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Abstract

Gene manipulation specifically in the heart significantly potentiate the investigation of cardiac disease pathomechanisms and their therapeutic
potential. In vivo cardiac-specific gene delivery is commonly achieved by either systemic or local delivery. Systemic injection via tail vein is
easy and efficient in manipulating cardiac gene expression by using recombinant adeno-associated virus 9 (AAV9). However, this method
requires a relatively high amount of vector for efficient transduction, and may result in nontarget organ gene transduction. Here, we describe a
simple, efficient, and time-saving method of intramyocardial injection for in vivo cardiac-specific gene manipulation in mice. Under anesthesia
(without ventilation), the pectoral major and minor muscles were bluntly dissected, and the mouse heart was quickly exposed by manual
externalization through a small incision at the fourth intercostal space. Subsequently, adenovirus encoding luciferase (Luc) and vitamin D
receptor (VDR), or short hairpin RNA (shRNA) targeting VDR, was injected with a Hamilton syringe into the myocardium. Subsequent in vivo
imaging demonstrated that luciferase was successfully overexpressed specifically in the heart. Moreover, Western blot analysis confirmed the
successful overexpression or silencing of VDR in the mouse heart. Once mastered, this technique can be used for gene manipulation, as well as
injection of cells or other materials such as nanogels in the mouse heart.

Video Link

The video component of this article can be found at https://www.jove.com/video/57074/

Introduction

Cardiac disease is the leading cause of morbidity and mortality worldwide1,2. The lack of effective therapeutic strategies for life-threatening heart
conditions including myocardial infarction and heart failure attracts intensive exploration of underlying pathomechanisms and identification of
novel therapeutic options3. For these scientific explorations, cardiac-specific gene manipulation is widely used4,5. Cardiac gene manipulation
can be achieved by genome editing using the powerful transcription activator-like effector nuclease (TALEN) and clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) tools, or by delivery of ectopic genetic materials (e.g., virus vectors
carrying genes encoding proteins of interest)6. Though genome editing allows precise and spatiotemporal genome modifications in living mice, it
is still a time-consuming and labor-intensive practice6. Alternatively, cardiac-specific gene manipulation by virus vector or small interfering RNA
(siRNA) complex delivery are routinely performed6.

Virus vector delivery to the adult mouse heart is achieved by roughly two strategies: systemic or local injection. Systemic injection of cardiotropic
serotype of AAVs such as AAV9 is noninvasive for cardiac specific gene manipulation7. However, this method requires a relatively high amount
of vector necessary for efficient transduction and gene expression, and may result in significant transduction of nontarget organs such as the
muscle and liver7. Local virus injection is achieved by intramyocardial injection or intracoronary delivery7. Intracoronary delivery leads to a more
even distribution of virus within the heart compared to intramyocardial injection. However, the disadvantages of this technique are the rapid wash
out of viral vectors to the systemic circulation and transduction in nontarget organs8, and its requirement of devices for pressure measurement
during the operation. By contrast, intramyocardial injection enables better virus retention in the myocardium as well as site specific delivery, but
it fails to evenly distribute viral vector7. For small animals, intracoronary delivery is technically difficult to perform, while systemic AAV9 injection
and intramyocardial injection are more commonly practiced4,5,7. Though systemic injection is easy to perform, conventional intramyocardial
injection requires mechanical ventilation and thoracotomy, causes extensive tissue damage, and is time-consuming.

In this report, we described an easy, time-saving, and highly efficient method for intramyocardial injection. Adenovirus encoding luciferase
and VDR, or shRNA targeting VDR, was injected to manipulate cardiac gene expression. Once mastered, this method can be used for gene
manipulation, as well as injection of cells or other materials in the mouse heart.
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Protocol

All animal experiments were carried out according to the National Institutes of Health Guidelines on the Use of Laboratory Animals, and were
approved by the Institute's Animal Ethics Committee. Male C57BL/6J mice (aged 8 - 10 weeks) were used for all the experiments. Mice were
housed under pathogen-free conditions at 24 °C ± 4 °C, under a 12-h light/dark cycle, with free access to water and food.

