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Abstract

Objective: Betahistine is frequently used in the pharmacotherapy for Meniére’s Disease (MD). Little is known about its
mode of action and prescribed dosages vary. While betahistine had an increasing effect on cochlear microcirculation in
earlier studies, low dose betahistine of 0.0 | mg/kg bw or less was not able to effect this. Selegiline inhibits monoaminooxidase
B and therefore potentially the breakdown of betahistine. The goal of this study was to examine whether the addition of
selegiline to low dose betahistine leads to increased cochlear blood flow.

Methods: Twelve Dunkin-Hartley guinea pigs were anesthetized, the cochlea was exposed and a window opened to
the stria vascularis. Blood plasma was visualized by injecting fluoresceinisothiocyanate-dextrane and vessel diameter and
erythrocyte velocity were evaluated over 20minutes. One group received low dose betahistine (0.01 mg/kg bw) and
selegiline (1 mg/kg bw) i.v. while the other group received only selegiline (I mg/kg bw) and saline (0.9% NaCl) as placebo i.v.
Results: Cochlear microcirculation increased significantly (P<<.001) in guinea pigs treated with low dose betahistine
combined with selegiline by up to 58.3 = 38.7% above baseline over a period of up to || minutes. In one guinea pig, the
increase was 104.6%. Treatment with Selegiline alone did not affect microcirculation significantly.

Conclusions: Low dose betahistine increased cochlear microcirculation significantly when combined with selegiline. This
should be investigated in further studies regarding dose-effect relation in comparison to betahistine alone. Side effects, in
particular regarding circulation, should be considered carefully in view of the clinical applicability of a combination therapy
in patients with MD.
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Meniére’s Disease (MD) is a condition associated with fre-
quent vertigo attacks, tinnitus and short-term sensorineural
hearing loss.! Prevalence is higher in female patients

(64.5%) with an overall incidence rate of 13.1 per
100000 person-years (in the United Kingdom).?> Meniére’s
Disease varies in its manifestations and there are possibly
several subgroups, each resulting from a different patho-
physiology.>* The most common theory is that endolym-
phatic hydrops in the labyrinth leads to increased inner ear
pressure.>® It is believed that increased pressure in the
cochlea results in mechanical strain on membranous tis-
sues. Consequently, barriers of the endolymphatic space
dilate and eventually rupture. This causes symptoms and
histological abnormalities observed in patients with MD.”-10
Meniére’s Disease is a chronic condition without causal
treatment to date. Betahistine, a medication with reportedly
safe drug profile has become the first-line treatment for
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Figure |. Betahistine effect on cochlear microcirculation by Ihler et al: Betahistine (0.0 mg/kg bw) alone was not able to increase

cochlear blood flow significantly. Image extracted from lhler et al.'®

patients with MD.!! Alternative non-destructive treatment
options like intratympanic steroid injection or endolym-
phatic sac decompression surgery are more invasive and
accompanied with potential complications.!'?

Betahistine is a histamine-like drug that binds mainly to
H, receptors.'*!* Betahistine binding to H, receptors in the
inner ear is supposed to increase local blood flow via dila-
tion of the precapillary arterioles which results in increased
fluid exchange. Enhanced blood flow increases reabsorp-
tion of endolymph and decreases inner ear pressure.' !’
Betahistine has long been an essential part of the treatment
of MD ever since 1968.'® While definite proof of a thera-
peutic effect of betahistine in MD has yet to be provided,'*°
it has been used for over 50 years and many studies indicate
a better quality of life and less frequent attacks.'!!2

However, betahistine has a high first-pass effect, is rap-
idly broken down and has a short half-life of only up to
3.5hours in humans.'® The enzyme monoaminoxidase B
(MAO-B) converts betahistine into aminoethylpyridine,
hydroxyethylpyridine and mainly 2-pyridylacetic acid
(2-PAA).2 The effect of 2-PAA, however, differs in com-
parison with unmetabolized betahistine on cochlear micro-
circulation. In a study by Bertlich et al,'® 2-PAA proved
non-effective in increasing cochlear blood flow compared
to its precursor. A way to inhibit the breakdown of betahis-
tine through MAO-B may increase betahistine levels in
cochlear microcirculation.

