
Vol.:(0123456789)1 3

European Archives of Oto-Rhino-Laryngology (2019) 276:1921–1931 
https://doi.org/10.1007/s00405-019-05417-5

OTOLOGY

Protective and therapeutic effects of milrinone on acoustic trauma 
in rat cochlea

Seyit Mehmet Ceylan1  · Erdal Uysal2 · Serdar Altinay3 · Efe Sezgin4 · Nagihan Bilal5 · Emine Petekkaya6 · 
Mehmet Dokur7 · Mahmut Alper Kanmaz1 · Mustafa Emre Gulbagci3

Received: 17 February 2019 / Accepted: 31 March 2019 / Published online: 6 April 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Objective The aim of this study was to investigate the potential protective and therapeutic effects of milrinone, a specific 
phosphodiesterase (PDE) III inhibitor, on acoustic trauma-induced cochlear injury and apoptosis.
Methods A total number of 30 healthy Wistar albino rats were evenly divided into five groups as follows: group 1 was 
assigned as control group; group 2 and 3 were assigned as low-dosage groups (0.25 mg/kg) in which milrinone was admin-
istered 1 h before acoustic trauma (AT) and 2 h after AT, respectively; group 4 and 5 were assigned as high-dosage groups 
(0.50 mg/kg) in which the drug was administered 1 h before AT and 2 h after AT, respectively. Except control group, all 
treatment groups received a single dosage of milrinone for 5 days. Distortion product otoacoustic emissions (DPOAE) meas-
urements were recorded before AT as well as at second and fifth post-traumatic days. At the end of fifth day, all rats were 
sacrificed and the cochlea of the rats was removed for histopathological evaluation. In addition, the groups were compared 
in terms of apoptotic index via caspase-3 staining.
Results In terms of signal-to-noise ratio (SNR), there was no statistically significant difference among the groups following 
AT (p > 0.05). After 5 days of milrinone treatment, the best SNR values were found in group 5, though all groups did not 
statistically differ (p > 0.05). In histopathological evaluation, vacuolization, inflammation, and edema scores in all treatment 
groups were statistically lower than those of the control group (p < 0.05). In group 2 and 4 where the drug was administered 
before AT, the inflammation and apoptosis index was lower than those of group 3 and 5 where the drug was administered 
after AT (p < 0.0001).
Conclusion We reveal that milrinone has a protective effect on cochlear damage in the experimental acoustic model of rats. 
This protective effect was more apparent following the pre-traumatic milrinone administration, and is associated with its 
effect on decreasing inflammation and apoptosis. Based on DPOAE measurements following AT, especially in the group 5 
(high-dosage group), milrinone may also have a therapeutic effect.
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Introduction

While noise is increasingly encountered in our daily life, 
noise-induced hearing loss (NIHL) has become a serious 
public health concern [1]. According to the World Health 
Organization (WHO), it is estimated that almost 10% of 
world population is exposed to excessive noise which can 
potentially cause NIHL. Auditory hair cells loss is one of 
the major causes of NIHL. Since hair cells in mammals can 

never be replaced, preventing hair cell death or a therapeu-
tic intervention in early stage of NIHL is critical to main-
tain hearing ability [2]. Though various mechanisms have 
been described so far for NIHL, its pathogenesis has not 
been totally explained yet. Apoptosis in the organ of corti 
is thought to be the main factor leading to NIHL [3]. Pro-
ducing reactive oxygen species (ROS) because of increased 
metabolic activity, cellular necrosis of the outer hair cells 
induced by mechanical trauma, and decreased blood flow to 
the inner ear (causing hypoxia) are among the major causes 
of the cell death following AT [4, 5]. Therefore, researchers 
have previously used a variety of pharmacological agents 
to increase the blood flow and to reduce the oxidative stress 
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on the cochlea, inflammation, and apoptosis in NIHL. Thy-
moquinone, pentoxifylline, N-acetylcysteine, and dexa-
methasone are just few examples of the agents [6–8]. The 
efficacy of pentoxifylline, a nonspecific phosphodiesterase 
inhibitor, in preventing NIHL was previously demonstrated 
in the experimental study conducted on guinea pigs. In that 
study, the protective effect of pentoxifylline was reported 
to be associated with vasodilatation and increased cochlear 
blood flow [9].

