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Abstract

Background: Recent epidemiological evidence indicates that the fetal environment can influence susceptibility to later disease
during the lifespan. Prenatal stress exposure alters the programming of the metabolic and endocrine balance of various organs,
including the auditory system.

Objectives: The current study aimed at evaluating how prenatal stress influences Auditory Brainstem Responses.

Methods: Eighteen pregnant Wistar rats were stressed during a one-month gestation by chronic mild stress (CMS, a variable sched-
ule of different stressors). After birth, the offspring’s hearing thresholds and latencies were evaluated and compared with the con-
trol group. The hearing thresholds were assessed by recording auditory evoked brainstem responses to 4, 8,12,and 16 kHz tone burst.
Results: The results showed that although CMS caused a significant increase in corticosterone in pregnant mothers, the offspring
with CMS experience had significantly lower body weight than control animals (P < 0.00) yet there was no difference between hear-
ing sensitivity of prenatally stressed offspring and the control group. However, ABRs showed a marked prolongation in wave Il and
IV latencies in prenatally stressed rats (P < 0.05).

Conclusion: The current data confirmed that prenatal exposure to mild stress is not detrimental to hearing sensitivity. However,

these data suggest that prenatal stress can affect the temporal processing of auditory stimuli in the brainstem.
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1. Background

Results from recent animal studies have implied that
offspring of mothers, who have been under stress during
their pregnancy may be at risk of developing various phys-
ical and mental problems (1). Today, stress as one of the
most significant health problems in many communities,
has been studied extensively. One of the most important
causes of stress are environmental and occupational prob-
lems, especially in pregnant females. It has been proven
that stress has a directimpact on the health of the fetus (2).
One way to investigate stress, which is often used to study
rodent’s different pathologies, is prenatal stress (2). To cre-
ate such stress patterns, a chronic mild stress (CMS) regi-
men is usually used (2). Following introduction of stress,
the level of stress hormones, such as glucocorticoid, is in-
creased in the body (3). Glucocorticoids effectively cross
the placenta and affect the fetus (1). Although glucocorti-
coids play a vital role in differentiation of several tissues,

including lungs and heart(4), long-term exposure of the fe-
tal to this hormone can inhibit the growth of the fetus and
change its maturity trajectory (1). Since the fetus is pass-
ing through its golden developmental stage (3), such hor-
monal abnormalities could make some basic changes in
cell metabolism pattern (3). According to previous studies,
animals with a history of prenatal stress show abnormal-
ities in their hypothalamic pituitary adrenal axis (HPA),
which is recognized through a number of signs, including
raise in basic levels of glucocorticoids as well as long-term
upregulation of this hormone after exposure to an acute
stressful event (5). Many of deficiencies a person experi-
ences during their lifetime can be related to disruption of
the HPA axis (6).

Several studies have reported that prenatal stress af-
fects the auditory system (1, 6). Exposure to high levels of
glucocorticoids during the fetal period results in differen-
tiation of inner ear tissues with fewer blood vessels and
progenitor cells (6). This in turn will damage the cochlea
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(6) and increase in threshold of hearing (5). Furthermore,
if these animals are affected by ototoxic agents, they will
be harmed even more (7). Animals with a history of stress
over the fetal period also show greater involvement of the
afferent auditory pathways (7). Of other consequences of
fetal stress, impaired sensory gating (8), severe startle re-
flex (9), dendritic atrophy of auditory cortex (10), atrophy
of auditory neurons in IC (11), and neuronal morphology
defects in different parts of the central auditory nervous
system (CANS) (11) can be mentioned. It was also reported
that stress can impair cochlear function on the molecular
level (11), which results in sudden hearing loss (SHL) (12),
tinnitus and dizziness (13), and hyperacusis (11). However,
the effect of exposure to high levels of stress during the fe-
tal period or high levels of synthetic glucocorticoids dur-
ing pregnancy on cochlea and hearing threshold has not
been confirmed in all studies (1, 7) and more researches are
needed in this field.

One of the major hazards of stress during pregnancy
is fetal developmental delay (3). Through blocking growth
factors, such as insulin-like growth factor 1 (IGF-1) (14) and
increased activity of the HPA axis (5), stress changes the pat-
terns of gene expression and causes the body to produce
and store energy materials and increase cardiovascular ac-
tivities, which often reduce fetal weight gain (14). Further-
more, IGF-1 is a powerful mitogen so when it is reduced,
body’s ability to maximize the speed of cell cycle during de-
velopment is disrupted, which is followed by lower num-
ber of auditory sensory cells and auditory neurons (10).
This issue has increased the prevalence of sensorineural
hearing loss (SNHL) in people with lower birth weight (14).
These findings have been reported in both animal and hu-
man studies (1,14). Therefore, it seems that a person’s over-
all health throughout life is strongly influenced by expo-
sure to high levels of stress during the fetal period (3).

