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 Background: The aim of this study was to explore the effect and duration of 2-dimensional shear wave elastography (2D-SWE) 
irradiation on the expression of brain-derived neurotrophic factor (BDNF) in the brains of neonatal mice and 
to preliminarily investigate whether its mechanism is neuronal apoptosis.

 Material/Methods: Neonatal mice (within 48 hours of birth) were subjected to 2D-SWE irradiation of the brain for 10 minutes 
(group S1), 20 minutes (group S2), and 30 minutes (group S3). The mice were sacrificed immediately after ir-
radiation or 24 hours after irradiation. Brains were collected for real-time polymerase chain reaction (RT-PCR) 
and western blot experiments to determine the expression of BDNF in each group. TdT-mediated dUTP nick-
end labeling (TUNEL) was performed to observe neuronal apoptosis in the brain.

 Results: The results of PCR and western blots from the brains of neonatal mice that were sacrificed immediately after 
irradiation show that S1, S2, and S3 were significantly different from those in the control group. The PCR and 
western blot results of brain tissues from neonatal mice sacrificed at 24 hours after irradiation showed that 
there was no significant difference between the S1, S2, S3, and control groups. The results of TUNEL exper-
iments showed that there was no statistically significant difference in the number of apoptotic neurons be-
tween the S1, S2, S3, and control groups.

 Conclusions: 2D-SWE irradiation of neonatal mice for more than 10 minutes downregulated the expression of BDNF. This 
effect disappeared within 24 hours after the irradiation, and the 2D-SWE scan seemed not to induce neuronal 
apoptosis.
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Background

Transcranial ultrasound has become one of the preferred im-
aging methods for assessing craniocerebral diseases in new-
borns because of its non-ionizing radiation, non-invasiveness, 
economic advantages, convenience, and excellent repeatability. 
In the diagnosis of neonatal hypoxic-ischemic encephalopathy 
(HIE), periventricular-ventricular hemorrhage, and intracranial 
hemorrhage of the newborn, transcranial ultrasound has good 
sensitivity and specificity. In recent years, some researchers 
have begun to use ultrasound elastography for the differen-
tial diagnosis of neonatal craniocerebral diseases, indicating 
that ultrasound elastography has good application prospects 
in the diagnosis of neonatal craniocerebral diseases, espe-
cially HIE [1,2].

When ultrasound is widely used, however, people tend to over-
look the potential biological impacts, which mainly include ther-
mal and mechanical effects. A wide range of animal experi-
ments have confirmed that ultrasound exposure can affect the 
central nervous system, but these experiments have focused 
on B-mode ultrasound and Doppler ultrasound [3,4]. There are 
few studies of the biological effects of 2-dimensional shear 
wave elastography (2D-SWE) exposure on the central nervous 
system. In our previous studies, we found that mTOR expres-
sion in the brain tissue of newborn rats was affected when the 
brain was irradiated for 30 minutes with 2D-SWE [5]. Although 
this change in mTOR returned to normal in mice when they 
reached adulthood, changes in expression and regulation of 
mTOR in the neonatal period may irreversibly damage neurons 
or their functions. Synaptic plasticity is an essential basis for 
learning and memory, and this process is partially regulated 
by mTOR. Therefore, it is of great significance to study the ef-
fect of this technique on the synaptic plasticity of hippocampal 
neurons in newborns and determine the relatively safe scan-
ning duration when applying this technique to neonatal brains.

Brain-derived neurotrophic factor (BDNF) is a member of the 
neurotrophin family, and it plays a vital role in the survival, 
growth, and maintenance of neurons during the development 
of neurons [6]. BDNF also affects synaptic plasticity by regulat-
ing axons, dendritic branching and reconstruction, the forma-
tion of axon dendritic synapses, and the effectiveness of syn-
aptic transmission, excitability, and inhibition [7]. In view of 
the importance of BDNF expression in the brain during devel-
opment, this study used real-time polymerase chain reaction 
(RT-PCR) and western blotting to explore the effect and dura-
tion of 2D-SWE craniocerebral irradiation on the expression 
of BDNF in the brain of neonatal mice and used TdT-mediated 
dUTP nick-end labeling (TUNEL) to investigate whether the 
mechanism that produces this effect is neuronal apoptosis.

