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Abstract 

 Perinatal hypothyroidism causes serious damage to auditory functions that are 

essential for vocalization development. In rat pups, perinatal hypothyroidism potentially 

affects the development of ultrasonic vocalization (USV) as a result of hearing deficits. 

This study examined the effect of perinatal hypothyroidism on the development of 

USVs in rat pups. Twelve pregnant rats were divided into three groups and treated with 

the anti-thyroid drug methimazole (MMI) via drinking water, from gestational day 15 to 

postnatal day (PND) 21. The MMI concentration (w/v) was 0% (control group), 0.01% 

(low-dose group), or 0.015% (high-dose group). After birth, the pups were individually 

separated from the dam and littermates on PNDs 5, 10, 15, and 20, and their USVs were 

recorded for 5 min. On PNDs 5 and 10, compared with the control group, the low- and 

high-dose groups exhibited reductions of both frequency-modulated and downward 

USVs. On PND 15, however, the low- and high-dose groups displayed increases in 

number, duration, and amplitude of USVs compared with those in the control group. 

Lower body weights were observed for the low- and high-dose groups than for the 

control group. Total thyroxine concentrations in plasma were dose-dependently reduced. 

The onset of auditory functions appeared on PNDs 11–14. Thus, the rat pups were 

unable to hear externally produced USVs before PND 11. USVs emitted on PNDs 5 and 
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10 might have been spontaneous and independent of the pups’ own or littermate-emitted 

USVs. The developmental retardation of vocalization-related organs or muscles might 

underlie the acoustic alterations of USVs on PNDs 5 and 10. The greater number, 

duration, and amplitude of USVs on PND 15, after which the hearing onset occurred, 

suggested that the elevation of auditory thresholds occurred as a result of hearing 

deficits in the low- and high-dose groups. Perinatal hypothyroidism appears to have 

caused acoustic alterations in the USV development. 

 

Keywords: auditory function; hearing deficits; hypothyroidism; methimazole; ultrasonic 

vocalization; rat pup 
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1 Introduction 

 Auditory functions in rats normally appear on postnatal days (PNDs) 12–14 

(Brunjes & Alberts, 1981; Gabriele et al., 2000). The external acoustic meatus opens 

and auditory startle responses are observed on PNDs 11–14 for the first time (Brunjes & 

Alberts, 1981). However, perinatal hypothyroidism appears to delay the onset of 

auditory startle responses (Comer & Norton, 1982; Schneider & Golden, 1986). In 

addition, the amplitude of startle responses is reduced (Goldey et al., 1995; Henck et al., 

1996). Irreversible damage to auditory functions was demonstrated (Wada et al., 2013); 

severe hearing deficits were detected over a wide range of tone frequencies from 1 to 40 

kHz (Goldey et al., 1995). Hearing deficits make it difficult for rats to hear their own 

vocalizations and those of their conspecifics. Auditory functions are indispensable for 

vocalization development. 

Vocalization has been investigated, particularly in rodents such as rats and mice, 

and the communicative functions of vocalization have been increasingly elucidated 

upon (Brudzynski, 2010). For example, rat pups emit ultrasonic vocalizations (USV) 

when they are separated from the dam (Portfors, 2007; Ise & Ohta, 2009; Schwarting & 

Wöhr, 2012). The dam approaches the pups in response to their USVs, retrieves them, 

and returns them to the nest (Schwarting & Wöhr, 2012). In contrast to this, the pups 
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suppress USVs upon contact with an unknown male adult rat (Takahashi, 1992; Shair et 

al., 1997; Wiedenmayer et al., 2003), possibly because adult male rats often attack and 

kill pups in order to mate with their dam (Hofer, 2010). 

USVs emitted by rat pups were shown to increase on PNDs 3–5 and reach a 

maximum on PNDs 5–10. Subsequently, USVs decreased and then completely 

disappeared around PND 21, when pups were able to wean (Schwarting & Wöhr, 2012). 

USVs in rat pups have been shown to be at frequencies of approximately 40 kHz and 

durations of approximately 80–150 ms (Portfors, 2007; Ise & Ohta, 2009; Schwarting & 

Wöhr, 2012). Because 40-kHz USVs in rat pups were demonstrated to be emitted upon 

maternal separation, USVs were considered to express the pups’ distress state 

(Brudzynski et al., 1999; Portfors, 2007). 

Rat pups seem to hear 40-kHz USVs emitted by themselves and their littermates 

after PNDs 13–15 because auditory startle responses can be induced by means of a 

40-kHz ultrasonic tone on PNDs 13–15 (Brunjes & Alberts, 1981). However, perinatal 

hypothyroidism has been shown to cause morphological abnormalities in the cochlea 

(Uziel et al., 1980, 1981, 1985), and hearing deficits may be extended to the ultrasonic 

frequency band of 40 kHz (Goldey et al., 1995). Therefore, perinatal hypothyroidism 

potentially affects the development of rat pup’s USVs as a result of hearing deficits. 



6 

 

Nevertheless, little is known about the effects of hypothyroidism on the development of 

USVs. 

In this study, pregnant rats were treated with the anti-thyroid drug methimazole 

(MMI), and USVs emitted by the pups from control and treated mothers were recorded 

upon the separation from the dam. The acoustic characteristics of the USVs were 

analyzed and examined to determine whether perinatal hypothyroidism affected the 

development of USVs during the lactation period. Acoustic alterations were predicted to 

be caused in hypothyroid pups as a result of hearing deficits. 