The aim of this study was to evaluate a theory that sug-
gests thatauditory brainstem response (ABR) is affected by
stress during pregnancy.

2. Methods

Eighteen adult virgin female Wistar rats, weighing 200
to 250 g, were purchased from the Center of Experimental
and Comparative Studies of Iran University of Medical Sci-
ences. On average, a humidity of 50% and temperature of
22°Cto24°Cwas set for the place where rats were kept with
a 1212 light cycle. Rats were placed together in large stan-
dard cages with a 2:1 female to male ratio. While kept in
specific cages, the rats had free access to food and water.
The presence of a vaginal plug the next morning indicates
that mating has occurred and was considered as the first

day of pregnancy. Immediately after confirmation of preg-
nancy, female rats were separated and transferred to other
standard cages (one rat per cage). Then, pregnant rats were
divided to two equal groups of nine, control and exposed
prenatal stress group. Gestational stress was presented at
gestation days 9 to 19 in the form of CMS. Stress was ran-
domly imposed on rats using one, two or three stressors in
24 hours so total time of exposure to stress ranged between
one to 24 hours a day (Figure 1). Each stressor was pre-
sented once or twice, for example the animals were placed
in smaller cages (25 X 20 X 14 cm) on the ninth (from 9
am to 4 pm) and 14th (from 5 am to 10 pm) day of preg-
nancy. The stress exposure program in this study was de-
rived from Willner’s CMS model (2), whose functionality
has been proved in previous studies (1).

Following the CMS protocol presented on the 20th day
of pregnancy, tail blood sample were taken by lancing the
tail of the rat and collecting a few drops of blood. To mini-
mize variance due to fluctuation of corticosterone during
the day, blood samples were collected between 9:00 and
11:00 a.m. Blood plasma separation from cells was done by
spinning3000 rpm at 4°C.The plasma was stored ina-20°C
freezer for corticosterone measurement. Plasma corticos-
terone concentration was determined by enzyme linked
immunosorbent assay (ELISA) technique.

In this study, it was attempted to control other poten-
tial stressors as much as possible and provide a normal liv-
ing environment for the animals. To reduce the stress as a
result of separation from the mother, for instance during
breastfeeding, the gradual weaning method (Cook, 1999)
was used (15). To this end, infants were separated from
mothers from day 21 to 27 after birth for a couple of hours
each time and kept in new cages. Infants with the same
gender and from the same family were placed in these new
cages. The cages had the same size and dimensions as that
of the mothers. The bedding of the cages was partly new
and partly taken from mothers’ bedding. It was also at-
tempted to keep animals from different groups in similar
conditions both in terms of cage and relevant personnel.
Besides, all cages were cleaned twice a week and new bed-
ding was replaced with the old ones.

Male rat offspring were weighed at 27 days old and then
divided to two groups, based on exposure to prenatal stress
(with and without prenatal stress exposure experience). To
control the litter effect factor and match all groups, only
one baby of each mother was allocated to one of these
groups. The babyrats thathad not been placed in these two
groups were kept for the next phase of the study.

The ABR was recorded from the right ear via a needle
electrode on the vertex, referred to behind the ear. The
response was amplified (100 K), filtered (100 to 3000 Hz),
and averaged with A - D board in the NATUS acquisition
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Figure 1. Gestational stress program that was presented at gestation days 9 to 19. Vertical borders between gestation days correspond to 00:00 a.m. Horizontal bars indicated
the period of time and time of day, when the individual stressors were applied. Specifics of stressors were as follows: smaller cage (25 X 20 X 14 cm;1 X 7 hours,1 X 17 hours);
wire cage (1 X 7 hours;1 X 17 hours); food and water deprivation (2 X 7 hours); empty water bottle (1 X 1hour); damp bedding (1 X 9 hours,1 X 17 hours); tilted cage (45°1 X
7 hours, 1 X 17 hours); crowding (8 dams to a standard cage; 2 X 7 hours); isolation (1 X 17 hours); new partner (1 X 24 hours) (1)

system. The ABR thresholds were measured under general
anesthesia (xylocaine solution (10 mg/kg) and ketamine
(80 mg/kg) IP) in response to 4, 8,12 and 16 kHz tone burst
(5 ms duration, 0.5 ms rise-fall delivered at 23.1/s) at day 27
or 28. At each SPL, 1024 responses were averaged. Thresh-
old was defined as wave Il and was recorded repeatedly. In
order to evaluate the ABR latency, click stimulus was deliv-
ered at 80 dB SPL and repetition rate of 11.1 second and rar-
efaction polarity was implemented.

