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ABSTRACT

In response to stress, spiral ganglion neurons may remodel intracellular pools of DNA repair proteins. This hy-
pothesis was addressed by determining the intracellular location of three classic DNA excision repair proteins
(XPA, CSA, and XPC) within the neurons under normal conditions, one day after noise stress (105 dB/4 hr)
and following DNA repair adjuvant therapy with carboxy alkyl esters (CAEs; 160 mg/kg/28 days). Under normal
conditions, three intracellular compartments were enriched with at least one repair protein. These intracellular
compartments were designated nuclear, cytoplasmic, and perinuclear. After the noise stress each repair protein
aggregated in the cytoplasm. After CAE therapy each intracellular compartment was enriched with the three
DNA repair proteins. Combining noise stress with CAE therapy resulted in the enrichment of at least two repair
proteins in each intracellular compartment. The combined results suggest that in response to noise stress and/or
otoprotective therapy, spiral ganglion neurons may selectively remodel compartmentalized DNA repair proteins.
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INTRODUCTION

DNA repair proteins are ubiquitous among a wide
range of organisms from bacteria to placental mam-
mals. Their importance is revealed by the fact that
their absence is incompatible with terrestrial life, due
in part to sunlight-induced mutagenesis. Over 150
distinct gene products are involved in DNA repair
which demonstrates that a significant proportion of
the active genome is dedicated to the defense of DNA
and ultimately the survival of individual cells [1]. DNA
repair proteins are vital for protecting the DNA of all
cells, yet individual cells exhibit significant variability
in their capacity to regulate DNA repair proteins [2].
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The regulation of DNA repair proteins has not been
fully elucidated. For instance, DNA damage does not
consistently increase the expression levels of DNA
repair proteins and there is an inconsistent association
between protein levels and repair activity [3–5]. In
the mammalian cochlea, genotoxic stress induces only
modest changes in transcription of DNA repair genes
[6]. Furthermore, during oxidative stress DNA repair
proteins are known to respond by translocating to the
nucleus without de novo protein or mRNA synthe-
sis [7, 8]. Therefore, gene transcription and protein
translation may not be major regulatory mechanisms.

Recent research has revealed that spatial remodeling,
the movement of repair proteins within the cell, is a
general mechanism for controlling and coordinating the
response of DNA repair proteins [9]. This type of regu-
lation is a rapid way for cells to respond to stress without
the delay inherent in manufacturing more proteins [10].
Spatial remodeling as a regulatory mechanism of DNA
repair proteins is particularly favorable among neurons
[11, 12]. This is consistent with the notion that neu-
rons are dependent on an immediate supply of DNA
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repair proteins due to high intrinsic production of re-
active oxygen species that attack DNA [13]. DNA re-
pair proteins are enriched in several intracellular com-
partments within neurons, fibroblasts, and yeast [10, 12,
14]. These compartments can be described as nuclear,
cytoplasmic, and perinuclear with residual binding to
the plasmalemma. It is known that cells will recompart-
mentalize DNA repair proteins as a defensive maneuver
during toxic exposures [10, 15]. This spatial remodeling
is highly strategic and allows the cell to reposition repair
proteins for rapid response to a threat [10]. For instance,
the chemotherapy agent cisplatin has high binding affin-
ity for DNA and it damages DNA by precipitating DNA
adducts [16]. Therefore, cisplatin treatment cycles in-
duce cytoplasmic to nuclear translocation of DNA re-
pair proteins within spiral ganglion cells [11]. Such spa-
tial remodeling has been observed within a large variety
of cells and is hypothesized to be a general defensive ma-
neuver [10, 17, 18].

