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Atherosclerosis: Experimental Methods and Protocols aims to provide
the reader with a compilation of techniques that will prove useful to active
investigators across the field of experimental atherosclerosis research.
In fact, this volume is unique, the first devoted to a broad spectrum of techniques
and assays, some adopted from other disciplines, not previously brought together
in one book. Our approach is designed to permit researchers to select the
techniques that will answer their particular sets of questions, in any of the
expanding number of both animal models and in vitro systems now available
for studying factors contributing to the development or progression of athero-
sclerotic lesions. Researchers can only benefit from this collection of relevant
techniques, written and explained by experts in each of these fields.

Both investigators beginning in the field of atherosclerosis studies and
researchers entering the field from related but different areas of study will
benefit from Atherosclerosis: Experimental Methods and Protocols. Sufficient
background is provided for a beginner to carry out the techniques described in
the chapters, yet great depth is achieved owing to the special expertise of the
authors. Researchers new to the field of atherosclerosis will appreciate the
benefits of having these techniques gathered in one volume for their investi-
gations. In addition, researchers already in the field of atherosclerosis research
may benefit from the wide array of techniques and ideas provided by enjoying
expanded opportunities to investigate their hypotheses.

Practical information regarding sample collection, choice of model system,
experimental design, and data analysis techniques are each provided in these
chapters. In addition to methods for both well-documented and novel tech-
niques, chapters summarizing general aspects of atherosclerosis research, such
as animal models, are included. A summary of newly emerging animal models, in
particular, genetically manipulated mice, provides sufficient information to
become involved in this exciting new area of research. Assay systems for
serum or plasma determination are becoming increasingly relevant in diagnostic
and epidemiological studies, and have accordingly been described in many of
the chapters. Both traditional and newer methods for identifying and separat-
ing classes and subclasses of lipoproteins have been included, along with
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assays for more recently identified plasma proteins implicated in atherogen-
esis, such as cholesteryl ester transfer protein, homocysteine, glycated lipo-
proteins, and apolipoprotein(a). Chapters describing the isolation and culture
of cells and glycosaminoglycans from atherosclerotic plaques follow, and may
form the basis of many in vitro assays. In vivo techniques for the collection and
analysis of experimental atherosclerotic lesions have been included in the later
chapters. Finally, a comprehensive overview describing gene therapies under
recent investigation in the field of atherosclerosis/restenosis—along with a
practical example of successful implementation of such a therapy in pigs—
have been included.

Obtaining a general overview of the material included in Atherosclerosis:
Experimental Methods and Protocols, prior to a more detailed study of
particular chapters, will illuminate many facts broadly related to atheroscle-
rosis that may be useful initially, or later, in the course of a research program.
Included in the “Notes” section of each chapter is additional information
sufficient for successful application of the technique. Often this kind of
detail is lacking from brief methodological descriptions in the literature.
From their excellent working knowledge of the techniques described, our
authors may save a new researcher much time and effort. The compil-
ation of these techniques into a single volume will hopefully benefit many
researchers in pursuit of understanding, diagnosing, and ultimately
preventing or treating atherosclerosis.

Angela F. Drew
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Mechanical Injury Models

Balloon Catheter Injury to Rat Common Carotid Artery

Rodney J. Dilley

1. Introduction
Removal of arterial endothelium and damage to medial smooth muscle with

a balloon embolectomy catheter lead to formation of a thin mural thrombus,
platelet adhesion and degranulation, smooth muscle cell migration to the
intima, and cell proliferation and matrix synthesis, ultimately producing a
thickened neointimal layer. This model was developed initially by Baumgartner
and Studer in the 1960s (1) and was modified (2) and used extensively through-
out the 1970s and 1980s to develop our knowledge of vascular smooth muscle
and endothelial cell kinetics following injury in adult animals (3). In the 1980s
and 1990s it was used extensively to explore the effects of pharmacological
agents that might influence vascular smooth muscle cell growth (4–7).

The model may hold some relationship to the vascular repair responses to
angioplasty, but several important differences must be recognized: Injury is
to nondiseased vessels with no pre-existing neointimal cell populations, and
so responses come predominantly from medial cells, there is little intimal/
medial tearing, and low-pressure distention and application of a shearing
motion during catheter withdrawal are used. Nonetheless it does represent a
widely studied model of endothelial and vascular smooth muscle cell prolif-
eration and migration and as such will likely continue to be used widely.

The injury model has been applied predominantly in the rat, with endothe-
lial removal from either the left common carotid artery or the descending
thoracic aorta. Rabbits, guinea pigs, and hamsters have also been used, and
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similar methods have been performed on dogs and pigs. Atherogenesis has
been studied in suitable animal models by addition of cholesterol to the diet
after balloon injury (8). Numerous other methods have been used to remove or
damage endothelium (9–12) and to generate a neointima; however, balloon
catheter denudation is the most widely used model to date with hundreds of
published articles.

