and as the area under the curve (AUC) 

of the ICP tracing (Figure 5). Both analyses confirm the conclusion from the ICP/MAP 

ratio data that indicate that there is a consistent loss of erectile function at both 9 and 14 

weeks post 25Gy RT treated rats. Additionally, and importantly, there was no 

measureable toxicity to any of the rats (assessed by body weight) in either the 9 week 

group (Figure 6) or the 14 week group (Figure 7). 
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Figure 2: ICP/MAP data with 8V stimulation after sham RT (Fig 2A) and RT (Fig 2B), 
respectively. Red tracings show the MAP over time, while blue tracings show the ICP 
over that same time interval. Figures 2A and 2B are representative tracings.  
 
 

 
Figure 3: Figure 3 shows both the 9 weeks post-RT and 14 weeks post-RT ICP/MAP 
ratio for RT groups compared to age-matched sham groups (n=10 per group). For both 
the 9 week and 14 week groups, p<0.0001. 
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Figure 4: Figure 4 shows both the 9 weeks post-RT and 14 weeks post-RT maximum 
ICP measurement for RT groups compared to age-matched sham groups (n=10 per 
group). For both the 9 week and 14 week groups, p<0.0001. 
 
 

 
Figure 5: Figure 5 shows both the 9 weeks post-RT and 14 weeks post-RT maximum 
area under the curve (AUC) measurement for the ICP tracings for the RT groups 
compared to age-matched sham groups (n=10 per group). For both the 9 week and 14 
week groups, p<0.0001. 
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Figure 6: Normalized body weight data for the 9 week sham group compared to the 9 
week post-RT group. 
 
 

 
Figure 7: Normalized body weight data for the 14 week sham group compared to the 14 
week post-RT group. 
 
 
Nerve conduction studies 

Next, CNs were collected from euthanized animals at 9 and 14 weeks post treatment and 

nerve conduction analysis was performed. Fast conducting CAPs (Figures 8A and 8B) 

and slow conducting CAPs (Figures 8C and 8D) were elicited by 0.03msec and 0.3msec 
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pulses, respectively. Three sham rats and three RT CNs were analyzed. While radiation 

had relatively little effect on the synchrony of the fast conducting (A-wave) CAPs 

(compare traces 8A and 8B), RT resulted in dyssynchronous slow wave (C-wave) CAPs 

(compare traces in 8C and 8D): the mean ± SEM for the sham A-waves was 38.0 ± 

14.154. The mean ± SEM for the radiated A-waves was 20.667 ± 5.044. The mean ± 

SEM for the sham C-waves was 158.667 ± 22.981. The mean ± SEM for the radiated C-

waves was 67.0 ± 25.794. The area under the curves (AUC) was calculated for each of 

the samples, and shown in figures 8E (comparing the A-waves) and 8F (comparing the C-

waves). The difference between the sham and RT A-waves was not significant (p=0.313), 

however, the difference between the sham and RT C-waves was significant (p=0.05). The 

tracings shown in Figure 8A-D are representative of the three control and three RT 

animals. There were no obvious differences between CAPs recorded at either 9 or 14 

weeks post-RT. These results indicate that dyssynchronous firing of axons within the CN 

are a result of RT. 
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Figure 8: Compound action potentials (CAPs) in sham (Fig 8A, 8C) and RT (Fig 8B, 
8D) were recorded from cavernous nerves (CN) in vitro. All 3 radiated CNs showed 
almost identical tracings, as did the 3 sham CNs; representative tracings are shown here. 
Fast conducting CAPs (A and C) and slow conducting CAPs (B and D) were recorded 
from the same CN. The vertical calibration bar applies to both control and treated traces. 
Area under the curve for both the fast and slow conducting CAPs for all sham and RT 
animals were calculated (Figures 8E and 8F). 
 