The current study was the first test of the hypothesis
that spatial remodeling of DNA repair proteins is a gen-
eral defensive response for spiral ganglion cells. Noise
exposure has been shown to induce primary neuropa-
thy among spiral ganglion cells [19, 20], therefore, noise
exposure was used as a stressor. To counteract the ef-
fects of the noise exposure, DNA repair adjuvant ther-
apy with carboxy alkyl esters (CAEs) was also evalu-
ated. The CAEs are esters of quinic acid found in fruits
and vegetables but have been standardized to improve
DNA repair capacity [21–30]. The spatial mobilization
of three classic DNA excision repair proteins was evalu-
ated. These repair proteins were Cockayne syndrome-
A (CSA), xeroderma pigmentosum-A (XPA), and
xeroderma pigmentosum-C (XPC). They were selected
because they have no other known function beyond
DNA repair [31, 32].

METHODS

Animal Care and Use

Experiments were conducted on two-month old Long-
Evans rats (males weighing 250–300 g) that were pur-
chased from Harlan Laboratories, Inc. (Livermore,
California, USA). The animals were housed in pairs in
environmentally enriched cages in a rat vivarium (21 ±
1◦C; 12-hr light/dark cycle). A total of 16 animals served
as subjects. Except for the control group (N = 5), the an-
imals were either exposed to noise (N = 5), treated with
CAE (N = 3) or cotreated with CAE+noise (N = 3).
All experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) at
the Loma Linda VA Medical Center. The IACUC ap-

proval process certifies that all protocols are in compli-
ance with the Public Health Service Policy on Humane
Care and Use of Laboratory Animals and the Animal
Welfare Act.

CAE Treatment

CAE treatment is known to improve DNA repair capac-
ity in humans and rats [27, 29]. Furthermore, previ-
ous research has shown that Long-Evans rats gavaged
with CAE (160 mg/kg) for 28 days exhibited protec-
tion from noise-induced hearing loss [33]; therefore, this
CAE treatment regimen was employed. Briefly, all ani-
mals had free access to water and their diet (ad libitum)
consisted of standard nonpurified Teklad 7001 rat pel-
lets (Teklad Diets, Madison, WI, USA). This diet was
supplemented with CAE for animals in the CAE groups.
CAE was obtained from Optigenex Inc. (Hoboken, New
Jersey, USA) in powdered form (AC-11 R©) and then dis-
solved in double-distilled water at a concentration of
160 mg/ml [27, 33]. A 20-gauge animal feeding stain-
less steel needle was used to intubate alert animals in
order to administer CAE (160 mg/kg). Fresh solutions
of CAE were prepared each day and administered via
gastric intubation for 28 consecutive days. On the 29th
day, half the animals were exposed to noise.

Noise Exposure

Long-Evans rats exposed to an 8 kHz octave band of
noise (OBN) at 105 dB SPL for 4 hr are known to ex-
hibit permanent hearing loss [34, 35]. Therefore, this
noise exposure was used in the current studies and the
protocol has been described previously [33]. Briefly,
awake and alert animals were placed in a small wire-
cloth enclosure (15 cm × 13 cm × 11 cm) within a
reverberant 40-L chamber. An HCA1000A Parasound
Amplifier (Parasound Products, Inc., San Francisco,
California, USA) was used to drive speakers located ap-
proximately 5 cm above the wire-cloth enclosure. Sound
pressure levels measured at the rats’ pinnae were 105
dBlin SPL in the octave band centered around 8 kHz.
These sound pressure measurements were made using
an OB-300 Quest Type-1 Sound Pressure Meter with
1/3 octave filter set (Quest Electronics, Oconomowoc,
Wisconsin, USA). Noise-exposed animals were subse-
quently used for immunohistochemical studies as de-
scribed below.

