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Hearing impairment is a rapidly growing healthcare issue that cur-
rently affects about 190 million people in industrialized countries, 
a number that is expected to rise to 700 million by 2050. The rea-
sons behind these increasing numbers are demographic changes in 
industrial societies and the rising number of affected people in the 
younger population, a phenomenon possibly connected to the negli-
gent use of portable audio players. Excessive noise damages the sen-
sory hair cells in the ears that are generated in mammals only during 
embryonic development1 and that do not regenerate. In addition, 
even minor hearing loss is often connected to the slow degeneration 
of auditory nerve fibers, which is not always detected by conven-
tional clinical threshold testing2. Because spontaneous regeneration 
does not take place, cell-protective therapies are needed to prevent 
hearing loss. For non-sensory disorders, inhibitors of cGMP-specific 
PDEs have emerged as powerful drugs to treat erectile dysfunction, 
pulmonary hypertension (for reviews, see refs. 3,4) and, recently,  
benign prostatic hyperplasia5.

cGMP acts on specific receptor proteins, including cGMP-
dependent protein kinases (Prkg, also referred to as cGK or PKG). 
Mammals have two Prkg genes that encode the cytosolic Prkg type I  
(Prkg1) with two isoforms expressed (Prkg1α and Prkg1β) and 
the membrane-associated Prkg type II (Prkg2). Prkg1 is expressed 

in neuronal and non-neuronal cell types, including guinea pig  
cochlea supporting cells and spiral ganglion neurons (SGNs)6, 
whereas Prkg2 is expressed in intestinal mucosa, kidney juxta-
glomerular cells and chondrocytes7,8. Hydrolysis of the second  
messenger molecule cGMP by PDEs terminates the signal. 
Consequently, cGMP-mediated pathways can be stimulated by Pde5 
inhibitors such as sildenafil or vardenafil.

Here we show that Prkg1 and Pde5 are expressed together in 
cochlear hair cells. Using a combined genetic and pharmacological 
approach, we identify a protective cGMP-Prkg1 signaling cascade in 
the inner ear and suggest the use of Pde5 inhibitors as a potentially 
new therapeutic approach to protect sensory and neuronal tissue  
from NIHL.

RESULTS
Pde5 and Prkg1 expression in the cochlea
We studied mRNA and protein expression of Prkg1 and Pde5 in 
cochlear hair cells and neurons. We used RT-PCR with either 
Pde5- or Prkg1-specific primers on complementary DNA (cDNA) 
obtained from cochlear tissue or nested RT-PCR with cDNA from 
isolated outer hair cells (OHC) and inner hair cells (IHC). The 
expected PCR products (Fig. 1a) of Pde5 and Prkg1 were amplified 
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Noise-induced hearing loss (NIHL) is a global health hazard with considerable pathophysiological and social consequences that 
has no effective treatment. In the heart, lung and other organs, cyclic guanosine monophosphate (cGMP) facilitates protective 
processes in response to traumatic events. We therefore analyzed NIHL in mice with a genetic deletion of the gene encoding 
cGMP-dependent protein kinase type I (Prkg1) and found a greater vulnerability to and markedly less recovery from NIHL in  
these mice as compared to mice without the deletion. Prkg1 was expressed in the sensory cells and neurons of the inner ear of 
wild-type mice, and its expression partly overlapped with the expression profile of cGMP-hydrolyzing phosphodiesterase 5 (Pde5).  
Treatment of rats and wild-type mice with the Pde5 inhibitor vardenafil almost completely prevented NIHL and caused a Prkg1-
dependent upregulation of poly (ADP-ribose) in hair cells and the spiral ganglion, suggesting an endogenous protective cGMP-
Prkg1 signaling pathway that culminates in the activation of poly (ADP-ribose) polymerase. These data suggest vardenafil or 
related drugs as possible candidates for the treatment of NIHL.
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in cochlear tissue, and we detected both of the Prkg1 isoforms in 
the PCR product (Prkg1a and Prkg1b). We analyzed two types of 
isolated cochlear OHCs: apical (low-frequency processing turn) 
OHCs and midbasal and basal (high-frequency processing turn) 
OHCs. Using nested RT-PCR, the expected products (Fig. 1a) of 
Pde5, Prkg1a and Prkg1b were amplified in midbasal and basal 
OHCs. Using nested RT-PCR, the expected products of Prkg1 were 
amplified in apical OHCs. Using RT-PCR, the Prkg1b isoform was 
amplified in apical OHCs. Using nested RT-PCR on cDNA from 
isolated IHCs, the expected products of both Pde5 and Prkg1 were 
amplified (Fig. 1a).

