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Abstract. Sarco/endoplasmic reticulum Ca²+‑ATPase 
(SERCA2a) is important for cardiac physiological function 
and pathological progression. However, intravenous injection, 
a commonly applied approach for gene delivery in most studies 
investigating the expression of SERCA2a in cardiomyocytes, 
has not been particularly satisfactory. Therefore, in the 
present study, a modified method was used to transfect this 
gene into the heart. Specifically, a SERCA2a‑knockdown 
lentivirus was directly injected into the myocardium of 
adult rats under ultrasound guidance, following which the 
effectiveness and feasibility of this proposed approach were 
evaluated. The results demonstrated that compared with 
traditional intravenous injection, the modified gene delivery 
method resulted in markedly higher transfection efficiency. 
In addition, the SERCA2a‑knockdown rats exhibited higher 
rates of arrhythmia and weaker ventricular wall motions 
compared with those in the control rats, with these symptoms 
more evident in the rats that received a direct injection into 
the myocardium compared with those that were intravenously 
injected. These results suggest that ultrasound‑guided injection 
into the myocardium is an efficient and safe method for gene 
delivery and for inducing the knockdown of SERCA2a protein 
expression in cardiomyocytes in their native environment.

Introduction

In heart failure (HF), aberrant intracellular calcium (Ca2+) 
homeostasis is associated with systolic and diastolic 
dysfunction and arrhythmogenesis (1). Although a number of 

factors are involved in Ca2+‑handling abnormalities, alterations 
in sarco/endoplasmic reticulum Ca2+‑dependent ATPase 2a 
(SERCA2a) appear to serve the most important function (2). 
SERCA2a is expressed in the cardiac sarcoplasmic reticulum 
(SR), which serves a central role in intracellular Ca2+ handling 
by pumping Ca2+ from the cytosol into the SR lumen  (3). 
This enzyme reduces the cytosolic calcium concentration and 
ensures that an adequate store of calcium is available within 
the SR for release during the ensuing systole. The expression 
and activity of SERCA2a significantly decrease during HF 
onset, which impairs the uptake of Ca2+ into the SR, reduces 
the subsequent release of Ca2+ from the SR, in turn causing 
heart dysfunction. Therefore, impaired Ca2+ reuptake resulting 
from the decreased abundance and reduced activity of 
SERCA2a is a characteristic of HF (4). SERCA2a‑knockout 
mice have been previously demonstrated to develop systolic 
and diastolic dysfunction, further supporting the important 
role of SERCA2a in HF  (5). Reduced SERCA2a mRNA 
expression has been detected in the failing myocardium 
of humans in addition to animal models (6,7), making the 
SERCA2a pathway an attractive therapeutic target.

One of the most common methods for investigating the role 
of a specific protein in the normal heart environment is to transfer 
small hairpin (sh)RNA or a coding DNA sequence into cultured 
cardiomyocytes via a plasmid or a viral vector (8‑11). However, 
this approach is accompanied with difficulties that mimic stress 
factors during the process of myocardial remodeling in vitro (12). 
In addition, neonatal cardiomyocytes, which are widely used 
with this method due to their ease of transfection, exhibit physi‑
ological and pathological properties that differ from those of 
adult cells (13). Other approaches, such as intravascular (via the 
caudal vein) or intraperitoneal systemic injections (14‑16), are 
relatively costly and time consuming, which usually result in 
low transfection rates and efficacy due to accumulation of the 
transgene in the bloodstream and nontargeted organs (17‑19).

Based on in for mat ion provided by previous 
studies (8‑11,14‑16), the present study attempted to modify 
the approach for gene delivery to the heart. Specifically, 
SERCA2a‑knockdown lentivirus was directly injected into 
the myocardium of adult rats under ultrasound guidance. A 
detailed study was then performed to test the effectiveness and 
feasibility of this method and to confirm the role of SERCA2a 
expression in cardiac dysfunction.
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Materials and methods