 

2 Materials and Methods 

2.1 Subject 

Twelve pregnant Wistar rats at gestational day (GD) 12 were purchased from 

Japan SLC Inc. (Hamamatsu, Japan). The animals were housed in individual cages; 

supplied with the certified rat chow MF (Oriental Yeast Ltd., Sapporo, Japan) and tap 

water ad libitum; and randomly assigned to either a control group (n = 4), a low-dose 

group (n = 4), or a high-dose group (n = 4). MMI (Sigma Aldrich Co., Mo, USA) was 

dissolved in distilled water and administered to the animals via drinking water starting 

on GD 15 and extending to PND 21. The following concentrations of MMI (w/v) were 
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used: 1) 0% (control), 2) 0.01% (low-dose), and 3) 0.015% (high-dose). These 

concentrations were selected for two reasons. First, the 0.01% MMI was the lowest 

concentration that causes hearing deficits in rats (Comer & Norton, 1982; Albee et al., 

1989). Second, the 0.01% and 0.015% MMI treatments induced dose-dependent 

reduction of T4 (shown in Fig. 4). Dose-dependent alterations were expected in the 

acoustic parameters of the USVs. Because fetal thyroid functions in rats begin at 

approximately GD 17 (Gilbert & Zoeller, 2010), the MMI administration started on GD 

15. MMI is able to pass through the placenta and reach the fetuses during gestation 

(Marchant et al., 1977; De Escobar et al., 1988; Sack et al., 1995), and it is excreted into 

breast milk and taken by pups on PNDs (Johansen et al., 1982; Cooper, 1984). The date 

of birth was designated PND 0. On PND 4, each litter was culled to four males and four 

females. Two pups (one male and one female) were randomly sampled from each litter 

as subjects. Thus, four male and four female pups were chosen from each MMI 

treatment group. The same pups were repeatedly tested for USV recording at each age. 

The temperature of the breeding room was maintained at 22°C ± 2°C with a 

relative humidity of 50% ± 10%. The dams and pups were subjected to a 12-h light/dark 

cycle (light: 20:00–08:00 h; dark: 08:00–20:00 h). This experimental protocol was 

approved by the Animal Ethics Committee of Hokkaido University; all experimental 
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conditions were compliant with the Guide for the Care and Use of Laboratory Animals, 

Hokkaido University. 

 

2.2 Apparatus 

 USVs were recorded and analyzed using an ultrasonic microphone and the 

Sonotrack system version 2.1.5 (Metris, Hoofddorp, the Netherlands). The software of 

the Sonotrack system was installed on a personal computer and run on MS Windows XP 

Professional. The ultrasonic microphone was positioned at a height of 16 cm from the 

bottom of a translucent cup with a 13-cm bottom diameter, 15-cm top diameter, and 

15-cm height. The ultrasonic microphone and translucent cup were placed in a 

sound-insulated box in order to attenuate external sound and light. 

 

2.3 Recording of USVs 

USVs were recorded on PNDs 5, 10, 15, and 20 as described in this section. A 

pup was individually separated from the dam and littermates in the breeding room, put 

into the translucent cup described above and brought to the experimental room. The pup 

was left alone in the sound-insulated box for a 5-min period of habituation, followed by 

5 min of USV recording. Thus, the total duration of separation from the dam was 10 
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min. After the recording, the body weight of the pup was measured, and the pup was 

returned to the dam and littermates. The temperature of the experimental room was 

20°C–23°C, and the relative humidity was 50%–70%. USVs were recorded during the 

dark period. The translucent cup was cleaned with ethanol and water. 

 

2.4 Determination of thyroid hormone concentrations 

Additional 24 pregnant Wistar rats were prepared for either a control group (n 

= 8), a low-dose group (n = 8), or a high-dose group (n = 8) and treated with MMI using 

the same procedure. Two pups (one male and one female) were sampled from each litter, 

and eight male pups and eight female pups per group were served for thyroid hormone 

determinations. Whole blood was collected from the abdominal aorta of 

ether-anesthetized pups on PNDs 20–21, centrifuged at 3000 rpm for 10 min, and the 

plasma was stored in a micro-tube. Both the total triiodothyronine (T3) and thyroxine 

(T4) concentrations were determined using the ACS-FT3 II and LKFT41 kits, 

respectively (Siemens Healthcare Diagnostics Co., Tokyo, Japan). Thyroid-stimulating 

hormone (TSH) concentrations were determined using the rat TSH ELISA kit (R-type) 

(Shibayagi Co., Shibukawa, Japan). All assays were performed at Mitsubishi Chemical 

Medience (Tokyo, Japan). 
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2.5 Data analyses 

 USVs were analyzed with the automatic selection mode of the Sonotrack 

system. The time resolution was 1 ms, and to reduce background noise, the low and 

high cut-off frequencies for the recording were set to 30 kHz and 90 kHz, respectively. 

The Sonotrack system calculated the lowest frequency in a periodic waveform of USV 

at every 1 ms time step and obtained fundamental frequencies. If the fundamental 

frequency at either the start or end point of an USV was out of the 30–70 kHz range, the 

USV was re-analyzed with the manual selection mode. USVs that satisfied all of the 

following criteria were selected for statistical analyses (Reno et al., 2013). 

(i) The fundamental frequencies at both the start and end points of the USV were >30 

and <70 kHz. 

(ii) The mean fundamental frequency of the USV was <90 kHz. 

(iii) The bandwidth between the maximum and minimum fundamental frequencies of 

the USV was <60 kHz. 

(iv) The duration of the USV was >20 ms. 

Acoustic characteristics included the number, duration, fundamental frequency, 

and amplitude of the USVs; the fundamental frequency difference between the start and 
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end points of an USV; the bandwidth (i.e., difference between maximum and minimum 

fundamental frequencies of an USV); and the percentage of frequency-modulated USVs 

(i.e., bandwidth was >5 kHz (Reno et al., 2013)). The root mean square (RMS) of USV 

amplitudes was calculated to indicate the magnitude of amplitudes, because the USV 

amplitudes changed periodically between +V and –V. 