A western blot analysis on cochlear tissue from mature rats iden-
tified Pde5 as an immunoreactive band with a molecular weight of  
~96 kDa (Fig. 1b)9. We studied Prkg1 protein expression in cochlear 
tissue from 5-week-old control and Prkg1-deficient mice (Fig. 1b). 
We used a general antibody to Prkg1, which detects both the Prkg1α 
(76 kD) and Prkg1β (78 kD) isoforms10, and isoform-specific anti-
bodies to Prkg1α and Prkg1β. The general antibody to Prkg1 detected 
both of the Prkg1 isoforms in rat and mouse cochlear tissue and also 
detected recombinant Prkg1α and Prkg1β proteins but showed no 
signal in tissue from Prkg1-deficient mice (Fig. 1b). We showed the 
specificity of the isoform-specific antibodies using recombinant 
Prkg1α and recombinant Prkg1β proteins as positive controls, and 
we detected both isoforms in mouse cochlear tissue (Fig. 1b).

Pde5 and Prkg1 protein localization
We stained Pde5 and Prkg1 protein in cochlear hair cells, SGNs and sat-
ellite cells (Figs. 1 and 2). We showed localization using immunofluores-
cent staining of whole-mount preparations and cryosections co-labeled 
with antibodies against hair-cell–specific markers (the OHC marker pre-
stin and the stereocilia markers epidermal growth factor receptor path-
way substrate 8 (Eps8) (ref. 11) and whirlin12; Fig. 1c,d and Fig. 2a,b),  
a neuronal marker (NF200; Fig. 1e,f) and a supporting cell marker 
(Kir4.1, which labeled the myelin sheaths of satellite cells wrapping the 
somata of the SGNs13; Fig. 2f,g). Pde5 protein was cytoplasmatically 
localized in the supranuclear region below the cuticular plate in the 
OHCs (Fig. 1c,d and Fig. 2a), in a dot-like pattern at the level of the IHC 
synapse (Fig. 1e) and in SGNs (Fig. 1f). With the general antibody to 
Prkg1, we found a similar subcellular localization in OHCs (Fig. 2b) and 
IHCs (data not shown). The isoform-specific antibody to Prkg1β stained 
the SGNs (Fig. 2c–g) and satellite cells (Fig. 2g). We did not observe 
Prkg1 immunopositive signals in Prkg1-deficient mice (Fig. 2b,e).

In summary, Pde5 and Prkg1 are expressed in IHCs, OHCs and 
SGNs, and Prkg1 (and perhaps Pde5) is also expressed in the SGNs 
surrounding the satellite cells of the mature inner ear.

Prkg1-deficient mice have less recovery from noise damage
Prkg1-deficient mice have normal hearing thresholds (Supplementary 
Fig. 1a). However, noise exposure led to significantly more hearing 
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Figure 1 Prkg1 and Pde5 expression in the 
cochlea. (a) RT-PCR with cDNA from cochlear 
tissue. The expected products were amplified 
with primers for Pde5 (354 bp), Prkg1 (248 bp),  
Prkg1a (446 bp) and Prkg1b (361 bp). Nested 
RT-PCR amplified products can be seen for Pde5  
(215 bp) in basal but not apical OHCs, for Prkg1  
(160 bp) in apical OHCs, for Prkg1a (245 bp)  
in basal but not apical OHCs and for Prkg1b  
in basal (130 bp) and apical OHCs (361 bp).  
Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) or cyclophilin (CP) were used as 
loading controls. Nested RT-PCR amplified 
products with primers for Pde5 (215 bp) and 
Prkg1 (160 bp) in IHCs. (b) Western blot for 
Pde5 in cochleae of 3-week-old rats (Co) and 
expression of Prkg1α and Prkg1β proteins in the 
mouse cochlea (mCo) using a general antibody 
to Prkg1 and isoform-specific antibodies 
to Prkg1α and Prkg1β. Immunoblotting of 
recombinant Prkg1α and Prkg1β proteins  
(rec. α and rec. β) and of cochlear tissue from 
Prkg1-deficient mice (KO), with actin used as 
the loading control. (c,d) Pde5 labeling (red)  
of cochlear whole-mount preparations (c,  
co-labeled for the OHC-marker prestin, shown 
in green, from a top view) in the supranuclear 
region below the stereocilia (d, co-labeled 
for the stereocilia marker Eps8, shown with 
an arrow and in green, from a side view). 
(e) Pde5 localization at the synaptic region 
of IHCs (co-labeled for the neuronal marker 
NF200, shown in green). (f) Pde5 expression 
in somata of SGNs (co-labeled for the neuronal 
marker NF200, shown in green). Images in c–f 
represent maximum intensity projections over 
all layers of three-dimensionally deconvoluted 
image stacks. Mouse tissue is shown in c and d, 
and rat tissue is shown in e and f. Scale bars, 
c,d, 5 µm; e,f, 10 µm.
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loss in these mice than in control mice not deficient in Prkg1 (Fig. 2h). 
Immediately after noise exposure, the temporary hearing threshold 
shift was 41 dB and 46 dB for the control and Prkg1-deficient mice, 
respectively (P = 0.16). At 1 d after the noise exposure, the mice’s hear-
ing thresholds had for the most part recovered from the temporary 
shift and the hearing loss in Prkg1-deficient mice was significantly 
greater than in control mice. At 7 d after trauma, the amount of per-
manent hearing loss (permanent threshold shift) was significantly 
higher in Prkg1-deficient mice (35 dB) than in control mice (19 dB;  
P = 0.0152) (Fig. 2h and Supplementary Fig. 1b). Prkg1-deficient 
mice are therefore more vulnerable to noise and may have less capac-
ity to recover from temporary noise trauma than control mice.