Animals. A total of 65 Sprague‑Dawley male rats (7‑8 weeks 
old, ~250 g; Shanghai Kayon Biological Technology Co., Ltd.) 
were used. They were kept on a 12‑h light/dark cycle in a 
temperature‑controlled room (22˚C; relative humidity, 45%) 
with ad libitum access to food and water. The specific criteria 
used to determine when animals should be euthanized was the 
end of the experiment or when the ultrasound echocardiog‑
raphy (UCG) and electrocardiograms (ECGs) were finished. 
The duration of the experiment was 5 days. Animal health 
and behavior were monitored twice a day, every morning and 
afternoon. The total number of rats used was 65, of which 
61 were euthanized at the end of the experiment, with 4 rats 
being found lifeless. The potential causes of mortality for the 
4 deceased rats may be toxicity of the lentiviral vector or other 
infections caused by the experimental procedure. In a previous 
study by Saliba et al (20), it was suggested that significant 
transfection occurred in the liver, lungs or other organs, which 
may be the cause of vector toxicity; in addition, other causes, 
such as an increase in total collagen in the left ventricle of 
the heart where the adenoviral vector was injected, have 
been proposed. However, that previous study used an adeno‑
viral vector, whilst the present study used lentiviral vector. 
Prendiville et al (21) also reported animal mortality due to 
this technique and possibly due to complications caused by 
this experimental procedure.

The present study was approved by the Affiliated Suzhou 
Hospital of Nanjing Medical University Animal Care and 
Use Committee (Suzhou, China). Isoflurane was used for 
anesthetizing the rats. All animal welfare considerations 
were taken into account, including efforts to minimize 
suffering and distress, use of anesthetics and special housing 
conditions. Before the procedure, all animals were intubated 
and anaesthetized with mechanical ventilation by inhalation 
of 1‑1.5% isoflurane in 100% oxygen continuously. Body 
temperature was maintained by a heating pad. To reduce 
the possibility of perioperative infection, the procedures 
were performed in a sterile laminar flow hood, where the 
virus was delivered aseptically. When the experiment was 
finished, rats were euthanized intraperitoneally with pento‑
barbital (200 mg/kg). The death of rats in the present study 
was verified by identifying the cessation of breathing and 
heartbeat by ultrasound.

Ultrasound‑guided virus injection. The rats were randomized 
into four groups as follows: i) Two groups received cardiac 
injections of either a lentiviral vector for the shRNA‑mediated 
knockdown of SERCA2a (n=20) or the viral vector alone (n=15); 
ii)  one group received the SERCA2a shRNA‑knockdown 
virus via a single‑bolus tail‑vein injection (n=20); and iii) the 
untreated control group, which did not receive any virus (n=10). 
The SERCA2a shRNA construct had the following sequence: 
5'AAATTCTAACTAGTAAGTCTTTTTTGGAATTAAT-3'. 
Third generation lentiviral systems were used to generate the 
pGLV1/U6/GFP vectors (Shanghai GeneChem Co., Ltd.). The 
anterior wall of the left ventricle (LV) of the rat heart was trans‑
fected with the virus, where each rat received two injections 
(100 µl/site). The sites of the two injections were located in the 
middle segment of the anterior wall, which divided the whole 

anterior wall into basal, middle and apical segments. The viral 
constructs were diluted with 0.9% saline to a final concentra‑
tion of 1x109 viral particles in 200 µl prior to delivery. Under 
ultrasound guidance, the virus solution was then injected into 
the anterior myocardium of the LV as follows.

First, the animals were subjected to anesthesia with 
isoflurane. The chest hair was removed, following which the 
rats were placed in a supine position on a platform. Electrode 
pads were then placed on the rats for continuous ECG 
monitoring throughout the procedure.

A high‑resolution ultrasound system (Vevo 770; 
VisualSonics, Inc.) coupled with a high‑frequency linear 
array transducer (12‑38 MHz) was used. Specifically, it was 
necessary for the needle and injection area of the myocardium 
to be shown in the same sonographic view during the operation 
to ensure that the entire virus delivery process was clearly 
visualized. The gain, depth and focus of the two‑dimensional 
ultrasound image were adjusted for optimal visualization. 
Under ultrasound guidance, the needle was introduced 
intercostally through the chest wall to the cavity of the LV 
and then withdrawn until its tip reached the target position 
(one of two sites along the anterior myocardium) in the LV 
anterior wall over a short period of time (~20 sec). The cardiac 
injections were visualized on the ultrasound monitor, where 
all images were documented for analysis.