 
Morphologic analysis by TEM 

To understand the cause of dyssynchronous slow waves in the CN caused by RT, TEM 

was used to investigate the morphological changes in the CN post-RT. Three sham CNs 

and three RT CNs were fixed, sliced, and imaged. Interestingly, there was a clear 

decrease in the number of myelinated fibers at 14 weeks post-RT (Figure 9B) compared 

to the sham CN (Figure 9A). Figures 9A and 9B are representative images. There was 

also significant axonal degeneration measured by g-ratio taken from the random selection 

of 7 sham axons and 7 RT axons (Figure 9E) (p=0.02). There was visible severe 
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axonopathy (Figure 9D) and microvascular damage (Figure 9C) also induced by RT 14 

weeks after radiation.  

 

 

Figure 9: Transmission electron microscopy of RT treated CN (Fig 9B, 9C, and 9D) 
compared to sham (Fig 9A). The RT treated nerve bundles show loss of number of 
myelinated axons (compare 9B to 9A). The arrows in 9D indicate degraded myelin 
sheath, and the stars indicate granular degenerated axoplasm. The arrow in 9C indicates 
severe microvascular damage. In Figure 9A, “A” represents the outer diameter, and “a” 
represents the inner diameter of the axon. a/A was used to calculate the g-ratio (Figure 
9E). The bar at the bottom of each image represents a length of 2µm. 
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RT-PCR and western blot data indicates an upregulation of the Rho/ROCK pathway and 

nerve damage markers 

Gfap and MPZ were used as nerve damage markers. There was a noticeable increase in 

Gfap protein expression in MPGs of RT animals at 9 and 14 weeks after RT group by 

western blot analysis (Figure 10B). mRNA expression also increased in MPZ and 

significantly increased in Gfap (p<0.01) at 9 weeks after RT compared to sham rats. 

Tyrosine hydroxylase (TH) is the rate-limiting enzyme of catecholamine biosynthesis in 

the nervous system, and there was a significant increase in its mRNA expression in the 

MPG (p<0.01). There was also significantly decreased mRNA expression of nitric oxide 

synthase 1 (NOS1), an enzyme responsible for the production of NO, in MPGs of the RT 

group compared to sham animals (p<0.05) (Figure 10A). Additionally, we found a 

significant increase in RhoA and ROCK1 mRNA expression (p<0.001) evident at 9 

weeks after RT (Figure 10A) compared to sham MPG. In the RT MPG samples, there 

was an increase in the protein expression of ROCK1 evident at 14 weeks after RT (Figure 

10B) by western blot. Caspase 9 was used as an apoptosis marker, and it was upregulated 

in the penile shaft of RT-treated animals compared to sham.  
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Figure 10: mRNA at 9 weeks and protein expression in MPG and PS at 9 and 14 weeks 
post-RT. mRNA expression of oxidative stress markers, nerve damage markers, and 
RhoA/ROCK1 signaling molecules (Fig 10A) are shown from samples 9 weeks post 25 
Gy RT. Western blot data is shown for both 9 and 14 weeks post 25 Gy RT (Fig 10B). 
Both cleaved and whole caspase 9 are shown.  *p<0.05, **p<0.01, ***p<0.001. 
 
 
Masson’s trichrome staining showed increased collagen and fibrosis in the penile shaft of 

RT treated animals 

The penile shaft is outside the field of RT, but evidence of RT-induced morphological 

changes abounds. We observed significantly increased collagen formation contributing to 

fibrosis in the penile shaft (PS) in the RT-treated animals (Figure 11B) compared to sham 

animals (Figure 11A) by Masson’s trichrome staining at 14 weeks after RT. Images from 

7 RT and 7 sham rats were analyzed semi-quantitatively using ImageJ, and the percent of 

collagen formation was significantly higher in the 14-weeks post RT rats (p=0.029) 
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compared to sham rats (Figure 11D). While not statistically significant (p=0.057), 

collagen had noticeably increased in the 9-weeks post RT rats compared to sham rats 