Noise exposure damages the OHCs. The greater amount of  
damage to the OHCs in Prkg1-deficient mice became apparent after 

observing significantly greater reductions in distortion products 
of otoacoustic emissions (DPOAEs) in these mice than in control 
mice 7 d after noise exposure (Fig. 2i and Supplementary Fig. 1c).  
We investigated the integrity of the OHCs before (Fig. 3) and  
1 week after noise exposure using epifluorescence microscopy in 
cryosectioned cochleae of Prkg1-deficient and control mice stained 
for Kcnq4 (Fig. 3) and voltage- and Ca2+-activated K+ (BKCa)  
(Fig. 4a–d) channels. Kcnq4 channels mediate the dominant K+ 
current in OHCs (IK,n) and are therefore responsible for setting 
their resting potential and for repolarizing the OHC receptor 
potential14,15. The BKCa channels are localized in the basal part 
of the OHCs, just opposite of the efferent presynapses16. Both 
BKCa and Kcnq4 ion channels are required for normal hearing 
and have been suggested to protect OHCs in cochlear regions 

Whirlin

Pde5

Prkg1β Prkg1β

Kir4.1

Prkg1 KO

a c d

e

f gb

Prkg1β

Kir4.1

Sat

Prkg1β

SGN

Whirlin

Prkg1

Prkg1 KO
OHC

OHC
OHC

OHC

OHC

OHC

Acoustic trauma
h i

Prkg1 control
Prkg1 KO

Prkg1 control

Control:
before vs. after

KO:
before vs. after

7 d:
control vs. KO

Prkg1 KO

0 20

10

0

–10

–10

–20

–30

H
ea

rin
g 

lo
ss

 (
dB

)

A
m

pl
itu

de
 (

dB
 S

P
L)

–40

–50
Before After

(TTS)

(PTS)

** ** **

**

**

NS

1 2 3 4
Time (d)

Before
trauma

7d
After trauma5 6 7

Figure 2 Pde5 and Prkg1 localization in the cochlea. (a) Pde5  
localization at the supranuclear level in OHCs in cochlear  
cryosections (red and arrowhead) (the stereocilia were stained  
for whirlin, indicated with an arrow and shown in green).  
(b) Localization of Prkg1 protein (red and arrowhead) (co-labeled  
for whirlin, indicated with an arrow and shown in green). No signals  
of antibodies specific to Prkg1 were seen in Pkg1-deficient mice  
(inset). (c) Specific dot-like staining in SGNs with antibodies specific  
to Prkg1β in spiral ganglion (red and arrowheads), shown in higher  
magnification in d. (e) No Prkg1 antibody signals were in Prkg1- 
deficient mice. (f) Co-labeling of Prkg1β (red) with the supporting cell  
marker Kir4.1 (green) showing Prkg1β expression in Kir4.1-positive satellite  
cells (closed arrowhead), as shown in higher magnification in g (open arrow). Mouse tissue is shown in a–g. Scale bars, a,b, 10 µm; c,f, 20 µm; d,e,g, 
5 µm. (h) Vulnerability of 7-week-old Prkg1-deficient mice (n = 8) and littermate controls (n = 7) to noise, as shown by recovery of ABR thresholds 
after noise exposure. TTS, temporary threshold shift. P = 0.0226 by multivariate analysis of variance (MANOVA). *P < 0.05, **P < 0.01 by t test with 
Bonferroni-Holms correction. (i) Function of OHCs in Prkg1-deficient and control mice after acoustic trauma. DPOAE amplitudes in Prkg1-deficient 
(before trauma, n = 9; after trauma, n = 6) and control mice (before trauma, n = 7; after trauma, n = 7). P = 0.001 by one-way ANOVA. *P < 0.05,  
**P < 0.01, NS, not significant by Bonferroni’s multiple comparison test. Data are mean ± s.e.m.
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Figure 3 Immunohistochemical staining for Kcnq4 protein in control and Prkg1-deficient mice. (a–d) Kcnq4 labeling (arrowheads) in cochlear outer 
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by Mann-Whitney U test. Scale bars, 20 µm.
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that register high frequency from Ca2+ overload15,17. The surface 
expression of Kcnq4 and BKCa in the midbasal OHCs seems to be 
less after noise exposure already in control mice. The number of 
affected midbasal OHCs with loss of surface expression of Kcnq4 
was significantly higher in Prkg1-deficient mice than in control 
mice (Fig. 3i). The loss of Kcnq4 surface expression in Prkg1- 
deficient mice was less pronounced in their apical cochlear turns. 
These findings indicate that functional and cellular damage is more 
pronounced in the absence of Prkg1.

