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Abstract: This study was aimed to explore the influence of diabetes duration on cervical vestibular-evoked myo-
genic potential (cVEMP) and vestibular compensation after unilateral labyrinth injury in streptozocin (STZ)-induced
diabetic rats. SD male rats (with the weight of 300-350 g) were injected (55 mg/kg) with STZ intraperitoneally. At
4, 8 and 12 weeks after the induction of diabetes in model rats; cVEMP was detected by auditory evoked potential
equipment (Audera V2.7, GSI, USA). Rats were anesthetized with 2% pentobarbital sodium (0.2 mL/100¢g i.p,).
When recorded, the head of rat was lifted and moved forward and upward to achieve hyperextension of the neck
muscles. cVEMP was detected before unilateral labyrinthectomy and four selected imbalance symptoms for scoring
(head deflection, limb outreach, forced annular motion or roll and nystagmus) were recorded at different time points
after surgery. The cVEMP results indicated that there were no significant difference in N1 latency periods (ms) in
the Week 4 and Week 8 groups compared with that in the control group (P > 0.05), while the N1 latency period
was significantly increased in the Week 12 group (P < 0.01). There were no significant difference in the amplitude
between P1-N1 of cVEMP in the control group and diabetes groups (P > 0.05). There was no significant difference
in the stimulation threshold and P1 latency period (ms) of the Week 4 and control groups (P > 0.05), while those
of the Week 8 (P < 0.05) and Week 12 (P < 0.01) groups were significantly increased. There were no significant
difference in the imbalance symptom scores in the Week 4 and Week 8 groups compared with those in the control
group (P > 0.05), while the scores were significantly higher in the Week 12 group at 12 h after surgery or later (P
< 0.05). These results suggested that the rate of abnormal cVEMP (increased stimulation threshold and extended
wave latency) increased with the duration of diabetes course or uncontrolled blood glucose, although there was no
significant difference in wave amplitude. Furthermore, longer diabetes course had a negative influence on vestibu-
lar compensation after unilateral labyrinthectomy, leading to extension of compensation time.
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Introduction

Maintenance of physiological balance, espe-
cially maintenance and coordination of dynam-
ic balance, requires the input of peripheral sen-
sory information supported by vestibular and
visual senses and proprioception, which are
collectively known as the equilibrium triad.
Specifically, these three reflex pathways are ini-
tiated at the vestibular end organs, which col-
lect actuating signals from the head and body.
These signals are transmitted to dendrites of
first level bipolar vestibular ganglion cells and
then to multiple subsets of vestibular nucleus

