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Introduction
Numerous studies have shown that prenatal alcohol exposure 
induces a wide spectrum of structural and functional abnor-
malities in the central nervous system. It induces long-term 
respiratory depression after episodic hypoxia in vitro (Kervern 
et al., 2009; Cullere et al., 2015), and it perturbs newborn re-
spiratory adaptation to a low oxygen environment (Dubois et 
al., 2008). In the present study, we recorded from medullary 
slices containing the pre-Bötzinger complex (preBötC), a re-
gion of the ventral respiratory group that is the key site of re-
spiratory rhythm generation (Smith et al., 1991; Cinelli et al., 
2013) and which generates respiratory rhythmical discharge 
activity (RRDA). The RRDA reflects the function of the 
preBötC (Ren et al., 2003; Chen et al., 2013). The 5-hydroxy-
tryptamine 2A receptor (5-HT2AR) expressed by preBötC 
neurons plays a significant role in generating and modulating 
the RRDA of the respiratory network (Liu et al., 2008; Nie-
bert et al., 2011). In the early development of the nervous 
system, the 5-HT2AR also participates in the development and 
maturation of the fetal respiratory center (Bou-Flores et al., 

2000; Ozawa et al., 2002). Although a number of studies have 
focused on the respiratory center and the 5-HT2AR, little is 
known about the role of preBötC 5-HT2AR on RRDA in neo-
natal rats exposed to alcohol during the prenatal period. In 
the present study, we investigate the effect of prenatal alcohol 
exposure on RRDA and the role of the 5-HT2AR using neona-
tal rat medullary slices.

Materials and Methods
Animals and drugs
A total of 36 specific-pathogen-free adult Sprague-Dawley 
rats, aged 14 weeks, comprising 24 female rats weighing 290 ± 
17 g and 12 male rats weighing 330 ± 19 g, were provided by 
the Experimental Animal Center of Zhengzhou University in 
China (license No. SCXK (Yu) 2012-0002). Rats were housed 
at 22–25°C and 35–40% humidity, with a 12-hour light-dark 
cycle. Alcohol solutions of various concentrations (0%, 1%, 
2%, 4%, 8% and 10% alcohol, v/v in water) (Tianjin Deen 
Chemical Reagent Co., Ltd., Tianjin, China) were used as the 
only source of water for female rats throughout the gestation 
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period (Abate et al., 2004; Miranda-Morales et al., 2014). 
Medullary slices from 2-day-old neonatal rats, weighing 
5.67 ± 1.71 g, of either gender, were used for the recording ex-
periments. Protocols were approved by the Experimental Ani-
mal Ethics Committee, Xinxiang Medical University, China.

The 5-HT2AR agonist DOI (Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in dimethyl sulfoxide and diluted in arti-
ficial cerebrospinal fluid. The final concentration of dimethyl 
sulfoxide (0.1%) had no effect on RRDA (Wang et al., 2005). 
The 5-HT2AR-specific antagonist ketanserin (Sigma-Aldrich) 
was dissolved in artificial cerebrospinal fluid for perfusing, 
and the final concentration of DOI and ketanserin were 40 
µM (Qian et al., 2008).

