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a b s t r a c t

Objective: The central auditory pathway is known to continue its development during the postnatal
critical periods and is shaped by experience and sensory inputs. Phthalate, a known neurotoxic material,
has been reported to be associated with attention deficits in children, impacting many infant neuro-
behaviors. The objective of this study was to investigate the potential effects of neonatal phthalate
exposure on the development of auditory temporal processing.
Methods: Neonatal Sprague-Dawley rats were randomly assigned into two groups: The phthalate group
(n ¼ 6), and the control group (n ¼ 6). Phthalate was given once per day from postnatal day 8 (P8) to P28.
Upon completion, at P28, the Auditory Brainstem Response (ABR) and Gap Prepulse Inhibition of Acoustic
Startle response (GPIAS) at each gap duration (2, 5, 10, 20, 50 and 80 ms) were measured, and gap
detection threshold (GDT) was calculated. These outcomes were compared between the two groups.
Results: Hearing thresholds by ABR showed no significant differences at all frequencies between the two
groups. Regarding GPIAS, no significant difference was observed, except at a gap duration of 20 ms
(p ¼ 0.037). The mean GDT of the phthalate group (44.0 ms) was higher than that of the control group
(20.0 ms), but without statistical significance (p ¼ 0.065). Moreover, the phthalate group tended to
demonstrate more of a scattered distribution in the GDT group than the in the control group.
Conclusion: Neonatal phthalate exposure may disrupt the development of auditory temporal processing
in rats.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Phthalates were introduced in the early 1900s and have been
widely used in a variety of consumer products, including personal
care items, medical tubing, and plastics [1]. Despite its broad
application, it has been known to disrupt endocrine function [1]. Its
detrimental effects, which were observed in rat models, include

neurotoxicity, affecting the development of the brain, anorectal,
and urogenital systems [2,3]. Recently, it was also reported that
prenatal exposure to phthalates might increase the risk of asthma
symptoms and respiratory infections throughout childhood [4].
Moreover, associations between phthalate exposure and autism
spectrum disorders (ASD), as well as between phthalate exposure
and attention deficit hyperactivity disorder (ADHD) have been
suggested recently in humans [5e7].

Phthalates have been extensively used to make plastic toys;
therefore, exposure to children has been a significant concern.
Additionally, phthalates have also been used to make medical
tubing, and due to its possible teratogenic, carcinogenic, and
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reproductive toxicity, clinicians have been advised of the potential
risk of phthalate exposure in the Neonatal Intensive Care Unit
(NICU) [8].

The central auditory system is known to be shaped and estab-
lished during the postnatal critical period, by experience and sen-
sory inputs [9]. During this period, the brain is highly susceptible to
environmental insults [10]. Auditory temporal processing is one
component of central auditory processing, which includes sound
localization, auditory discrimination, auditory pattern recognition,
and temporal aspects of hearing [11]. Central auditory processing
disorder (CAPD) is defined by neural deficit in the processing of
auditory stimuli and in underlying brain activity [12]. Moreover,
CAPD shares features with ADHD, such as poor expressive and
receptive language abilities or poor reading, writing, and spelling
skills, which raises the suspicion of a possible association with
phthalates, as exposure to them hinders brain development [2].

Although phthalates are well known to be neurotoxic, it is not
well understood whether its toxicity has an influence on the
development of auditory temporal processing. Herein, we aimed to
investigate the effects of phthalate on the development of the
central auditory system in rats. To elucidate this, we adopted the
Gap Prepulse Inhibition of Acoustic Startle (GPIAS) method and
measured the central auditory processing function of temporal
resolution [13].