To analyze the data, SPSS 21 (SPSS Inc, Chicago, IlI, USA)
was used and t-test was employed to compare the variable
mean values. Differences were considered statistically sig-
nificant when P was < 0.5.

All methods and techniques used in this study were ap-
proved by the Ethics Committee of the University of Medi-
cal Science with code number 1395.92113.3001.

3. Results

The waveforms and general response properties of the
ABRs recorded for the present study were all similar to pre-
vious studies. The waves mainly consisted of four peaks of
P1,P2,P3,and P4. Among all waves, P2 was the strongest and
was used to determine the hearing threshold in this study.
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The average hearing threshold of ABR was examined at dif-
ferent frequencies between the two groups, which is repre-
sented in Figure 2. As seen in this figure, the lowest hearing
threshold was related to the frequency of 12 kHz (experi-
mental group: 27.95 + 3.1 dB and control group: 26.73 +
4.71dB) while the highest hearing threshold was recorded
at a frequency of 4 kHz (experimental group: 39.82 + 5.37
dB and control group: 38.88 + 4.71 dB). The shape of audio-
grams was similar. Furthermore, the difference between
the two groups in terms of hearing threshold was not sig-
nificant (P> 0.05).

The wave latency assessment in both groups indicated
that ABRwaves had higher latencies in the group with a his-
tory of prenatal stress exposure. However, the difference
between the two groups was statistically significant in P2
(experimental group: 2.40 + 0.1 ms, control group: 2.35 +
0.1 ms (P=0.035)) and P4 waves (experimental group: 4.39
=+ 0.23 ms, control group: 4.29 & 0.19 ms (P = 0.044)).

Evaluation of maternal blood corticosterone levels at
the end of pregnancy showed that there was a significant
difference in corticosterone of the CMS group (P < 0.05). As
indicated in Figure 3, corticosterone level in the CMS group
(151.3 +16.2 ng/mL) was higher than the control group (43.2
=+ 11.4 ng/mL).

Weight evaluation of both groups indicated that rats
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Figure 2. Average hearing threshold of ABR in different frequencies in two groups
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Figure 3. Maternal blood corticosterone levels at the end of pregnancy in prenatal
and control groups

exposed to prenatal stress weighted far less than the con-
trol group. The average weight of the experimental group
(rats exposed to prenatal stress: 57.96 & 10.24) was much
lower than the control group (86.03 4= 20.94; P < 0.001)

4. Discussion

This study aimed at determining whether prenatal
stress would influence hearing in rat pups. The main find-
ing was that although prenatal stress increased corticos-
terone level in pregnant rats, it had no effect on hearing
threshold of their pups. In addition, prenatal stress caused
a significant impact on auditory neural transmission time
at the brain stem the pups. It was also found that rats off-
spring weight was severely reduced, and was affected by
stress during pregnancy.

In this study, CMS regimen developed systemic stress
in pregnant rats. The chronic mild stressor used in the cur-
rent experiment was based on those described by other re-
searchers (1, 2). While CMS did not yield consistent results

across different studies (16, 17), the significant increase
in corticosterone level suggests that the procedure used
in the current experiment was perceived as stressful by
the pregnant rats and this was confirmed by several other
studies (18, 19).

In the present study, ABR was recorded at 4, 8, 12 and
16 kHz, and rats’ highest auditory sensitivity was seen
within the range of 8 to 16 kHz. In previous studies, hear-
ing threshold of rats from different strains was examined
using both electrophysiological and behavioral methods.
In behavioral studies, although rats’ hearing threshold
was lower than what was recorded in this research (20),
the audiogram pattern observed in the present study cor-
responded with what was reported in previous research
(21). In behavioral studies, rats hearing was most sensitive
within the range of 8 to 32 kHz (20), and in studies per-
formed using electro-physiological techniques, sensitivity
was highest at frequencies of 8 (7, 21) and 16 (5) kHz. These
findings are highly consistent with thatrecorded in this in-
vestigation.

Numerous studies have been carried out focusing on
the effect of prenatal stress on the auditory system. In the
present article, it was revealed that prenatal stress has no
impact on auditory sensitivity. This result is contradictory
to results of studies suggesting that stress during preg-
nancy worsens animals’ hearing threshold (5). Neverthe-
less, most studies, have reported that prenatal stress does
not affect hearing threshold (1, 7).