Material and Methods

Animals

Female and male C57BL/6 mice (Sibeifu Experimental Animal 
Science and Technology, Beijing, China) were housed in 
330×215×170 mm cages and were maintained in a controlled 
environment (temperature: 22–25°C) under a 12: 12-hours 
light: dark cycle (light period: 07: 00–19: 00). Male and fe-
male rats were kept in cages at a ratio of 1: 2. We used the 
offspring of these animals in our experiments. All animal ex-
periments were approved by the Animal Ethics Committee of 
Chinese PLA General Hospital in Beijing, China.

Ultrasound equipment and irradiation scheme

We set the experimental model with reference to research by 
Li et al. [5]. An Aixplorer ultrasound system (SuperSonic Imagine, 
Aix-en-Provence, France) equipped with a 4–15 MHz linear-array 
transducer was used in this study to generate 2D-SWE. Three 
neonatal mice born within 48 hours of the start of the experi-
ment were fixed to a homemade board (Figure 1A), with a 3 cm 
water bag placed between the probe and the neonatal mice 
to improve the focus of the ultrasound on the mice. A stan-
dard image shows the mouse head, color-coded by 2D-SWE 
(Figure 1B). Neonatal mice were divided into a control group 
or into groups exposed to 2D-SWE for 10 minutes (group S1), 
20 minutes (group S2), or 30 minutes (group S3). The control 
group was sham-irradiated for 30 minutes; that is, the fixed 
placement method and ultrasound probe placement were the 
same as the 2D-SWE irradiation group, but the ultrasound in-
strument was turned off. Some of the mice in each group were 
sacrificed immediately after irradiation. Brains were collect-
ed and then analyzed by western blot, PCR, and TUNEL tests. 
The remaining members of the groups were sacrificed 24 hours 
after the end of irradiation. Western blot and PCR experiments 
were performed to study the duration of the effect on BDNF.

Real-time quantitative polymerase chain reaction (PCR)

According to the manufacturer’s protocol (Invitrogen, Carlsbad, 
CA, USA), total ribonucleic acid (RNA) was extracted with 
TRIzol reagent, and a SuperScript III reverse transcriptase re-
agent kit (Invitrogen) was used to reverse transcribe total 
RNA (500 ng) into complementary DNA with random hexamer 
primers (Invitrogen). Real-time PCR was carried out using an 
ABI 7900 Real-Time PCR System (Thermo Fisher Scientific, USA) 
with Power SYBR® Green PCR Master Mix (Applied Biosystems 
USA). The sample results were compared against a standard 
curve, normalized to expression levels of actin to determine 
the messenger RNA (mRNA) expression levels. The control ex-
pression level was set to 1. The sequences of the primers used 
were as follows:
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actin: forward: 5’-CTCCTGAGCGCAAGTACTCT-3’,
reverse: 5’-TACTCCTGCTTGCTGATCCAC-3’;
BDNF: forward: 5’-GCCCATTTCCCTAGTCAG-3’,
reverse: 5’-TGAAGCGATTGTTTGCC-3’.
All primers were purchased from RiboBio (RiboBio, Guangzhou, 
China). All experiments were repeated 3 times, with at least 3 
replicates in each group; mRNA expression levels were calcu-
lated using the comparative CT method (2–DDCT) [8].

Western blotting

Protein was extracted from the brains of animals from each 
group with radioimmunoprecipitation assay (RIPA) lysis buffer 
(pH 7.4; 50 mM Tris HCl, 150 mM NaCl, 1% NP-40 [nonionic 
polyoxymethylene surfactant], and 0.1% SDS [sodium dodecyl 
sulfate]), and it was incubated on ice for 30 minutes. Protein 
fractions in the pellet were collected following centrifugation 
at 10 000 g at 4°C for 10 minutes and then were quantified 
using Bradford protein assay reagent (Bio-Rad, USA). For each 
lane, 30 mg of total protein was separated by 12% SDS-PAGE 
(polyacrylamide gel electrophoresis) and then transferred to 
Trans-Blot polyvinylidene fluoride (PVDF) membranes (Applied 
Biosystems, USA). After blocking with 5% nonfat milk in a Tris-
buffered saline (140 mM NaCl, 20 mM Tris, pH 7.4) solution 
containing 0.1% Tween (1×TBST) for 2 hours at room tem-
perature; membranes were incubated overnight at 4°C with 
a primary antibody (anti-BDNF, 1: 1000, ab108319; Abcam, 
Cambridge, UK). Then, membranes were incubated with a 
goat anti-mouse secondary antibody conjugated to horserad-
ish peroxidase (1: 3000, Servicebio, Wuhan, China) for 1 hour. 
Protein bands were visualized using an enhanced chemilumi-
nescence assay (ECL, Thermo Scientific, USA) and captured by 
Alpha Innotech (Alpha, USA). Actin was used as the loading 
control. Densitometry was performed by using ImageJ soft-
ware (NIH, Bethesda, MA, USA).

