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Effect of Low — Intensity Focused Ultrasound on CaN and NFAT
Expression Following Spinal Cord Injury in Rats
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Abstract
ning the expression of calcineurin (CaN) and nuclear factor of activated T-cells (NFAT) in the injured spinal cord region following LIFU inter-
vention. [ Methods ] Twenty-four specific pathogen-free (SPF) female Wistar rats, aged 7 —8 weeks (160 — 180 g) , were selected. Six rats
were randomly assigned to the sham-operated group (SHAM) , undergoing laminectomy only without spinal cord injury. Spinal cord injury mod-

[ Objectives | To investigate the effect of low-intensity focused ultrasound ( LIFU) on rats with spinal cord injury (SCI) by exami-

els were established in the remaining rats using a modified Allen’s weight-drop method at the T10 thoracic vertebral level. The 18 rats with suc-
cessful modeling were then randomly divided into the spinal cord injury model group (SCI group), LIFU treatment group 1 (T1 group), and
LIFU treatment group 2 (T2 group), with six rats in each group. LIFU treatment (for T1 and T2 groups) commenced on day 4 after injury,
administered once daily for 20 min per session, for a total of 11 consecutive days. Tissues were harvested on day 14. Changes in CaN and
NFAT4 mRNA expression were assessed using quantitative polymerase chain reaction (qPCR). Changes in CaN and NFAT4 protein expression
were evaluated by Western blot analysis. [ Results] qPCR analysis revealed that compared to the SHAM group, mRNA expression levels of
both CaN and NFAT4 were decreased in the SCI group; compared to the SCI group, mRNA expression levels of CaN and NFAT4 were in-
creased in both the T1 and T2 groups; furthermore, compared to the T1 group, mRNA expression levels of CaN and NFAT4 were higher in the
T2 group. Western Blot analysis showed that compared to the SHAM group, protein expression levels of both CaN and NFAT4 were downregu-
lated in the SCI group; compared to the SCI group, protein expression levels of CaN and NFAT4 were increased in both the T1 and T2 groups;
moreover, compared to the T1 group, protein expression levels of CaN and NFAT4 were higher in the T2 group. [ Conclusions] LIFU may

contribute to functional recovery in SCI rats by modulating the expression levels of CaN and NFAT4.
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1 Introduction

Spinal cord injury (SCI) represents an extremely severe neurologi-
cal disorder, with a reported global annual incidence ranging from
104 to 830 cases per 10 million population'"’. SCI can be catego-
rized into primary injury and secondary injury’>’. Primary injury
typically results from external mechanical impact, while secondary
injury involves a cascade of inflammatory, edematous, ischemic,
and oxidative stress responses that cause further damage to neural
tissue following the primary insult”’ >’

Current clinical management of SCI primarily relies on surgi-
cal intervention and pharmacological therapies. However, these
approaches often entail adverse effects and frequently yield subop-
timal therapeutic outcomes. Consequently, neuromodulation tech-
niques such as magnetic stimulation, electrical stimulation, and
ultrasound stimulation have emerged as promising adjunctive ther-
apies and are currently active areas of research!” . Low-intensity
focused ultrasound (LIFU) has garnered significant attention due
to its non-invasive nature, high spatial resolution, and strong tis-
sue penetration capabilities™®’. Studies have demonstrated that
LIFU can modulate neuronal activity and stimulate the release of
neurotrophic factors, thereby facilitating neural repair'®”".
Calcineurin (CaN) is a calcium/calmodulin-dependent ser-

ine/threonine protein phosphatase, composed of a catalytic sub-
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unit A and a regulatory subunit B, forming a heterodimer™ .
Highly expressed in neurons, CaN is directly activated by calcium
ions (Ca’") and plays a crucial role in numerous Ca’* -dependent
signal transduction pathways'® ™"’

The nuclear factor of activated T-cells (NFAT) family com-
prises five members: NFATcl, NFATc2, NFATc3, NFATe4, and
NFAT5""!. The activity of NFATcl-c4 is regulated by the Ca’*/
calcineurin signaling pathway. Under resting conditions, they re-
side in the cytoplasm in a highly phosphorylated state. Upon ele-
vation of intracellular Ca’* and subsequent activation of CaN,
NFATcl-c4 are dephosphorylated and rapidly translocate into the
nucleus, where they initiate the transcription of downstream target
genes. In contrast, NFATS is primarily activated by osmotic

[12]

stress” . NFAT participates extensively in physiological processes

across multiple systems, including the nervous, cardiac, and skel-

%) Research indicates that NFAT signaling plays

etal systems
multifaceted roles in neural development, axonal regeneration,
and synaptic plasticity’™*’. Existing studies suggest that LIFU may
activate mechanosensitive ion channels, leading to increased intra-
cellular Ca®* levels, which in turn could mediate neuroprotection
and axonal regeneration via the CaN-NFAT pathway ; however, the
precise mechanism remains incompletely understood™*’. This
study aimed to investigate the impact of LIFU stimulation on rats

with SCI by examining the expression of CaN and NFAT.