In this chapter a procedure is described for endothelial denudation of the rat
common carotid artery with a balloon embolectomy catheter. The procedure is
simple, requiring little more than introduction of a balloon catheter to the common
carotid artery lumen and passage of the inflated balloon to remove the endothelium
and damage underlying smooth muscle cells to stimulate a repair response.

2. Materials

1. Animals. Adult male Sprague-Dawley rats, between 350 and 450 g body weight
(see Note 1).

2. Anesthetics. Ketamine (100 mg/mL) and xylazine (20 mg/mL), mixed to the
indicated concentration (3:2) and administered by intraperitoneal (ip) injection at
a ratio of 0.1 mL/100 g body weight.

3. Catheter. Fogarty arterial embolectomy balloon catheter 2F (Baxter Healthcare,
Irvine, CA), with a three-way stopcock and 1 mL syringe attached. All are filled
with sterile 0.9% saline, and air is excluded.

4. Antiseptic. Aqueous chlorhexidine solution.
5. Surgical equipment. Surgical lighting, warm pad.
6. Instruments. Scalpel, skin forceps, small (5 cm long) blunt-ended scissors, two

pairs of fine, curved forceps for blunt dissection and isolation of carotid artery, one
pair of jeweler's forceps for holding the wall of the external carotid artery, fine
scissors (e.g., iridectomy scissors), three pairs of artery clamps, needle holders, silk
suture material (2/0 and 5/0), skin suture material (e.g., 2/0 Dexon) (see Note 3).

7. Recovery procedures. Analgesic (Carprofen 5 mg/kg body weight, subcutane-
ous), warm and quiet recovery space, warm (37°C) saline for rehydration.

3. Methods

1. Weigh rats and anesthetize by ip injection of ketamine and xylazine mixture,
with the dose based on body weight (0.1 mL/100 g body weight).

2. When the rat is fully anaesthetised, as demonstrated by absence of a foot with-
drawal reflex (about 10 min is usually adequate), shave the ventral surface of the
neck between the angle of the jaw and the sternum, swab with antiseptic solution
to clean the skin, and remove loose hair.

3. Make a midline skin incision with the scalpel. Using the round-ended small scis-
sors, blunt dissect through the midline between the large mandibular salivary
glands, then laterally to the left, via planes of fascia to the bifurcation of the left
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common carotid artery. The bifurcation lies approximately at the junction of the
stylohyoid, omohyoid, and sternomastoid muscles.

4. Locate the internal carotid artery and blunt dissect under it with small curved
forceps so that a loose ligature (2/0 silk) can be placed around the vessel (Fig.
1A). An artery clamp can then be placed on the end of the ligature to lift the
carotid artery and hold it aside.

5. Locate the external carotid artery and similarly place two loose ligatures (5/0
silk) around it (Fig. 1B,C).

6. Place a loose ligature on the common carotid artery, proximal to the bifurcation
(Fig. 1D).

7. Tie the distal ligature on the external carotid artery (Fig. 1B), leaving at least 2–
3 mm from the bifurcation to allow space proximally for a small arteriotomy and
another ligature.

8. Apply pressure to lift the ligatures (use artery clamps) on the proximal common
carotid and distal external and internal carotid arteries (Fig. 1A,B,D). This will
isolate the intervening segment of carotid artery bifurcation from blood flow.

9. With fine scissors make an incision in the external carotid artery, immediately proximal
to the distal ligature, ensuring that you leave enough space for the proximal ligature to
isolate the arteriotomy (see Fig. 1E for placement). This incision must be large enough
to admit the balloon catheter, but not so large as to tear the vessel apart (see Note 4).

10. After checking the catheter assembly (Fig. 2) for leaks and correct inflation
volume (see Notes 5 and 6), lift the free edge of the incision with fine forceps and
feed the catheter into the external carotid artery, toward the bifurcation.

11. Advance the catheter through to the common carotid artery and continue to the
first mark on the catheter (approximately 5 cm) so that the catheter tip lies in the
arch of the aorta.

12. Inflate the catheter balloon with 0.02 mL saline.
13. Withdraw the catheter through the common carotid artery to the carotid bifurca-

tion, rotating the catheter between your fingers as you proceed.
14. Deflate the catheter balloon and advance the tip to the aorta again, repeating the

injury procedure twice more.
15. Remove the catheter after the third passage and tie the proximal ligature (Fig.

1C) on the external carotid artery.
16. Release the remaining loose ligatures (Fig. 1A,D) and allow approximately 5

min for full assessment of the blood flow in the common carotid artery. A dilated
and pulsating common carotid artery should be evident.