Immunohistochemistry and Animal and
Tissue Preparation

One day after the noise exposure, five animals from
each of the control and noise groups and three animals
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Spiral Ganglion 759

from each of the CAE and CAE+noise groups (to-
tal of 16 rats) were anesthetized with ketamine/xylazine
(87/13 mg/kg, im). After a negative response to a paw
pinch, the animals were euthanized via transcardial per-
fusion with phosphate-buffered saline (PBS; 10 mM,
pH 7.4) followed by periodate-lysine-paraformaldehyde
fixation [36]. The animals were then decapitated and
the epidermis surgically removed. The lower mandible
was then dissected and the bulla was opened to allow
for additional fixation. The specimens were then post-
fixed in 4% paraformaldehyde for at least 24 hr at 22◦C.
They were then decalcified in 10% formic acid and neu-
tralized in 5% sodium sulfite. This procedure has been
described previously [6, 11, 36] and included incubat-
ing the specimens in fresh formic acid every two days
at 22◦C. Decalcification was monitored every two days
by removing 2 ml of the used formic acid and com-
bining this with 1 ml of 5% ammonium hydroxide and
1 ml of 5% ammonium oxalate. End-point decalcifi-
cation was achieved when the formic acid-ammonium
hydroxide/oxalate reaction failed to produce visible
white precipitates in three consecutive attempts over one
week. The specimens were then neutralized overnight
by incubating in 5% sodium sulfite at 22◦C then rinsed
for at least eight hours in dH2O prior to trimming
and paraffin embedding. Paraffin embedded blocks were
sectioned horizontally with a Leica RM2255 rotary mi-
crotome (Leica Microsystems Inc., Bannockburn, Illi-
nois, USA) at 5 or 8 μm and mounted on subbed slides.
Liver tissues were simultaneously harvested, postfixed,
paraffin embedded, sectioned, and mounted on subbed
slides. The sections were then stored at 22◦C prior to
immunolabeling.

Immunolabeling

Tissue sections were de-paraffinized then incubated in
30% H2O2 for 10 min at 22◦C. They were then heated
to 90◦C–98◦C in a low pH (0.80–3.06) sodium citrate-
citric acid buffer for 20 min (antigen retrieval) and
rinsed thoroughly with PBS (pH 7.4). They were then
pretreated with a blocking solution of normal horse or
goat serum, 10% Triton X-100 and 2% bovine serum al-
bumin (BSA; Sigma, St. Louis, Missouri, USA) in PBS
for 1 hr. The primary antibodies were diluted in the
blocking solution at a 1:100 concentration. The primary
antibodies are commercially available and included anti-
XPC (sc-22535), anti-XPA (sc-853), and anti-CSA (sc-
25369) (Santa Cruz Biotechnology, Inc., Santa Cruz,
California, USA). These primary antibodies have been
characterized previously through pre-absorption ex-
periments, immunohistochemistry and Western blots
[12,36, 37]. Nevertheless, negative control experiments
were conducted such that the sections were incubated
with blocking serum instead of the primary antibod-
ies (Figure 1). After 48 hr incubation at 0◦C with
the primary antibodies (or blocking serum for negative
control sections), the sections were rinsed with PBS.
They were then treated with biotinylated anti-goat or
anti-rabbit secondary antibodies (Vector Laboratories,
Temecula, CA, USA) diluted 1:100 in PBS + 2% BSA
for 24 hr at 0◦C. The sections were then rinsed in PBS
(pH 7.4) and incubated with preformed avidin-biotin-
peroxidase complexes (Vectastain ABC reagent; Vector
Laboratories, Inc., Burlingame, California, USA) for 1
hr, rinsed again with PBS and then treated with a solu-
tion of Trizma pre-set crystals (1.58 g; Sigma-Aldrich,
St. Louis, MO, USA). Afterwards, the sections were

FIGURE 1. XPC immunoreactivity in rat hepatocytes. (A) The immunohistochemistry proce-
dure produced prominent reaction products (see arrows) within hepatocytes (positive control cells).
(B–D) Omitting the primary antibody from the immunohistochemistry procedure resulted in neg-
ative reaction products (negative control). The respective blocking serum for each antibody is indi-
cated. The abbreviation CV is central vein. Scales bar (10 μm) in (A) applies to all panels.