Selegiline is a potent, dose-dependently selective and
irreversible MAO-B inhibitor’* and has shown no major
side effects in clinical use.? For now, most studies on sele-
giline focus on its effects in the central nervous system.2%?’

Selegiline is already available and in therapeutic use, since
MAO-B activity has an influence on illnesses like
Parkinson’s disease.?* In a cat model, oral medication with
betahistine in combination with selegiline obtains therapeu-
tic effects similar to betahistine in higher dosage.?®

The goal of this study was to evaluate the added effect of
MAO-B-inhibition by selegiline in combination with beta-
histine on cochlear blood flow.

Materials and Methods

Experiments were performed according to state and ani-
mal protection law (Regierung von Oberbayern, Munich,
Germany; license no. ROB-55.2-2532. Vet 02-17-231).
Twelve female guinea pigs (Dunkin-Hartley) of 8 to
12 weeks of age were acquired from Envigo Laboratories
(Venray, The Netherlands) and acclimated for 1week
prior to the experiment. The animal model used in this
experiment has been applied extensively and has proven
reliable.!415:29-32

Each guinea pig was randomly assigned to intravenous
treatment with betahistine combined with selegiline
(Group B+ S, n=6) or selegiline combined with 0.9%
saline solution (Group S+ S, n=6). Results with solely
betahistine without adding selegiline have already been
obtained by this group (Figure 1).'* The present experi-
ments were designed in a similar way in accordance with
the principles of Russel and Burch to reduce the use of
animals in testing.*3

Anesthesia was induced by intramuscular injection of
1.0mg/kg bw midazolam (Dormicum®, Hoffmann-La
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Figure 2. Cochlear fenestration: Image (A) shows the protruding left cochlea of a guinea pig into the tympanic cavity (3.2X
magnification) before the outer vessels are removed with a microsponge (lateral view). The rectangle indicates the window which is
carved into the outer bony layer of the cochlea wall. The second turn of the cochlea is marked by broken lines. Image (B) outlines
the area of fenestration. The cochlea is innervated by the cochlear nerve (1), whose fibers run in between the scala media (2) and
scala tympani (3) along the basilar membrane (4) to the organ of Corti (5) with inner and outer hair cells and the tectorial membrane.
Between the scala vestibuli (6) and the scala media is Reissner’s membrane (7). The stria vascularis (8) lateral to the scala media is
accessed by carefully removing the upper bony layer of the cochlear wall.

Roche AG, Basel, Suisse), 0.2mg/kg bw medetomidine
(Domitor®, Vétoquinol, Magny-Vernois, France) and
0.025 pg/kgbw fentanyl (Fentadon®, Dechra Pharmaceuticals
PLC, Northwich, UK). Depth of anesthesia was controlled
by toe-pinching reflexes. Anesthesia was considered suffi-
ciently deep with lack of these reflexes. Reflexes were moni-
tored and one-third of the initial anesthesia dosage was
injected intramuscularly if reflexes were positive.

Jugular and periaural regions were infiltrated subcuta-
neously with bupivacaine (0.5ml) with epinephrine
(Bupivacain 0,5%-ig®, Jenapharm, Jena, Germany). An
intravenous catheter (Portex®, 0.58 mm, Smiths Medical,
St. Paul, MN, USA) was placed in the external jugular
vein. The pinna, surrounding tissue and the muscles cover-
ing the temporal bone were resected en bloc. After incis-
ing the bony part of the external auditory canal with pliers
(Scholl®, SSL International, London, UK), a lateral bulla
osteotomy was performed removing the lateral wall with
forceps. The cochlea was exposed with forceps after the
ear drum and the ossicles were removed. Vessels covering
the cochlea were carefully wiped off with a microsponge.
Then a window of approximately 400 X 400 um was care-
fully carved with a scalpel (Feather disposable scalpel no.
11, Feather Safety Razor Co., Osaka, Japan) into the outer
bony layer of the second turn of the cochlea, avoiding
damage to the stria vascularis underneath (Figure 2).