neurons, which are distributed in the brain-
stem. The second level vestibular nucleus neu-
rons transmit signals to the third level neurons,
cortical functional area and spinal motor neu-
rons to control gaze, position and equilibrium.
The vestibulo-ocular reflex controls visual focus
during movement by adjusting movement of six
eye muscles. The vestibulo-spinal reflex con-
trols body and limb movements to maintain
position and equilibrium. Furthermore, some
of the vestibular nucleus neurons project onto
the oculomotor nucleus complex to connect
with spinal nucleus veins through the medial
longitudinal fasciculus, which may be associa-
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ted with movements of the head and eyes.
Factors influencing these pathways include
not only trauma, drugs and tumors, but also
underlying diseases, such as diabetes, with
approximately 10% of adult Chinese diabetes
patients affected according to the latest sta-
tistics from the World Health Organization.
Diabetes is associated with a number of mic-
roangiopathy-related pathological changes,
such as ocular fundus pathology and neuro-
pathy. It has been reported that diabetes
patients are at increased risk of auditory and
vertigo-based diseases, with the annual inci-
dence of falls in these patients (aged > 65
years) reaching 39% [1]. Based on detection of
nystagmus, Liu et al. [2] reported vestibular
dysfunction in 80.8% of 120 diabetes patients.
Among them, vestibular dysfunction accounted
for 66%, while central nervous system dysfun-
ction accounted for 16.5%. The main influence
of diabetes on equilibrium function is on per-
ception, transmission and integration of ves-
tibular and visual signals and proprioception.
Lack of proprioception in diabetes patients is
very common and microangiopathy and peri-
pheral neuropathy are considered to be the
main causes. Reports indicated an incidence of
decreased proprioception in 15% of insulin-
dependent diabetes patients and 13% of non-
insulin-dependent diabetes patients [3]. Lack
of proprioception can influence static and
dynamic postural stability, and decreased pro-
prioception is often accompanied with periph-
eral neuropathy. This leads to decreased
peripheral nerve conduction velocity and per-
ceptive function, as well as decreased percep-
tive function of the foot pressure sensor, ankle
joint and plantaris motion sensor, further
increasing the risk of falls [4, 5]. Diabetes can
result in retinopathy, and the vestibulo-ocular
reflex plays an important role in equilibrium
regulation and maintenance as well as the
development of vestibular compensation. Dir-
ect damage to vestibular organs is due to the
characteristics of blood supply in the inner ear
and microangiopathy caused by diabetes.
Microangiopathy not only causes peripheral
vestibular hypofunction, but also destroys the
central vestibular system, which is often not
detected until the damage is in an advanced
stage. However, most clinical studies reported
to date do not provide any clarification of the
mechanism underlying the damaging effects of
diabetes of the vestibular signaling pathway.
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Furthermore, variations among clinical studies
in terms of patient age, gender, diet, education,
and living environment, as well as the duration
and type of therapeutic drug interventions,
make it very difficult to identify appropriately
matched control patients for comparison with
diabetes patients. Although it is widely accept-
ed that diabetes has a negative effect on the
vestibular system, its influence on vestibular
compensation after unilateral peripheral ves-
tibular injury caused by disease or trauma
remains to be determined. An improved under-
standing of the influence of diabetes on vestib-
ular recovery is of critical importance in identi-
fying effective therapies.

In the present study, the influence of diabe-
tes on vestibular function and vestibular
compensation was investigated by measuring
cVEMP and imbalance symptom scores after
unilateral labyrinthectomy in a rat model of
diabetes induced by streptozotocin (STZ). This
information will provide theoretical references
for evaluation of the prognosis and recovery
after vestibular injury in patients with diabe-
tes.

Materials and methods
Animals and grouping

Male Sprague-Dawley (SD) rats (300-350 g;
n = 60) with normal tympanic membrane and
auricle reflex, were provided by the Animal
Experiment Center of Southern Medical Uni-
versity (China). The rats were randomly divided
into the control and diabetes groups, and the
diabetes group was further divided into Week
4, Week 8 and Week 12 groups.

Rat model of diabetes

Preparation for diabetes model: SD male rats
(n = 50) were maintained at 18-22°C with free
access to food and water. After acclimatiza-
tion for 1 week, STZ (Sigma-Aldrich, USA) was
injected (55 mg/kg) intraperitoneally. After 1
week, blood glucose was detected in samples
obtained from the caudal vein; successful dia-
betes model induction was confirmed by blood
glucose > 16.7 mmol/L. Blood glucose mea-
surements were repeated every 2 weeks. The
failed animal models were excluded, and rats
were added as required to maintain the number
in each group.
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Table 1. Analysis of imbalance behavior scores in the different groups

Detection of head def-

lection: Straight lines

Group Oh  4h 12h 2 48h 72h y
Control  8.00 7.20+0.45 6.20£0.45 4.00+0.00 0.60£0.55 0.00+0.00 were  drawn - respec-
Week 4 ; 42 4 4 tively from the center

cek4 800 7.60+0.55 6.60+0.89 4.20+0.45 0.40+0.55 0.00+0.00 of the sacrum 1o the
Week8 800 7.80+0.45 7.00£0.00 4.60+0.55 0.60+0.55 0.00+0.00 center of the first
Week 12 800 7801045 7401055* 6401055* 3201045* 0801045* thoracic Vertebra and
F 1.78 4.10 30.00 32.49 16.00 from the apex nasi to
P P>0.05 P<0.05 P < 0.05 P < 0.05 P<0.05 the middle of the cal-

Note: Compared with the control group, *P < 0.05.

varium. The extension
of the angle between

the two lines was
Table 2. Comparison of cVEMP in the control and diabetes groups recorded as the angle of head
P1-N1 deflection.