The hair cells lost due to the decreased blood flow in 
inner ear, hypoxia, inflammation, ROS production, and 
increased apoptosis plays a major role in the pathogenesis 
of NIHL. Therefore, an optimal pharmacological agent pre-
venting NIHL should increase the blood flow and reduce 
ROS production, hypoxia, inflammation, and apoptosis.

Milrinone, a phosphodiesterase (PDE) III inhibitor, is 
generally used in acute congestive heart failure. Cardiopro-
tective effects of milrinone associated with increasing heart 
muscle contraction, providing vasodilatation, and reducing 
inflammatory damage produced by tumor necrosis factor-
alpha (TNF-alpha) have been previously established [10, 
11]. Reducing ischemia-reperfusion injury in the heart, lung, 
liver, and kidney of rats with milrinone administration was 
also reported [12–14]. In addition, it has been demonstrated 
in several studies that milrinone decreases apoptosis [15, 
16], shows an anti-inflammatory effect [17], and decreases 
the releasing of free oxygen radicals [18]. Tissue perfusion 
is also increased by means of vasodilatation, anti-inflamma-
tory, and anti-aggregan effects of milrinone on regulating the 
microcirculation [19]. Likewise, milrinone increases the cal-
cium entry into the cell by activating the calcium sensitive 
signaling cascades, resulting in a considerable neuroprotec-
tive effect on ischemic brain [20]. Taking all into considera-
tion, milrinone with its vasodilation effect may be an ideal 
agent to prevent cochlear damage following NIHL and to 
reduce hearing loss by increasing blood flow and decreasing 
ROS production, hypoxia, inflammation, and apoptosis. To 
the best of our knowledge, a potential preventive effect of 
milrinone on hearing loss following an acoustic trauma has 
not been reported to date. The purpose of this present study 
was to investigate the potential preventive or/and therapeutic 
effects of milrinone on cochlear damage following experi-
mental AT in rats.

Materials and methods

Ethic statement

The experimental protocol was approved by the local 
institutional animal ethics review committee (permit no: 
09.02.2018/01-12). All experiments were conducted in com-
pliance with the relevant laws and institutional guidelines.

Animals and study groups

Thirty healthy Wistar albino rats, weighing between 250 
and 350 g, were included in this study. All rats were initially 
exposed to experimental AT. Following the AT, these rats 
were randomly assigned into the following five groups:

• Group 1 (control; n = 6) did not receive any drug.
• Group 2 [low-dosage milrinone group (LD 1); n = 6] 

received 0.25 mg/kg of intraperitoneal milrinone 1 h 
before AT and the same dosage was continued daily 
based during 5 days after AT.

• Group 3 [low-dosage milrinone group (LD 2); n = 6] 
received 0.25 mg/kg of intraperitoneal milrinone 2 h 
after AT and the same dosage was continued daily based 
during 5 days after AT.

• Group 4 [high-dosage milrinone group (HD 1); n = 6] 
received 0.5 mg/kg of intraperitoneal milrinone 1 h 
before AT and the same dosage was continued daily 
based during 5 days after AT.

• Group 5 [high-dosage milrinone group (HD 2); n = 6] 
received 0.5 mg/kg of intraperitoneal milrinone 2 h after 
AT and the same dosage was continued daily based dur-
ing 5 days after AT.

In each group, the rats were housed in separate cages 
located in a temperature-controlled room (~ 20 °C) under 
a 12-h light/dark cycle. All rats had free access to food 
and water. The level of background noise was frequently 
measured and kept below 50 dB at all times. During the 
experiment period, external ear canal and tympanic mem-
brane of rats were periodically examined by an otoscope, and 
removed any secretion and obstruction like earwax that can 
potentially influence the test outcomes. Rats with pathologi-
cal findings including serous otitis, acute otitis, and chronic 
otitis were excluded from the study. AT and hearing function 
test of the rats were performed under anesthesia through 
mixture of intraperitoneal 75 mg/kg ketamine hydrochloride 
(Ketalar, Pfizer, Turkey) and 10 mg/kg xylazine hydrochlo-
ride  (Rompun®, Bayer AG, Leverkusen, Germany).