In consideration of the small litter size, the data of one male and one female 

pup within the same litter were averaged and unified for statistical analyses. Therefore, 

the sample size per group was the same as the litter size (n = 4). Sex affected neither the 

USVs nor body weight in the data. The acoustic characteristics of USVs were analyzed 

using a two-factor analysis of variance (ANOVA) between subject variables of MMI 

concentrations and within subject variables of age. USV data on PND 20 were not 

analyzed because low numbers of USVs were obtained independent of the MMI 

concentrations. The mean and SEM were 4.167 and 2.685, respectively. Body weights 

were analyzed with a two-factor ANOVA between subject variables of MMI 

concentrations and within subject variables of age. Thyroid hormone concentrations 

were analyzed with a one-factor ANOVA between subject variables of MMI 

concentrations. Sex did not affect thyroid hormone concentrations, and accordingly, 

male and female data were pooled and analyzed with ANOVA. When a primary effect 
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was found to be significant, multiple comparisons were performed by using Ryan’s 

method. These statistical analyses were executed using ANOVA 4 on the Web 

(http://www.hju.ac.jp/
~
kiriki/anova4/about.html). 

 

3 Results 

3.1 Number of USVs 

The number of USVs is shown in Fig. 1a. The effects of MMI were significant 

[F (2, 9) = 8.157, p < 0.01], and the low- and high-dose groups displayed greater 

numbers of USVs than the control group (p < 0.05). The effects of age were also 

significant [F (2, 18) = 40.158, p < 0.001]. The number of USVs exhibited 

age-dependent decreases (p < 0.05). Interaction was found between MMI and age [F (4, 

18) = 3.518, p < 0.05]. The high-dose group exhibited a greater number of USVs than 

the control group on PND 10 (p < 0.05), and the low- and high-dose groups showed 

increases in USVs compared with the control group on PND 15 (p < 0.05). 

 

3.2 Duration of USVs 

Figure 1b shows the duration of the USVs. The effects of age were significant 

[F (2, 18) = 32.760, p < 0.001], and age-dependent increases of the USV duration were 

http://www.hju.ac.jp/~kiriki/anova4/about.html
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observed. The interaction between MMI and age was significant [F (4, 18) = 5.103, p < 

0.01]. The low- and high-dose groups showed longer USV durations than the control 

group on PND 15 (p < 0.05). 

 

3.3 Fundamental frequency of USVs 

Age affected the mean fundamental frequency of the USVs [F (2, 18) = 6.039, 

p < 0.01]. The mean fundamental frequency was reduced in an age-dependent manner. 

Neither MMI nor the interaction between MMI and age was shown to be significant 

(data not shown). 

 

3.4 Amplitude of USVs 

The RMSs of the amplitudes are exhibited in Fig. 1c. The effects of age were 

significant [F (2, 18) = 8.102, p < 0.005], and the RMSs of amplitudes were greater on 

PNDs 10 and 15 than on PND 5 (p < 0.05). The interaction between MMI and age was 

also significant [F (4, 18) = 4.509, p < 0.05]. The low- and high-dose groups displayed 

greater RMSs of amplitudes than the control group on PND 15 (p < 0.05). 
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Fig. 1 Effects of perinatal hypothyroidism on the acoustic characteristics of USVs in rat 

pups. 

Number, duration, and RMSs of amplitude are displayed in panels a, b, and c, 

respectively. Male and female data within the same litter were averaged and unified in 

consideration of the small litter size. Hence, the sample size per group was equal to the 

litter size (n = 4). Sex did not have any significant effect. Cont, Low, and High are 

abbreviations of the control, low-dose, and high-dose groups, respectively. Data are the 

mean and standard error. *p < 0.05 compared with that in the control group. 

 

3.5 Frequency-modulated USVs 

 Figure 2a shows the percentage of frequency-modulated USVs. The percentage 

was calculated as (total number of frequency-modulated USVs/total number of USVs) × 

100. The effects of age were significant [F (2, 18) = 8.649, p < 0.005], and the 

percentage displayed elevations on both PNDs 10 and 15 compared with PND 5 (p < 

0.05). The interaction was significant between MMI and age [F (4, 18) = 4.223, p < 

0.05]. On PND 5, a reduction of frequency-modulated USV percentages was observed 

in the low- and high-dose groups compared with the control group (p < 0.05), although 

the number of USVs showed no differences among the three groups (Fig. 1a). 
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3.6 Fundamental frequency difference of USVs 

 The fundamental frequency difference of USVs is shown in Fig. 2b. The 

fundamental frequency difference was calculated by subtracting the fundamental 

frequency at the end point of the USV from that at the start point. The effects of MMI 

were significant [F (2, 9) = 7.201, p < 0.05]. The control group displayed a positive 

value. This meant that the control group emitted USVs with greater fundamental 

frequencies at the start point than those at the end point, indicating downward USVs. In 

contrast, a negative value was obtained in the low- and high-dose groups. The low- and 

high-dose groups emitted USVs with greater fundamental frequencies at the end point 

than those at the start point, indicating upward USVs. Age was significant [F (2, 18) = 

15.821, p < 0.001]. The interaction was also significant between MMI and age [F (4, 18) 

= 4.838, p < 0.01]. Compared with the control group, the low-dose group demonstrated 

a significant difference on PND 5 (p < 0.05). On PND 10, the low- and high-dose 

groups exhibited significant differences compared with the control group (p < 0.05). 

However, all three groups showed a positive value on PND 15, indicating downward 

USVs. 
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3.7 USV Bandwidth 

Figure 2c shows USV bandwidth, which was defined as the range between the 

maximum and minimum USV fundamental frequencies. MMI concentrations were 

significant [F (2, 9) = 5.230, p < 0.05]. The maximum fundamental frequency of the 

bandwidth was significantly lowered in the low- and high-dose groups compared with 

the control groups (p < 0.05), while the minimum fundamental frequency of the 

bandwidth was not changed. 
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Fig. 2 Effects of perinatal hypothyroidism on the acoustic characteristics of USVs in rat 

pups. 