Group Ear Threshold (dB) P1latency N1 latency amplitude .
number (ms) (ms) Imbalance behavior score:
(pm) According to the methods

Control 20 42.86+11.89 4.64+0.52 7.79+0.55 2.33+0.78 .
reported by Petrosini [6], four
Week 4 20 42.00£8.94 4.65+0.36 7.90+0.73 2.51+0.66 imbalance symptoms were
Week8 31  53.87+11.16* 5.01+0.33* 7.77+0.54 2.57+1.05 selected for scoring (head
Week 12 20 67.00+9.23* 5.39+0.24* 9.08+0.45* 2.12+0.68 deflection, limb outreach, for-
F 25.24 18.55 25.98 1.29 ced annular motion or roll
P P<0.01 P<0.01 P<0.01 P>0.05 and nystagmus). In a two-

Note: Compared with the control group, *P < 0.05.

Preparation for unilateral labyrinthectomy: The
rats were anesthetized by intraperitoneal (i.p.)
injection of chloral hydrate (Reagent Center of
Southern Medical University. China) (5 mL/kg).
The skin behind the ear was prepared by disin-
fection and exposure of the area behind the
anterior-auricle incision. The artery under the
stapes was then identified and blocked. The
stapes base plate was removed and the ves-
tibular window was opened and disrupted with
a hook-type device before injection of chloro-
form (Reagent Center of Southern Medical
University. China) into the vestibular window
through an angled hypodermic needle. Gelatin
fragments were used to fill the vestibular win-
dow, and the incision was sutured to complete
the model. The rats were placed under a light-
source during recovery. After the recovery of
consciousness, rats began to develop head
deflection, limb stretching, rolling towards the
side of the surgery and spontaneous nysta-
gmus.

Recording of vestibular dysfunction

After the unilateral vestibular resection, dyna-
mic changes in symptoms of imbalance were
recorded at 0, 4, 12, 24, 48, and 72 h after
surgery.
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point system the presence of

one of the following symp-

toms was scored: 1) sponta-
neously persistent roll towards the injured side;
2) angle of head deflection > 45°C; 3) posterior
limb outreach; and 4) persistently spontaneous
nystagmus towards uninjured side. In a one-
point system the presence of one of the follow-
ing symptoms was scored: 1) After stimulation,
rats did not make annular movements towards
the injured side in situ or moved in a spiraling
pattern, or cowered with less movement show-
ing no evasive efforts on stimulation; 2) Angle
of head deflection < 45°C; 3) Alleviation in pos-
terior limb outreach; and 4) Significant decrea-
se in nystagmus degree observed by eye.
Disappearance of imbalance symptoms was
scored as O (no deflection but observation of
downward eye movement on the injured side.
No limb outreach. Disappearance of annular
and spiraling movement, rats could escape
after stimulation, though the rats moved slowly,
but could move in a straight line. Disappearance
of nystagmus). The total score ranged from O to
8.

Detection of CVEMP threshold, latency period
and amplitude of each wave

The cVEMP was detected by auditory evoked
potential equipment (Audera V2.7, GSI, USA).
Rats were anesthetized with 2% pentobarbital
sodium (0.2 mL/100g i.p,). When recorded, the
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Figure 1. Diagram and threshold of cVEMP in the control group.