Acoustic trauma model

Under anesthesia, all rats were first located in a quite cabin. 
For AT procedure, the rats were exposed to 120 dB SPL, 
4 kHz white noise for 4 h using GSI Two-Channel Audi-
ometer clinical audiometry device and binaural speakers, 
while the rats’ head was located at 5–7 cm far away from 
the speaker.
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Hearing function test: DPOAE measurements

DPOAE measurement was carried out in the audiology room 
(the noise level not exceeding 50 dB) to test the hearing 
function of both ears for each rat. DPOAE measurements 
were performed three times at different time points (i.e., 
before AT, second hour and fifth day after AT) through plac-
ing an infant size hearing probe [5 Ear Tip Lamelae, firm-
ware version 2.3 ALL (build 9133, 2018-1-16), Germany] 
into the external ear canal. The average test time was limited 
to 60 s. Acoustic stimuli was occurred via two tones (f1 and 
f2, f1 < f2, f2:f1 ratio fixed at 1.22). These tones at the stimu-
lus level of 65 and 55 dB by two separate speakers were 
consecutively delivered, and DPOAE values were recorded 
at four frequencies below the geometrical average of f1 and 
f2, namely at 1000, 2000, 4000, and 6000 Hz. We considered 
the significance in DPOAE amplitudes if they were at least 
3 dB above the noise threshold. Signal-to-noise ratio (SNR) 
was also used to assess DPOAE outcome, since SNR is more 
trustworthy approach than DPOAE amplitudes. Displaying 
SNR frequency–response curves was realized with measur-
ing SNR for each frequency using Sentiero Advanced (Path 
Medical GmbH, Germany).

Histopathologic analysis

Following the experimental phase, the rats were sacrificed at 
fifth post-trauma day and the inner ear was totally removed. 
The samples were immediately placed into a 10% formal-
dehyde buffer solution, and sent for pathological evaluation. 
After standard decalcification procedure, the samples were 
fixed in 10% formaldehyde buffer solution for 48 h. These 
samples following the routine tissue processing for patho-
logical analysis were embedded in paraffin blocks and cut 
in 4 µm sections. Afterwards, the sections were stained with 
Hematoxylin and Eosin (H&E) for histopathologic observa-
tion by a light microscopy (Olympus BX51, Japan). Two 
pathologists without knowing group assignment evaluated 
blindly the samples specifically for the parameters associated 
with acoustic trauma damage such as stria vascularis vacu-
olization, inflammatory cell infiltration, and edema. Semi-
quantitative scores were used to evaluate the samples: 0 = no 
presence, 1 +  = mild, 2 +  = moderate, and 3 +  = severe.

Caspase‑3 (apoptotic index) evaluation

As described previously [21], caspase-3 localization was 
performed in paraffin-embedded cochlea by immunohisto-
chemistry using a standard avidin–biotin peroxidase com-
plex technique. A polyclonal rabbit anti-human Caspase-3 
antibody (Ventana, Roche, USA) recognizing the 32 and 
17 kD Caspase-3 subunits with no cross reactivity against 
other caspase family members (manufacturer’s specification) 

were diluted 1:100 and then applied overnight at 4 °C in a 
humid atmosphere. Thereafter, the sections were stained by 
an avidin-biotinylated HRP procedure using a commercially 
available kit (ABC Elite, Vector Laboratories). AEC was 
used as the substrate. Finally, sections were counterstained 
with hematoxylin. Negative control sections were incubated 
with normal mouse IgG or normal rabbit serum at the same 
protein concentration as the primary antibody. Human tonsil 
tissue is used as a positive control.

The apoptotic index was then calculated using the fol-
lowing formula:

where mean Caspase-3 refers the mean number of Caspase-3 
positive cells in five random fields, and mean total cells 
refers the mean number of total cells in five random fields.