Vardenafil protects from NIHL
Because cGMP-Prkg1 signaling seemed to reduce NIHL, these protec-
tive effects should be intensified by inhibition of cGMP hydrolysis. We 
treated rats with the highly specific Pde5 inhibitor vardenafil before 

and after acoustic trauma. We saw significantly lower auditory-evoked  
brainstem response (ABR) thresholds in the rats pretreated with 
vardenafil (10 mg per kg of body weight, administered 2 h before 
acoustic trauma) compared to the vehicle-treated rats at 20 min after 
noise exposure (Fig. 4e and Supplementary Fig. 2a) and at 21 days 
after noise exposure (Fig. 4e). The DPOAEs of the rats pretreated 
with vardenafil recovered until day 21 after noise exposure (when 
we stopped measurements), whereas the DPOAEs of vehicle-treated 
rats did not recover (Fig. 4f and Supplementary Fig. 2b,c). After the 
recovery period, the frequency-specific ABR thresholds (Fig. 4g) were 
significantly better in rats pretreated with vardenafil compared to 
vehicle-treated rats in the range of frequencies of the acoustic trauma 
(4–16 kHz), as well as in the low-frequency (2–4 kHz) and high- 
frequency ranges (22.6–45 kHz).

Figure 5 IHC and OHC preservation after  
noise trauma and treatment with vardenafil.  
(a–c) Kcnq4 immunohistochemistry in the OHCs 
(three rows labeled as 1–3) of midbasal cochlear 
turns in cochlear whole-mount preparations 
of 3- to 4-month-old rats 21 d after noise 
exposure (AT) or sham exposure (Sham) and 
pretreated either with vehicle (AT + vehicle) or 
vardenafil (AT + VARD). Kcnq4-positive cells 
are labeled red. Nerve fibers are stained with 
NF200 antibodies (green). (d–f) Whole-mount 
immunohistochemistry of midbasal cochlear 
turns, where hair cell stereocilia bundles are 
visualized by phalloidin labeling of F-actin.  
(g) Average number of Ctbp2 (Ribeye)-positive 
dots (ribbons) ± s.e.m. in apical and medial 
(black bars) and midbasal and basal (white  
bars) cochlear turns of rats (sham exposed,  
n = 6; noise exposed plus vehicle treatment,  
n = 7; noise exposed plus vardenafil pretreatment, 
n = 6). Apical and medial, P = 0.1608; midbasal 
and basal, P = 0.0002 by one-way ANOVA.  
**P < 0.01, ***P < 0.001 by Bonferroni’s multiple 
comparison test. (h–j) Immunostaining of cochlear 
cryosections of 3- to 4-month-old rats (shown 
for the midbasal cochlear turn) with the ribbon 
synapse protein Ctbp2 (Ribeye) (open arrowheads, 
green) in sham-exposed rats (h), noise-exposed 
vehicle-treated rats (i) and noise-exposed vardenafil-pretreated rats (j). Images in h–j represent the maximum intensity projection over all layers of the  
Z-stack. The cell nuclei are stained with DAPI (blue). The IHC nuclei are circled with white dotted lines. Scale bars, a–c, 50 µm; d–f, 20 µm; h–j, 10 µm.
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We also observed a protective effect of vardenafil on hearing function 
when we started vardenafil treatment in rats 6 h after noise exposure  
(Supplementary Fig. 3), with different intensities of acoustic overex-
posure inducing only transient hearing loss (Supplementary Fig. 4), 
as assessed by measuring the rats’ ABR thresholds 7 d after exposure; 
we saw the same effect when we repeated the experiment in mice 
(Supplementary Fig. 5).

Vardenafil preserves hair-cell phenotype after acoustic trauma
If Pde5 inhibition protects from hearing loss through the activation 
of an otoprotective cGMP-Prkg1 signaling pathway in hair cells, 
noise-induced changes in hair-cell phenotype should be reduced in 
vardenafil-pretreated specimens. As described above, Kcnq4 surface 
expression in the OHCs is highly sensitive to noise exposure14,15 and 
thus serves as a suitable marker for OHC damage (Figs. 3g–j and 5a–c 
and Supplementary Figs. 4b–i and 5c–j). We also tested the vulner-
ability of hair cell stereocilia to noise18 using phalloidin labeling of 
F-actin (Fig. 5d–f). We furthermore evaluated the noise vulnerabil-
ity of synaptic ribbons, specialized organelles for the facilitation of 
exocytosis in inner hair cells2, by the number of C-terminal binding 
protein 2 (Ctbp2, also known as Ribeye)-immunopositive dots, as 
determined by Z-stack images (Fig. 5g–j).