The percentages of frequency-modulated USVs, fundamental frequency differences 

between the start and end points of USVs, and bandwidth between maximum and 

minimum USV fundamental frequencies are shown in panels a, b, and c, respectively. 

Male and female data within the same litter were averaged and unified in consideration 

of the small litter size. Hence, the sample size per group was equal to the litter size (n = 

4). Sex had no significant effect. Cont, Low, and High are abbreviations of the control, 

low-dose, and high-dose groups, respectively. Data are the mean and standard error. *p 

< 0.05 compared with that in the control group. 
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Body weights are shown in Fig. 3. The effects of MMI and age were significant 

[F (2, 9) = 31.636, p < 0.001: F (3, 27) = 1608.112, p < 0.001]. Although age-dependent 

elevations of body weights were displayed in all three dose groups, the low- and 

high-dose groups showed lower body weights than the control group (p < 0.05). The 

interaction between MMI and age was also significant [F (6, 27) = 31.801, p < 0.001]. 

The low- and high-dose groups indicated lower body weights than the control group on 

both PNDs 10 and 15 (p < 0.05). Dose-dependent reductions in body weights were 

observed on PND 20 (p < 0.05). 

 

 

 

Fig. 3 Effects of perinatal hypothyroidism on rat pups’ body weights. 
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Male and female data within the same litter were averaged and unified in consideration 

of the small litter size. Hence, the sample size per group was equal to the litter size (n = 

4). Sex had no significant effect. Cont, Low, and High are abbreviations of the control, 

low-dose, and high-dose groups, respectively. Data are the mean and standard error. *p 

< 0.05 compared with that in the control group, #p < 0.05 compared with that in the 

low-dose group. 

 

3.9 Landmark of physical development 

 The landmarks of physical development are displayed in Table 1. The low- and 

high-dose groups showed a one-day delay in body hair growth and eye opening. 

However, incisor eruption was observed on PND 9 for all three groups. 

 

Table 1 Landmarks of physical development. 

Group Incisor eruption Body hair Eye opening 

Cont 

Low 

High 

PND 9 PND 7 PND 16 

PND 9 PND 8 PND 17 

PND 9 PND 8 PND 17 

Cont, Low, and High are abbreviations of the control, low-dose, and high-dose groups, 

respectively. The sample size per group is (n = 8). Each PND indicates the day when the 

onset of the landmark appeared on all pups within the group. 
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3.10 Thyroid hormone concentrations 

 Figure 4 shows the thyroid hormone concentrations in plasma. MMI 

significantly affected total T4 concentrations [F (2, 45) = 54.45, p < 0.001] (Fig. 4a), 

and a dose-dependent reduction was revealed (p < 0.05). However, no effects of MMI 

on either total T3 or TSH concentration were observed (Fig. 4b and c). 

 

 

0

1

2

3

4

5

T
o

ta
l T

4
 (
μ

g
/d

l)
 

＊ 

(a) 

* 
# 

0

20

40

60

80

100

T
o

ta
l T

3
 (

n
g
/d

l)
 

(b) 



23 

 

 

 

 

 

Fig. 4 Effects of perinatal hypothyroidism on thyroid hormone concentrations in rat 

pups. 

Plasma concentrations of total T4 and T3 as well as TSH are displayed in panels a, b, 

and c, respectively. Male and female data were pooled because sex did not have any 

significant effects on thyroid hormone concentrations. Each group consisted of eight 

male pups and eight female pups. Accordingly, the sample size per group was (n = 16). 

Cont, Low, and High are abbreviations of the control, low-dose, and high-dose groups, 

respectively. Data are the mean and standard error. *p < 0.05 compared with that in the 

control group, #p < 0.05 compared with that in the low-dose group. 
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4 Discussion 

 Humans and animals develop vocalization by hearing their own and 

conspecifics’ vocalizations. Hence, auditory functions are indispensable for the 

development of vocalization. The onset of auditory functions in rats has been shown to 

be PNDs 11–14 (Brunjes & Alberts, 1981; Gabriele et al., 2000). Brunjes and Alberts 

(1981) reported that auditory stimuli with frequencies of 1 kHz, 4 kHz, and 16 kHz 

induced startle responses in rat pups on PND 11, 11, and 12, respectively. Schneider and 

Golden (1986; 1987) also indicated that startle responses were detected on PND 12 in 

response to auditory stimuli with frequency ranges of 1–8 kHz. However, an auditory 

stimulus with a frequency of 40 kHz, which had similar frequencies to pups’ USVs, did 

not induce startle responses before PND 14 (Brunjes & Alberts, 1981). Therefore, it 

appears that rat pups are unable to hear their own and littermates-emitted 40-kHz USVs 

before PND 14. This suggests that USVs before PND 14 may be spontaneously 

produced and are independent of their own and littermates’ USVs. 

 

4.1 Before auditory function onset 

The present study detected 40-kHz USVs on PNDs 5 and 10, and the low- and 

high-dose groups revealed several acoustic alterations compared with the control group. 
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First, the low- and high-dose groups showed a reduction in the percentage of 

frequency-modulated USVs on PND 5. Second, the control group emitted downward 

USVs with greater fundamental frequencies at the start point than at the end point, 

whereas the low- and high-dose groups emitted upward USVs with greater fundamental 

frequencies at the end point than at the start point on PNDs 5 and 10. Third, the low- 

and high-dose groups had lower maximum fundamental frequencies of the bandwidth 

than the control group throughout the USV recording ages. Regardless of various 

alterations in USVs, dose-dependent alterations were not revealed. The two 

concentrations of MMI appeared to have similar effects on most of the acoustic 

parameters of the USVs throughout the recording ages. Brudzynski et al. (1999) 

described that, when compared to flat frequency USVs (i.e., bandwidth was <5 kHz 

(Reno et al., 2013)), frequency-modulated USVs were more crucial for communication 

between pups and their dam because frequency-modulated USVs were easily detected 

by the dam. USVs with wider bandwidths also increased the chance of being detected 

by the dam (Brudzynski et al. 1999). Moreover, downward USVs might stand out 

because they start with higher frequencies. On PNDs 5 and 10, the rat pups were unable 

to move or regulate their body temperature in the absence of the dam or littermates 

(Alberts, 1978). This suggests a higher dependence on maternal care during the early 
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lactation period. Reductions of frequency-modulated USVs, downward USVs, and 

bandwidths may not be advantageous for pup survival. 