Statistical analysis

All statistical analyses were conducted with SAS/STAT ver-
sion 9.3 (SAS Institute, Inc, Cary, North Carolina, USA). 
Normality assumptions of SNR values and apoptotic index 
scores were confirmed with Kolmogorov–Smirnov and Sha-
piro–Wilk tests. The apoptotic index scores at post-traumatic 
fifth day and the SNR values at each measurement time point 
(before AT, second hour and fifth day after AT) among the 
five groups were compared by one-way ANOVA. The SNR 
values were also compared among the three measurement 
time points within each group by one-way ANOVA. Tukey’s 
multiple comparisons test was used for pairwise differences 
between the groups. Distribution of the five groups among 
vacuolization, inflammation, and edema scores were com-
pared by Chi-square and Fisher’s exact test. p values less 
than 0.05 were considered statistically significant level.

Results

DPOAE results

There was no statistically significant difference in terms of 
pre-trauma and post-trauma DPOAE outcome among the 
groups (p > 0.05). However, post-traumatic SNR values were 
found to be significantly lower than that of pre-traumatic val-
ues (the SNR values at before AT and fifth post-trauma day).

Within‑group comparisons

In all groups after AT, we observed an overall decrease in 
SNR values at higher frequencies starting from 2000 kHz. 
More specifically, in the group 1 (control) at fifth post-
trauma day, the decline in SNR values at 6000 kHz in right 

MeanCaspase − 3

Mean total cells
× 100,
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ear was statistically significant (p < 0.05), though the SNR 
values at other frequencies had also a trend of decreasing, 
but did not reach a statistically significant level. Regard-
less of frequencies, all SNR values of left ear at the fifth 
post-trauma day were significantly lower than those of pre-
traumatic values (p < 0.05) (Fig. 1).

In the group 4 (HD 1), there were significant decreases 
in the SNR values of both ears at 4000 and 6000 kHz at 
fifth post-trauma day when compared to the pre-traumatic 
values (p < 0.05), while the pre- and post-traumatic SNR 
values at 1000 and 2000 kHz did not significantly differ.

Fig. 1  Comparison of distortion-product otoacoustic emissions results of all groups before acoustic trauma (pre-trauma), 2  h after acoustic 
trauma (post-trauma), and fifth day (post-treatment)



1925European Archives of Oto-Rhino-Laryngology (2019) 276:1921–1931 

1 3

In the group 2 (LD 1), although it did not reach the sig-
nificance level, there was a trend of improvement in the 
post-traumatic SNR values of right ear at all frequencies, 
when compared to the pre-traumatic values. For the left 
ear, the post-traumatic SNR values at 4000 and 6000 kHz 
were significantly lower than those of pre-traumatic values 
(p < 0.05), whereas no statistically significant differences 
were observed at 1000 and 2000 kHz.

In the group 5 (HD 2), the pre- and post-traumatic SNR 
values of both ears at all frequencies did not statistically dif-
fer, though a trend of increase in post-traumatic SNR values 
at all frequencies was observed.

In the group 3 (LD 2), for right ear, only the post-trau-
matic SNR values at 4000 and 6000 kHz were statistically 
lower than the pre-traumatic values (p < 0.05). For left ear, 
along with 4000 and 6000 kHz, the post-traumatic values at 
2000 kHz were also lower (p < 0.05) (Fig. 2).

Histopathologic assessment and apoptotic index

The histopathologic assessment revealed that the vacuoliza-
tion, inflammation, and edema scores in all treatment groups 
(LD 1, LD 2, HD 1, and HD 2) were statistically lower than 
those of the control group (p = 0.02). Significant decreases 
in the vacuolization, inflammation and edema scores of LD 
1 and HD 1 groups were also found when compared to those 
scores of LD 2 and HD 2 (p < 0.05). Furthermore, a decreas-
ing trend in the scores was observed for HD 1 and HD 2 
groups, comparing to LD 1 and LD 2 groups, respectively, 
though this trend did not reach a statistically significant level 
(p > 0.05) (Fig. 3).

The apoptotic index scores of all treatment groups were 
statistically lower than that of the control group (p < 0.0001). 
We also found a statistically significant decrease in the apop-
totic index scores of LD 1 and HD 1 groups when compared 
to those of the LD 2 and HD 2 groups (p > 0.05). Finally, 
between low- (LD 1 and LD 2) and high-dosage (HD 1 and 
HD 2) groups, there was no statistically significant differ-
ence in terms of apoptotic index score (p > 0.05) (Figs. 4, 5).