Three weeks after noise exposure, Kcnq4 was nearly completely 
lost from the OHCs in the basal cochlear turn in vehicle-treated rats 
(Fig. 5b), whereas in rats pretreated with vardenafil 2 h before noise 
trauma, the Kcnq4 in the OHCs was preserved (Fig. 5c), as shown 
using whole-mount studies. Phalloidin labeling in whole-mount 
preparations at 24 h after noise exposure (Fig. 5d–f) was largely lost 
from the OHCs in the midbasal cochlear turn in vehicle-treated rats  
(Fig. 5e) but was preserved in vardenafil-pretreated rats (Fig. 5f).

Six to seven days after acoustic overstimulation, the IHC synapses 
of vehicle-treated rats showed a significant decline in the number of 
Ctbp2 (Ribeye)-immunopositive ribbons in their basal cochlear turns 
but had no significant changes in their medial and apical cochlear 
turns (Fig. 5g). When we pretreated rats with vardenafil, the number 

of ribbons in their IHCs was similar to the number that we found in 
sham-exposed rats (Fig. 5g–j). In conclusion, vardenafil treatment 
almost completely rescued hearing function after noise exposure and 
prevented the loss of DPOAEs and the loss of IHC and OHC pheno-
types in rats.

The otoprotective effect of vardenafil is mediated by Prkg1
To link the beneficial effects of vardenafil with potential downstream 
effectors of the Prkg1 pathway, we studied the presence of poly (ADP-
ribose) (PAR) polymers, which are products of poly (ADP-ribose) 
polymerase (Parp) activity. The enzymatic activity of Parp has been 
shown to be involved in DNA repair and transcriptional activity in a 
cGMP- and Prkg1-dependent manner19,20. We analyzed the cochleae 
of noise-exposed rats that had been pretreated with either vardenafil 
or vehicle for PAR production (Fig. 6). We noted a ubiquitous basal 
level of PAR in the nuclei of OHCs, supporting Deiters cells (Fig. 6a), 
satellite cells and SGNs (Fig. 6d). We found no clear PAR-level differ-
ences in these cell types between the vehicle-treated rats exposed to 
either sham or noise in their midbasal cochlear turns 7 d after noise 
exposure (Fig. 6b,e). However, treatment with vardenafil led to a sub-
stantial elevation of PAR staining in the OHCs (Fig. 6c) as well as in 
the nuclei of SGNs and satellite cells after trauma (Fig. 6f). A quanti-
tative analysis revealed an increasing number of PAR-positive SGN 
nuclei and satellite-cell nuclei over 7 days in the midbasal and basal 
but not the apical cochlear turns (Fig. 6g–j) in vardenafil-pretreated 
rats. We observed these same staining patterns when we repeated 
these experiments in mice (Supplementary Fig. 6). In noise-exposed 
Prkg1-deficient mice, we noted less PAR concentration in the OHCs 
and SGNs. In Prkg1-deficient mice pretreated with vardenafil, the 
number of PAR-positive cells did not increase after noise exposure, 
suggesting that Parp activation occurred downstream of cGMP-Prkg1 
signaling (Supplementary Fig. 6).

The combined morphological and functional evidence  
indicates that treatment with vardenafil activated a cGMP-Prkg1 
pathway that protects cochlear hair cells, supporting cells and  
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Figure 6 Parp activity after vardenafil treatment. PAR staining was performed on 3-4 month-old rats 21 d after noise exposure or sham exposure 
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cells of the spiral ganglion (SGNs and satellite cells) from damage, 
supports their repair after noise-induced trauma or both.

DISCUSSION
PDEs shape and terminate cyclic nucleotide signaling, making them 
crucial regulators of cellular metabolism, as reflected, for example, 
in the clinical success of PDE inhibitors21. Here we describe for the 
first time, to our knowledge, expression of Pde5 protein in the cochlea 
and its partial co-localization with Prkg1, suggesting the presence of 
Pde5-cGMP-Prkg1 signaling in these cells. Furthermore, we show 
the potential for cGMP-Prkg1 signaling to reduce the deleterious 
effects of acoustic trauma and show how Pde5 inhibition may exploit 
this signaling pathway to further promote protection of hearing 
function. The therapeutic value of these findings is notable, as Pde5 
inhibitors are already widely used drugs that are FDA approved for  
chronic use.

In Prkg1-deficient mice, the noise-induced threshold loss was 
associated with loss of DPOAEs and loss of the OHC phenotype, as 
seen by the loss of surface expression of the K+ channels Kcnq4 and 
BKCa. This finding strongly supports the notion that the otopro-
tective effect of Pde5 inhibition is mediated through an increase in 
cGMP and the subsequent activation of Prkg1 in OHCs. But how is 
endogenous cGMP signaling stimulated under acoustic stress? And 
what are the molecular events downstream of Prkg1, or rather, which 
substrate proteins are phosphorylated and how does this counteract 
noise-induced hair-cell dysfunction and death?