C© 2012 Informa Healthcare USA, Inc.
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760 O. W. Guthrie

FIGURE 2. Representative examples of the intracellular distribution patterns of the XPC protein. (A) Photomi-
crograph of a field of neurons exhibiting diffuse expression. (B) Enlargement of the area outlined in (A) showing that
reaction products were distributed throughout the soma. (C) A representative 1-pixel wide linescan demonstrate
that neurons with this diffuse pattern exhibit a specific morphologic profile where chromogen intensity is linear
across the soma. The y-axis in panels C, F, I, and L are inverted gray (g) levels (1/g). (D) Photomicrograph of a field
of neurons exhibiting cytoplasmic expression. (E) Enlargement of the area outlined in (D) showing that reaction
products were predominantly localized in the cytoplasm. (F) A representative 1-pixel wide linescan demonstrate that
cytoplasmic reactive neurons exhibit a specific morphologic profile where chromogen intensity in the nucleoplasm
is minimal compared to the cytoplasm. (G) Photomicrograph of a field of neurons exhibiting nuclear and diffuse ex-
pression. (H) Enlargement of the area outlined in (G) showing nuclear reactive neurons. (I) A representative 1-pixel
wide linescan reveal that nuclear reactive neurons exhibit a specific morphologic profile where chromogen intensity
in the nucleoplasm is maximal compared to the cytoplasm. (J) Photomicrograph of a field of neurons exhibiting
perinuclear expression. (K) Enlargement of the area outlined in (J) showing reaction products were predominantly
localized around the nucleus with residual staining around the plasmalemma. (L) A representative 1-pixel wide
linescan reveal that the perinuclear localization pattern exhibits a specific morphologic profile where chromogen
intensity is maximal at the nuclear annulus. The scale bar (20 μm) in panel A applied to panels D, G, and J. The
scale bar (10 μm) in panel B applies to panels E, H, and K.

washed in PBS (pH 7.4) and stained for 10 min
with 3.3′-diaminobenzidine tetrahydrochloride. These
stained sections were then dehydrated in a graded
series of ethyl alcohol then cleared with xylene and
cover slipped in Shandon-Mount (Anatomical Pathol-
ogy, Pittsburgh, PA, USA).

Data Analysis

Spiral ganglion cells were counted by three researchers
who were blind to the experimental conditions. For
each animal, 80 μm (control and noise groups) or
45 μm (CAE and CAE+noise groups) of mid-modiolar
cochlear sections were analyzed under oil immersion
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Spiral Ganglion 761

FIGURE 3. Representative photomicrographs of XPA and CSA
immunoreactivity within the spiral ganglion. The scale bar
(20 μm) applies to all panels.

at 100× magnification. The number of spiral ganglion
cells showing cytoplasmic, diffuse, nuclear, or perin-
uclear immunoreactivity was determined for each of
the three proteins (XPC, XPA, and CSA). Profiles of
spiral ganglion cells were detected throughout the en-
tire thickness of the sections and only neurons with a
well-defined soma and nucleus was included in the cell
counts. Image-Pro R© plus version 6.3 (Media Cybernet-
ics Inc., Bethesda, Maryland, USA) for WindowsTM

was used to record 1-pixel wide linescans. These lines-
cans were recorded along the central axis of the cell
bodies of neurons to objectively verify the subcellular
localization patterns (Figures 2(C), (F), (I), and (L).
Statistical differences were determined with analysis of
variance (ANOVA) followed by Tukey-Kramer posthoc
testing. Within group analyses were conducted; there-

fore, within a particular group the mean number of
cells exhibiting each pattern was compared to deter-
mine significant differences between the patterns (Fig-
ures 4–7). Additionally, between group comparisons
were conducted to determine differences as a function
of treatment conditions (Figure 8).