Discussion

The main factor leading to NIHL is thought to be apoptosis 
in the organ of corti, though several other mechanisms have 
been also described, yet its pathogenesis remains unclear 
[3]. An excessive noise exposure can potentially cause per-
manent hearing loss damage due to the bending, fusion, or 
damage of hair cell stereocilia which, consequently, leads 
to hair cell vacuolization and death. The lost hair cells are 
then replaced with squamous epithelium that causes scar 
formation [22].

Another pathophysiological mechanism of NIHL is the 
decrease in blood flow in the cochlear [23]. Therefore, in 
the past, several agents such as Mg, pentoxifylline, gingko 
biloba, and SQ 29,548 were used to increase cochlear blood 
flow [8, 9, 24]. However, the effect of increased cochlear 
blood flow on hearing is still controversial. A limited num-
ber of studies reported an improvement on both NIHL and 
hearing ability following the increased cochlear blood flow 
[25, 26]. On the other hand, Lamm et al. [27] reported that 
pentoxifylline, a nonspecific phosphodiesterase inhibitor, 
increases the cochlear blood flow without any therapeutic 

Fig. 2  Comparison of dis-
tortion-product otoacoustic 
emissions results of all groups 
following treatment for 5th day
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effect on hearing improvement. In the same study, an 
improvement in hearing functions was achieved with HES 
70 treatment despite of decreased cochlear blood flow, indi-
cating no association between cochlear blood flow and hear-
ing functions [27]. Contrariwise, Kansu et al. [9] reported 
an improvement on histopathologic findings and auditory 
brainstem response (ABR) of guinea pig with pentoxifylline 
treatment. The potential protective effect of pentoxifylline on 
NIHL was thought to be associated with increased cochlear 
blood flow and regulating microcirculation [9].

Milrinone as a specific phosphodiesterase type III inhibi-
tor is a bipyridine methyl carbonitrile analog of amrinone 
with inotropic and direct vasodilator action. The previous 
experimental study showed that milrinone is 10–30 times 
more effective than amrinone with considerable fewer side 
effects [28]. Because of its vasodilator action, we thought 
that milrinone can potentially increase cochlear blood flow 
and microcirculation.

Increased inflammatory response is suggested as 
another mechanism leading to NIHL. Experimental and 
clinical studies on inflammation showed that the admin-
istration of steroids systematically and transtympanically 
has protective and therapeutic effects on NIHL [8]. In 
the experimental NIHL model of rat, Arslan et al. [29] 
reported the anti-inflammatory effect of dexamethasone 
and an improvement on ABR test following dexamethasone 

treatment compared to non-treatment group [29]. Besides 
vasodilator and inotropic action of milrinone, it has inde-
pendently anti-inflammatory effect [30]. Previously, it was 
reported that, by the means of cyclic adenosine monophos-
phate (cAMP) increase, milrinone decreases TNF-alpha 
induced inflammatory response and edema formation, and 
recovers endothelial functions [11, 31]. Likewise, in our 
study, significant decreases in the vacuolization, inflamma-
tion, and edema scores in all treatment groups, comparing 
to control group suggest that milrinone reduces inflamma-
tion and edema on the cochlea.

More recent studies reported that ischemia–reperfusion 
damage due to the decreased blood flow plays a role in the 
pathogenesis of NIHL [32]. Similarly, free ROS production 
and accumulation also play a role in the pathogenesis of 
NIHL [33]. Therefore, neuroprotective effect with decreased 
ROS and increased antioxidant mechanism can protect 
organism from NIHL [34, 35]. Before ischemia, phospho-
diesterase III inhibitors administration in different species 
(e.g., rats, dogs, and rabbits) and organs (e.g., liver heart) 
prevents ischemia-reperfusion injury [13, 14, 36, 37]. Along 
with preventing ischemia-reperfusion, milrinone shows anti-
oxidant effect with decreasing ROS production [38]. Taking 
all into consideration, in our study, the improvements in the 
treatment groups could be also associated with antioxidant 
effect of milrinone.