2 Materials and methods
2.1 Experimental animals and grouping Twenty-four adult
female Wistar rats of specific pathogen-free ( SPF) grade, aged
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6 -8 weeks (200 £20 g), were supplied by Beijing Vital River
Laboratory Animal Technology Co., Ltd. [ Animal Qualification
Certificate No. SCXK ( Beijing) 2021-0006]. They were housed
in the Experimental Animal Center of Chengde Medical University
[ License No. SYXK ( Hebei) 2022-002 ], under controlled con-
ditions; ambient temperature 22 —23 °C, relative humidity 60% -
70% , and a 12-h light/dark cycle. All experimental procedures
were approved by the Animal Ethics Committee of Chengde Medi-
cal University ( Approval No. CDMULAC-20240628-029). Fol-
lowing a one-week acclimatization period, six rats were randomly
selected using a random number table to serve as the sham-opera-
ted group (SHAM). Spinal cord injury was induced in the remai-
ning 18 rats at the T10 thoracic vertebral level using a modified
Allen’s weight-drop method. The 18 rats with successful modeling
were then randomly divided into three groups (n =6 per group) :
the spinal cord injury model group (SCI group), LIFU treatment
group 1 (T1 group), and LIFU treatment group 2 (T2 group).
2.2 Main instruments and reagents Animal Anesthesia Ma-
chine (RWD Life Science Co. , Ltd. , Shenzhen, China), Brain
Stereotaxic Apparatus (RWD Life Science Co. , Ltd. , Shenzhen,
China) , Spinal Cord Impactor (RWD Life Science Co., lLid.,
Shenzhen, China), Low-Intensity Focused Ultrasound Stimulator
(Puzhuo, Jiangxi, China).

BCA Protein Assay Kit, High — Efficiency RIPA Tissue Rap-
id Lysis Buffer, Skim Milk Powder, PMSF (Beijing Solarbio Sci-
ence & Technology Co. , Ltd. ), PAGE Gel Fast Preparation Kit
( Yeasen Biotechnology, Shanghai, China), Protease Inhibitor
Cocktail ( Roche Diagnostics, Basel, Switzerland) , GAPDH Anti-
body ( Cell Signaling Technology, Danvers, MA, USA), CaN
Antibody ( Abways Technology, Shanghai, China), NFAT4 Anti-
body (Thermo Fisher Scientific, Waltham, MA, USA) , TRIzol®
Reagent ( Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA), Real - Time Quantitative PCR (qPCR) Reagent Kit, and
Reverse Transcription Reagent Kit ( Takara Bio, Kusatsu, Shiga,
Japan).
2.3 SCI model preparation Rats were anesthetized via intra-
peritoneal injection. After fur removal, the rats were secured on
the surgical table. The skin and muscles were incised using a scal-
pel. The T10 spinous process was identified. The T10 thoracic
vertebra was removed using bone rongeurs to expose the spinal
cord. For the model groups, a modified Allen’s weight-drop meth-
od was employed, where a 10 g weight was dropped vertically from
a height of 6 ¢m onto the exposed spinal cord. Successful model

establishment was confirmed by the presence of localized swelling

Table 1 Primer sequences

and hemorrhage at the impact site, accompanied by tail flicking
and hindlimb spasms post-impact. The SHAM group underwent
laminectomy only, without spinal cord injury induction. Following
successful model establishment, SCI rats received bladder massage
twice daily (morning and evening) to assist in urination. The ure-
thral area was disinfected with iodophor, and penicillin (160 000
U/day) was administered intraperitoneally for 3 consecutive days.
2.4 LIFU treatment

in a brain stereotaxic apparatus. The ultrasound transducer was

Rats were anesthetized and immobilized

positioned over the dorsal surface corresponding to the T12 spinal
segment. Ultrasound gel was applied to fill the space between the
skin and the transducer, ensuring the absence of air bubbles.
Stimulation parameters for the T1 group: acoustic pressure =0. 64
MPa, duty cycle =50% . Stimulation parameters for the T2 group:
acoustic pressure =0.96 MPa, duty cycle =50% . Treatment was
administered once daily for 20 minutes per session, over a period
of 11 consecutive days.