head of rat was lifted and moved forward and
upward to achieve hyperextension of the neck
muscles. A silver recording electrode was
inserted into the bilateral back cervical exten-
sor at the C3 cervical spine level, and a refer-
ence electrode was inserted into the middle of
occipital bone, while an earth electrode was
inserted into the foot. An earphone was insert-
ed into the external auditory canal and fixed at
0.5 cm depth. The stimulation sound was gen-
erated with an alternating wave at a stimulation
strength of 100 dB nHL, which was decreased
progressively by 10 dB nHL. The repeat rate
was 5.00 Hz, and scanning performed 204
times at 40 s intervals, with band-pass filtering
of 10-1,000 Hz. Response to cVEMP was
recorded at different time points after the
induction of diabetes. The cVEMP was recorded
as the average of two measurements in each
ear. The first diphasic wave was recorded as P1
(positive wave) and N1 (negative wave) and the
appearance was considered to represent the
elicitation of cVEMP. The threshold was defined
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as the minimum stimulation strength eliciting
cVEMP, and the absolute amplitude between
peaks was regarded as the amplitude between
P1 and N1. The relationships between cVEMP
threshold, P1 and N1 latency period, and ampli-
tude in the different groups were analyzed.

Statistical analysis

SPSS19.0 was used to analyze the data.
Measurement data were expressed as mean +
standard deviation. One-way ANOVA was used
to compare the parameters of cVEMP in the
diabetes groups and the control group. P <
0.05 was considered to indicate statistical
significance.

Results
Blood glucose detection after modeling
STZ was intraperitoneally injected with the

dose of 55 mg/kg. After 1 week, blood glu-
cose was detected from caudal vein, and
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Figure 2. Diagram and threshold of cVEMP in the Week 4 diabetes group.

blood glucose > 16.7 mmol/L suggested a
successful modeling. Blood glucose from cau-
dal vein was detected every 2 weeks, and the
values were all higher than 16.7 mmol/L.

Behavior observation

Although the rats showed autonomic limb
activity, pain reactivity, efforts to stand, redu-
ced movement and cowering in the first few
minutes of recovered consciousness after
unilateral labyrinthectomy, the rats did not
exhibit spontaneous nystagmus, rolling or head
deflection. Subsequently, nystagmus towards
the uninjured side was observed, followed by
autonomous rolling, head deflection and even
dorsiflex and tonic limb extension. Animals did
not eat or drink on the day of surgery. With the
extension of compensation time, spontaneous
rolling disappeared first. After being stimulated
by sound or touch, the rats moved in an annu-
lar manner, followed by forward movement in a
spiral manner either subsequently or concur-
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rently. Nystagmus and head deflection disap-
peared after the rolling motion and before the
disappearance of spiral forward movement.
Although in the late stage of compensation, the
angle of head deflection was significantly
decreased or even disappeared, neck torsion
was still apparent. These phenomena persisted
for at least 3 months. Neck torsion did not
affect the ability of rats to identify the mouth-
piece of the water bottle provided, or to walk in
straight lines. At 24-36 h after unilateral laby-
rinthectomy, spontaneous nystagmus of the
rats in the control group disappeared, and the
head deflection was significantly alleviated.
After acclimatization, the rats in control group
exhibited avoidance behavior when stimulated
by sound or touch. This behavior was presented
as the movement in a linear direction, although
the action was slow. There were no significant
differences in the compensation scores among
all the groups within 4 h after surgery. There
were no significant differences in the scores of
the Week 4 and Week 8 groups compared with
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Figure 3. Diagram and threshold of cVEMP in Week 8 diabetes group.

that in the control group (P > 0.05); however,
significantly higher scores were observed in the
score of the Week 12 group at 12 h after sur-
gery or later (P < 0.05) (Table 1).

CVEMP in neck muscle

There cVEMP thresholds (dB nHL) in the control
and diabetes groups were significantly different
(P < 0.01). ANOVA showed that there was no
significant difference in the thresholds of the
Week 4 group and control groups (P > 0.05),
while those of the Week 8 (P < 0.05) and Week
12 (P < 0.01) were significantly increased. The
P1 latency periods (ms) of cVEMP in the control
and diabetes groups were significant different
(P < 0.01). ANOVA showed that there was no
significant difference in the P1 latency periods
(ms) of the Week 4 and control groups (P >
0.05), while those of the Week 8 (P < 0.05) and
Week 12 (P < 0.01) groups were significantly
increased. A similar trend was observed in the
N1 latency periods (ms) of cVEMP in the control
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and diabetes groups. There were no significant
differences in the amplitude between waves of
cVEMP in the control and diabetes groups (P >
05) (Table 2; Figures 1-4).