TUNEL method

Referring to the instructions of an In-Situ Cell Death Detection 
kit (Roche, Penzberg, Germany), 10 µm sections were cut from 
paraffin-embedded brains from each group. Deparaffinization 
and hydration of paraffin-embedded sections was performed. 
The solution of proteinase K was added dropwise to the sec-
tions, and the sections were incubated at 37°C for 25 minutes. 
Then, a solution was added the sections to rupture the cell 
membranes, and then they were incubated at room temper-
ature for 20 minutes. Then 5 µL TdT and 45 μL of dUTP were 
mixed and added to the sections, and they were incubated at 
37°C for 3 hours. DAPI (4’,6-diamidino-2-phenylindole) stain-
ing solution was added dropwise, which was followed by in-
cubation at room temperature for 10 minutes in the dark. 
The sections were observed under a fluorescence microscope.

Statistics

Statistical analyses were performed using Statistical Package 
for the Social Sciences (SPSS) version 22.0 (SPSS Inc., Chicago, 
IL, USA). Data are expressed as the means±standard devia-
tion (SD). Data were analyzed using one-way analysis of vari-
ance (ANOVA), followed by Newman-Keuls post hoc testing 
for multiple comparisons. P-values <0.05 were deemed sta-
tistically significant.

Results

Quantification of BDNF expression

To investigate whether BDNF was affected following 2D-SWE, 
we quantified the expression of proteins and mRNA by west-
ern blot and PCR, respectively. A statistically significant de-
crease was noted between the experimental groups and the 

Figure 1.  Preparation of animal models. (A) Schematic of neonatal rats exposed to 2D-SWE. (B) The standard image of neonatal rats 
subjected to 2D-SWE. 2D-SWE – 2-dimensional shear wave elastography.

A B
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control group at both the mRNA level (Figure 2A) and the pro-
tein level (Figure 2B), though there were no significant differ-
ences between the 3 experimental groups. To assess whether 
the effect of 2D-SWE exposure on the expression of BDNF was 
transient or long-lasting, we also quantified expression levels 
by western blot and PCR in mice sacrificed 24 hours after ex-
posure to 2D-SWE (Figure 3A, 3B). No statistically significant 
differences were observed between the experimental groups 
and the control group, confirming that the changes in BDNF 
mRNA and protein expression did not last more than 24 hours.

TUNEL test

Figure 4 shows the results of the TUNEL images. The green dot-
like spots of fluorescence indicated apoptotic cells. To further 
quantify apoptotic cells in hippocampal neuron cells, we ran-
domly selected 3 visual fields of hippocampal neurons from 
one TUNEL-stained section per 5 neonatal mice in each group 
to count the number of apoptotic cells. The number of apop-
totic cells per field in TUNEL sections of the 4 groups was as 
follows: the control group: 1.22±0.97; group S1: 1.11±0.93; 
group S2: 1.33±1.12; and group S3: 1.22±1.09. One-way 
ANOVA showed that P=0.829. There was no significant differ-
ence in the number of apoptotic neurons in the hippocampus 
among the 4 groups.

Discussion

As a new ultrasound technology, 2D-SWE uses dynamic radi-
ating force to generate transverse shear waves in deep tis-
sues, and imaging of the medium during propagation is at 
a very high frame rate. The elasticity of the measured tissue 
can be calculated based on the propagation of the captured 
shear wave [9]. The final data are displayed in units of shear 
wave propagation speed (m/sec) and can also be convert-
ed into Young’s modulus (kPa) [10]. This technique has been 
widely used clinically. In recent years, some scholars have be-
gun to study the application of ultrasound elastography in the 
examination of neonatal brain diseases. Kim et al. measured 
the elasticity of healthy neonatal brain tissue using ultrasound 
elastography [2]. They found that the elasticity of gray mat-
ter in the cerebral cortex was higher than in other regions, 
the elasticity of the caudate nucleus was lower than in differ-
ent areas; they found no significant gender difference in the 
elasticity of the brain region. Albayrak and Kasap found that 
using 2D-SWE could show differences in brain elasticity val-
ues between preterm and term neonates [11].