Auditory functions were not responsible for the USV acoustic alterations 

manifested on PNDs 5 and 10 because auditory functions are not set until PNDs 12–14. 

USV generation originates from the thorax and vocal folds. High-pressure air flow from 

the thorax has been shown to create USVs by passing through a small orifice of the 

closed vocal folds (Brudzynski & Fletcher, 2010). Hypothyroidism has been shown to 

inhibit body weight gain and delay physical development in this and other studies 

(Schneider & Golden, 1987; Albee et al., 1989; Henck et al., 1996; Wada et al., 2013). 

Lower body weights could cause a reduction in the volume of thorax and breast muscles 

necessary to create high-pressure air flow. USV-related organs such as the thorax, vocal 

folds, vocal tract, or larynx might be immature to regulate high pressure air flow and 

result in acoustic alterations of USVs. The retardation of physical development might 

underlie the acoustic alterations of USVs emitted by the MMI-treated groups before the 

onset of auditory functions. However, these alterations disappeared on PND 15. 

Moreover, the mean fundamental frequencies of USVs were age-dependently reduced in 

all groups. Because the frequency of USVs decreased as the vocalization-related organs 
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developed (Kromkhun et al., 2013), those organs in the low- and high-dose groups 

seemed to mature, to some extent, until PND 15. 

 

4.2 After auditory function onset 

On PND 15, auditory functions were set; the control group exhibited a drastic 

reduction of USVs, and by PND 20, they showed a complete lack of USVs (data not 

shown). In contrast, the low- and high-dose groups demonstrated higher numbers of 

USVs on PNDs 10 and 15, but the USVs had almost completely disappeared by PND 

20. Furthermore, on PND 15, the low- and high-dose groups displayed longer durations 

of USVs than the control group. The control group drastically declined RMS of USV 

amplitudes on PND 15 and reached the minimum. In contrast, the low- and high-dose 

groups maintained much greater RMS of amplitudes over PND 10 and reached the 

maximum on PND 15. The low- and high-dose groups emitted greater numbers of 

USVs with longer durations and stronger amplitudes on PND 15 than the control group. 

Animal model studies demonstrated irreversible damage to auditory functions in 

rats as a result of perinatal hypothyroidism (Comer & Norton, 1982; Albee et al., 1989; 

Knipper et al., 2000; Wada et al., 2013). Comer and Norton (1982) treated 0.1 mg/ml 

MMI in drinking water. They gave it to pregnant rats from GD 17 to PND 10 and 
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revealed a delay in auditory startle response acquisition for the resultant pups. The 

control group acquired startle responses on PND 12, whereas the MMI-treated group 

displayed them on PND 18. Albee et al. (1989) also administered 0.1 mg/ml MMI to 

pregnant rats via drinking water, starting on GD 17 and extending to PND 10. Auditory 

functions were evaluated by using click tone–induced auditory brainstem responses 

(ABRs). The offspring exhibited the waveforms of ABRs with slowed latency, 

decreased amplitude, and altered shape. The concentration of MMI in these two studies 

was 0.1 mg/ml in drinking water, which was the same concentration of MMI in the 

present low-dose group. Therefore, hearing deficits were fairly well predictable in the 

present low- and high-dose groups. 

Knipper et al. (2000) discussed thyroid hormone deficiency and hearing deficits 

in rats. Slowed latency of ABRs might be caused by dysmyelination of the auditory 

nerves due to perinatal hypothyroidism. Decreased amplitude indicated an elevation of 

thresholds to induce ABRs, suggesting malfunctions of the cochlea for the 

mechanoelectrical transduction of tone stimuli (Knipper et al., 2000). Uziel et al. (1981; 

1983) revealed malfunctions of the cochlea, which were the distortion of the tectorial 

membrane and loss of outer hair cells caused by perinatal hypothyroidism. Severe 

hearing deficits were shown to expand into wide frequency bands from 1–40 kHz 
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(Goldey et al., 1995). Because rat pups emit USVs with frequencies of approximately 

40 kHz upon separation from the dam, hypothyroid pups may be potentially unable to 

hear their own USVs or those emitted by littermates due to hearing deficits. The 

occurrence of hearing deficits as a result of hypothyroidism might make it difficult to 

control their emission of USVs and result in the greater number of USVs with longer 

durations and stronger amplitudes observed in the low- and high-dose groups on PND 

15. 

 

4.3 Other effects on vocalization 

Perinatal hypothyroidism causes retardation of physical development. Lower 

body weights, delay of incisor eruption and eye opening, and low ability of 

thermoregulation have been reported (Schneider & Golden, 1987; Albee et al., 1989; 

Henck et al., 1996). The low- and high-dose groups might be compromised in their 

ability to counter a hypothermic challenge caused by maternal separation. Subsequently, 

they emitted a greater number of USVs with longer durations and stronger amplitudes 

as distress calls even on PND 15. However, the increased USVs had almost completely 

disappeared by PND 20. Body hair growth and incisor eruption were observed in all 

groups by PNDs 8 and 9, respectively. Eye opening was on PND 16 for the control 
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group and on PND 17 for the low- and high-dose groups. The reduction of T4 was 

revealed in the low- and high-dose groups but the reduction of T3 and elevation of TSH 

were not observed. The degree of hypothyroidism seemed to be milder than that 

anticipated from other studies with MMI. Animal strains, body size of dams, and intake 

of MMI-contained water may contribute to the absence of T3 and TSH changes. The 

total duration of separation from the dam was 10 min. It could be insufficient to 

promote a hypothermic response in the pups. According to the above-mentioned reasons, 

the effects of hypothermia or retardation of physical development seemed to be less 

severe to induce alterations of USV on PND 15. 