Many studies have shown that excessive calcium (Ca2+) entry, 
either through L-type Ca2+ channels22 or through purinergic recep-
tors23–28, initiates hair-cell death29,30. Hyposmotic stress of OHCs 
was found to increase the intracellular Ca2+ concentration and nitric 
oxide (NO) production31. Notably, acoustic overexposure was shown 
to elevate Ca2+ concentrations and trigger NO release explicitly in 
the supranuclear part of the OHCs, where neuronal NO synthase is 
expressed28,31. Here we detected Pde5 and Prkg1 in close proximity 
in the same subcellular region of the OHCs, which is a requirement 
for the existence of a cGMP signaling complex in OHCs. It seems 
likely that a noise-induced increase of intracellular Ca2+ concentra-
tions triggers a cascade of events that starts with the activation of 
NO synthase and the production of NO, which causes activation of 
soluble guanylyl cyclase3, cGMP production and the subsequent acti-
vation of Prkg1. Prkg1 in turn may limit cytosolic Ca2+ concentra-
tions, for example, through modulation of L-type Ca2+ channels32 or 
Ca2+ sequestration into intracellular stores33. Indeed, in vitro studies 
have suggested a role for NO in opposing harmful Ca2+ concentra-
tion elevations in hair cells that were caused by acoustic overstimula-
tion23,28,34. In addition, activation of Prkg1 suppresses hormone- and 
depolarization-induced elevations of intracellular Ca2+ in smooth 
muscle cells8,35 and may promote the expression of pro-survival genes 
through activation of the transcription factor cyclic AMP response 
element binding33.

NIHL is thought to be a result of the death of cochlear OHCs or 
damage to their mechano-sensory hair bundles36,37. However, it has 
been shown that moderate noise may also lead to the loss of afferent 
nerve terminals at the IHCs and a delayed degeneration of spiral gan-
glion neurons2. Synaptic ribbons couple to auditory nerve fibers at a 
ratio of 1:1 (ref. 38). We observed a reduction in ribbon numbers at 
the IHC synaptic pole in noise-exposed rats and mice, which is in line 
with previous reports2. Among the events that may cause loss of rib-
bons and afferent nerve terminals, harmful Ca2+ overload after noise 
exposure is a likely candidate. Indeed, activation of NO signaling in 

IHCs was suggested to occur by Ca2+ influx through the ATP receptor 
P2X2, which is activated by extracellular ATP after trauma23,34. Noise-
induced activation of ATP receptors25 and the subsequent activation 
of an extracellular signal-related kinase 1 (ERK1)-ERK2 cascade30 has 
been suggested to cause harmful effects in mature IHCs. ERK1 and 
ERK2 can be modulated by cGMP and Prkg1 (ref. 39). Alternatively, 
or additionally, Prkg1 may prevent Ca2+ overload by the phosphor-
ylation of the inositol triphosphate (IP3)-receptor–associated Prkg1 
substrate (IRAG) or of BKCa channels, which conduct the largest 
fraction of K+ currents in mature IHCs40.

We show that Pde5 and Prkg1 are expressed in neurons and that 
Prkg1 (if not both Prkg1 and Pde5) is expressed in the satellite cells of 
spiral ganglia. In both neuronal and non-neuronal cells, the protec-
tive effects of cGMP have been linked to its target, Prkg (for a review, 
see ref. 33).

The finding that vardenafil pretreatment increased PAR concen-
trations in Prkg1 control mice but not in Prkg1-deficient mice is 
particularly notable. Parp1 is a ubiquitously expressed DNA nick-end  
sensor that uses nicotinamide adenine dinucleotide (NAD+) as a 
substrate to catalyze the addition of PAR to acceptor proteins, in 
particular histones, several transcription factors and Parp itself 41. 
DNA breaks activate Parp, which facilitates transcription, replica-
tion and DNA base excision repair42. Paradoxically, the toxic effects 
of NO have been linked to DNA damage, excessive activation of 
Parp141,43 and subsequent cell death by NAD+ depletion or ATP 
depletion41,42. In this context, Pde5 inhibition may augment the 
protective effects of cGMP signaling without promoting the poten-
tially destructive effects of high concentrations of NO, in particular 
because Parp activation may also be caused directly by cGMP20,44. 
We show a pro-survival effect of vardenafil-induced elevation of 
PAR concentrations, which may mirror the anti-aging capacity of 
Parp45. Here, the vardenafil-induced elevation of PAR concentra-
tions was accompanied by a healthy, ‘rescued’ phenotype, as shown 
by persistent Kcnq4 staining in the OHCs and the maintenance of 
ribbons in the IHC synapses. As ribbon counts are a metric for IHC 
afferent innervation46 and ribbon loss presumptively occurs after 
noise-induced deafferentation2, cGMP-Prkg1-Parp cascade activa-
tion in spiral ganglia and supporting cells may contribute to stabili-
zation of the IHC synapse. The particular targets of the beneficial 
cGMP-Prkg1 cascade in IHCs, OHCs, SGNs and satellite cells are 
elusive. Nevertheless, the elevation of PAR concentrations in cochlear  
cells after vardenafil treatment and the lower concentration of PAR 
seen in Prkg1-deficient mice provide evidence for a pro-survival 
Parp activity downstream of cGMP-Prkg1 signaling in the cochlea, as 
has been predicted for neuronal cells19. Future studies may identify 
Parp acceptor proteins and investigate the participation of Parp in 
age-dependent hearing loss.

