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Abstract

Objective—Stereotactic radiation therapy is increasingly used to treat vestibular schwannomas 

(VSs) primarily and to treat tumor remnants following microsurgery. Little data are available 

regarding the effects of radiation on VS cells. Tyrosine nitrosylation is a marker of oxidative stress 

following radiation in malignant tumors. It is not known how long irradiated tissue remain under 

oxidative stress, and if such modifications occur in benign neoplasms such as VSs treated with 

significantly lower doses of radiation. We immunostained sections from previously radiated VSs 

with an antibody that recognizes nitrosylated tyrosine residues to assess for ongoing oxidative 

stress.

Study Design—Immunohistochemical analysis.

Methods—Four VSs, which recurred after excision, were treated with stereotactic radiation 

therapy. Ultimately each tumor required salvage re-resection for regrowth. Histologic sections of 

each tumor before and after radiation were immunolabeled with a monoclonal antibody specific to 

nitrotyrosine and compared. Two VSs that underwent re-resection of a growing tumor remnant 

without prior radiation therapy served as additional controls.

Results—Irradiated tumors enlarged in volume by 3.16-8.62 mL following radiation. Pre-

radiation sections demonstrated little to no nitrotyrosine immunostaining. Three of four of 

irradiated VSs demonstrated increased nitrotyrosine immunostaining in the post-radiation sections 
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compared to pre-radiation tumor sections. Non-irradiated VSs did not label with the anti-

nitrotyrosine antibody.

Conclusions—VSs exhibit oxidative stress up to seven years after radiotherapy, yet these VSs 

continued to enlarge. Thus, VSs that grow following radiation appear to possess mechanisms for 

cell survival and proliferation despite radiation induced oxidative stress.
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Introduction

Ionizing-radiation (IR) has been increasingly used in an effort to arrest tumor growth in 

select patients with vestibular schwannomas (VSs). Most commonly, IR is delivered in the 

form of stereotactic radiosurgery (SRS) or fractionated stereotactic radiotherapy (FRT). 

Outcomes of IR in the treatment of VSs have been widely reported and it is generally 

accepted that SRS and FRT yield high tumor control rates, relatively low associated 

morbidity and good quality of life outcomes (1,2). Despite the increasing use of IR in the 

treatment of VSs, the effects of IR on the VS cells themselves are poorly understood. 

Compared to malignant neoplasms, VS cells in culture possess radioresistant characteristics, 

consistent with their low proliferative capacity (3–6). Further, many studies that have 

examined the histopathological features of irradiated VSs fail to find evidence of significant 

radiation damage to the tumor cells (5,7). Such observations raise the possibility that the 

consequences of IR on VS growth involve indirect effects such as decreased tumor 

vascularity.

IR induced cell damage involves multiple mechanisms and processes. Beyond direct damage 

to DNA molecules, IR exposure leads to increased production of reactive nitrosative and 

oxidative free radical species (RONS) (8,9). Furthermore, ROS levels continue to rise 

beyond those that occur within milliseconds initial radiation exposure leading to cellular 

oxidative stress (10–12). Radiation-induced oxidative stress may also spread from targeted 

cells to bystander neighboring cells (13). Such highly reactive oxidizing free-radicals cause 

cellular damage by oxidizing and nitrosylating cellular macromolecules including nucleic 

acids, proteins and lipids (9). One of the byproducts of the oxidative and nitrosative stress, 3-

nitrotyrosine (3-NT), has been used as a surrogate marker for radiation-induced oxidative 

cellular injury (14–16). In this study, we used 3-NT immunostaining to evaluate the presence 

of radiation-induced oxidative cellular stress in VSs before and after radiation in a rare series 

of four VSs which were initially resected, then irradiated for recurrent growth and ultimately 

underwent salvage re-resection for persistent growth after IR.

Methods

All procedures for obtaining patient information and VS samples were approved by the 

Institutional Review Board. Patient demographics and case histories were obtained by 

retrospective chart review. 3D tumor volumes were calculated based on the axial post-
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contrast T1 magnetic resonance imaging (MRI) thin section images using Vitrea software 

[version 6.6.2, Vital images, Toshiba Medical Systems, Minnetonka, MN]. In all cases, the 

tumor was manually outlined on the axial post contrast images on all sections followed by 

computerized compilation of summated tumor volume and generation of a volumetric 

model. Segmented volumetric data was re-reviewed post analysis to ensure measurement 

accuracy. Tumor volumes were calculated from the MRI at the time of presentation, prior to 

radiation and prior to re-resection. For controls, we selected two patients with VSs who 

underwent subtotal resection of a VS with subsequent regrowth and re-resection of the VS 

without any IR therapy.