Medullary brain slice preparation and electrophysiological 
recording
Two-day-old neonatal rats were used to prepare medullary 
slices. Rats were deeply anesthetized with ether until the 
disappearance of nociceptive reflexes and were decapitated 
at the C3–4 spinal level. The brainstem and spinal cord were 
dissected as previously described (Smith et al., 1991; Qian 
et al., 2010). Dissection was performed in ice-cold artificial 
cerebrospinal fluid (NaCl 124 mM, KCl 5 mM, CaCl2 2.4 
mM, MgSO4 1.3 mM, KH2PO4 1.2 mM, NaHCO3 26 mM 
and glucose 30 mM, pH 7.4) (Sinopharm Chemical Reagent 
Co., Ltd., Shanghai, China) equilibrated with carbogen (95% 
O2 and 5% CO2) (Henan Yuanzheng Science and Technology 
Co., Ltd., Zhengzhou, China). Dissection lasted for less than 
3 minutes. The isolated brainstem was glued onto an agar 
block with the dorsal side facing downward and the blade 
at a 20° angle. An 850-µm transverse slice was cut, contain-
ing the preBötC, inferior olive, nucleus of the solitary tract, 
hypoglossal nucleus and nucleus ambiguus. The medullary 
slice was transferred to a recording chamber and continu-
ously perfused with oxygen-saturated artificial cerebrospinal 
fluid at a rate of 5.0–6.0 mL/minutes at 27–29°C. The RRDA 
from hypoglossal nerve rootlets was recorded with a suction 
electrode. Signals were amplified and band-pass filtered 
(100.0 Hz–3.3 kHz). Data were sampled (5 kHz) and stored 
in the computer using a BL-420 biological signal processing 
system (Chengdu TME Technology, Chengdu, China). The 
RRDA parameters evaluated were inspiratory time (the time 
from start to finish of an inspiratory discharge), respiratory 
frequency (number of inspiratory discharges in a minute) 
and integral amplitude (the integral amplitude of an inspira-
tory discharge).

Western blot analysis for 5-HT2AR expression
Protein was isolated from six medullary slices containing the 
preBötC for assessing 5-HT2AR expression. Equal amounts 
of protein (60 µg) were loaded onto a 10% sodium dodecyl 
sulphate-polyacrylamide gel for electrophoresis and elec-
trotransferred onto a polyvinylidene difluoride membrane 
(Millipore, Billerica, MA, USA). The membrane was blocked 
with 5% bovine serum albumin diluted in Tris-buffered sa-
line containing Tween-20 for 1 hour, followed by incubation 
with primary antibodies (goat polyclonal antibody against 

5-HT2AR; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) at 4°C overnight. After washing, the membrane was 
incubated with secondary antibody (horseradish peroxidase 
AffiniPure rabbit anti-goat IgG; 1:2,000; EarthOx, Mill-
brae, CA, USA) for 1 hour at room temperature. GAPDH 
antibody (1:1,000; Santa Cruz Biotechnology) was blotted 
on the same membrane as an internal control to normalize 
relative density. Immunoreactive bands were visualized with 
enhanced chemiluminescence (Amersham, Piscataway, NJ, 
USA) and analyzed using Image J software (Molecular Dy-
namics IQ solutions, Molecular Dynamics Inc., Sunnyvale, 
CA, USA). 5-HT2AR relative protein levels were calculated 
using the gray scale ratios of 5-HT2AR and GAPDH. The data 
were normalized to those obtained for the 0% alcohol group, 
which was set at 100%.

Quantitative RT-PCR (qRT-PCR) analysis of 5-HT2AR 
mRNA levels
Total RNA from six medullary slices containing the preBötC 
was extracted using the RNAiso Plus kit (Takara Biotechnolo-
gy (Dalian) Co., Ltd.) following the manufacturer’s protocol. 
Gene-specific primer pairs are listed in Table 1. The cDNA was 
synthesized using the PrimeScript II First Strand cDNA Syn-
thesis Kit according to the manufacturer’s instructions (Takara 
Biotechnology (Dalian) Co., Ltd.). The cDNA products were 
stored at −80°C. qRT-PCR was performed in a final volume of 
50 µL. A 1-µL aliquot of RNA, 25 µL Taq premix (Takara Bio-
technology (Dalian) Co., Ltd.), 1 µL forward primer, 1 µL re-
verse primer and RNase-free sterile water were added to a PCR 
tube to a final volume of 50 µL. Cycling parameters were as 
follows: Amplification was carried out with an initial denatur-
ation stage of 95°C for 5 minutes, followed by 40 cycles. Each 
cycle consisted of denaturation at 95°C for 30 seconds, anneal-
ing at 60°C for 35 seconds, and extension at 72°C for 1 minute. 
GAPDH served as an internal control, and serial dilutions of 
the positive control were performed on each plate to create a 
standard curve. The amount of target gene was normalized to 
the reference GAPDH to obtain the relative threshold cycle. 
Quantification of PCR products was performed using the 2–∆∆Ct 
method (Liebscher et al., 2005). To calculate relative mRNA 
amounts, the average target gene Ct values were subtracted 
from the GAPDH values to determine changes in Ct value. 
mRNA levels were normalized to the housekeeping gene, 
GAPDH, and the 0% alcohol group was set at 100%.