Differences in sex were not detected in any of the acoustic parameters of the 

USVs. Brunelli et al. (1996) and Zimmerberg et al. (2003) reported that sex did not 

affect the number of USVs induced by maternal separation. In contrast, Naito and 

Tonoue (1987) and Bowers et al. (2013) revealed that male pups emitted USVs more 

vigorously with lower frequencies and amplitudes compared with female pups. Sex 

differences of USVs in rat pups were controversial. Nevertheless, adult rats indicate 

clear sex differences of USVs in frequency and duration. Female rats emitted more 

frequent and longer USVs to potential threats such as cat odor. More frequent 

production of USVs is adaptive for female rats to protect their pups from threats (Litvin 
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et al., 2010). Male rats emitted 50 kHz USVs to sexually receptive female rats (Inagaki 

et al., 2013) and 22 kHz USVs after ejaculation (Barfield & Geyer, 1972). Sex 

differentiation of USVs may be distinctive in adulthood. 

USVs are generated by the neural network in the brainstem including the 

periaqueductal gray, lateral parabrachial region, nucleus retroambiguus, lateral pontine, 

and lateral reticular formation (Hage, 2010). This network regulates the laryngeal, 

respiratory, and articulatory components of vocalization. Since hypothyroidism alters 

gene expressions related to myelination or neural network formation (Barradas et al., 

2000; 2001; Kobayashi et al., 2009; 2005), it is possible that the brainstem neural 

network was impaired and, accordingly, the low- and high-dose groups altered their 

USVs. This possibility should be investigated in future studies. 

Despite the USV acoustic alterations described above, all groups were able to 

wean on PND 21 and the pups survived after weaning. Maternal behavior may be 

independent of acoustic alterations of pups’ USVs. 

Recently, USV analyses have been applied to the mouse model studies for 

neurodevelopmental disorders such as autism (Moy & Nadler, 2008; Scattoni et al., 

2009). USV alterations are considered to indicate communication deficits or social 

interaction impairments. The present study applied USV analyses to developmental 
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neurotoxicology of hypothyroidism in rat pups and provides evidence of acoustic 

alterations in USVs. Thyroid hormone systems are essential for the development of 

brain functions but vulnerable to the effects of environmental chemicals such as 

polychlorinated biphenyls (PCBs) and dioxins (Porterfield, 1994; 2000). Flame 

retardants such as polybrominated diphenyl ethers (PBDEs) also interfere with thyroid 

hormone systems (Bansal et al., 2014; Hu et al., 2014; Xu et al., 2014; Yu et al., 2015; 

Zhao et al., 2015). This study suggests that hypothyroidism induced by environmental 

chemicals may cause alterations of USV. Although further research is necessary, the 

spontaneous emission and non-invasive detection of USV may provide a new tool to 

detect and characterize the impact of thyroid disrupting chemicals on 

neurodevelopment. 

5 Acknowledgements 

This study was supported by a Grant-in-Aid for Challenging Exploratory 

Research, No. 24659296, from the Japan Society for the Promotion of Science and the 

Long-Range Research Initiative from the Japan Chemical Industry Association 

(2010NT01-01, 2011NT01-03, and 12_PT01-01). 

 

6 References 



33 

 

Albee RR, Mattsson JL, Johnson KA, Kirk HD, Breslin WJ. Neurological consequences 

of congenital hypothyroidism in Fischer 344 rats. Neurotoxicology & Teratology 

1989; 11: 171-83. 

Alberts JR. Huddling by rat pups: Group behavioral mechanisms of temperature 

regulation and energy conservation. Journal of Comparative and Physiological 

Psychology 1978; 92: 231-245. 

Bansal R, Tighe D, Danai A, Rawn DFK, Gaertner DW, Arnold DL, Gilbert ME, Zoeller 

RT. Polybrominated diphenyl ether (DE-71) interferes with thyroid hormone action 

independent of effects on circulating levels of thyroid hormone in male rats. 

Endocrinology 2014; 155: 4104-4112. (DOI: 10.1210/en.2014-1154). 

Barfield RJ, Geyer LA. Sexual behavior: ultrasonic postejaculatory song of the male rat. 

Science 1972; 176: 1349-1350. (DOI: 10.1126/science.176.4041.1349). 

Barradas PC, Ferraz AS, Ferreira AA, Daumas RP, Moura EG. 2’3’ cyclic nucleotide 3’ 

phosphodiesterase immunohistochemistry shows an impairment on myelin 

compaction in hypothyroid rats. International Journal of Developmental 

Neuroscience 2000; 18: 887-892. 



34 

 

Barradas PC, Vieira RS, De Freitas MS. Selective effect of hypothyroidism on 

expression of myelin markers during development. Journal of Neuroscience 

Research 2001; 66: 254-261. (DOI: 10.1002/jnr.1218). 

Bowers JM, Perez-Pouchoulen M, Edwards NS, McCarthy MM. Foxp2 mediates sex 

differences in ultrasonic vocalization by rat pups and directs order of maternal 

retrieval. The Journal of Neuroscience 2013; 33: 3276-3283. (DOI: 

10.1523/JNEUROSCI.0425-12.2013). 

Brudzynski SM. (Ed.), 2010. Handbook of mammalian vocalization: An integrative 

neuroscience approach. London, UK, Academic Press, 2010. 

Brudzynski SM, Kehoe P, Callahan M. Sonographic structure of isolation-induced 

ultrasonic calls of rat pups. Developmental Psychobiology 1999; 34: 195-204.  

(DOI: 10.1002/(SICI) 1098-2302 (199904)). 