D e t e r m i n a t i o n  o f  t r a n s f e c t i o n  e f f i c i e n c y . 
Vector‑GFP‑transfected ventricles in the cardiac injection 
group (n=4) and the tail‑vein injection group (n=4) were 
subjected to examination of GFP labeling. GFP expressed at 
the site of injection in the anterior myocardium was detected 
and examined using a Zeiss Axioplan fluorescent microscope 
(Zeiss AG). GFP expression was detected on day 5 after viral 
infection. The anterior wall of the heart was sectioned, with 
slices being taken at a similar position in both groups. Tissues 
were dehydrated using 30% sucrose‑PBS and embedded with 
optimal cutting temperature compound, frozen at ‑80˚C and 
sliced into 15‑µm sections. Three sections were obtained 
from each animal and observed under a confocal microscope 
at a magnification of x200. Six randomly selected fields of 
view were analyzed for each section. The average percentage 
of GFP‑positive cells within the total cell population was 
calculated from the sections obtained from each animal. The 
number of GFP‑positive cells relative to the total number of 
cells was defined as the gene transfection efficiency.

Analysis of LV function by UCG and ECG. M‑mode UCG of the 
rats were acquired using the same ultrasound system 5 days after 
the cardiac injections. M‑mode echocardiogram was performed 
on the parasternal long‑axis section of the LV to record the 
end‑systolic and the corresponding end‑diastolic LV anterior 
wall thickness (LVAWs and LVAWd) and LV inner diastolic 
and systolic dimensions (LVIDd and LVIDs). The LV ejection 
fraction (EF) and fraction shortening (FS) were calculated 
using Visual Sonics analysis software (Vevo770; Visualsonics 
Inc.). ECG was performed on day 5. A 3‑min ECG sample was 
recorded from each animal for analysis. The ST‑T segment and 
the wide portion of the QRS segment were calculated from 
the mean curve from the ECG usingLabChart7software (AD 
Instruments).
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Histology. The hearts were harvested 5 days after the UCG and 
ECG procedures, fixed in 10% polyformaldehyde for 24 h at 
room temperature, embedded in paraffin, then cut into 10‑µm 
sections. Samples were then placed in xylene for 5‑10 min, 
dehydrated in a descending alcohol series (100, 90, 80 and 70%) 
and rinsed with distilled water. Sections were then stained with 
hematoxylin for 5 min and eosin for 1‑3 min at room tempera‑
ture. The area of damage was calculated as a percentage of the 
total area. Three fields of view were selected for one section, 
with a total of three sections obtained per animal. A mean 
score was calculated from analysis of animals per group (n=3). 
All histopathological changes were evaluated in a blinded 
manner by two investigators (YX and LP). The intercellular 
space, heart tissue edema and inflammatory infiltration were 
all assessed under a light microscope (magnification, x400).

Western blotting. Protein was extracted from samples using 1% 
PMSF and 1% protease inhibitor cocktail in RIPA (Santa Cruz 

Biotechnology, Inc.). The Pierce BCA assay kit (Thermo Fisher 
Scientific, Inc.) was used to determine protein concentration 
and 20 µg protein was loaded onto an 8% SDS‑PAGE gel. 
After transferal to PVDF membranes, 5% non‑fat milk with 
TBS and 0.1% Tween-20 was applied at room temperature for 
1 h. The following primary antibodies were added to samples 
and incubated overnight at 4˚C: Rabbit anti‑SERCA2a (cat. 
no. PA5‑78836; 1:1,000; Invitrogen; Thermo Fisher Scientific, 
Inc.) and mouse anti‑GAPDH (cat. no. sc‑32233; 1:1,500; Santa 
Cruz Biotechnology, Inc.). Subsequently, membranes were 
treated with donkey anti‑rabbit DyLight™594‑conjugated 
secondary antibodies (cat. no. SA5‑10040; 1:2,000) and goat 
anti‑mouse DyLight™488‑conjugated secondary antibodies 
(cat. no. A32723; 1:5,000; each, Invitrogen; Thermo Fisher 
Scientific, Inc.) and incubated for 1 h at room temperature. 
Samples were then washed with TBS and 0.1% Tween-20 
and visualized with the Super Signal West Pico/Dura 
chemiluminescent substrate (Pierce; Thermo Fisher Scientific, 
Inc.).