Fig. 3  Histopathologic evaluation. a Vacuolization scores in corti of rats. b Inflammation scores in corti of rats. c Edema scores in corti of rats. d 
Apoptotic index distribution in corti of rats
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Excessive noise, ischemia, or hypoxia-induced apoptosis 
is the eventual step in the pathogenesis of NIHL. The protec-
tive effects of several anti-apoptotic agents were previously 
reported [8]. For example, Wang et al. [39] demonstrated the 
protective effect of X-linked inhibitor of apoptosis protein 
(XIAP) overexpression on NIHL. It is known that intracel-
lular c-AMP level is altered with apoptosis, and the reactive 
chemicals leading to an increase in intracellular c-AMP level 
can promote or prevent apoptosis in different tissue cells 
[40]. Furthermore, it was reported that milrinone exhibits 
anti-apoptotic effect on Rolipram, phosphodiesterase-4 
(PDF-4) inhibitor, induced apoptosis [40]. Lanfear et al. 
[17] showed that, along with regulating hemodynamics, 
milrinone can suppress inflammation and decrease apop-
totic biomarkers by other means in the patients with severe 
cardiac dysfunction [17]. In other studies on cardioprotective 
effect of milrinone [41] and the protective effect of milrinone 
on renal ischemia–reperfusion injury [15, 16], milrinone was 
observed to reduce apoptosis.

Caspase-3 is an important marker of the apoptotic signal-
ing pathway [42]. Schmutzhard et al. [43] previously showed 
that severe sepsis-induced hearing loss can be explained 

with the upregulation of caspase-3-mediated apoptosis. Han 
et al. [21] reported caspase-3 expression in hair cell, spiral 
ganglion neurons, and stria vascularis through immunohis-
tochemistry technique. In our study, we also used immu-
nohistochemistry technique (Active Caspase-3 Antibody 
Staining) to investigate potential apoptosis in the cochlea, 
and the effect of milrinone on the prevention of apoptosis. 
We found that the apoptotic index scores of all treatment 
groups were statistically lower than that of the control group. 
Furthermore, the apoptotic index scores of the groups with 
pre-traumatic milrinone administration were significantly 
lower than the apoptotic index scores of the groups with 
post-traumatic milrinone administration, indicating that mil-
rinone decreases apoptosis in accordance with the literature.

The neuroprotective effect of milrinone was first showed 
by Saklani et al. [20] that milrinone treatment in mice with 
ischemia–reperfusion significantly decreased cerebral infarct 
size and improved memory and motor coordination [20]. 
This therapeutic effect is considered due to the increased 
intracellular calcium levels via ryanodine receptors. On the 
other hand, it has also been found that, in ischemia-reper-
fusion injury model, calcium channel antagonists improve 

Fig. 4  Hematoxyline and eosine staining of the rat cochlea. a Inflam-
mation in stria vascularis (asterisks) and epithelial disarray (arrows) 
( × 200). b Edema in stria vascularis (arrow) and blister formation 

(asterisks) ( × 40). c Plasma cell infiltration and severe inflammation 
in control group ( × 200). d Reduced inflammation in high dose mil-
rinone group (HD 1)
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memory and exhibit neuroprotective effect [44, 45]. Con-
sistent exposure of ischemia resulting massive intracellular 
accumulation of calcium ions leads to cell death because of 
triggering deleterious biochemical events [20]. As showed 
by Reetu et al. [20], milrinone treatment has a protective 
effect against these events. Therefore, the improved DPOAE 
values following the post-traumatic milrinone treatment 
may be also associated with the neurotherapeutic effects of 
milrinone.

Along with its vasodilator action, neuroprotective, anti-
inflammatory, and anti-apoptotic effects, milrinone has 
also an anti-thrombotic effect [19]. Therapeutic dosage of 
milrinone inhibits adenosine, diphosphate, and arachidonic 
acid-induced platelet activation [46]. Decreased microvas-
cular platelet aggression treats tissue perfusion by increas-
ing capillary blood flow [47]. Anti-thrombotic effect of mil-
rinone with its regulating effect on hemodynamic parameters 
contributes to potential protective and therapeutic effects by 
increasing microcirculation on the cochlea.