RESULTS

Controls

DNA repair activity in the rat liver is among the high-
est of all the major organs such as heart, brain, lung,
spleen, and muscle [38]. Furthermore, the mRNA of
several types of DNA repair genes including XPC and
XPA has previously been purified from the liver [39].
Additionally, recent immunohistochemical experiments
have confirmed the expression of DNA repair proteins
such as XPC and XPA within rat hepatocytes [40].
Therefore, in the current study, rat hepatocytes served
as positive controls for the immunohistochemical exper-
iments. Figure 1(A) is a Nomarski micrograph that re-
veals XPC immunoreactivity within hepatocytes. The
reaction products are prominent and granular to ho-
mogenous in appearance. This immunoreactivity was
representative of that observed for XPA and CSA within
hepatocytes (data not shown). Omitting only the anti-
bodies from the immunohistochemical procedure (neg-
ative control) yielded no reaction products in hepato-
cytes or spiral ganglion neurons (Figures 1(B)–(D)).

Intracellular Distribution Patterns

Spiral ganglion neurons were found to compartmen-
talize the repair proteins in their cytoplasm, nucleo-
plasm, or at perinuclear loci. This compartmentalization

FIGURE 4. Allocation of repair proteins across subcellular compartments. The panels illustrate
cell counts from the control group (normal, N = 5). Each subcellular compartment is enriched
with at least one repair protein. For instance, the XPC protein is predominantly localized in the
cytoplasm while XPA is primarily diffused throughout the cytoplasm and nucleus. Additionally,
the CSA protein exhibits a preference for cytoplasmic and perinuclear loci. Each bar represents
mean ± SEM.

C© 2012 Informa Healthcare USA, Inc.
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762 O. W. Guthrie

FIGURE 5. Re-allocation of repair proteins to the cytoplasmic compartment. The panels illustrate
cell counts from the noise exposed group (N = 5). Note that all the proteins exhibited preferential
localization in the cytoplasm. Each bar represents mean ± SEM.

FIGURE 6. Allocation of repair proteins across subcellular compartments. The panels illustrate
cell counts from the CAE treated group (N = 3). The CAE treatment apparently equalized the
distribution of the proteins across patterns. For instance, statistical analyses reveal that no one
localization pattern is significantly different than the other patterns for a given protein. Each bar
represents mean ± SEM.

FIGURE 7. Mixed allocation of repair proteins across subcellular compartments. The panels il-
lustrate cell counts from the CAE+noise treated group (N = 3). CAE+noise equalized the intra-
cellular distribution of the XPC and XPA proteins. For instance, statistical analyses reveal that no
one localization pattern is significantly different than the other patterns. However, the CSA protein
exhibited a preference for cytoplasmic and perinuclear loci. Each bar represents mean ± SEM.

International Journal of Neuroscience
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Spiral Ganglion 763

FIGURE 8. The effect of the experimental conditions on the distribution patterns. The experi-
mental conditions did not significantly change the distribution patterns for the XPC protein. How-
ever, there were significant changes for the XPA and CSA proteins. The experimental conditions
were control (N = 5), noise (N = 5), CAE (N = 3), and CAE+noise (N = 3). Each plot displays
the mean ± SEM. Statistical analyses including pot-hoc test results are described in the text.

was manifested in four distinct intracellular distribution
patterns designated as diffuse, cytoplasmic, nuclear, and
perinuclear. Figure 2 reveals each of these patterns for
the XPC protein, which is representative of the other
DNA repair proteins. Figures 2(A)–(B)are high reso-
lution photomicrographs of the diffuse pattern. The
immunoreactivity is diffused throughout the soma and
there is no clear distinction between the nucleoplasm
and the cytoplasm. This pattern can be objectively pro-
filed with linescans across the diameter of the soma as
demonstrated in Figure 2(C). Figures 2(D)–(E) are rep-
resentative high resolution photomicrographs of the cy-
toplasmic localization pattern. This particular localiza-
tion pattern can be objectively profiled with linescans
across the diameter of the soma as demonstrated in Fig-
ure 2(F). Figures 2(G)–(H) reveals the nuclear localiza-
tion pattern where immunoreactivity is predominantly
localized in the nucleoplasm. This pattern shows a dis-
tinct linescan profile (Figure 2(I)). Figures 2(J)–(K) il-
lustrate the perinuclear localization pattern which also
produces a unique linescan signature (Figure 2(L)). Fig-
ure 3 shows a sample of XPA and CSA immunoreactiv-
ity within spiral ganglion neurons.