Samples from each specimen were fixed in 10% neutral buffered formalin and paraffin 

embedded. Five-micron thick sections of formalin fixed paraffin embedded tissue were 

stained with hematoxylin and eosin (H&E) and were also used for immunohistochemical 

assays.

3-Nitrotyrosine immunohistochemistry

Paraffin sections were deparaffinized with serial xylene washes and rehydrated with serial 

levels of ethanol. Slides were retrieved in citrate buffer (pH 6.0) using a Decloaking 

Chamber (Biocare, Concord CA). Endogenous peroxidase was quenched with 3% hydrogen 

peroxide for 8 min followed by incubation in 10% goat serum to block nonspecific binding. 

Anti-3-nitrotyrosine rabbit polyclonal antibody (Millipore; #06284, Billerica, MA, 1:2000) 

was applied for 1 h in Dako buffer (Carpinteria, CA) at room temperature. Dako Rabbit 

EnVision HRP System reagent was applied for 30 min and then slides were developed with 

Dako diaminobenzidine (DAB) plus for 5 min followed by DAB Enhancer for 3 min. Slides 

were counterstained with hematoxylin. Negative control slides were stained using the same 

procedure, omitting the primary antibody. 3-Nitrotyrosine immunohistochemical staining 

was scored by a pathologist (AW) blinded to the patient information and treatment 

conditions according to the following system: (-)=no staining, (+) = diffuse background 

staining of stroma, (++) = strong, specific cytoplasmic staining in cells. 3-NT 

immunohistochemical staining and scoring were repeated two times. Images were prepared 

for publication using Adobe PhotoShop and Illustrator software (Adobe, San Jose, CA).

Results

Table 1 provides demographic and tumor characteristics of the patients in this study. Four 

patients (A-D) had a subtotal resection of a VS with subsequent growth identified on serial 

imaging. Each patient received a single dose of LinAcSRS to treat the growing tumor 

remnant (Table 1 lists treatment specifications for each tumor). In each of these four cases, 

tumor growth continued following SRS prompting repeat tumor resection. Two patients 

(E,F) underwent subtotal resection of a VS with subsequent growth of the tumor remnant. In 

these patients, a second tumor resection was performed without intervening IR and thus 

these patients serve as a control of previously operated, unirradiated tumors. Figure 1 

presents the MRI findings for the four patients (A-D) that received IR while Figure 2 

presents the MRI finding for the two patients (E, F) that did not receive IR.
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Immunohistochemical staining for 3-NT was performed on sections from both the initial 

resection and from the subsequent resection of the recurrent tumor. Three of the four 

irradiated tumors (A-C) demonstrated a dramatic increase in 3-NT immunostaining 

compared to their initial tumor counterparts resected prior to radiation (Fig. 3). There was 

little to no 3-NT immunostaining in any of the sections from the initial tumor specimens 

(Fig. 3). Likewise, there was little to no 3-NT immunostaining in sections from recurrent 

tumors that had not received prior radiation (E,F) (Fig. 3). In contrast to specimens from 

patients A-C, sections from the irradiated tumor from patient D failed reveal significant 3-

NT immunostaining. Additional sections from each tumor were stained with H&E to 

examine overall pathological characteristics. Two of the four tumors demonstrated 

histopathological changes consistent with prior radiation including vessel hyalinization and 

luminal narrowing and fibrinoid necrosis (Fig. 4).

A pathologist blinded to the specimen treatment scored the 3-NT immunostaining and the 

results are presented in Table 2. On this scale only ++ is considered a true-positive whereas 

+ likely represents non-specific background staining. Three of the four tumors (A-C) that 

had previously been irradiated demonstrated a significant increase in 3-NT immunostaining 

(++) whereas all tumors that had not been previously irradiated (both initial and recurrent 

tumors) and one irradiated tumor (patient D) were scored as having no (-) or only 

background (+) staining.