2.5 Sample processing and collection Tissue harvesting was
performed after 11 consecutive days of treatment. Under anesthe-
sia, a segment of spinal cord tissue approximately 1 cm long, cen-
tered on the injury site, was excised and placed into a microcentri-
fuge tube. Samples were stored at —80 °C for subsequent qPCR
and Western blot analyses.

2.6 Reverse Transcription Quantitative Polymerase Chain
Reaction ( RT-qPCR)

tissue was homogenized in 1 mL of TRIzol reagent and incubated at

Approximately 50 mg of spinal cord

room temperature for 5 min. Subsequently, 0.2 mL of chloroform
was added, followed by vigorous shaking for 15 seconds and
incubation at room temperature for 3 min. The mixture was centri-
fuged at 12 000 rpm for 15 min; the aqueous phase (upper layer)
was then transferred to a new microcentrifuge tube. Isopropanol
(0.2 mL) was added to the aqueous phase, mixed, and incubated
at room temperature for 10 min. The sample was centrifuged at
12 000 rpm for 10 min, and the supernatant was discarded. The
RNA pellet was washed by adding 1 mL of 75% ethanol, followed
by centrifugation at 8 000 rpm for 5 min ( repeated twice), and
the supernatant was discarded after each wash. The RNA pellet
was air-dried at room temperature for 10 min to ensure complete
ethanol evaporation. The dried RNA pellet was dissolved in DEPC-
RNA
were measured. Reverse transcription was performed using the
TaKaRa PrimeScript RT Reagent Kit (see Table 1 for primers) , and
the resulting cDNA was stored at —80 “C. Quantitative PCR ampli-
fication was subsequently carried out using cDNA as the template.

treated water, and the concentration and  purity

Target gene Forward sequence

Reverse sequence Product size // bp

CaN GAAAGCCGTTCCATTTCCGC
NFAT CTCATTGGGAGGCTGAAGGAA
GAPDH AGGTCGGTGTGAACGGATTTG

TTTCTTCCAGCCTGCCTTCC 122
CTTGCTTCATCAAAACTGGTGT 189
TGTAGACCATGTAGTTGAGGTCA 183

2.7 Western Blot analysis of CaN and NFAT4 protein ex-
pression Spinal cord tissue was weighed and placed into sterile,

nuclease-free microcentrifuge tubes. Lysis working buffer (10 times
the tissue weight) was added to each tube. This buffer was pre-
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pared by mixing High — Efficiency RIPA Lysis Buffer, PMSF, and
Protease Inhibitor Cocktail in a 50 : 1 : 4 ratio. Tissues were ho-
mogenized in a tissue grinder at 50 Hz for 30 sec; this cycle was
repeated 6 times. The resulting homogenate was centrifuged at
4 °C and 12 000 rpm for 15 min. The supernatant, containing the
total protein extract, was carefully transferred to a new microcen-
trifuge tube. Protein concentration was determined using the BCA
protein assay kit. Loading buffer (added at one-fourth of the total
volume) was mixed with the protein samples, followed by boiling
for denaturation. Samples were then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) , followed
by transfer onto polyvinylidene difluoride ( PVDF ) membranes
and blocking. Membranes were incubated overnight at 4 °C with
primary antibodies; anti-CaN (1 : 1 000 dilution), anti-NFAT4
(1 : 1000 dilution) , and anti-GAPDH (1 : 6 000 dilution). The
following day, membranes were washed four times and incubated
with horseradish peroxidase ( HRP)-conjugated secondary antibody
(1 :10 000 dilution) at room temperature for 1 h. After three ad-
ditional washes, enhanced chemiluminescence ( ECL) substrate
was applied to the membranes. Protein bands were visualized using
a chemiluminescence imaging system. Band intensity ( gray value)
was quantified using ImageJ software. The relative expression level
of each target protein was calculated as the ratio of its band inten-

sity to that of the internal control (GAPDH).
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2.8 Statistical analysis
Prism version 10 and SPSS Statistics version 25 software. Continu-

Data were processed using GraphPad

ous data are presented as mean * standard deviation (x +s). All
measurement data conformed to a normal distribution. Intergroup
comparisons were performed using one-way analysis of variance
(ANOVA). If the assumption of homogeneity of variance was met,
post-hoc pairwise comparisons were conducted using Fisher’s Least
Significant Difference (LSD) test. If the assumption of homogenei-
ty of variance was violated, Tamhane’s T2 test was used for pair-
wise comparisons. A p-value less than 0.05 (P <0.05) was con-
sidered statistically significant.