Statistical analysis
The data were analyzed using SPSS 13.0 software (SPSS, Chi-
cago, IL, USA) and are expressed as the mean ± SD. Statisti-
cal comparisons were performed using one-way analysis of 
variance using the Student-Newman-Keuls test for post hoc 
comparisons. A value of P < 0.05 was considered statistically 
significant.

Results
Effects of prenatal alcohol exposure on RRDA
Compared with the 0% alcohol group, RRDA in the 1% and 
2% alcohol groups did not change significantly (P > 0.05). 
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RRDA declined with increasing alcohol concentration, in the 
4% and 8% alcohol groups, with a decrease in respiratory 
frequency, shortened inspiratory time and reduced integral 
amplitude (P < 0.05, P < 0.01). RRDA in the 10% alcohol 
group was weaker than in the 8% alcohol group; however, 
it was so irregular that it could not be statistically analyzed 
(Figure 1).

Prenatal alcohol exposure reduced RRDA and decreased 
the effects of DOI and ketanserin
Slices from the 8% alcohol group showed reduced RRDA 
compared with the 0% alcohol group. Inspiratory time and 
integral amplitude were decreased (reductions of 27.52% 
and 16.16%, respectively), and RF was also decreased (reduc-
tion of 28.82%), compared with the 0% alcohol group. After 
treatment with DOI, RRDA in both groups increased. How-
ever, the magnitude of the change in RRDA was smaller in the 
8% alcohol group than in the 0% alcohol group (P < 0.05). 
With ketanserin treatment, RRDA in both groups weakened. 
However, the magnitude of the change in RRDA was smaller 
in the 8% alcohol group than in the 0% alcohol group (P < 
0.05; Figure 2).

Prenatal alcohol exposure decreased 5-HT2AR mRNA and 
protein levels
To examine how alcohol may affect the preBötC and dis-
turb respiratory rhythm generation, we measured 5-HT2AR 
protein levels in the medullary slices in the 0–8% alcohol 
groups. 5-HT2AR protein levels gradually diminished with 
increasing alcohol concentration in preBötC respiratory 
neurons of the respiratory center in the 4% and 8% alcohol 
groups (P < 0.01; Figure 3).

qRT-PCR analysis revealed a significant decrease in the 
levels of 5-HT2AR mRNA in medullary slices from neonatal 
rats in the 8% alcohol group compared with the 0% alcohol 
group (P < 0.01). These results suggest that prenatal alcohol 
exposure may cause a decrease in 5-HT2AR mRNA expres-
sion in the neonatal rat medulla (Figure 4).

Discussion
In this study, we found that RRDA in the 8% alcohol group 
was reduced compared with the 0% alcohol group, indicating 

Table 1 Primer sequences for qRT-PCR

Gene Primer sequences (5'–3') Product size (bp)

5-HT2AR Forward AAG CTG CAG AAT GCC 
ACC AAC

108

Reverse CCA GGT AAA TCC AGA 
TCG CAC A

GAPDH Forward GGC ACA GTC AAG GCT 
GAG AAT G

163

Reverse ATG GTG GTG AAG ACG 
CCAGTA

5-HT2AR: 5-HT2A receptor; GAPDH: glyceraldehyde phosphate 
dehydrogenase; qRT-PCR: quantitative reverse transcription-polymerase 
chain reaction. 