1. Preparation of Adenovirus Solution

1. Upon arrival of the purified adenovirus solution, store the solution in a -80 °C freezer.
 

NOTE: The adenovirus injection was performed in viable mice. To ensure the sterility of the adenovirus vector, the adenovirus (encoding
luciferase, VDR, or shRNA targeting VDR) were prepared and purified commercially9,10.

2. On the day of operation, take out the purified adenovirus solution (3 x 1010 plaque forming units [pfu]/mL) from the -80 °C freezer, and thaw
adenovirus vector solution on ice.

3. Put on a facemask, sterile gloves, and sterile gown.
4. Prepare a 50-µL Hamilton syringe which has been sterilized the day before the operation.

 

NOTE: For sterilization, the Hamilton syringe was wrapped in gauze and placed in a high temperature/high pressure sterilizer. The mode of
"Sterilization for the solid" was selected and sterilization was commenced by pressing the "start" button.

5. After complete thawing of the purified adenovirus solution, spray the tube containing adenovirus solution with 75% ethanol, and move the
adenovirus solution into a laminar flow sterile hood.

6. In a laminar flow sterile hood, aspirate 50 µL adenovirus solution using the Hamilton syringe without a needle, followed by attachment of a 30
G needle to the Hamilton syringe.

7. Hold the syringe with the 30 G needle upward, and gently push the plunger of the syringe until the needle is filled with adenovirus solution
(confirmed by the appearance of the first solution drops from the needle tip).
 

NOTE: It takes approximately 45 µL solution to fill the 30 G needle, so now almost no solution is visible in the syringe.
8. Use the above prepared syringe to carefully aspirate another 30 µL adenovirus solution, and place the loosely capped syringe on ice for

subsequent use.

2. Anesthesia and Operative Preparation

1. Add 20 mL isoflurane into an isoflurane vaporizer, and connect the isoflurane vaporizer to an oxygen tank.
2. Open the valve and let the oxygen flow from the oxygen tank to the isoflurane vaporizer. Maintain the oxygen flow rate at 2 L/min via an

oxygen flow monitor in the isoflurane vaporizer.
3. Induce anesthesia of the mouse with 4% isoflurane in 100% oxygen (2 L/min) for 2 min in a plastic cage connected to the isoflurane

vaporizer.
4. Take out the anesthetized mouse from the plastic cage, and secure it on a plastic platform in the prone position in a laminar flow sterile hood,

and maintain anesthesia with 2% isoflurane in 100% oxygen (2 L/min) via a nose cone.
5. Confirm adequate anesthesia by the absence of toe pinch response.
6. Apply sterile ophthalmic cream to each eye to protect the corneas from drying.
7. Shave the chest and the upper abdomen. Apply commercially available depilatory cream to the shaved site for 1 min. Remove the depilatory

cream and remaining fur with wet gauzes.
8. Sterilize the surgical site (left lower part of the chest) with 3 scrubs of iodine-chlorhexidine based antiseptic (e.g. entoiodine). Cover the

surgical site with a sterile drape.

3. Intramyocardial Injection of Adenovirus in Mouse Heart

1. Take off the gloves and put on a new pair of sterile gloves.
2. Sterilize forceps, a micro-mosquito hemostat, a pair of surgical scissors, and a needle holder on the day before operation in a high

temperature/high pressure sterilizer (see step 1.4 note).
3. Make a 0.5-cm skin incision along the line connecting the xiphoid and axilla. Bluntly dissect the pectoral major and pectoral minor muscles

with forceps and a micro-mosquito hemostat.
4. Expose the intercostal spaces by retracting the pectoral major and pectoral minor muscles. Pierce through and open the fourth intercostal

space (or the widest intercostal space by observation) with a micro-mosquito hemostat.
5. Push the heart toward the incision to externalize the heart with the index finger of the non-dominant hand by gently pressing against the right

side of the chest wall.
6. Gently secure the externalized heart with the index finger and thumb of the non-dominant hand.
7. Inject a total of 30 µL adenovirus solution into the myocardium of the left ventricle in three sites (ventral, dorsal, and lateral wall of the left

ventricle) via the Hamilton syringe filled with adenovirus (Figure 1C) with the dominant hand.
8. After completion of injection, immediately place the heart back into the intrathoracic space.
9. Manually evacuate the air in the intrathoracic space by gently pressing the chest wall toward the skin incision site.