Since the effect of stress varies in different individu-
als (1), in this study, only one offspring was chosen from
each under stress pregnant mother to be placed in each
group. If more than one offspring rat is chosen from each
mother, there will probably be many similarities between
data obtained from all groups. This in turn will be a bar-
rier for accurate investigation of the real effect of stress on
offspring rats. In their work, Kadner et al. (5) picked more
than one offspring rat from each mother, which made sta-
tistical first type error more likely. More importantly, the
difference between hearing thresholds of the two groups
in Kadner et al.’s study was only about 7 dB and was only
found atlower frequencies. Such difference may have been
neglected if this point had been taken into consideration
when grouping. In contrast, in studies that concentrated
on litter effect, it was found that prenatal exposure to stress
or injection of dexamethasone during pregnancy did not
cause any hearing loss in the offspring (1, 7). Another possi-
ble reason for difference between results of this study and
Kadner et al.’s work (5) is how and in what way the stress
protocol is imposed on rats during pregnancy. To imple-
ment the experiments, the Willner stress model (2) was
used. Whilst, Kadner et al. (5) employed an entirely differ-
ent stress model. Since the level of stress induced in moth-
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ers can be influenced by the type of stress exposure model
(3) and the nature of the stress exposure during pregnancy
can alter the function of the HPA axis in the offspring (8),
there is a possibility that the protocol used in the study
done by Kadner et al. (5) had greater effect on pregnant
mothers’ HPA axis and auditory system.

Absolute wave latencies assessment was conducted in
order to examine the potential effect of prenatal stress on
afferent auditory pathways. The results indicated that ab-
solute latency of waves IIand IV was increased, which could
be a sign that the generators of these waves were more af-
fected. A limited number of studies on the effect of prena-
tal stress on the auditory system neglected to examine the
absolute latency of ABR waves (1, 7) yet as stated in previ-
ous studies, prenatal stress influences sensory gating (8)
and startle reflex (9), thus it is expected to observe some
hearing abnormalities at the brain stem of animals with a
history of prenatal stress exposure.

To explain the increase in the latency of ABR waves in
rats exposed to prenatal stress, several factors can be con-
sidered. It was manifested that high concentration of glu-
cocorticoids (GC) can change the biological properties of
neurons’ plasma membrane, which results in impaired
ions movement cycle across the cell membrane and defi-
ciencies of nerve impulse transmission (22). Given that
rats exposed to prenatal stress have a higher level of basic
GC (5), there is a possibility that their neuronal function is
impaired and thus the action potential transmission time
is increased (22). Previous research has also reported the
malfunction of different parts of the central nervous sys-
tem (CNS) in animals exposed to prenatal stress (22). Dur-
ing the aging process, similar to prenatal stress exposure,
malfunction of HPA axis and rising the basic level of GC in
blood can occur (23). Since this process in aging causes dis-
ruption of neuronal synapse in CNS and increases the la-
tency of ABR waves (3), it can be expected that exposure to
PS would have this outcome as well.

It was shown that prenatal stress led to an increase in
latency of waves Il and IV while waves I and III were not af-
fected. This could be due to the fact that stress affects vari-
ous parts of CANS differently (11). It was highlighted in one
study that the effect of stress on neuronal atrophy of in-
ferior colliculus (IC) is much more than on the hippocam-
pus (10). It was also revealed that after stress is induced to
rats, expression of genes related to glucocorticoid receptor
(GR) and Hif-1 (hypoxia-inducible factors) mainly occurs in
IC and cochlear nuclei (11). This in indicative of the fact
that unlike more peripheral structures, central parts of the
afferent auditory pathway are more affected by prenatal
stress (10). Since waves Il and IVin rats are respectively gen-
erated by cochlear nuclei and IC (20), their increased la-
tency time could be caused by greater impact of prenatal
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stress on their generators.

In this research, the researchers also witnessed lower
weight in offspring rats with a prenatal stress experience,
which was proved in many previous studies (1, 7, 14). As
Hougaard et al. (1) observed, injection of dexamethasone
(a synthetic GC) during pregnancy reduced offspring rats’
weight while CMC stress regimen had no such effect. It
was noted that many of the defects seen in fetuses under
stress were the result of impairment of the HPA axis (14). It
seems that HPA axis is considered both a target of periph-
eral changesand a mediator thatlinks early life events with
the health state in adulthood (8). Since HPA axis function is
influenced by genetics, in various races (6), and epigenetic
factors within the same race (6), differences observed be-
tween the results of this study and that of Hougaard et al.
(1) could be somewhat caused by such differences. Unfor-
tunately, data associated with fetal and newborns growth
has not been addressed in all previous research (5).

4.1. Conclusion

The presented results confirmed that prenatal expo-
sure to stress during gestation is not detrimental to hear-
ing sensitivity per se. However, increasing the latency of
ABR waves confirmed that higher level of CANS may be af-
fected by prenatal stress. Therefore, processing hearing
stimulus in higher levels of hearing afferent pathways may
be corrupted.
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