Statistical analysis. All the experiments were repeated at least 
three times, and the data are presented as the mean ± standard 
deviation. The differences between groups were assessed by 
post hoc Tukey's test for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Ultrasound‑guided application improved myocardium‑specific 
transfection. The ultrasound‑guided cardiac injections resulted 
in substantial myocardial gene transfection. Fig. 1 illustrates 
the process used for the injection of SERCA2a‑knockdown 
lentivirus into the heart of the rats using the ultrasound‑guided 
technique. As shown in Fig. S1, enhanced GFP signals for the 
vector‑GFP‑transfected ventricles were observed on day 5, 
indicating that the viral infection was successful. The number 
of GFP‑positive cells in the cardiac injection group (86%) was 
significantly higher compared with that in the tail‑vein injection 

Figure 2. Effects of different methods of shRNA delivery on SERCA2a expres‑
sion in the heart as measured using western blotting. Cardiomyocytes were 
transfected with virus containing the empty vector or SERCA2a‑knockdown 
virus using various methods. n=4. *P<0.05 vs. vector, #P<0.05 vs. vein. sh, 
small hairpin; SERCA2a, sarco/endoplasmic reticulum Ca²+‑ATPase; con, 
control.

Figure 1. Overview of the ultrasound‑facilitated myocardial gene transfection process involving the direct injection of the virus into the anterior wall of the LV. 
(A) Ultrasound‑guided needle puncture into the cavity of the LV (white arrow indicates the needle tip located in the LV cavity). (B) Ultrasound‑guided needle 
withdrawal to the myocardium of the LV (white arrow indicates the needle tip located in the LV myocardium). LV, left ventricle.
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group (48%; P<0.01). This finding visually demonstrated that 
the ultrasound‑guided approach is superior compared with 
intravenous injections. Additionally, the inter‑animal variation 
in the transfection efficiency was found to be low, as shown 
by the small standard deviation observed in Fig. S1. Western 
blotting data demonstrated that SERCA2a expression on day 5 
was significantly lower in the cardiac injection group compared 
with that in the tail‑vein injection, vector‑only and control groups 
(Fig.  2). This observation suggests that ultrasound‑guided 
application improved myocardium‑specific transfection.

SERCA2a knockdown induces cardiomyocyte injury. 
Hematoxylin and eosin staining results demonstrated a 
mixture of pathological changes in the mice administered 
with cardiac injections of the SERCA2a‑knockdown virus, 
including cardiomyocyte hypertrophy, myocardial disarray, 
intercellular space alterations, heart tissue edema and 
inflammatory cell infiltration. To a limited extent, similar 
changes were also evident in the group of mice that received 
SERCA2a‑knockdown virus injections via the tail vein 
(Fig. 3A). Neither the group that received the injection with 
the vector alone nor the control group exhibited these types 
of histopathological changes. The injury score was observed 
in >30% of the myocardium in the hearts of the mice that 

received injections of the SERCA2a‑knockdown virus via the 
tail vein, whereas >70% of the myocardium in the hearts of 
the mice belonging to the cardiac injection group was injured 
(Fig.  3B). These data suggest that SERCA2a knockdown 
induces cardiomyocyte injury.

SERCA2a knockdown induces cardiomyocyte dysfuncton. To 
confirm the role of SERCA2a in cardiomyocyte dysfunction 
in vivo, the effects of knocking down SERCA2a levels via 
the injection of SERCA2a‑knockdown virus into the rat heart 
on the EF and FS of the LV were calculated using UCG. EF 
and FS were found to be significantly lower in the myocar‑
dium transfected with the SERCA2a‑knockdown lentivirus 
compared with those in the myocardium of the rats of the vector 
and tail‑vein injection groups, suggesting that the cardiac 
injection group exhibited marked deterioration in cardiac 
function (Fig. 4). In addition, ST‑segment elevation, widening 
of the QRS complex and premature beats were observed in 
the ECG recordings obtained from the rats belonging to the 
injection groups, which suggested that reduced SERCA2a 
expression altered the ventricular conduction properties. 
Additionally, higher occurrences of ST‑T elevation and greater 
QRS widening were observed in the cardiac injection group 
compared with those in the tail‑vein injection group (Fig. 5).

Figure 3. Effects of different methods of SERCA2a‑shRNA delivery on heart histology following hematoxylin and eosin staining. (A) Representative images 
were captured from the groups transfected with virus containing the empty vector or SERCA2a‑knockdown virus using the indicated methods (n=6). (B) Heart 
tissues were allocated injury scores. The yellow, green and blue arrowheads indicate intercellular spaces, heart tissue edema and inflammatory infiltration, 
respectively. *P<0.05 vs. vector and #P<0.05 vs. vein. sh, small hairpin; SERCA2a, sarco/endoplasmic reticulum Ca²+‑ATPase; con, control.
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Discussion

The results of the present study demonstrated that 

ultrasound‑guided cardiac viral injection efficiently induced 
gene transfer into the heart of the rats, as shown by the observed 
reduction in SERCA2a expression in cardiomyocytes and 

Figure 4. Representative M‑mode echocardiography images of the left ventricle obtained 5 days after caudal‑vein or heart SERCA2a‑shRNA lentiviral 
injection. The EF and FS were measured from M‑mode echocardiographs and quantified (n=8). *P<0.05 vs. vector and #P<0.05 vs. vein. EF, ejection fraction; 
FS, fraction shortening; con, control.