Ultrasound has potential biological effects. Previous animal ex-
periments have confirmed that ultrasound can have different 
effects on different tissues of animals, especially the central 
nervous system of fetuses and newborns, which are susceptible 

Figure 2.  The expression of BDNF in the brains of mice sacrificed immediately after exposure to 2D-SWE. The relative mRNA 
expression of BDNF qRT-PCR (A). The protein levels of BDNF were assessed by western blot (B). The densitometric 
analysis of each band was performed using Image-Pro Plus 6.0, and protein expression levels were normalized to actin. 
Data are presented as the mean±SD from 3 independent experiments. Differences in measurement data were compared 
with one-way ANOVA. * P<0.05; ** P<0.01, and NS – no significance (P>0.05). BDNF – brain-derived neurotrophic factor; 
2D-SWE – 2-dimensional shear wave elastography; mRNA – messenger RNA; qRT-PCR – quantitative real-time polymerase 
chain reaction; SD – standard deviation.
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to interference. Studies have shown that ultrasound irradia-
tion for longer than 30 minutes affects neural migration in 
the fetal stage of mice, and this effect will be greater with in-
creasing irradiation time [12]. Pregnant rats receiving ultra-
sound irradiation for more than 20 minutes can cause fetal 
rat cortical neuron apoptosis, and the apoptosis rate is relat-
ed to the irradiation time. However, to date, related research 
reports on the safety of ultrasonic elastography in the central 
nervous system are still scarce. In a previous study, our re-
search group used 2D-SWE to irradiate the brains of neonatal 
mice and found that when 2D-SWE was used to irradiate for 
10 minutes, the expression of p-PKCa protein in brain tissue 
decreased; furthermore, the P13K/AKT/mTOR signaling path-
way in brain tissue was affected when the scanning lasted for 
30 minutes [5]. Although these changes may be self-repaired 
as the mice grew, however, whether the alterations in P13K/
AKT/mTOR expression could affect other physiological pro-
cesses is not known.

The Food and Drug Administration (FDA) has proposed output 
display standards (ODSs) to indicate the potential biological 
effects of ultrasound [13]. ODSs mainly include 2 critical indi-
cators: thermal index (TI) and mechanical index (MI). Relevant 
experiments have confirmed that the thermal and mechanical 
effects of ultrasonic elastography in soft tissue are within the 
safety limits of TI and MI [14]. Compared with B-mode ultra-
sound and Doppler ultrasound, the output power and pulse 

duration of elastography are different [15]. Church et al. be-
lieve that the current safety indicator parameters, such as TI 
and MI, are based on ultrasound with a short duration of the 
pulse, such as B-mode ultrasound, but compared with B-mode 
ultrasound, the pulse duration of shear wave elastography can 
reach hundreds of μs [14]. However, to date, the relationship 
between the relevant safety parameters of shear wave elas-
tography and their exact biological effects has not been clear-
ly defined [16,17].

Infants and young children are in the stage of the synaptic 
bursts of the central nervous system, which is the critical pe-
riod of rapid differentiation and migration of neuronal cells 
and the rapid formation of neural networks by dendrites. If 
this process is disturbed, it will produce significant effects on 
brain structure and function [12]. Exploring the biological im-
pacts of 2D-SWE on neonatal brain tissue still has vital clini-
cal significance [3].

BDNF is a member of the neurotrophin family, and it plays an es-
sential role in modulating neuronal survival, growth, and main-
tenance during neuronal development [6]. BDNF also affects 
synaptic plasticity by regulating axonal and dendritic branch-
ing and remodeling, synapse formation, and the effectiveness 
of synaptic transmission, excitability, and inhibition [7,18,19]. 
Long-term potentiation (LTP) is an electrophysiological process 