Cell Counts

Figure 4 is an illustration of spiral ganglion cell counts
as a function of distribution pattern from the control
group. Note that all three intracellular compartments
(cytoplasmic, nuclear, and perinuclear) were enriched
with at least one protein. For instance, the XPC pro-
tein was preferentially compartmentalized in the cyto-
plasm while the XPA protein was diffused throughout
the cytoplasm and the nucleus (diffuse pattern). Fur-
thermore, the CSA protein was preferentially localized
in the cytoplasm and at perinuclear loci. This heteroge-
neous distribution was further supported by statistical
analyses conducted on the number of patterns derived
from individual proteins. A one-way repeated measures
ANOVA revealed significant differences between the in-

tracellular distribution patterns for the XPC (p < .001),
XPA (p < .001), and CSA (p < .001) proteins. For XPC,
Tukey–Kramer pairwise comparisons revealed that the
cytoplasmic distribution pattern was significantly higher
than the other patterns (p < .05). XPA positive cells
showed significant cytoplasmic, diffuse, and nuclear pat-
terns compared to the perinuclear pattern but the dif-
fuse pattern was the most dominant (Tukey–Kramer
pairwise contrasts; p < .05). For the CSA protein, the
cytoplasmic and perinuclear patterns were significantly
higher than the other patterns (Tukey–Kramer pairwise
contrasts; p < .05).

Figure 5 is an illustration of spiral ganglion cell counts
as a function of distribution pattern following the noise
exposure. Note that all three proteins (XPC, XPA, and
CSA) were preferentially compartmentalized in the cy-
toplasm. This uniform cytoplasmic response is in con-
trast to that of the control condition where all compart-
ments were enriched with at least one repair protein.
A one-way repeated measures ANOVA revealed signif-
icant differences between the intracellular distribution
patterns for the XPC (p < .001), XPA (p < .001), and
CSA (p < .001) proteins. Furthermore, Tukey–Kramer
post-hoc testing revealed that the cytoplasmic distribu-
tion pattern was the most prominent (p < .05).

Figure 6 is an illustration of spiral ganglion cell counts
as a function of distribution pattern following CAE
treatment. Differences in the cell counts for all three
proteins could be detected. However, unlike noise expo-
sure there was no preference for a single distribution pat-
tern or intracellular compartment. For instance, a one-
way repeated measures ANOVA revealed no significant
differences between the intracellular distribution pat-
terns for the XPC (p > .05), XPA (p > .05), and CSA (p
> .05) proteins. Therefore, after CAE treatment no one
distribution pattern emerged as more significant than
the other patterns for a given protein (Tukey–Kramer
pairwise contrasts; p > .05).

Figure 7 is an illustration of spiral ganglion cell
counts as a function of distribution pattern following

C© 2012 Informa Healthcare USA, Inc.
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764 O. W. Guthrie

cotreatment with CAE and noise. The results appear
as a merger between the results from the control and
the CAE groups. For instance, similar to the CAE
group, differences in the cell counts for all three pro-
teins could be detected. However, a one-way repeated
measures ANOVA revealed no significant differences be-
tween the intracellular localization patterns for the XPC
(p > .05) and XPA (p > .05) proteins. For each of these
proteins, no one distribution pattern emerged as more
significant than the other patterns (Tukey–Kramer pair-
wise contrasts; p > .05). The data for the CSA protein
was similar to that of the control group. A one-way
repeated measures ANOVA revealed significant differ-
ences between the intracellular distribution patterns
(p < .05). For instance, the cytoplasmic and perinuclear
patterns were significantly higher than the other patterns
(Tukey–Kramer pairwise contrasts; p < .05).