Recent publications suggested that Pde5 inhibitors may be involved 
in hearing loss in mice47 and humans48. One study48 describes a higher 
incidence of self-reported hearing impairment in the vardenafil user 
group (0.4%) as compared to the non-user group (0.3%). The evi-
dence available to date regarding this issue is contradictory, because 
other studies49,50 could not disclose a deleterious effect of sildenafil 
or vardenafil. Currently, there is no clinical study that examines the 
risks of acute, short-term application of Pde5 inhibitors in humans— 
a form of application as we are presenting it here. In this study,  
controlled 3-week treatment of rats with the Pde5 inhibitor vardenafil 
did not impair hearing (Supplementary Fig. 7). Nevertheless, care 
must be taken before applying these findings to humans. Additional 
studies in large numbers of Pde5-treated patients are needed to more 
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definitively understand the role of Pde5-inhibitors in hearing loss, 
particularly if the drugs are taken chronically.

In conclusion, this study shows the presence of a cGMP-Prkg1 
signaling cascade in NIHL that prevents damage and degeneration 
in OHCs and IHC synapses. Furthermore, cGMP-Prkg1 signaling 
increases Parp activity, which presumably promotes DNA repair. 
Stimulation of this endogenous mechanism with the Pde5 inhibi-
tor vardenafil prevents noise-induced hair-cell dysfunction and cell 
death. These findings are relevant for the development of therapies for 
NIHL, as Pde5 inhibitors are already in clinical use, suggesting easy 
translation into patients with NIHL. However, human application, in 
particular, prophylactic use for hearing disorders, cannot be recom-
mended before an evaluation of the safety of the drug.

METHODS
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS
Mice and rats. Care and use of the mice and rats and the experimental proto-
col were reviewed and approved by the animal welfare commissioner and  
the regional board for scientific animal experiments in Tübingen, Germany. 
We used female 3–5-month-old Wistar rats (Charles River) and 3–7-week-old 
female Prkg1-deficient mice carrying two Prkg1 null alleles and littermate 
controls, which were generated as described previously51.

Drug application. For the rat experiments, we dissolved vardenafil (Bayer) in 
ethanol, Solutol (BASF) and water at a ratio of 1:4:5 and administered this solu-
tion ten times in 12-h intervals by gavage (5 ml per kg of body weight).

For the mouse experiments, we administered vardenafil subcutaneously  
(10 mg per kg of body weight in a dilution of 10 mg and 10 ml water injection 
containing 15 µl ethanol) 1 h before noise exposure and then another nine 
times in 12-h intervals. For the rats and mice treated long term, vardenafil was 
administered orally. The vehicle solution did not contain vardenafil.

Hearing measurements. We performed the physiological recordings as 
described17. In short, we measured the ABRs to sound stimuli with 100-µs 
clicks and frequency-specific tone bursts of 3 ms duration. To record the ABRs, 
we inserted subdermal silver-wire electrodes at the vertex of and ventro-lateral 
to the measured ear. We defined thresholds as the sound pressure level where 
a stimulus-correlated response was identified by visual inspection of the aver-
aged signal by an expert observer. We assessed OHC function by the growth 
function and the maximum response in the distortion product audiogram of  
the cubic DPOAE, as described17. Frequency pairs of tones were between  
f2 = 4 kHz and f2 = 32 kHz.

Noise exposure. We induced acoustic trauma by exposing anesthetized mice 
and rats to band noise free field in a reverberating chamber (rats, 4-16 kHz and 
mice, 4–16 kHz or 8–16 kHz, 120 dB SPL RMS for 1 h).

Tissue preparation. For RNA and protein isolation, cochleae were dissected, 
immediately frozen in nitrogen and stored at −80 °C before use52. For immuno-
histochemistry, we fixed, decalcified and sectioned the cochleae, as described52. 
For whole-mount preparation, we dissected cochlear turns and mounted them 
on slides with the tissue adhesive Cell-Tek (BD Bioscience) in PBS and per-
formed immunohistochemistry as described17.