Discussion

According to the latest statistics from the World
Health Organization, diabetes is becoming one
of the most common chronic diseases. The
complications of diabetes involve many sys-
tems, including the eye, kidney, heart and cere-
bral vessels and central nervous system, as
well as the vestibular system. Myers et al. [7, 8]
observed a reduction in the diameter of vestib-
ular nerve fibrosis and thinning of the peripher-
al myelin in diabetic rats. Furthermore, the
severity of these changes increased with the
duration of disease. Nicholoson et al. [9] report-
ed abnormalities in the slow phase velocity of
the vestibulo-ocular reflex and gaze test com-
pared with the control group. Currently, direct
evaluation of vestibular pathway signaling
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Figure 4. Diagram and threshold of cVEMP in Week 12 diabetes group.

involves the detection of vestibular nystagmus,
cVEMP and ocular vestibular-evoked myogenic
potential (0VEMP). cVEMP is widely used in
China. There have been some reports on the
detection for vestibular function in diabetes.
Bektas et al. [10] evaluated cVEMP in 12 diabe-
tes patients with peripheral neuropathy and 13
diabetes patients without peripheral neuropa-
thy as well as healthy individuals. No significant
difference in either latency period or amplitude
was observed between the groups. Konukseven
et al [11] assessed oVEMP and cVEMP both in
30 diabetes patients at the early stage and 31
healthy controls. In the diabetes group, P1 and
N1 latency periods of oVEMP were 30.4% and
37.5%, and those of cVEMP were 53.7% and
59.3%, respectively. The inconsistency between
the findings of these two studies may be due to
differences in patient age, gender, diet, edu-
cation, and living environment, as well as the
duration and type of therapeutic interventions.

The aims of this study were to explore the influ-
ence of both diabetes and the disease duration
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on vestibular dysfunction and vestibular com-
pensation after unilateral labyrinth injury in a
rat model of diabetes induced by STZ. Our
results showed that diabetes negatively influ-
ences the process of vestibular compensation,
and this effect is exacerbated with disease
duration. In the present study, there were no
significant difference in the imbalance scores
after unilateral labyrinthectomy of the Week 4
and Week 8 groups compared with that in the
control group (P > 0.05); however, the rats in
the Week 12 group showed significant increas-
es at 12 h after surgery or later (P < 0.05), with
animals showing the disappearance of sponta-
neous nystagmus or spiral moving forward.
Above all, the development of vestibular com-
pensation in the control group was significantly
faster than that in the diabetes groups and fur-
thermore, this difference was increased with
the disease course. Most symptoms were static
vestibular abnormalities, such as spontaneous
nystagmus and head deflection. Annular motion
around a single point and spiral forward move-
ment were also observed as dynamic symp-
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toms of vestibular dysfunction. Previous stud-
ies indicated that disappearance of static
symptoms was earlier than that of dynamic
symptoms, and that the dynamic symptoms
also took longer to disappear [12].