Figure 8 reveals the effect of the four experi-
mental conditions (control, noise exposed, CAE, and
CAE+noise) on the four distribution patterns (cyto-
plasmic, diffused, nuclear, and perinuclear). One-way
ANOVA testing on the mean number of XPC pos-
itive cells from each experimental condition revealed
no significant (p > .05) differences across distribu-
tion patterns. This implies that treatment conditions
did not affect the distribution patterns for XPC. How-
ever, ANOVA testing on the mean number of XPA pos-
itive cells from each group revealed significant (p <

.01) differences. For instance, the cytoplasmic distribu-
tion pattern showed a significant (Tukey–Kramer pair-
wise contrasts; p < .05) difference between noise ex-
posure and CAE treatment. The diffuse distribution
pattern exhibited significant differences between the
groups (ANOVA; p < .01). For instance, significant dif-
ferences were evident between control and noise expo-
sure (Tukey–Kramer pairwise contrasts; p < .01) and
between control and CAE treatment (Tukey–Kramer
pairwise contrasts; p < .05). The nuclear distribu-
tion pattern did not exhibit significant (ANOVA: p >

.05) differences between the groups. In contract, the
perinuclear distribution pattern evidenced significant
(ANOVA: p < .05) differences between the groups and
post-hoc testing revealed that this difference was only
significant between the control and CAE+noise groups
(Tukey–Kramer pairwise contrasts; p < .05). The com-
bined results for XPA suggest that the treatment condi-
tions affected the distribution patterns.

Statistical testing on the mean number of CSA posi-
tive cells from each group revealed significant (ANOVA;
p < .01) differences in the number of cell exhibit-
ing a cytoplasmic distribution pattern. For instance,
Tukey–Kramer pairwise testing revealed significant dif-
ferences between control and CAE (p < .01), con-
trol and CAE+noise (p < .01), noise and CAE (p <

.05), noise and CAE+noise (p < .01), and CAE and

CAE+noise (p < .05). Additionally, the diffused distri-
bution pattern exhibited significant differences between
the groups (ANOVA; p < .01). For instance, signifi-
cant differences were evident between control and CAE
treatment (Tukey–Kramer pairwise contrasts; p < .01)
and between noise and CAE treatment (Tukey–Kramer
pairwise contrasts; p < .05). In contrast, the nuclear dis-
tribution pattern did not exhibit significant (ANOVA:
p > .05) differences between the groups. However, the
perinuclear distribution pattern evidenced significant
(ANOVA: p < .01) differences between the groups and
Tukey–Kramer post-hoc testing revealed differences be-
tween the control and noise groups (p < .01), control
and CAE groups (p < .05), control and CAE+noise
groups (p < .01), noise and CAE group (p < 0.01), and
noise and CAE+noise groups (p < .05). The combined
results for CSA suggest that the treatment conditions af-
fected the distribution patterns.