3 Results and analysis
3.1 RT-qPCR results

expression levels of CaN and NFAT4 across the experimental

Bar graphs depicting the relative mRNA

groups are shown in Fig. 1. Results demonstrated that compared to
the SHAM group, mRNA expression levels of both CaN and NFAT4
were significantly downregulated in the SCI group (P <0.001);
compared to the SCI group, mRNA expression levels of CaN and
NFAT4 were significantly increased in the T2 group (P <0.001 for
CaN, P <0.05 for NFAT4). Furthermore, mRNA expression levels
of CaN and NFAT4 were significantly higher in the T2 group com-
pared to the T1 group (P <0.001 for CaN, P <0.05 for NFAT4).
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NOTE Compared with SHAM group: * P <0.001; compared with SCI group: ***P <0.001, *P <0.05; ™P >0.05; compared with TI group:

AAMP <0.001, 2P <0.05.

Fig.1 Comparison of CaN and NFAT4 mRNA expression levels among groups in rats
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Fig.2 Protein expression levels of CaN and NFAT4 among groups in rats
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3.2 Western Blot results

protein expression levels of CaN and NFAT4 across the experimen-

Bar graphs illustrating the relative

tal groups are presented in Fig.2. Results indicated that compared
to the SHAM group, protein expression levels of CaN and NFAT4
were significantly downregulated in the SCI group (P <0.01 for
CaN, P <0.001 for NFAT4) ; compared to the SCI group, protein
expression levels of both CaN and NFAT4 were significantly in-
creased in the T2 group (P <0.01); moreover, NFAT4 protein
expression was significantly higher in the T2 group compared to the
T1 group (P <0.01).

4 Discussion

SCl is a complex and devastating disorder of the central nervous
system. Secondary injury, initiated within minutes of the primary
insult, represents a dynamic process that evolves over weeks to
months. Characterized by pathological features such as inflamma-
tion, oxidative stress, cellular edema, and ionic dyshomeostasis,
secondary injury exacerbates irreversible tissue damage'”™"®'.
Current therapeutic strategies primarily aim to mitigate the progres-
sion of inflammation, edema, and oxidative stress induced by sec-
ondary injury, while maximizing the preservation of structure and
function in surviving neurons'"” .

LIFU has been shown to attenuate inflammation, reduce reac-
tive oxygen species ( ROS) production and oxidative stress, and
promote the release of neurotrophic factors, thereby facilitating
neural repair"'™®. The activity of CaN is regulated by intracellular
Ca’" concentration. NFAT ( specifically NFATcl-c4) represents
its most extensively studied downstream effector. The CaN-NFAT
signaling pathway plays crucial regulatory roles in diverse physio-
logical processes, including myelination, synaptogenesis, learn-
ing, and memory"’. Studies indicate that activating this pathway
enhances cellular proliferation and differentiation capacity, thereby

197 in diabetic rat wound models, acti-

accelerating tissue repair
vation of the CaN-NFAT pathway similarly shortens healing time,
attributed to enhanced cellular proliferation™ . Research has dem-
onstrated that ultrasound stimulation can significantly promote
NFAT nuclear translocation and enhance its transcriptional activi-
ty'"*). Therefore, we hypothesized that LIFU might promote spinal
cord injury recovery by activating the CaN-NFAT signaling path-
way. Our findings revealed that compared to the SCI group, pro-
tein expression of both CaN and NFAT4 was significantly upregu-
lated in the T2 treatment group (P <0.05). While the T1 group
showed an increasing trend in CaN and NFAT4 protein expression
compared to the SCI group, this difference did not reach statistical
significance. The differential therapeutic outcomes between the T1
and T2 groups indicate that the selection of LIFU parameters sig-
nificantly influences efficacy. The higher acoustic pressure used in
the T2 group (0. 96 MPa) yielded superior therapeutic effects
compared to the lower pressure used in the T1 group (0.64 MPa).

These results suggest that the neuroprotective mechanism of LIFU

may involve elevating intracellular Ca’* levels, thereby activating
the CaN-NFAT signaling pathway : LIFU stimulation likely induces
transient Ca’* influx, rapidly elevating cytosolic Ca’* concentra-

+

tion; elevated Ca’" activates CaN, leading to dephosphorylation of
the downstream transcription factor NFAT, exposure of its nuclear
localization signal, translocation into the nucleus, and initiation of
target gene transcription by nuclear NFAT.

This study demonstrates that LIFU exerts neuroprotective
effects in the treatment of SCI. Its mechanism appears to be associ-
ated with the CaN-NFAT signaling pathway. Further validation of
CaN enzymatic activity, NFAT nuclear translocation, and down-
stream target gene expression is warranted to confirm the genuine

activation of this pathway.
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