Discussion

Accumulating evidence suggests that SRS and FRT are safe and effective treatments for 

appropriately selected VSs (1,2); accordingly, increasing numbers of VSs are being treated 

with SRS/FRT. While the prolific evaluation of clinical outcomes following IR for VSs 

continues, there is a paucity of research on the radiobiology of VSs. This is likely due, at 

least in part, to the low numbers of tumors that have been resected following IR and the 

challenges of growing large numbers of primary VS cells in culture (17,18). Here we had a 

unique opportunity to analyze IR-induced cellular damage in a series of four paired VS 

specimens that progressed or recurred after microsurgical excision, were treated with IR, 

progressed again and ultimately required salvage re-resection. The decision of what 

constituted tumor progression and whether or not to resect the tumors after radiation 

treatment was a complex decision process that involved surgeons, radiation-oncologists, and 

the patient. Given the retrospective nature of the study it was not possible to determine the 

specific criteria and decision processes that led to surgery in these cases. It is important to 

note that different surgeons and services were involved in these cases so the decision-making 

process was not necessarily uniform. Further, we were able to analyze paired specimens 

from two other patients that underwent an initial tumor resection followed by re-resection of 

a recurrent tumor but without receiving any intervening IR. These later specimens provide 

an excellent control for potential effects of surgery on the histopathological findings.

The data provide evidence for ongoing oxidative stress months and years following IR in 

three of four irradiated VSs, evidenced by robust 3-NT immunostaining up to 7 years 

following IR. Despite this oxidative stress, there was ongoing tumor growth indicating that 

the tumor cells continued to proliferate under this stress. The reason(s) for lack of 3-NT 
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immunostaining in patient D following IR are unknown. One possibility is that the portion of 

the tumor encompassed in the histopathology specimen represents areas of de novo tumor 

growth and did not include areas that were previously irradiated. VS control rates are 

uniformly good with IR therapy and some studies have even demonstrated varying degrees 

of VS regression following IR therapy in a subset of patients (19). However, in contrast to 

many malignant tumors, rather than inducing tumor regression, IR typically only arrests 

tumor growth in most responsive VSs(2). These clinical observations are consistent with the 

fact that IR doses much higher than those currently employed in treatment of VSs (e.g. ≥30 

Gy) are required to induce cell cycle arrest and cell death in cultured VS cells (3,6). 

Amazingly, even after 150 Gy of IR, some cultured VS cells survive and remain viable (6). 

Others have demonstrated that VSs resected after IR retain viable VS cells with the typical 

histologic appearance of non-radiated VS cells and a proliferative capacity (4,5,7,20). 

Consistent with these prior reports, two of the four post-radiation specimens in our study 

demonstrated no post-radiation changes. Taken together these observations suggest that, 

compared to malignant neoplasms, VS cells are relatively radioresistant.

There are several potential mechanisms that may contribute to the relative radioresistance in 

VS cells (4). For instance, radiation-induced cell death depends in part on the proliferation 

rate of the targeted cells and VS cells have a very low proliferative capacity (18). Indeed, 

stimulating cultured VS cells to proliferate increases radiosensitivity while inhibiting 

proliferation protects VS cells from radiation-induced apoptosis (3).

Another mechanism that appears to contribute to the relative radioresistance of VS cells 

relates to their capacity to mitigate oxidative stress. IR indirectly inflicts molecular and 

cellular damage through the formation of highly reactive RONS. IR ionizes H2O molecules 

into free radicals and induces the action of nitric oxide synthase, mitochondrial oxidase and 

cytoplasmic NADPH synthase, all of which result in the generation of RONS (11,21,22). 

Due to their lack of merlin protein expression, VS cells display persistent activation of 

several intracellular kinase signaling cascades, including phosphatidyl-inositol 3- 

kinase/Akt/mTORC1, extracellular regulated kinase/mitogen-activated protein kinase (ERK/

MAPK), p21-activated kinase, and c-Jun N-terminal kinase (JNK), among others (23–29). 

Of these, activation of JNK appears to protect VS cells from cell death by inhibiting 

accumulation of mitochondrial ROS (23). Indeed, inhibition of JNK increases VS cell 

radiosensitivity correlated with an increase in mitochrondrial oxidative stress following IR 

(30). Thus, persistent activation of JNK due to a lack of merlin protein expression reduces 

oxidative stress and decreases sensitivity of VS cells to IR.

RONS result in several molecular modifications including carbohydrate oxidation, 

lipoprotein oxidation, DNA hydroxylation, and protein oxidation (9,15,16,31). Many of 

these molecular alterations are detectable and are used as surrogate biomarkers for oxidative 

cellular stress. One of these markers, 3-NT, is a frequently used marker of cellular oxidative 

stress (31). 3-NT is the byproduct of the oxidation of tyrosine residues in proteins by 

peroxynitrite. Using 3-NT, the presence of oxidative cellular stress has been demonstrated 

acutely in radiated tissues and cellular cultures including lung, cornea, skin, intestine and 

kidney as well as cultures of hepatocytes, squamous cell carcinoma of the head and neck, 

and gliomas (15,16,21). However, to our knowledge, no prior studies have determined 
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whether 3-NT persists in the long-term in these tissues following IR. Thus, our unique 

access to paired tumors specimens prior to and following IR provides the first evidence of 

persistent 3-NT for several years after exposure to IR. These results indicate ongoing 

oxidative stress in tissues for months and years following IR.