Discussion

Under normal conditions neurons exhibit high intrin-
sic metabolic activity which necessitates intracellular
reservoirs of DNA repair proteins [13]. In the current
study, spiral ganglion neurons were observed to com-
partmentalize DNA repair proteins in their nucleus,
cytoplasm and at perinuclear loci. These three intra-
cellular compartments were embodied by four intra-
cellular distribution patterns. The four patterns were
distinct and could be described as nuclear, cytoplas-
mic, diffuse (both nuclear and cytoplasmic), and per-
inuclear. The relevance of these patterns to individual
spiral ganglion neurons is not known. However, each
pattern has been reported previously within a variety
of human and animal cell types. The nuclear pattern is
characteristic of some neurons in the cerebral cortex,
striatum, hippocampus, and cerebellum [12]. It is be-
lieved that this pattern may increase DNA repair effi-
ciency since the proteins are already localized in the nu-
cleus [9, 41]. The cytoplasmic pattern is characteristic
of some human neurons in the dentate gyrus and re-
gion CA4 of the hippocampus as well as several types
of human cell lines [41, 42]. It is believed that cyto-
plasmic compartmentalization serves as a reservoir for
the translocation of repair proteins to the nucleus when
needed [14, 43]. Additionally, cytoplasmic repair pro-
teins provide protection for nucleotide pools in the cy-
toplasm as well as mitochondrial DNA (mtDNA) [44].
This is important because cytoplasmic nucleotide pools
(e.g., 2′-deoxyribonucleoside-5′-triphospates) are pre-
cursors to nuclear DNA (nDNA) and in the cytoplasm
these precursors are particularly vulnerable to damage
[45, 46]. The diffuse pattern is characteristic of some
neurons in the substantia nigra, motor neurons of hy-
poglossal nucleus and neurons in the ventral tegmental
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area [12]. The benefit of this diffusion pattern is un-
resolved but it may allow for simultaneous protection
of the nucleus and the cytoplasm. The perinuclear
pattern has been demonstrated in human and animal
fibroblast cells [14, 47]. Recent experiments have in-
dicated that perinuclear localization reflects binding to
mtDNA within mitochondria localized around the nu-
cleus [7]. However, there is some evidence that perin-
uclear localization may reflect protein binding to the
nuclear envelope with residual binding to the plasma
membrane [41, 42]. Nevertheless, perinuclear repair
proteins are believed to serve as a reservoir for both the
nucleus and the cytoplasm.

Intracellular stress gradients are known to drive the
spatial distribution of DNA repair proteins. For in-
stance, nuclear localization indicates more localized
stress in the nucleus and cytoplasmic localization indi-
cates more localized stress in the cytoplasm [14, 48].
This phenomenon seems to be conserved because sim-
ilar observations have been reported for Saccharomyces
cerevisiae (yeast) under experimentally induced oxida-
tive conditions [10, 17]. For instance, when the nucleus
of yeast cells is challenged by reactive oxygen species,
DNA repair proteins from the cytoplasm translocate
to the nucleus to protect nDNA. Conversely, when
the cytoplasm is challenged by oxidative stress, DNA
repair proteins in the nucleus translocate to the cy-
toplasm to defend cytoplasmic pools of DNA. These
observations imply that the spatial remodeling of DNA
repair proteins is dependent on oxidative demands on
the cell.

It is known that noise exposure increases oxidative
demands on spiral ganglion neurons [49]. In the current
study, noise exposure remodeled the endogenous com-
partmentalization of DNA repair proteins. For instance,
under normal conditions, the proteins were distributed
such that each intracellular compartment was enriched
with at least one repair protein. However, after noise ex-
posure all three proteins were enriched in the cytoplas-
mic compartment. The relevance of this noise-induced
effect awaits further research. It is tempting to speculate
that the noise-induced cytoplasmic enrichment of the
repair proteins is a sub-optimal maneuver and a more
efficient response might be strategic placement of repair
proteins within multiple compartments. Treatment with
CAE for example, resulted in the enrichment of all three
proteins in multiple intracellular compartments. There-
fore, remodeling the intracellular distribution of DNA
repair proteins might be associated with functional out-
comes.

In summary, the current study revealed for the first
time that spiral ganglion neurons exhibit multiple com-
partmentalizing modes for DNA repair proteins and
these modes were remodeled following noise stress and
after DNA repair adjuvant therapy with CAEs. These

findings are important because DNA repair proteins are
necessary for protecting active genes and preserving cel-
lular functions. Therefore, pharmacologic regulation of
the intracellular localization of DNA repair proteins may
represent a novel approach to preserving neural function
following stress.
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