Fluoresceinisothiocyanate-dextrane (FITC-Dextran,
Molecular weight of 500000, Sigma-Aldrich, Deisenhofen,
Germany) was applied to visualize blood plasma in contrast
to erythrocytes passing through vessels. FITC-Dextran was
injected intravenously via the jugular catheter as a solution
of 5% dissolved in NaCl (volume: 0.01 ml/kg bw). If neces-
sary, the injection of FITC was repeated to intensify the
contrast. Cochlear microcirculation was recorded with a
Leica M205FA binocular microscope with Leica EL 6000
light source, a Leica DFC295 digital color camera attached
and Leica Application Suite (LAS) software (version 3.1.2.,
Leica Microsystems GmbH, Wetzlar, Germany) installed.
The obtained videos were analyzed using Caplmage soft-
ware (version 8.6.3, Dr. Zeintl Engineering, Heidelberg,
Germany). This software was designed for the quantifica-
tion of microcirculation®* and calibrated to adjust for eryth-
rocyte velocity and capillary diameter. The path of
erythrocytes can be followed with the software by tracing
their position in a vessel over time. Thereby, the speed of
blood flow can be calculated. Vessel diameter can be
recorded by manually measuring the distance between ves-
sel walls.

After surgical preparation, 3 representative vessels
were randomly selected to record capillary diameter and
blood velocity. Base values were recorded before treat-
ment by recording for 2 minutes prior to intravenous drug
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administration and calculating mean blood flow. This was
used as a reference value of 1.0 arbitrary units for further
analyses. Guinea pigs in group B+ S were treated once
with betahistine (0.01 mg/kg bw) in combination with
selegiline (1 mg/kg bw). Guinea pigs in group S+ S were
treated once with selegiline (1 mg/kg bw). Saline (0.9%
NaCl) was added to match the injected volume of the
B+ S group. The betahistine dosage was chosen to match
the highest betahistine dosage from previous experiments
without significant effect on cochlear microcirculation.!'
The selegiline dosage was based on previous experiments
with betahistine and selegiline in cats by Tighilet et al.?®
Capillary diameter (d) and intravascular blood velocity
(v) were quantified every minute for 2 minutes before and
19 minutes after drug administration. Each minute value
was measured thrice and the average of the 3 measurements
was calculated. After data was recorded, guinea pigs were
euthanized under deep anesthesia by cervical dislocation.
Cochlear blood flow (q) was calculated with the formula
specifically proposed for this purpose by Baker and

Wayland**:
2
J V(4
75)(5)

Mainly due to varying diameters of surgically accessible
vessels, considerable interindividual differences exist
between absolute baseline values of cochlear blood flow. To
account for this, data was transformed to arbitrary units,
calculated as changes from the respective baseline.

Statistical differences were assessed for each timepoint
between treatment groups. Therefore, the following mixed
effects model was fitted with an interaction effect for time-
point and treatment and a random effect for the animal and
a nested random effect for the capillary location,

Vi =0+PB;+ B, +C, | B+y*t+8*1" +p; *1 +g,,

Here, );; represents the percentage change of cochlear
blood flow over the basal measurement, o is the intercept,
B, with j=1,...,3 the treatment effect (reference group is
placebo/placebo), ¥ is the linear effect of the time point, &
is the linear effect of the squared time point, P/ the inter-
action effect for treatment and timepoint and &, the ran-
dom error. Time was fitted linearly and polynomial to best
account for its effect. The random effect B, is fitted to
account for an animal effect and the nested random effect
B, |C, is fitted to account for the capillary location.
Random effects are fitted in order to account for unob-
served heterogeneity. The model was fitted using the Imer
function from the /me4 package of R version 4.0.5, which
relies on a restricted maximum likelihood fitting. The
mixed model was applied to test for a global effect within
the data. The significance was assessed using
Satterthwaite’s ¢-test (as implemented in the ImerTest

package) and a significance threshold of 0.05. Normality
of residuals was assessed by inspection of QQ and partial
residual plots. Individual time points were tested using a
simple linear mixed model with only a fixed effect for the
treatment and a random effect for the animal. Significance
was again assessed by a Satterthwaithe’s 7-test. For abso-
lute values we used the simple linear mixed models with a
fixed effect and a random effect for animal to evaluate
whether there was a significant effect over baseline for
each individual time point. Again, the Satterthwaithe’s
t-test was used for assessing significance.