2. Material and methods

2.1. Animals and phthalates

Twelve neonatal Sprague-Dawley (SD) rats (Nara Biotech, Seoul,
Korea) were used for this study. They were randomly assigned to
one of two groups: The control (vehicle) group (n¼ 5 females; n¼ 1
male) or the study (phthalate) group (n ¼ 5 females; n ¼ 1 male).
Rats in the study group were injected once per day intraperitone-
ally with 10 mg/kg di(2-ethylhexyl) phthalate (DEHP) (Sigma-
Aldrich; St. Louis, MO, USA) solution, which was prepared fresh
using DEHP (1000 mg/kg) and corn oil immediately before each
injection, for a period between postnatal day 8 (P8) and P28. The
control group received only corn oil in the same amount and
method as described above. The neonatal rats were housed with
their dam until weaning (P21) and the littermates were housed in
pairs and fed a standard diet. DEHP was chosen because it was the
most commonly used phthalate ester in numerous consumer
products and the injection dose was determined based on previous
studies that had reported toxic effects of DEHP on brain develop-
ment in rats [14,15]. A schematic schedule of the experiment is
described in Fig. 1. All procedures were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Dankook Uni-
versity (14e024).

2.2. Auditory Brainstem Response (ABR)

The hearing thresholds were evaluated by ABR testing. Mea-
surements were obtained at P8 and P29dbefore and after phtha-
late injection for each measurement. ABR testing was performed as
previously described [16]. In brief, rats were anesthetized with
Zoletil (Virbac Laboratories, France) and Rumpun (Bayer, Korea)
during ABR. Auditory brainstem response testing was performed at
4, 8, 12, 16, 32 kHz in all rats to confirm if phthalate injections
caused any shifts in the threshold. Testing for ABR was performed
using a Smart EP high-frequency software/hardware package
(System III, Tucker Davis Technologies, FL, USA) with system-
calibrated high frequency transducers. Insert ear tips (3.5 mm,
Nicolet Biomedical, Inc., WI, USA) were lightly coated with
ophthalmic ointment and placed in the ear canal. Subdermal

platinum needle electrodes (FE2, 48 inches, Grass Telefactor, Inc.,
RI, USA) were inserted subcutaneously posterior to the tested pinna
(active), at the vertex (reference), and at the contralateral pinna
(ground), respectively.

2.3. Gap Prepulse Inhibition of Acoustic Startle (GPIAS)

Each rat was placed in an acoustically transparent, uncon-
strained closure in a soundproof chamber (Fig. 2). Each session of
GPIAS was composed of 10 gap trials and 10 non-gap trials, and
each trial was presented randomly. We used a 60-dB SPL contin-
uous narrow band centered at 16 kHz as a background noise, and a
single white noise of 120 dB SPL with a duration of 20 ms as the
main startle stimulus. For each gap trial, the main startle stimulus
was preceded by a 50 ms-long gap, while there was no gap in the
non-gap trials (Fig. 3). GPIAS was measured for each rat, with a gap
at 2, 5, 10, 20, 50, and 80 ms for measurement day, P30, as previ-
ously described [16]. The GPIAS score was calculated as shown
below from the measured amplitudes of startle response, which
were also averaged over 10 gap and 10 non-gap trials.

GPIAS½%� ¼ No gap SR � Gap SR
No gap SR

� 100

SR: startle response.

2.4. Gap detection threshold (GDT)

GDT was defined as the minimum duration of gap needed to
induce a significant inhibition of the startle response. GDT was
retrieved from GPIAS data. If GDT was not achieved at 80 ms,
100 ms was assumed as the GDT in that animal.

2.5. Data analysis

Test results were read in a blinded fashion by two experts who
were trained in interpretation of experimental data. Graphs were
created using GraphPad Prism version 5.00 (GraphPad Software,
San Diego, CA). For statistical analysis, Mann-Whitney U test was
performed using SPSS 18.0 (SPSS Inc., Chicago, USA). P values of
<0.05 were considered to be statistically significant.

3. Results

3.1. ABR test

ABR was measured at P8 and P29. On P8, ABR testing did not
show noticeable response, which made it difficult to interpret the
hearing threshold. On P29, rats in both groups showed normal
hearing thresholds without significant difference in the mean
threshold at each frequency measured (Fig. 4).

3.2. GPIAS

GPIAS was measured on P30 after confirming normal hearing
threshold on P29. The control group showed a significantly higher
mean GPIAS score at 20 ms of gap, which was an intermediate
length of gap between 2 ms and 80 ms (p ¼ 0.037) (Fig. 5). At other
gap widths, there was no significant difference between the two
groups.

3.3. GDT

GDT was measured from the GPIAS data. A scatterplot was
created using GraphadPrism (Fig. 6). The mean GDT of the study
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