 

Note: Successful air evacuation can be evidenced by flapping of the pectoral major and pectoral minor muscles caused by the expelled air.
10. Close the skin by horizontal mattress suture with a 5-0 silk suture.

 

Note: The pectoral major and pectoral minor muscles should not be sutured, because they are only bluntly dissected and their anatomical
structures are intact throughout the operation.
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4. Postoperative Management

1. Administer buprenorphine (3 mg/kg) twice daily via subcutaneous injection to reduce post-operative pain for the first 48 h after operation11.
2. After operation, immediately maintain the mice on a heat pad (37 °C) until fully recovered. Place the mouse back to the cage after it fully

recovers.
3. Sterilize the used Hamilton syringe and 30 G syringe needle in a high temperature/high pressure sterilizer (see step 1.4 note). Collect the

sterilized 30 G syringe needle in a sharps container.

5. In Vivo Imaging for Measuring Cardiac Luciferase Expression

1. On day 5 after adenovirus injection, prepare a fresh stock solution of luciferin at 15 mg/mL in Dulbecco's phosphate buffered saline (DPBS).
Filter the solution through a 0.2 µm filter.

2. Intra-peritoneally inject the awake mice with the luciferin solution at 150 mg/kg body weight.
3. Turn on the imaging system.
4. After automatic self-test of the imaging system, select the imaging mode as "Luminescent," and make the following settings: Exposure: Auto;

Binning: 8; FStop: 1; Excitation: Block; Emission: Open.
5. At 10 min after luciferin injection, anesthetize the mice by chloral hydrate injection (300 mg/kg body weight). Confirm adequate anesthesia by

the absence of toe pinch response.
6. Secure the anesthetized mice on a heated imaging stage in the prone position, with the chest directed towards the camera.
7. Collect images (1 image for each mouse) and quantify the intensity of signals by drawing identical circular measurement regions of interest

(ROI) around the chest.
8. After the collection of images, sacrifice the mice and collect the tissues as mentioned in the following section.

6. Harvesting Tissues

1. At different time points after virus injection (Figure 1B), anesthetize the mice with 4% isoflurane, and maintain anesthesia with 2% isoflurane
via a nose cone, and secure it on a plastic platform in the prone position.

2. Make a midline ventral incision in the anterior neck. Expose the right common carotid artery by retracting the omohyoid and
sternocleidomastoid muscles.

3. Sacrifice the mice by transecting the right common carotid artery and draining the blood.
4. Make a midline ventral incision in the abdomen. Cut the ribs from both sides of the rib cage along the midclavicular line, and transect the

diaphragm.
5. Expose the heart by lifting the xiphoid. Find the ascending aorta and gently remove the perivascular fat tissue.
6. Cannulate the aorta and retrogradely perfuse the heart with a 30 G needle attached to a 1 mL syringe filled with 0.5 mL of 4 °C phosphate

buffer solution (PBS).
7. After perfusion, excise the heart, and divide it into the left and right ventricles. Excise the liver, lung, and spleen.
8. After two washes in cold PBS (4 °C), store all the collected tissues separately in cryogenic vials in liquid nitrogen.

7. Determination of Protein Expression

1. Prepare homogenization buffer by adding protease inhibitor cocktail into commercially available lysis buffer at a ratio of 1:100. Calculate the
total volume based on the number of samples to be processed. Keep the prepared homogenization buffer at 4 °C for subsequent use.