Results

Already at baseline, one animal from the S+ S group
showed values that were more than fivefold increased over
all other individuals. This was attributed to a technical error
and all values from this animal were removed from subse-
quent analyses. Average cochlear blood flow in all other
animals (n=11)was 66.3 = 23.1 pm*/sand 65.6 = 26.9 um?/s
for the first and second minute of baseline measurements,
respectively. Within treatment groups, the values were
77.6 =21.8 um?/s and 77.1 = 29.0 um®/s for the group B + S
(n=6) as well as 52.7+16.2um’/s and 51.8 = 15.3 um%/s
for the group S+ S ( = 5). There were no statistically sig-
nificant differences between groups for baseline values.

After baseline measurements, treatment was adminis-
tered once according to treatment group. Following that,
maximum values ranged from 36.2 to 80.9um?/s in the
S+ S group between minutes 3 and 20. A considerable
interindividual variability in absolute values of blood flow
was noted within the B+ S group: in one animal, values
dropped as low as 11.0pum? in minute 3 and thereafter
showed values no higher than 57.1 um? in minute 12. Four
animals peaked at 141.9 to 177.2 um? in minutes 4 to 7. The
last animal from B + S showed a consistent increase beyond
minute 8, peaking at 245.0 um® at minute 18 and remaining
at this level. The time course of cochlear blood flow in
absolute values in individual animals is shown in Figure 3.

To account for interindividual variability in absolute val-
ues irrespective of treatment group, data was calculated as
change from baseline for statistical testing of differences.
Thereby, cochlear blood flow after drug administration
increased by a mean of 58.3 = 38.7% in animals from group
B+ S with a maximum increase in one animal of 104.6%.
Animals in group S+ S saw changes of cochlear blood flow
of 4.8 £7.2% with a maximum increase of 18.9% in one
guinea pig. Figure 4 gives changes of cochlear blood flow
within 19 minutes after treatment.

A time effect for cochlear blood flow in the B + S group
was identified as nonlinear. Fitting of a mixed model
revealed an overall significant difference between groups
(P<.001). Furthermore, there was a significant effect for
the timepointas well as the timepoint squared. Consecutively,
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Figure 3. Cochlear blood flow after baseline recordings in absolute values in individual animals from the groups B + S (black lines,
n=6, treatment) and S+ S (gray lines, n=5, control). While most animals treated in B + S showed a marked increase in cochlear

blood flow, values in the whole S+ S group stayed within a small range.
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Figure 4. Relative change of cochlear blood flow after baseline recordings on average in both groups. Mean values *+ standard
deviation. Brackets: significant difference at respective timepoints between groups, level of significance denoted by asterisk
(*=P<.0l, *=P<.05). Group B + S (black diamonds, treatment, n=6) showed a significant increase in cochlear blood flow
compared to group S+ S (white diamonds, control, n=5).
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the difference was identified as significant from minute 6 to
minute 17 (P <.05), as well as highly significant from min-
ute 9 to minute 14 (P<<.01). There were no significant
interaction effects. This concludes a significant increase
over a time frame of 11 minutes.

Discussion

We were able to show that an intravenously injected combi-
nation of low dose betahistine and selegiline significantly
increases cochlear microcirculation. In contrast, selegiline
in combination with saline was not able to raise
microcirculation.

In previous experiments, the betahistine dosage of
0.01 mg/kg bw did not increase cochlear microcirculation
significantly.!® The design of the present study implied that
as given and thereby an additional control group with beta-
histine of 0.01 mg/kg bw alone was not included. This,
however, limits the conclusions to be drawn from the data
presented here. Therefore, follow-up studies should explore
further the dose-effect relations of selegilin, betahistin and
a combination of those agents in direct comparison.

A possible mechanism that might explain our observa-
tion for betahistine in combination with selegiline is the
inhibition of the breakdown of betahistine by MAO-B.
Potentially, other animals as well as human patients may
show a similar effect. An experimental study by Tighilet
et al?® simulating a vestibular attack in cats showed a sig-
nificant decrease of the plasma concentration of betahistine
metabolites when combined with selegiline, specifically
2-PAA. Cats treated orally with either high dose betahistine
(2mg/kg bw) or betahistine combined with selegiline (0.2
and 1mg/kg bw) regained normal posture significantly
faster than cats treated with low dose betahistine (0.2 mg/kg
bw). However, the effect on cochlear blood flow was not
investigated in the study of Tighilet et al. Our results cor-
roborate these findings.