Brudzynski SM, Fletcher NH. Rat ultrasonic vocalization: short-range communication. 

In: Brudzynski SM, ed., Handbook of mammalian vocalization: An integrative 

neuroscience approach. London, UK, Academic Press, 2010: 69-76. (DOI: 

10.1016/B978-0-12-374593-4.00008-5). 

Brunelli SA, Keating CC, Hamilton NA, Hofer MA. Development of ultrasonic 

vocalization responses in genetically heterogeneous National Institute of Health (N: 



35 

 

NIH) rats. I. Influence of age, testing experience, and associated factors. 

Developmental Psychobiology 1996; 29: 507-516. (DOI: 

10.1002/(SICI)1098-2302(199609)). 

Brunjes PC, Alberts JR. Early auditory and visual function in normal and hyperthyroid 

rats. Behavioral and Neural Biology 1981; 31: 393-412. 

Comer CP, Norton S. Effects of perinatal methimazole exposure on a developmental test 

battery for neurobehavioral toxicity in rats. Toxicology and Applied Pharmacology 

1982; 63: 133-141. 

Cooper DS. Antithyroid drugs. The New England Journal of Medicine 1984; 311: 

1353-1362. (DOI: 10.1056/NEJM198411223112106). 

De Escobar GM, Obregon MJ, De Oña CR, Del Rey FE. Transfer of thyroxine from the 

mother to the rat fetus near term: Effects of brain 3,5,3’-triiodothyronine deficiency. 

Endocrinology 1988; 122: 1521-1531. (DOI: 10.1210/endo-122-4-1521). 

Gabriele ML, Brunso-Bechtold JK, Henkel CK. Development of afferent patterns in the 

inferior colliculus of the rat: Projection from the dorsal nucleus of the lateral 

lemniscus. The Journal of Comparative Neurology 2000; 416: 368-382. (DOI: 

10.1002/(SICI)1096-9861(20000117). 



36 

 

Gilbert ME, Zoeller RT. Thyroid hormones–Impact on the developing brain: Possible 

mechanisms of neurotoxicity. In: Harry GJ and Tilson HA, eds., Neurotoxicology 

3ird edition. NY, USA, Informa Healthcare USA Inc., 2010: 79-111. 

Goldey ES, Kehn LS, Rehnberg GL, Crofton KM. Effects of developmental 

hypothyroidism on auditory and motor function in the rat. Toxicology and Applied 

Pharmacology 1995; 135: 67-76. 

Hage SR. Neuronal networks involved in the generation of vocalization. In: Brudzynski 

SM, ed., Handbook of mammalian vocalization: An integrative neuroscience 

approach. London, UK, Academic Press, 2010: 339-349. (DOI: 

10.1016/B978-0-12-374593-4.00032-2). 

Henck JW, Frahm DT, Anderson JA. Validation of automated behavioral test systems. 

Neurotoxicology and Teratology 1996; 18: 189-97. 

Hofer MA. Evolution of the infant separation call: rodent ultrasonic vocalization. In: 

Brudzynski SM, ed., Handbook of mammalian vocalization: An integrative 

neuroscience approach. London, UK, Academic Press, 2010: 29-35. (DOI: 

10.1016/B978-0-12-374593-4.00004-8). 

Hu X, Zhang J, Jiang Y, Lei Y, Lu L, Zhou J, Huang H, Fang D, Tao G. Effect of 

metabolic enzymes and thyroid receptors induced by BDE-47 by activation the 



37 

 

pregnane X receptor in HepG2, a human hepatoma cell line. Toxicology in Vitro 

2014; 28: 1377-1385. (DOI: 10.1016/j.tiv.2014.07.004). 

Inagaki H, Kuwahara M, Tsubone H, Mori Y. The effect of post-weaning individual 

housing on 50-kHz calls emitted from male rats to sexually receptive female rats. 

Physiology and Behavior 2013; 110-111: 30-33. (DOI: 

10.1016/j.physbeh.2012.11.009). 

Ise S, Ohta H. Power spectrum analysis of ultrasonic vocalization elicited by maternal 

separation in rat pups. Brain Research 2009; 1283: 58-64. (DOI: 

10.1016/j.brainres.2009.06.003). 

Johansen K, Andersen AN, Kampmann JP, Hansen JM, Mortensen HB. Excretion of 

methimazole in human milk. European Journal of Clinical Pharmacology 1982; 23: 

339-341. 

Knipper M, Zinn C, Maier H, Praetorius M, Rohbock K, Köpschall I, Zimmermann U. 

Thyroid hormone deficiency before the onset of hearing causes irreversible damage 

to peripheral and central auditory systems. Journal of Neurophysiology 2000; 83: 

3101-3112. 

Kobayashi K, Akune H, Sumida K, Saito K, Yoshioka T, Tsuji R. Perinatal exposure to 

PTU decreases expression of Arc, Homer 1, Egr 1 and Kcna 1 in the rat cerebral 



38 

 

cortex and hippocampus. Brain Research 2009; 1264: 24-32. (DOI: 

10.1016/j.brainres.2008.12.029). 

Kobayashi K, Tsuji R, Yoshioka T, Kushida M, Yabushita S, Sasaki M, Mino T, Seki T. 

Effects of hypothyroidism induced by perinatal exposure to PTU on rat behavior and 

synaptic gene expression. Toxicology 2005; 212: 135-147 (DOI: 

10.1016/j.tox.2005.04.012). 

Kromkhun P, Katou M, Hashimoto H, Terada M, Moon C, Saito TR. Quantitative and 

qualitative analysis of rat pup ultrasonic vocalization sounds induced by a 

hypothermic stimulus. Laboratory Animal Research 2013; 29: 77-83. (DOI: 

10.5625/lar.2013.29.2.77). 