17. Suture-close the skin incision and give parenteral fluids (5 mL warm saline sc)
and analgesic (carprofen 5 mg/kg body weight, sc).

18. Animals should be kept warm during recovery for at least 1 h after surgery
(see Note 7).

19. Crushed food pellets and cotton-wool balls soaked with water are placed in the
bottom of the cage to allow the animal to feed and drink easily for the first day
after neck surgery.
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Fig. 1. The carotid artery bifurcation region showing the position of ligatures and
arteriotomy during the balloon catheter injury procedure. (A,D) Loose temporary liga-
tures. (B,C) Permanent ligatures. (E) Arteriotomy.

Fig. 2. A balloon catheter assembly showing the syringe filled with 0.02 mL saline
(left) connected to the catheter (right) by a three-way tap (middle). The catheter tip
with an inflated balloon is shown (lower right), indicating the length of catheter
inserted into the carotid artery by the black mark on the catheter, 5 cm from the tip.
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4. Notes

1. Rats of approximately 400 g body weight are convenient to use. The procedure
becomes more difficult in small animals (e.g., less than 300–350 g) because of
the decreasing size of the external carotid artery.

2. Anesthesia suitable for 30–40 min of surgery is required. Difficult surgerical
operations may take longer and require additional anesthetic toward the end of
the procedure.

3. Fine and accurate tools are essential.
4. Entry of the catheter through the arteriotomy is the most difficult part of the

procedure. There are a number of tips that may be helpful in situations in which it
is difficult to place the catheter in the artery.
a. The arteriotomy should be slightly larger than the tip of the catheter, and the

angle of entry must match the angle of the external carotid artery.
b. When the arteriotomy is too small, gentle outward pressure from the tips of

small scissors or forceps will often make the hole large enough.
c. Use light pressure on the loose ligatures to adjust angles for ease of entry.
d. It is possible for an assistant to open the arteriotomy with two pairs of fine

forceps while the catheter is maneuvered between the forceps into the exter-
nal carotid artery.

e. Use a trocar, a 2–3 cm segment of fine tubing, with a diagonal cut on one end.
When placed over the catheter tip, the point of the trocar can be used to enter
the artery first to guide the catheter into place.

f. A dissecting microscope may be used, although this is generally not neces-
sary and not always helpful.

5. To enable precise control of inflation volume it is helpful to use a syringe
containing only 0.02 mL saline. Different inflation volumes may produce differ-
ent degrees of injury and thus impact on repair responses, so this method makes
it easier to provide a constant level of injury to the artery.

6. It is important to free the syringe and catheter of any air bubbles; these will
compress during inflation and thus alter inflation pressure. Air can be removed
with a three-way tap between syringe and catheter and a 2-mL syringe used to
create a vacuum from the side port. With judicious tapping and alternate appli-
cation of the vacuum and release of saline into the catheter from the saline
filled inflation syringe, the air can be removed from the catheter and inflation
syringe.

7. For recovery, fluid and warmth are essential. A humidicrib for recovery over
approximately 30–60 min is ideal. Monitor the animals for signs of dehydration,
bleeding, or general loss of condition.

8. Thrombosis may occur, especially where flow through vessels is low. If throm-
bosis rates are found to be unacceptably high, then changing the protocol to mini-
mize handling of the common carotid artery can be helpful in preventing
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excessive damage and also in reducing spasm. For example, it is possible to
dispense with the ligature on the common carotid artery (Fig. 1D) and to use the
proximal ligature on the external carotid artery (Fig. 1B) to control bleeding, but
this can be a more difficult procedure. Thrombosis could be managed with judi-
cious use of anticoagulants, although this should be avoided when possible as
some, such as heparin, will have effects on smooth muscle growth responses.
Vasodilators (such as topical lignocaine) can also be used to overcome spasm.

9. Aortic balloon injury can be performed with a similar method. An increase in infla-
tion volume to 0.03 mL may be used for this procedure, but it is generally not neces-
sary if the aim is to remove the endothelium. The catheter is advanced to the second
mark (10 cm) and inflated before withdrawing, with rotation, to the aortic arch.

10. Retrograde balloon injury from a femoral artery access is also possible, and may
be particularly useful for double-injury models in carotid or aorta (13).

11. Larger animals/vessels may require a larger balloon; However, rabbit carotid
arteries can be successfully de-endothelialized with the 2F balloon.

12. Successful endothelial removal can be gaged by the intravenous administration
of a bolus of Evans blue dye, 60 mg/kg body weight, 20–30 min before sacrifice
(Sigma Chemical Company, St. Louis, MO). Denuded areas of artery wall will
stain blue, whereas intact endothelium will remain white.
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