Higher plasma levels of betahistine and its active metab-
olites increase blood flow to the stria vascularis of the
cochlea.!>! The stria vascularis is a vessel complex respon-
sible for homeostasis within and energy supply to the inner
ear. This subsequently affects hearing function.’® The
mechanical stress caused by increased endolymphatic pres-
sure in patients with MD may also compress vessels of the
stria vascularis. The resultant reduction in oxygen supply to
the inner hair cells may help explain the hearing loss in epi-
sodes of active MD.*” Increasing blood flow to the stria vas-
cularis has the potential to increase partial oxygen pressure
in the effected tissues.*® Combining selegiline with betahis-
tine may therefore contribute to convalescence of inner hair
cells after MD attacks.

By prolonging and increasing the effect of betahistine
through inhibition of MAO-B, it is also notable that the dos-
age of betahistine required for a given effect on cochlear

blood flow is reduced. Betahistine is known to demonstrate
a safe drug profile with only minor side effects. However,
Adrion et al?® conducted a study where the majority (>85%)
of patients had at least one of the following adverse effects:
headache, balance disorder, nausea, nasopharyngitis, feel-
ing hot, eye irritation, and palpitations. By limiting the
required dose of betahistine, systemic side effects could
potentially be limited as well. However, a reduced threshold
for primary effects may reduce the effect for side effects as
well. Additionally, MAO-B-inhibition itself may cause
other unintended effects. Blood pressure dysregulation and
transient hypertensive episodes®® are of particular interest,
since this might explain the variability noted in the animals
treated with selegiline in the present study. Therefore, side-
effects should be considered carefully for the potential
introduction of a combination therapy of selegiline and
betahistine into clinical practice.

Another benefit of selegiline in MAO-B inhibition is the
decrease of reactive oxygen radicals that result from
the breakdown of betahistine. The process of oxidation of
the betahistine molecule produces hydrogen peroxide.*’
This increases the oxidative stress in cells and may be toxic
to its proteins.*' Therefore, adjunct therapy with a MAO
inhibitor like selegiline may have additional therapeutic
benefits, as cochlear tissue might be protected. A study by
Abdanipour et al*? demonstrated the protective effects of
selegiline in nervous tissue in vitro. Their experiment
showed a significant decrease in apoptosis and necrosis in
cells under oxidative stress, when pretreated with selegi-
line. Concurrently, Cui et al** were able to show a similar
effect in epithelial cells of the lung in vitro. There, selegi-
line decreased MAO-B activity, as well as levels of nuclear
factor kB and inflammatory proteins (heme oxygenase 1
and NAD(P)H quinone dehydrogenase 1). With these find-
ings, tissue in the cochlea may profit in a similar way.

A limitation of this study is the fact that betahistine and
selegiline were administered intravenously which differs
from most MD therapy protocols.*** Intravenous betahis-
tine without the high first-pass effect of oral intake may dif-
fer in effect from the therapeutic model. However, oral
medication was not possible in the animal model used here
due to the invasive nature of the experiment and the need
for anesthesia. Adjunct medication with selegiline inhibits
conversion of betahistine into 2-PAA. Since plasma levels
of unmetabolized betahistine after oral intake have been
shown to be higher with adjunct oral selegiline medica-
tion,?® we conclude that the results of this experiment should
produce similar results with oral medication.

Like selegiline, rasagiline is frequently used in Parkinson
treatment. Marconi and Zwingers evaluated Unified
Parkinson’s Disease Rating Scale in a comparative meta-
analysis and found no significant difference between the 2
drugs.*® Cereda et al*’ came to the same conclusion in a
study over 3 years. This suggests that rasagiline may also be
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a potential addition to betahistine in MD treatment. Miiller
et al*® described a decrease of adverse effects when rasagi-
line instead of selegiline was used. A study to compare sele-
giline and rasagiline in cochlear microcirculation may
determine which drug could be more beneficial.

Conclusion

The addition of selegiline to a low dose of betahistine
leads to a significant increase of cochlear microcircula-
tion in the stria vascularis in guinea pigs. Further animal
studies should explore the detailed mechanism and dose-
effect relationships. Following that, the clinical safety
and benefit of a combined administration to MD patients
may be explored.
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