Several different AT models have been used in the lit-
erature such as 120 dB, 4 kHz octave band noise for 4 h, 

103–107 dB SPL, 5 kHz for 4 h, and 120 dB 6 kHz noise 
for 40 min [48–50]. In our study, we used 120 dB SPL, 
4 kHz white noise for 4 h. ABR, DPOAE, or both can be 
used to evaluate the effects of AT [48, 49], and we used 
DPOAE measurement in our study. AT-induced permanent 
hearing loss is generally observed at higher frequencies, 
ranging between 3000 and 6000 kHz as reported in the 
previous studies [3, 51]. In accordance with the previ-
ous studies, we also observed that AT mostly affected at 
2000 kHz and above, while this effect was more clearly 
observed at 4000 and 6000 kHz. We observed that the 
most protective and therapeutic effect of milrinone was 
observed in the group 5 (HD 2) where a 0.50 mg/kg dosage 
was administrated after post-traumatic second hour. In this 
group, we observed that SNR values of both ears at all fre-
quencies improved the level of pre-traumatic SNR values. 
Based on the histologic parameters, we found significant 
decreases in edema, inflammation, vacuolization score, 
and apoptotic index values of all treatment groups when 
compared to control group, suggesting the protective and 
therapeutic effects of milrinone on AT-induced hearing 

Fig. 5  Caspase-3 immunohistochemistry staining of the rat cochlea. 
a Large number of apoptotic cells (caspase-positive) in control group 
( × 200). b High apoptotic score is observed at a large magnification 
in control group ( × 400). c Apoptotic cells appear to be partially 

reduced in the low-dose milrinone-treated group (LD 2) moderate 
apoptotic cells (black arrows) ( × 400). d Apoptotic cells appear to be 
significantly reduced in the high-dose milrinone-treated group (HD 1) 
moderate apoptosis cells (black arrows) ( × 400)
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loss. The protective effect is more specifically observed 
in pre-traumatic milrinone administered groups regardless 
of the drug dosage.

To the best of our knowledge, our study is the first study 
showing the effects of milrinone on the cochlea. Thus, there 
were no readily available data for the optimum dosage and 
frequency selection of milrinone. Previously, several differ-
ent dosages of milrinone have been used for different pur-
poses. For instance, Lanfear et al. [17] used between 0.25 
and 0.50 µg/kg/min dosages for the patients with severe car-
diac dysfunction, and found statistically significant decrease 
in necrosis, apoptosis and inflammation biomarkers. Saklani 
et al. [20] administered 50 and 100 µg/kg/min milrinone 
intravenously for cerebral ischemia-reperfusion in mice 
model. A single dosage of 50 mg/kg milrinone was also 
administered intraarterially [15] and intraperitoneally [16] 
for kidney ischemia–reperfusion in the rat model. Desjar-
dins et al. [52] used the varying dosage, 0.1, 0.5, 1, 5, and 
10 mg/kg, of milrinone. However, 25% of the rats in the 
groups of 1, 5, and 10 mg/kg dosages were dead because of 
ventricular fibrillation. After taking all into consideration, 
we decided to use either 0.25 mg/kg or 0.50 mg/kg intraperi-
toneally because of its easy use and no necessity of catheter 
use. Since the effect of milrinone starts 5–10 min follow-
ing the administration and its terminal half-life is around 
2–3 h when single bolus dosage used [53], we decaded to 
administer milrinone 1 h before AT and also after AT for 
investigating its potential therapeutic effect.

This study is also not without limitations. The lack of 
ABR measurement is an important limitation. Since there is 
no prior research and this study is the first one, further future 
studies are required to determine the optimum dosage and 
frequency. Different dosages and the way of drug admin-
istration may also influence the outcomes. The extended 
period (more than 5 days after AT) of follow-up may also 
improve the analysis of the results. Moreover, the use of an 
electron microscopy technique might further help tracking 
ultra-structural alterations on the cochlea.

Conclusion

In summary, we showed the protective effect of milrinone 
against cochlear damage in NIHL. Our cumulative results 
suggest that this protective effect is associated with its effect 
on decreasing inflammation and apoptosis in the cochlea. 
Systematic administration of milrinone before and after AT 
may also have a therapeutic effect against NIHL. The inves-
tigation of optimum dosage and frequency and the possible 
effect of the milrinone on threshold of hearing remain to be 
studied in future studies.
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