that prenatal alcohol exposure decreases preBötC activity. It 
is known that the 5-HT2AR contributes to the modulation 
of respiratory motor function. To examine the role of the 
5-HT2AR in mediating the effect of prenatal alcohol expo-
sure on RRDA, we treated medullary slices with a 5-HT2AR 
agonist, DOI, and an antagonist, ketanserin. DOI increased 
RRDA in the 0% and 8% alcohol groups, while ketanserin 
decreased RRDA in both groups. However, the magnitude 
of the change in RRDA after DOI or ketanserin treatment 
was smaller in the 8% alcohol group than in the 0% alcohol 
group. This suggests that prenatal alcohol exposure reduces 
the effects of the 5-HT2AR on RRDA in neonatal rats.

Previous studies have shown that changes in the distribu-
tion or dysfunction of 5-HT2AR in the respiratory center can 
lead to breathing disorders (Ozawa et al., 2002; Taylor et al., 
2005). Prenatal alcohol exposure diminishes the regulatory 
effect of 5-HT2AR on RRDA. However, whether prenatal 
alcohol exposure decreases the expression of 5-HT2AR in 
respiratory neurons of the preBötC region of neonatal rats 
was still unknown. Therefore, we used western blot analysis 
and qRT-PCR to evaluate the expression of 5-HT2AR. Our 
results suggest that prenatal alcohol exposure downregulates 
5-HT2AR mRNA and protein levels.

Previous studies have shown that prenatal alcohol expo-
sure reduces the activity (Yanpallewar et al., 2010; Zhou et 
al., 2010; Hausknecht et al., 2015) and expression (Dobson 
et al., 2014; Bird et al., 2015) of various receptors in the cen-
tral nervous system, and that it decreases the number of 5-HT 
neurons (Sliwowska et al., 2014). In our study, prenatal al-
cohol exposure downregulated 5-HT2AR expression in the 
preBötC, suggesting that alcohol attenuates 5-HT2AR activity, 
thereby reducing the excitability of neurons.

During embryogenesis, alcohol is cytotoxic, and results 
in neuronal degeneration, necrosis, delayed differentiation, 
structural damage and developmental defects in the cen-
tral nervous system (Augustyniak et al., 2005; Chang et al., 
2012; Luo, 2014). The neurotoxic effects of alcohol elicit 
DNA damage, consistent with our present finding that 
prenatal alcohol exposure downregulates 5-HT2AR mRNA 
expression.

Chronic alcoholism reduces PaO2 and SaO2, resulting in 
a continuous hypoxic state (Nogués et al., 2008; Mao et al., 
2014). A number of studies have shown that after chronic in-
termittent hypoxia, neurons in the respiratory center of the 
rat lower brainstem exhibit morphological abnormalities, 
including changes in cell volume, pyknosis, a reduction in 
organelles and mitochondria, and apoptosis. Furthermore, 
the longer the duration of intermittent hypoxia, the greater 
the degree of neuronal apoptosis was (Baker et al., 2001; Li 
et al., 2007). 

Our findings show that prenatal alcohol exposure inhib-
its the RRDA, reduces the contribution of 5-HT2AR to the 
RRDA, and decreases 5-HT2AR protein and mRNA expres-
sion in preBötC neurons. Our results provide further evi-
dence that prenatal alcohol exposure perturbs the develop-
ment of the nervous system, including the respiratory center 
in the medulla oblongata.
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Our data suggest that 5-HT2AR may be a novel therapeu-
tic target for prenatal alcohol exposure-induced respiratory 
depression. Nevertheless, our study has limitations. For ex-
ample, although we investigated changes in 5-HT2AR levels, 
we did not examine changes in its structure. Furthermore, 
we only analyzed the impact of prenatal alcohol exposure on 
the activity of respiratory neurons in 0–3-day-old neonatal 
rats and the role of 5-HT2AR in this process, but we did not 
evaluate the dynamic changes that occur during the growth 
process. Additional studies are necessary to more compre-
hensively evaluate the effect of prenatal alcohol exposure 
on respiration in neonates and the role of 5-HT2AR in this 
process. Future studies should investigate the following: (1) 
whether prenatal alcohol exposure causes 5-HT2AR genetic 