There is growing evidence that IR results in a chronic oxidative stress. The mechanisms for 

these chronic oxidative changes following radiation have not been fully elucidated. IR-

induced mitochondrial dysfunction likely contributes to chronic overproduction of 

mitochondrial RONS (22,32–34). 3-NT immunostaining in VSs up to 7 years after IR 

supports the theory that IR results in long-term chronic oxidative stress; yet, VSs may 

continue to grow in these conditions.

One aspect of the four irradiated patients in this study that differs from many in the 

radiotherapy literature is that these tumors had all been observed for tumor growth prior to 

receiving IR. Significantly, a recent study of large VSs that underwent subtotal resection 

found that over 30% of VSs that received IR for growth of tumor remnants demonstrated 

persistent growth and ultimately required further resection (35). These findings are similar to 

our patients and highlight the differences in clinical success of IR for VSs when IR use is 

restricted to tumors that have already been observed and found to have documented growth.

One could argue that the tumors analyzed in this study could be considered “more 

aggressive” or “less responsive to radiation” than typical vestibular schwannomas based on 

the fact that they recurred/progressed after prior surgical removal. However, other vestibular 

schwannomas that are controlled with radiation seem as, or perhaps even more, likely to 

demonstrate 3-NT labeling, indicative of ongoing oxidative stress, than tumors that grow 

after radiation. Ultimately data from a larger number of vestibular schwannomas will be 

required to verify chronic oxidative stress following radiation.

Our findings also highlight the importance of long-term follow-up for VS patients following 

IR to assess for delayed tumor progression. While studies demonstrating long-term tumor 

control with microsurgery and IR are emerging (36–38), most of the data in the literature are 

based on more limited follow-up periods. In two recent systematic reviews of VS outcomes, 

mean follow-up was reported as ≤5 years in at least 23 studies (1,2). Two of the VSs in this 

study demonstrated chronic oxidative stress 4 and 7 years after IR and still progressed. The 

potential for delayed malignant transformation following IR also warrants long-term follow-

up. IR induces immediate genetic damage along with a host of long-term indirect cellular 

carcinogenic effects (22,39). Related to the findings in these VS specimens is the 

observation that IR-induced mitochondrial dysfunction leads to further genomic instability 

secondary to chronic overproduction of RONS (32,33). Furthermore, chronic IR-induced 

oxidative stress appears to promote mutagenesis and tumorigenesis in human thyrocytes 

(34).

Conclusions

The data reported here demonstrate chronic oxidative stress in VSs up to 7 years after 

radiation. Further, VSs may continue to progress in spite of these effects suggesting that VS 

Robinett et al. Page 6

Otol Neurotol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells possess mechanisms for cell survival and proliferation despite radiation induced 

oxidative stress and highlighting the need for long-term follow-up in patients treated with 

IR.
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Figure 1. 
Representative T1 post gadolinium magnetic resonance imaging results from four patients 

(A-D) that underwent a second resection of a vestibular schwannoma following radiation of 

a growing tumor remnant.
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Figure 2. 
Representative T1 post gadolinium magnetic resonance imaging results from two patients 

(E,F) that underwent a second resection of a vestibular schwannoma after growth of a tumor 

remnant. These patients did not receive any radiation therapy.
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Figure 3. 
Radiation increases 3-nitrotyrosine (3-NT) immunostaining in vestibular schwannomas 

(VSs). Sections of VSs were immunostained with an antibody that detects 3-NT. For four 

VSs (A-D) sections were derived from the initial tumor resection and from the recurrent 

tumor that had previously been irradiated. For two VSs (E,F) sections were derived from the 

initial tumor resection and from the recurrent tumor that had not previously been irradiated. 

Representative hematoxylin and eosin (H&E) stains are shown for each tumor. Scale 

bar=100 μm.
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Figure 4. 
Histopathological radiation changes to vestibular schwannomas. Hematoxylin and eosin 

stained sections from the post-irradiated tumors from patients B and D demonstrating vessel 

hyalinization and luminal narrowing and fibrinoid necrosis consistent with radiation 

changes. Scale bar=100 μm.
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Table 2

3-nitrotyrosine immunohistochemistry scoring

Radiated patients First resection Second Resection

A + ++

B − ++

C − ++

D − +

Non-irradiated patients

E + +

F − −
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