(Figure 11C). 
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Figure 11: Histopathological sections stained with Masson’s trichrome (MT) show 
increased collagen in the RT group (Fig 11B) compared to the sham group (Fig 11A) in 
the rat penile shaft (PS) tissue in both the 9 and 14 week samples. Arrows indicate 
zoomed sections of increased collagen deposition. Semi-quantitative ImageJ analysis of 
collagen formation in the penile tissue at both 9 (Fig 11C) and 14 weeks (Fig 11D) after 
25 Gy radiation was calculated. The y-axis (Figures 11C and 11D) represents the area of 
collagen deposition and fibrosis compared to the total area of corpora cavernosa, in each 
transverse section, expressed as a percent. 
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Discussion 
 

Current therapies for ED, including phosphodiesterase type 5 (PDE5) inhibitors, 

target relaxation of penile smooth muscle by elevating cGMP, and PDE5 inhibitors are 

the most common pharmacological agents used to treat RiED (24,25). However, a 

significant number of prostate cancer patients with RiED fail to respond treatment with 

PDE5 inhibitors, suggesting a need for in-depth investigations into the mechanisms of 

RiED, and the development of therapeutic options to combat RiED. Additionally, 

deregulation of the Rho/ROCK pathway has been implicated in both the maintenance of 

penile corpus cavernosum pressure, and in a CN crush injury model, both in rats (15,17), 

so we had the previous evidence we needed to move forward to study the Rho/ROCK 

pathway in the CN in a rat model of RiED. 

This study was specially designed to address the neuronal damage contributing to 

RiED and possible molecular targets, particularly focusing on CN injury. Vascular, 

muscular, and neuronal damage may contribute in combination to the pathogenesis of 

RiED following radiation (4). The goal of this study was to elucidate the specific level of 

neuronal damage induced in the CN by RT, including molecular changes resulting from 

this damage, and the associated potential pathways that could be targeted to mitigate this 

damage. In this study, we found that RiED has a strong association with CN injury, 

resulting in apoptosis and fibrosis of penile corpus cavernosa. 

Parasympathetic neurons in the MPG of CN contain NOS1, which is required for 

nerve-mediated smooth muscle relaxation and subsequent erection in the penis (14,26–

29). Evaluation of MPGs by qPCR revealed a significant NOS1 downregulation (p<0.05) 

following RT compared to sham RT animals. TH is the rate-limiting enzyme in 
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norepinephrine synthesis, the primary neurotransmitter associated with sympathetic 

signaling (30). We found that TH expression was significantly increased in post-RT 

MPGs (p<0.01). TH is expressed by sympathetic MPGs, which initiate penile smooth 

muscle contraction. Thus, it is possible that radiation may alter the balance of 

parasympathetic and sympathetic neurons of the MPG. Future studies could focus on this 

parasympathetic to sympathetic “switch” to elucidate the role the balance of 

parasympathetic and sympathetic firing plays in the damaged CN. 

Regardless of the type or size of the nerve fibers in CN, they all conduct action 

potentials. However, there are also certain differences. The conduction velocities of the 

fibers differ, depending on their diameter and whether they are myelinated or 

unmyelinated. Slow wave CAPs have been associated with, though not exclusively, 

unmyelinated fibers and the transmission of sensory information (31). Our CN nerve 

conduction assay demonstrated consistent dyssynchronous slow wave CAPs 14 weeks 

post-RT. This indicates that the normal slow wave CAP firing pattern is lost. To our 

knowledge, this is the first demonstration of radiation-induced alteration of ex-vivo CN 

conduction in a RiED rat model.  