2. Take out the tissues from the liquid nitrogen tank. Weigh the tissue on high-precision scales (approximately 60 mg for each piece of tissue).
3. Transfer the tissue to a new 1.5-mL microcentrifuge tube. Immediately add 200 µL homogenization buffer and precooled 1.5-mm steel balls (4

°C) into the microcentrifuge tube.
4. Secure the microcentrifuge tubes in precooled (4 °C) metal holders in an automatic tissue grinding machine, and commence homogenization

by starting the machine with the following settings: Frequency: 70 Hz; time: 120 s.
5. After homogenization, centrifuge the homogenate (16,000 × g, 4 °C), and carefully transfer the supernatant to a new 1.5-mL tube with a 100

µL pipette.
6. Add loading buffer solution (5x) to the protein supernatant at a ratio of 1:4, and denature the protein at 100 °C for 5 min.
7. The protein expression levels in the heart and other organ tissues are further monitored by Western blot analysis (representative results are

shown in Figure 2C and Figure 3) according to the protocol previously described12.

Representative Results

The experiment protocol and some of the key steps for the reported method are shown in Figure 1. At 5 days after intramyocardial injection of
adenovirus encoding luciferase (Adv-luc), in vivo imaging in adv-luc injected mice indicated robust overexpression of luciferase specifically in
the heart (Figure 2A, B), which was confirmed by Western blot analysis (Figure 2C), suggesting the absence of nontarget organ transduction.
By contrast, no luciferase expression was detected in control mice. Consistent with the successful overexpression of luciferase, Western blot
analysis suggested significantly increased VDR expression in the left ventricle of mice injected with adenovirus encoding VDR (adv-VDR)
(Figure 3A). Moreover, adv-shVDR injection significantly reduced VDR expression in the left ventricle (Figure 3B). By contrast, VDR expression
was not significantly changed in the right ventricles neither in adv-VDR injected mice or adv-shVDR injected mice (Figure 3C, D), because the
adenovirus was only injected into the left ventricular myocardium.
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Figure 1. Schema for mouse intramyocardial injection and gene expression detection protocol. (A) Illustration showing three injection
sites in the myocardium of the left ventricle. (B) Protocol for gene expression detection in mouse heart after injection of indicated viruses. Adv-
luciferase: adenovirus encoding luciferase; AdVDR: adenovirus encoding VDR; AdshVDR, adenovirus encoding shRNA targeting VDR. (C)
Representative images showing multiple steps of the modified method for mouse intramyocardial injection. a. Removal of the fur by commercially
available depilatory cream. b. Sterilization of the surgical site with 3 scrubs of povidone-iodine. c. Covering the surgical site with a sterile drape.
d. 0.5-cm skin incision along the line connecting xiphoid and axilla. e. Blunt dissection of the pectoral major and pectoral minor muscles with
forceps and a micro-mosquito hemostat. f. Externalization of the heart. g. Injection of 30 µL adenovirus solution into the myocardium of the left
ventricle via the Hamilton syringe. h-i. Closure of the skin by a purse-string suturing with a 5-0 silk suture. Please click here to view a larger
version of this figure.

 

Figure 2. Detection of luciferase expression in heart. (A) Images collected by the imaging system showing the luminescent signal of the heart
in control mice and mice injected with adenovirus encoding luciferase on 5 days after injection. (B) Luminescent signal intensities in different
groups (n = 3) are subjected to statistical analysis by t test. **p <0.01 versus control mice. (C) Western blot analysis results showing luciferase
protein levels in heart, lung, liver, and spleen in indicated groups at 5 days after adenovirus injection (n = 3). Since luciferase expression was
only detected in the heart of Adv-luc injected mice, statistical analysis was not performed. Adv-luc: adenovirus encoding luciferase. Please click
here to view a larger version of this figure.
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Figure 3. Detection of VDR expression in heart. (A) Top panel: Western blot bands showing VDR levels in the left ventricle (where the
adenovirus is injected) at 0 day, 5 days, 7 days, and 14 days after adv-VDR injection. Bottom panel: semi-quantitative analysis of VDR
expression levels in different groups (n = 4 per time point). Results were normalized against GAPDH and converted to fold change relative to
0 day. One-way analysis of variance (ANOVA) followed by the Bonferroni post-test (equal variances assumed) or Tamhane post-test (equal
variances not assumed) was performed for statistical analysis. *p <0.05 or **p <0.01 versus 0 day. (B) Top panel: Western blot bands showing
VDR levels in the left ventricle at 0 day, 3 days, 5 days, and 7 days after adv-shVDR injection. Bottom panel: semi-quantitative analysis of VDR
expression levels in different groups (n = 4 per time point). *p <0.05 versus 0 day. (C) Top panel: Western blot bands showing VDR levels in
the right ventricle (where the adenovirus is not injected) at 0 day, 5 days, 7 days, and 14 days after adv-VDR injection. Bottom panel: semi-
quantitative analysis of VDR expression levels in different groups (n = 4 per time point). (D) Top panel: Western blot bands showing VDR levels
in the right ventricle at 0 day, 3 days, 5 days, and 7 days after adv-shVDR injection. Bottom panel: semi-quantitative analysis of VDR expression
levels in different groups (n = 4 per time point). Please click here to view a larger version of this figure.