Figure 5. Effects of different methods of SERCA2a‑shRNA delivery on electrocardiogram recordings from anesthetized rats obtained 5 days after injection. 
SERCA2a knockdown by either caudal‑vein or heart injection, exhibited abnormal electrocardiograms. Higher ST‑T elevation and greater widening of the 
QRS were observed in the heart injection group (n=10) compared with those in the caudal‑vein injection group (n=10). Black arrows indicate QRS locations. 
#P<0.05 and ##P<0.01 vs. caudal‑vein. sh, small hairpin; SERCA2a, sarco/endoplasmic reticulum Ca²+‑ATPase; con, control; ST‑T, non‑specific ST‑T‑wave; 
QRS, QRS complex.
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greater cardiac dysfunction detected in the rats that received 
cardiac SERCA2a‑shRNA injections compared with the rats 
that received identical injections via the tail‑vein  (22,23). 
Previous studies have associated cardiac dysfunction with 
reduced SERCA2a expression in humans and animals (24,25). 
Results found in the present study therefore confirmed the 
pivotal role of SERCA2a in the physiological function of the 
rat heart.

Ultrasound‑guided cardiac injection has a number of 
benefits for gene transfection. Compared with the caudal 
vein injection approach, this technique resulted in enhanced, 
cost‑effective, tissue‑specific transfection that required lower 
viral titers. The majority of studies involving the transfection 
of a gene into the heart have used systemic injection, which is 
associated with a number of shortcomings, including dilution 
of the transgene in the circulation and the nonspecific uptake 
of the transgene by surrounding cells, reducing the expression 
levels in the heart (26,27). In addition, the number of cells 
that have been successfully transfected remains difficult 
to ascertain. The present study found that the efficiency of 
systemic transfection was markedly lower compared with that 
by local myocardial‑specific transfection via direct cardiac 
injection. However, immunogenicity and toxicity are important 
aspects of the technique used in the present study that require 
investigation in subsequent studies.

Another major advantage of ult rasound‑guided 
cardiac injection is the drastically reduced invasiveness. 
Saliba  et  al  (20) achieved viral delivery to the heart via 
open‑chest injection. Compared with the approach of 
Saliba et al (20), ultrasound‑guided injection did not induce 
any significant changes in ventricular function or the ECG 
findings when comparing control and empty vector groups, 
where it was possible to perform the real‑time monitoring 
of cardiac function at any time following gene delivery. 
Therefore, the key processes and order of procedures in 
the approach presented in the present study differed from 
those of this previously described technique. The present 
study describes a feasible and semi‑invasive method 
that avoids open‑chest surgery, which is associated with 
morbidity and mortality (28), thereby allowing the animals 
to recover more rapidly with minimal inflammatory sequelae. 
Prendiville  et  al  (21) previously introduced a technique 
involving ultrasound‑guided cardiac injection in mice and 
demonstrated its advantages. Based on that study, the present 
study delivered SERCA2a‑knockdown lentivirus into rats via 
ultrasound‑guided cardiac injection, the results of which were 
then with those that received the same lentivirus via tail‑vein 
injection. The resulting SERCA2a protein expression was 
subsequently assessed, which demonstrated further the func‑
tion of SERCA2a in the heart.

A potential limitation of the present study is the potential 
use of a lentiviral vector in patient treatment. The majority 
of studies into this are still in the early stages, where further 
basic and clinical research is necessary to verify the long‑term 
safety and efficacy of the application of lentiviral vectors on 
patients for therapeutic purposes.

In conclusion, the present study improved our previous 
method for myocardial gene delivery by administering 
ultrasound‑guided minimally‑invasive injections directly 
into the rat heart. This technique provided a safe method for 

conducting protein functional studies. The present study also 
investigated and confirmed the critical physiological role of 
SERCA2a in the myocardium. The simplicity and directness 
of the proposed approach suggest broader applicability to the 
study of other proteins.
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