In combination with the preoperative cVEMP
results, the P1 latency periods (ms) of the Week
8 (P < 0.05) and Week 12 (P < 0.01) groups
were shown to be significantly increased com-
pared with those of the control group, and a
significant increase in the N1 latency period
(ms) was observed in the Week 12 (P < 0.01)
group. Figures 1-4 indicated that higher thresh-
old of sound stimulation increased with dis-
ease duration, suggesting that injury to the sac-
culus increases simultaneously. Previous stud-
ies have suggested that sensorineural hearing
loss has no significant influence on cVEMP, sug-
gesting that sound stimulation acts directly on
the sacculus. The saccule is the only recog-
nized region with the function of phonosensi-
tive function as the peripheral vestibular termi-
nal organ; therefore, the increase in the saccu-
lus threshold indicates the possibility of injury.
Zuniga et al. [13] found that there were no sig-
nificant difference in cVEMP latency periods in
patients with migraine vertigo and Meniére’s
disease compared with the control group.
Amplitude in the MD group was significantly
changed. In comparisons of VEMP in Phex-
Hyp-Duk/y (vestibule abnormality in mice with
endolymphatic hydrops) and control mice,
Sheykholeslami et al. [14] found that there was
no significant difference in P1 and N1 latency
periods. All conclusions indicated that the
diseased sacculus had no significant influence
on the potential latency of cVEMP. Combined
with our results showing that the stimulation
threshold was increased with the disease
course, it can be concluded that the cVEMP
signaling pathway influences all or most of the
sacculus- or post-sacculus-related pathways.
However, the absence of significant differen-
ces in amplitude and wave elicitation ratio
indicates that the degree of injury degree had
not reached the level of that associated with
Meniére’'s disease or vestibular neuritis.
Indeed, our observations were continued only
until Week 12 after the induction of diabetes,
which suggests that the negative effect on the
cVEMP reflex pathway occurs at an early stage.
Although we did not further explore the involve-
ment of the post-sacculus pathway, it might be
possible to make some deductions based on
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our existing evidence. The vestibular nucleus
behind the sacculus plays a very important role
in maintaining normal vestibular function.
Under normal physiological conditions, the ves-
tibular nucleus collects the signals uploaded by
the bilateral vestibular end organs, integrates
the information from visual, proprioception or
other systems in appropriate time and space,
finally transmitting the signals to the third neu-
ron, cortical functional areas and spinal motor
neurons. Although there have been no report
on the influence of diabetes on the vestibular
nucleus and post-nucleus pathway, previous
studies have indicated that vestibular compen-
sation is closely related to the vestibulo-ocular
reflex, cognitive ability, long-term potentiation
and long-term derepression (LTD) in the cere-
bellum, and the change and re-equilibrium of
excitability in the bilateral vestibular nucleus.
However, the close correlation of retinopathy,
aging of the human brain and Alzheimer’s
disease caused by diabetes may form the basis
of the pathological mechanism underlying the
influence of diabetes on vestibular compen-
sation [15-20]. Combined with the imbalance
symptom score, the slowest recovery of com-
pensation was observed in the Week 12 group,
which is in accordance with characteristics of
the influence diabetes-related microangiopa-
thy and metabolic disorders, including diabe-
tes, on the nervous system.

In summary, the findings of the present study
allow us to conclude the rate of CV abnormality
increased with the course of diabetes or uncon-
trolled blood glucose status, and is associated
with increased stimulation threshold and wave
latency extension, but no significant change in
amplitude. Furthermore, although compensa-
tion was observed in most of the static symp-
toms, full assessment of the dynamic compen-
sation was not completed in our study due to
the experimental schedule. In terms of the
duration of static symptom recovery, that of the
Week 12 diabetic group was significantly longer
than that of the normal control group. However,
observation of the dynamic symptoms showed
in the Week 12 diabetic group was significantly
slower than that in the control group. At least in
terms of the duration of static symptom recov-
ery, that of 12-week diabetic group was signifi-
cantly longer than that of normal control group
significantly. However, in the dynamic observa-
tion, rats changed from the annular motion to
adopt a pattern of movement in a straight line.

Int J Clin Exp Med 2017;10(5):7816-7824
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Although rats did not recover a fast and flexible
state of motion, the recovery was significantly
extended in Week 12 group compared with that
in the control group. The findings of the present
study have practical reference value for treat-
ing patients with diabetes combined with verti-
go, as well as for vestibular rehabilitation. The
influence of diabetes on the vestibular reflex
pathway is complicated and multi-level, and the
detailed site and mechanism of the negative
influence on the pathway require further
elucidation.
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