Glial fibrillary acidic protein (Gfap) is a class-III intermediate filament, and 

increased expression of Gfap is considered a reliable marker that labels reactive 

astrocytes that are responding to nerve injuries (12). Another protein, myelin protein zero 

(MPZ), is abundant in myelinating Schwann cells, and alterations in its expression are 

evidence for demyelination (13,32). Our qPCR data showed increased expression of both 

Gfap and MPZ mRNA in RT rats. To follow this up, there was also increase in Gfap 

protein expression in the MPGs of RT animals observed by western blot. Furthermore, 
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TEM was used to evaluate morphological changes in the CN. The results indicate a 

significant decrease in number and diameter of myelinated fibers potentially due to 

progressive axonal atrophy following RT. Most of the irradiated fibers showed 

remarkable degeneration, some infiltration of macrophages, and severe vascular 

endothelial damage. These results taken together suggest substantial CN damage post-

RT. Following this, Masson’s trichrome analysis of fibrosis was performed on the penile 

shaft, which demonstrated significantly increased fibrosis in RT rats. Interestingly, the 

penile shaft, which is not within the field of radiation, showed increased expression of 

caspase 9. This indicates RT-induced penile tissue apoptosis. These results further 

solidify our hypothesis of neuronal and microvascular damage contributing to RiED. 

From non-adrenergic/non-cholinergic nerves, NO is released and it is the primary 

stimulator of cavernosal smooth muscle relaxation (33–36), however, there is clear 

evidence in a crush injury model of erectile dysfunction that implicates the NO-

independent Rho/ROCK signaling pathway in the pathogenesis of ED (15). The role of 

this pathway in regulation of neuronal autonomic innervation to the penis from the MPG 

in a RiED model is, until now, unexplored. RhoA is a small GTP-binding protein that 

acts as a molecular switch between the inactive GDP-bound state and the active GTP-

bound state (37–40). RhoA/ROCK signaling is important for erectile homeostasis and it 

triggers Ca2+-dependent contraction to maintain penile flaccidity (6). 

Our rat model of RiED provides evidence of substantial upregulation of the 

RhoA/ROCK signaling pathway by RT in the CNs. Our qPCR data indicated a significant 

upregulation of RhoA and ROCK1 (p<0.01) and an upregulation, although not 

statistically significant, of the other downstream effector ROCK2. Western blot was 
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performed to assess the ROCK1 expression in rat CN, and it confirmed that the protein is 

indeed upregulated post-RT. These results suggest the involvement of this NO-

independent pathway in the development of RiED.  

To our knowledge, this is the first demonstration of the involvement of 

RhoA/ROCK pathway in an RiED animal model, and inhibition of this pathway could 

provide a new therapeutic target for prostate cancer patients treated with radiation therapy 

leading to RiED. Further studies should include a more clinically relevant fractionated 

dose of RT, as opposed to the single dose therapy used in this experiment. Additionally, a 

Rho/ROCK pathway inhibitor could potentially further elucidate if the dysregulation of 

this pathway can be mitigated by pharmacological intervention. 

We have established that RT results in significant CN damage in our rat model of 

RiED. This nerve exhibits dyssynchronous waves, morphological changes, and a 

dysregulation of the Rho/ROCK signaling cascade. We believe that the CN could serve 

as a potential target for neuroprotective or regenerative strategies utilizing neuronal 

growth factors. Further studies are required to investigate potential treatment options 

including Rho/ROCK signaling pathway antagonists, or novel combination treatments 

with other agents. Futher studies should most likely include a more clinically relevant 

dose of RT, as opposed to the single dose 20 or 25 Gy RT that these rats were given. 

Conventionally fractionated RT is given to men in fractionated doses of approximately 2 

Gy per session (41), and therefore, our model is not immediately clinically relevant. 

However, this single dose RT was chosen intentionally due to the robustness of the model 

and the lack of harsh toxicities to the rats. Additionally, as briefly mentioned above, our 

future experiments will likely include a Rho/ROCK pathway inhibitor. Hannan et al’s 
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group has used the Rho/ROCK inhibitor fasudil, but there are many currently available 

that inhibit various upstream and downstream effectors within the Rho/ROCK pathway. 

Further analysis will be needed in order to optimize the timing, mode of delivery, and 

amount of inhibitor we will use.  

We believe that we have identified a potential novel target for mitigating RiED in 

men post-RT. While much work still needs to be done, the work summarized herein 

serves as a starting point for many future studies involving the CN’s role in the RiED and 

the corresponding dysregulation of the Rho/ROCK pathway. 
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