mutations; (2) the impact of genetic mutations on 5-HT2AR 
protein structure; and (3) how genetic mutations and pro-
tein structural changes affect 5-HT2AR function.
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Figure 1 Impact of prenatal exposure to different concentrations of alcohol on the RRDA in neonatal rats.
The RRDA in the 0% alcohol group was set at 100% and was used to standardize the RRDA in each group. Compared with the 0% alcohol group, 
the RRDA in the 1% and 2% alcohol groups did not change significantly. However, with increasing alcohol concentration (4–8%), the TI short-
ened, and the IA and RF decreased. The RRDA was weaker in the 10% alcohol group than in the 8% alcohol group; however, it was so irregular 
that it could not be statistically analyzed. Calculation: (original data in 1–8% alcohol group/original data in 0% alcohol group) × 100%. Data are 
expressed as the mean ± SD (n = 6; one-way analysis of variance, followed by Student-Newman-Keuls post hoc test.). *P < 0.05, **P < 0.01, vs. 0% 
alcohol group. RRDA: Respiratory rhythmical discharge activity; TI: inspiratory time; IA: integral amplitude; RF: respiratory frequency; s: second.

Figure 2 Effects of DOI and ketanserin on the RRDA in the 0% and 8% alcohol groups.
After treatment with DOI (40 µM), the RRDA in both groups strengthened; however, the percent change in the RRDA was smaller in the 8% alcohol 
group than in the 0% alcohol group. With ketanserin (40 µM) treatment, the RRDA in both groups weakened; however, the percent change in RRDA 
was smaller in the 8% alcohol group than in the 0% alcohol group. *P < 0.05, vs. (0% alcohol + DOI vs. 0% alcohol);  #P < 0.05, vs. (8% alcohol + 
ketanserin vs. 8% alcohol). Data are expressed as the mean ± SD (n = 6; one-way analysis of variance, followed by Student-Newman-Keuls post hoc 
test). RRDA: Respiratory rhythmical discharge activity; TI: inspiratory time; IA: integral amplitude; RF: respiratory frequency; s: second.
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Figure 4 Prenatal alcohol exposure inhibited the expression of 5-hydroxytryptamine 2A (5-HT2A) receptor mRNA in the medulla oblongata of 
neonatal rats (quantitative reverse transcription-polymerase chain reaction, qRT-PCR).
(A) Amplification plots for the 5-HT2A receptor in the preBötC in the 8% alcohol group. (B) The melting curve for the 5-HT2A receptor in the 8% 
alcohol group. (C) Amplification plots for GAPDH in the 8% alcohol group. (D) The melting curve for GAPDH in the 8% alcohol group. (E) 
Comparison of the expression levels of 5-HT2A receptor mRNA in the 0% and 8% alcohol groups. Data are normalized to those obtained in the 
0% alcohol group. **P < 0.01, vs. 0% alcohol group. Data are expressed as the mean ± SD (n = 6; one-way analysis of variance and Student-New-
man-Keuls post hoc test).

Figure 3 Comparison of 5-hydroxytryptamine 2A (5-HT2A)  receptor 
protein levels in the preBötC of neonatal rats prenatally exposed to 
different concentrations of alcohol (western blot assay).
Data are normalized to those obtained in the 0% alcohol group. **P < 
0.01, vs. 0% alcohol group. Data are expressed as the mean ± SD (n = 6; 
one-way analysis of variance and Student-Newman-Keuls post hoc test).
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