Discussion

The current report demonstrates a modified technique for intramyocardial injection of viral vectors for cardiac gene manipulation, which was
modified from a method for myocardial infarction induction by Gao et al.13 Currently, in vivo characterization of specific gene functions most
often involve the generation of knockout or transgenic mice3,14,15,16,17, which is expensive, time-consuming, and labor-intensive. Alternatively,
delivery of gene vectors or siRNA by systemic or local injection is also widely practiced for gene manipulation in cardiovascular research4,5,7.
In particular, intramyocardial injection cannot be substituted for cardiac gene manipulation under certain circumstances: when site directed
injection is required (e.g., border zone injection in the myocardial infarction model)11; when duration-restricted gene manipulation is required
(e.g., adenovirus injection). Here, we showed that the modified intramyocardial injection method is simple, time-saving, and highly efficient.

Critical Steps Within the Protocol and Troubleshooting:

For successful operation of this protocol, several critical steps should be noted. Before aspirating virus, the air within the Hamilton syringe
and the attached needle must be evacuated, otherwise the air injected into the myocardium may cause topical cardiac injury or even death.
To further avoid this issue, the ready-to-use Hamilton syringe filled with an adequate virus volume should not be placed with the plunger end
downward, because this may spontaneously aspirate air by the gravity of the metal plunger. Anesthesia should be carefully monitored, as deep
anesthesia may delay post-operation recovery, and severely deep anesthesia may cause death. After adequate anesthesia, the heart should not
be externalized out of the chest cavity by force, since this may result in severe lung injury. Indeed, proper heart externalization requires only a
gentle push of the heart, and any resistance may indicate pushing toward the improper direction.

https://www.jove.com
https://www.jove.com
https://www.jove.com
https://cloudflare.jove.com/files/ftp_upload/57074/57074fig3large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments April 2018 |  134  | e57074 | Page 6 of 7

Limitations of the Technique:

The elimination of intubation in this technique, which reduces the time needed for the procedure, suggests that the intramyocardial injection
procedure should be finished within a relatively limited time window to avoid death. According to our experience, the heart should not be
externalized for more than 30 s, because this increases the death rate and slows post-operative recovery. Therefore, the use of intubation is
recommended for the first attempts of the protocol described here. Another limitation is the uneven distribution of viral vectors delivered by this
method, which also exists in conventional methods of intramyocardial injection7. Moreover, the method described here is more useful for cardiac-
specific gene manipulation in uninjured hearts, which can be followed by the establishment of different cardiac disease models18,19,20,21,22,23.
However, the use of the current method in delivering agents to injured hearts such as infarcted hearts may be limited, because these mice may
not tolerate the procedure.

Significance with Respect to Existing Methods:

Conventional intramyocardial injection requires intubation and mechanical ventilation24, and makes it difficult to locate the injection site due to the
fast mouse heartbeat. These issues significantly prolong the operation time13, thus increasing variations posed by the time delay. The modified
technique presented here is quick and allows precise injection site location by manually securing the externalized heart; overall, significantly
potentiating subsequent study. Moreover, the elimination of intubation and mechanical ventilation make the modified method accessible to almost
any laboratory.
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