Single OHC and IHC isolation. Apical and medial half turns of the organ of 
Corti from 5-week-old female control and Prkg1-deficient mice and from rats 
aged postnatal day 21–26 were dissected and fixed on a cover slip. We separately 
harvested OHCs and IHCs with micropipettes53.

RT-PCR. We amplified Prkg1 with the oligonucleotides 5′-ACAACT 
GTACCCGGACAGCGA-3′ and 5′-TCCTCTTGCACCCTGCCTGAT-3′ by  
RT-PCR as described54. For single cells, we performed nested PCR with the 
oligonucleotides 5′-GAAACTCTGGGCCATCGATC-3′ and 5′-GGTCTC 
TTCGAGGAC-3′. For Prkg1 isoform-specific RT-PCR, we used the following 
oligonucleotides: Prkg1a, 5′-GAGGAAGAAATCCAGGAGC-3′ and 5′-TTT 
ACAACTGTACCCGGAC-3′, and for nested RT-PCR, 5′-CGCCAGGCG 
TTCCGGAAGT-3′ and 5′-AAGGCGTGAAGCTCTGCAC-3′; Prkg1b,  
5′-AGGGAAAGTTGATCCGAGAGGGG-3′ and 5′-CGACATCCAGGAT 
CTCAGCCACG-3′, and for nested RT-PCR, 5′-GGGATTTACAGTATGCGCT
CCAGGAG-3′ and 5′-ACGAACTGGACAAGTATCGCTCGGTG-3′. We ampli-
fied Pde5 in rats with the oligonucleotides 5′-AACGGCCCTGTGTACAATT 
CG-3′ and 5′-TGGTCGAAGTGATGGTGCTC-3′. The oligonucleotides used  
for nested PCR were 5′-GCCGATGGATTTTGAGTGTC-3′ and 5′-CCGCTGTA 
TGTATGAGTTGTT-3′. We did all PCR experiments in at least triplicate.

Immunohistochemistry. We performed immunohistochemistry as 
described52 using primary specific antibodies to Kcnq4 (rabbit polyclonal, 

1:50 (refs. 16,54)), Pde5 (rabbit polyclonal, 1:20, Cell Signaling Technology, 
2395), Ctpb2 (mouse monoclonal, 1:50, BD Transduction Laboratories, 
612044), neurofilament 200 (mouse monoclonal NF200, 1:8,000, Sigma, 
N5139), Kir4.1 (mouse monoclonal, 1:100, Sigma, WH0003766M1), Eps8 
(mouse monoclonal, 1:50, BD Transduction Labs, 61014), BKCa (rabbit, 
1:50, Alomone Labs, APC-021) and whirlin (guinea pig polyclonal, 1:50  
(ref. 12)). We detected the Prkg1 protein with a rabbit polyclonal antibody that 
recognizes both the Prkg1α and Prkg1β isoforms (general antibody to Prkg1) 
(1:50)10 and the Prkg1β isoform with a selective rabbit polyclonal antibody55 
or a selective goat polyclonal antibody (1:50) (Santa Cruz Biotechnology, 
sc-10342). We repeated each labeling three times in at least three inde-
pendent experiments. With the exception of Kcnq4 and BKCa staining, we 
derived all images of the fluorescent stainings from deconvoluted Z-stacks, 
as described56. We visualized hair cell stereocilia bundles by fluorescent phal-
loidin labeling of F-actin (570–573 nm, Sigma-Aldrich), as described57. We 
performed PAR immunostaining using antibodies specific to PAR (1:200) 
(Alexis, 804-220) as described20,44.

Western blot. We performed western blot analysis as described58 on cochlear  
tissue from 3-month-old rats and 5-week-old Prkg1-deficient mice. As additional  
controls, we loaded 2 ng of purified recombinant Prkg1α59 and Prkg1β60 protein. 
We incubated blotted proteins with rabbit polyclonal Prkg1 antiserum (1:2,000) 
that recognizes both Prkg1α and Prkg1β10, antiserum that selectively recognizes 
the Prkg1α isoform (Santa Cruz Biotechnology, sc-10335) or the Prkg1β isoform 
(Santa Cruz Biotechnology, sc-10342) or rabbit polyclonal antibody specific to 
Pde5 (1:1,000) (Cell Signaling Technology, 2395).

Statistical analyses. Data were compared using Student’s t test. For the  
dependent data of the time-course experiments, data were compared by 
MANOVA (JMP 9.00, SAS Institute). In the case of significance by MANOVA, 
we compared the data pairwise by Student’s t test with α-level Bonferroni-Holm 
adjustment. Counts for Ctbp2 immunopositive ribbons and Parp-positive  
cells were compared by one-way ANOVA and by a post hoc Bonferroni’s multiple 
comparison test (Prism 2.01, GraphPad Software). For the frequency-dependent 
ABR data, we used a t test and applied the Bonferroni-Holm α-level adjust-
ment. For the OHC counting, we used a non-parametric Mann-Whitney U test. 
Normal distribution was tested by F test.
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