Litvin Y, Blanchard DC, Blanchard RJ. Vocalization as a social signal in defensive 

behavior. In: Brudzynski SM, ed., Handbook of mammalian vocalization: An 

integrative neuroscience approach. London, UK, Academic Press, 2010: 151-157. 

(DOI: 10.1016/B978-0-12-374593-4.00015-2). 

Marchant B, Brownlie BEW, McKay-Hart D, Horton PW, Alexander WD. The 

placental transfer of propylthiouracil, methimazole and carbimazole. The Journal of 

Clinical Endocrinology and Metabolism 1977; 45: 1187-1193. (DOI: 

10.1210/jcem-45-6-1187). 



39 

 

Moy SS, Nadler JJ. Advances in behavioral genetics: mouse models of autism. 

Molecular Psychiatry 2008; 13: 4-26. (DOI: 10.1038/sj.mp.4002082). 

Naito H, Tonoue T. Sex difference in ultrasound distress call by rat pups. Behavioural 

Brain Research 1987; 25: 13-21. 

Porterfield SP. Vulnerability of the developing brain to thyroid abnormalities: 

Environmental insults to the thyroid system. Environmental Health Perspectives 

1994; 102 (Supplement 2): 125-130. 

Porterfield SP. Thyroidal dysfunction and environmental chemicals-Potential impact on 

brain development. Environmental Health Perspectives 2000; 108 (Supplement 3): 

433-438. 

Portfors CV. Types and functions of ultrasonic vocalizations in laboratory rats and mice. 

Journal of the American Association for Laboratory Animal Science 2007; 46: 

28-34. 

Reno JM, Marker B, Cormack LK, Schallert T, Duvauchelle CL. Automating ultrasonic 

vocalization analyses: The WAAVES program. Journal of Neuroscience Methods 

2013; 219: 155-161. (DOI: 10.1016/j.jneumeth.2013.06.006). 



40 

 

Sack J, Weller A, Rigler O, Rozin A. A simple model for studying the correction of in 

utero hypothyroidism in the rat. Pediatric Research 1995; 37: 497-501. (DOI: 

10.1203/00006450-199504000-00019). 

Scattoni ML, Crawley J, Ricceri L. Ultrasonic vocalizations: A tool for behavioural 

phenotyping of mouse models of neurodevelopmental disorders. Neuroscience and 

Biobehavioral Reviews 2009; 33: 508-515. (DOI: 

10.1016/j.neubiorev.2008.08.003). 

Schneider BF, Golden WL. Acquisition of acoustic startle shows a dose-response to 

serum free T4. International Journal of Developmental Neuroscience 1986; 4: 

397-400. 

Schneider BF, Golden WL. Acquisition of acoustic startle response in relation to growth 

and thyroid function in rats. International Journal of Developmental Neuroscience 

1987; 5: 99-106. 

Schwarting RKW, Wöhr M. On the relationships between ultrasonic calling and 

anxiety-related behavior in rats. Brazilian Journal of Medical and Biological 

Research 2012; 45: 337-348. (DOI: 10.1590/S0100-879X2012007500038). 



41 

 

Shair HN, Masmela JR, Brunelli SA, Hofer MA. Potentiation and inhibition of 

ultrasonic vocalization of rat pups: Regulation by social cues. Developmental 

Psychobiology 1997; 30: 195-200. (DOI: 10.1002/(SICI)1098-2302(199704). 

Takahashi LK. Ontogeny of behavioral inhibition induced by unfamiliar adult male 

conspecifics in preweanling rats. Physiology and Behavior 1992; 52: 493-498. 

Uziel A, Gabrion J, Ohresser M, Legrand C. Effects of hypothyroidism on the structural 

development of the organ of Corti in the rat. Acta Otolaryngologica 1981; 92: 

469-480. (DOI: 10.3109/00016488109133286). 

Uziel A, Legrand C, Ohresser M, Marot M. Maturational and degenerative processes in 

the organ of Corti after neonatal hypothyroidism. Hearing Research 1983; 11: 

203-218. 

Uziel A, Legrand C, Rabie A. Corrective effects of thyroxine on cochlear abnormalities 

induced by congenital hypothyroidism in the rat. I. Morphological study. 

Developmental Brain Research 1985; 19: 111-122. 

Uziel A, Rabie A, Marot M. The effect of hypothyroidism on the onset of cochlear 

potentials in developing rats. Brain Research 1980; 182: 172-175. 



42 

 

Wada H, Yumoto S, Iso H. Irreversible damage to auditory system functions caused by 

perinatal hypothyroidism in rats. Neurotoxicology and Teratology 2013; 37: 18-22. 

(DOI: 10.1016/j.ntt.2013.02.006). 

Wiedenmayer CP, Lyo D, Barr GA. Rat pups reduce ultrasonic vocalization after 

exposure to an adult male rat. Developmental Psychobiology 2003; 42: 386-391. 

(DOI: 10.1002/dev.10112). 

Xu X, Liu J, Zeng X, Lu F, Chen A, Huo X. Elevated serum polybrominated diphenyl 

ethers and alteration of thyroid hormones in children from Guiyu, China. PLOS one 

2014. (DOI: 10.1371/journal.pone.0113699). 

Yu L, Han Z, Liu C. A review on the effects of PBDEs on thyroid and reproduction 

systems in fish. General and Comparative Endocrinology 2015; 219: 64-73 (DOI: 

10.1016/j.ygcen.2014.12.010). 

Zhao X, Wang H, Li J, Shan Z, Teng W, Teng X. The correlation between 

polybrominated diphenyl ethers (PBDEs) and thyroid hormones in the general 

population: A meta-analysis. PLOS one 2015. (DOI: 10.1371/journal.pone.0126989) 

Zimmerberg B, Rosenthal AJ, Stark AC. Neonatal social isolation alters both maternal 

and pup behaviors in rats. Developmental Psychobiology 2003; 42: 52-63. (DOI: 

10.1002/dev.10086). 