Figure 3.  The expression of BDNF in the brains of mice sacrificed 24 hours after exposure to 2D-SWE. The relative mRNA expression 
levels of BDNF was detected by qRT-PCR (A). The protein expression levels of BDNF were quantified by western blots (B). 
The densitometric analysis of each band was performed using Image-Pro Plus 6.0, and the protein expression levels 
were normalized to those of actin. Data are presented as the mean±SD from 3 independent experiments. Differences in 
measurement data were compared with one-way ANOVA method. * P<0.05; ** P<0.01, and NS – no significance (P>0.05). 
BDNF – brain-derived neurotrophic factor; 2D-SWE – 2-dimensional shear wave elastography; mRNA – messenger RNA; 
qRT-PCR – quantitative real-time polymerase chain reaction; SD – standard deviation.
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that is necessary for learning and memory. If the BDNF gene is 
deleted or inhibited, LTP is adversely affected [20].

Based on the experimental results, we found that 2D-SWE ex-
posure led to the downregulation of BDNF expression at both 
the mRNA and protein levels when the scanning lasted for more 
than 10 minutes, however, these changes in expression, did not 
differ between the experimental groups. Our study of mice at 
24 hours after the exposure revealed no difference in the ex-
pression of BDNF between the experimental groups and the 
control group, demonstrating that the duration of the induced 
changes in expression may not exceed 24 hours.

We used TUNEL experiments to determine whether the mecha-
nism of the effect of 2D-SWE craniocerebral irradiation on BDNF 
occurred because of an induction of neuronal apoptosis. The re-
sults of TUNEL experiments showed that there was no significant 
difference in the number of apoptotic neurons in the hippocam-
pus of the S1, S2, and S3 groups, confirming that the effect of 
2D-SWE craniocerebral irradiation on BDNF expression was not 
caused by neuronal apoptosis. The biological impact of 2D-SWE 
is essentially a physical factor, and it does not have the function 
of targeted regulation of specific gene expression. However, our 
previous studies found that within 30 minutes of craniocerebral 
irradiation via 2D-SWE, the expression of specific proteins, such 
as iNOS, CC3, and Bcl-2, was not affected, and mTOR expression 
was downregulated at 30 minutes after irradiation [5]. This ex-
periment found that 2D-SWE irradiation of the brains of neonatal 
mice for 10 minutes affected the expression of BDNF. The effects 

of 2D-SWE on different genes are not consistent. It is speculated 
that the sensitivity of varying mRNA and proteins to the thermal 
and mechanical effects of ultrasound may be different.

Our experiment had some limitations. We did not study the 
long-term effects of 2D-SWE brain irradiation on mice. Whether 
the short-term downregulation of BDNF expression in child-
hood will lead to changes in learning and memory function 
in adult mice is still worthy of continued research. In addi-
tion, considering the differences in brain volume, skull hard-
ness, etc. between mice and human neonates, it is still nec-
essary to further study whether the same effect will appear 
in neonates after 2D-SWE scanning. At this stage, there is no 
specific international safety regulation for the application of 
2D-SWE in craniocerebral examinations of newborns. In this 
era of continuous innovation in ultrasound technology and 
increasing levels of acoustic energy output [21], useful scan-
ning and minimal exposure to ultrasound are still an essential 
part of limiting potential biological effects [22]. Some scholars 
have found that there is a lack of training standards for per-
sonnel who perform craniocerebral ultrasound scans of new-
borns, and there is a lack of understanding of the safety issues 
of diagnostic ultrasound [23,24]. Therefore, we recommend 
that doctors follow the ALARA (as low as reasonably achiev-
able) recommendations when using 2D-SWE for neonatal cra-
niocerebral ultrasound and minimize exposure time until the 
biological effects of 2D-SWE on children’s brain tissue can be 
more clearly elucidated [25].

Figure 4.  Image of the TUNEL test. The control group (A), Group S1 (B), Group S2 (C), and Group S3 (D). TUNEL – TdT-mediated dUTP 
nick-end labeling.
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Conclusions

In this study, we observed that the craniocerebral exposure of 
neonatal mice to 2D-SWE for 10 minutes caused a downreg-
ulation in the expression of BDNF, although the magnitude of 
this change did not differ at longer exposure times within 30 

minutes. The effect of 2D-SWE craniocerebral irradiation on 
the expression of BDNF in the brains of newborn mice does 
not continue past 24 hours after the end of irradiation. The ir-
radiation of 2D-SWE did not cause apoptosis of hippocampal 
neuron cells, and its mechanism of affecting BDNF needs to 
be further explored.
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