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ABSTRACT

Aorta cell cultures from atherosclerosis-susceptible

White Carneau and atherosclerosis-resistant Show Racer pigeons

were incubated for 48 hr in culture medium containing cholesterol 
14- 4 - C. Aliquots of these cultures were harvested at 12 hr 

intervals, fractionated into cell and extracellular matrix frac

tions, and the mass and radioactivity of free and esterified 

cholesterol in each fraction determined*
A linear increase in the mass of cholesteryl esters in 

White Carneau cells throughout the 48 hr culture period was the 

only significant change in composition. Rates of incorporation 

of labeled cholesterol and accumulation of labeled cholesteryl 

esters were similar for both White Carneau and Show Racer cells. 

However, after 12 hr in culture, the extracellular matrix of 

Show Racer cells accumulated more newly synthesized cholesteryl
- 4 -^C esters than did the matrix of White Carneau cells. 

Accumulation of cholesteryl esters in White Carneau cells may, 

therefore, be the result of slower excretion and/or slower 

relative catabolism.
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INTRODUCTION

The transformation of normal aorta smooth muscle cells 

into lipid-laden foam cells is an important event in cellular 

atherogenesis (Robertson, 1967; Velican, 197*0. Aorta cells 
cultured from atherosclerosis-susceptible White Carneau and 

atherosclerosis-resistant Show Racer pigeons provide a patholog

ically relevant model for studying normal and abnormal aspects 
of lipid metabolism involved in this transition (Nicolosi, 

Santerre, and Smith, 1972). By 16 days in culture Show Racer 

cells begin to differentiate into mature smooth muscle cells 

while White Carneau cells degenerate to lipid-containing foam 

cells (Wight, 1972). This degenerative sequence resembles that 

occurring in White Carneau and human aortas during atherogenesis 

(Cooke and Smith, 1968). White Carneau aorta cells in vitro and 
at the celiac bifurcation of the aorta in vivo accumulate signif

icantly more cholesteryl ester than similar Show Racer aorta 

cells (Nicolosi, Santerre, and Smith, 1972).

Since plasma cholesterol is the source of most arterial 

cholesterol (Portman, 1970), cellular cholesteryl esters probably 

originate from incorporation of cholesterol followed by in situ 

esterification (St. Clair and Lofland, 1971). However, excessive 

incorporation of intact cholesteryl esters, decreased cholesteryl 

ester hydrolysis and/or excretion, or increased de novo synthesis 

of cholesterol followed by esterification may all contribute to
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accumulation of cholesteryl esters in aorta cells (Smith and 

Smith, 1973)* Simultaneous examination of all of these processes 
would require compartmentalized mathematical models (Werb and 

Cohn, 1971a), kinetic studies (Jensen, 1967), morphological iden

tification of subcellular pools (Werb and Cohn, 1971b), and the 

use of dual-labeled intermediates (Adams, 1973)* Such studies 

are quite complex and are likely to produce equivocal results. 

Therefore, in an attempt to circumvent these difficulties, experi

ments were performed to determine whether incorporation of 

cholesterol followed by esterification and accumulation of labeled 
cholesteryl ester contributed significantly to the presence of 

excessive amounts of cholesteryl esters present in cultured White 

Carneau aorta cells. With this knowledge available, subsequent 

experiments can be designed to assess the contributions of other 

possible mechanisms (incorporation of intact esters, intracellular 

hydrolysis, excretion, and de novo synthesis) to the intracellular 

accumulation of cholesteryl esters in aorta cells from athero
sclerosis-susceptible pigeons.

This communication describes similarities and differences

in cholesteryl ester content and in the incorporation of choice
ly 1̂-terol - k - C and accumulation of cholesteryl - k - C esters

between White Carneau and Show Racer aorta cells during a hr

culture period* Results are discussed in terms of metabolic

differences which may lead to lipid accumulation in White Carneau

cells.
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MATERIALS AND METHODS

Aorta cell cultures prepared from embryonic thoracic 

aortas of White Carneau and Show Racer pigeons (Smith et al., 

1965) were allowed to proliferate for 14 days. Approximately 

twenty 30 ml Falcon flasks, each containing 10 White Carneau or 

Show Racer explants, were used in each experiment. Four flasks 

were harvested at the start of the experiment, and the amounts 

of free and esterified cholesterol were determined. The re

maining flasks were incubated at 37°C with culture medium 

containing cholesterol - 4 - C (New England Nuclear, Boston, 

Mass.), and harvests were made at 12, 2^, 36 and *f8 hr.
Following inactivation of lecithin: cholesterol acyl

transferase (E. C. 2.3.1.^3) and cholesteryl ester synthetases

in the horse serum and chick embryo extract supplements (Fodor,
1950), 100 ml of tissue culture medium was prepared in a 250 ml

Erlenmeyer flask equipped with a magnetic stirring bar. One ml

of absolute ethanol containing 50 microCuries of cholesterol - 
l̂ fk - C was then added dropwise under sterile conditions to the 

culture medium at 37°C. Concentrations of ethanol up to 2.5% 

by volume have been shown to have no adverse effects on aorta 

cells in culture (Rutstein et al., 1958). Binding of labeled 

cholesterol to serum lipoproteins was carried out for 3 1/2 hr 

at 37°C by gentle stirring of the culture medium. Radioactive 

cholesterol added to serum in this manner is adsorbed first by 

low density lipoproteins but then undergoes a rapid exchange
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and soon reaches an equilibrium between all lipoprotein classes 

(Goodman and Shiratori, 1964; Miller, Graet, and Frei, 1973). 

Prior to the start of the experiment, 1 ml of culture medium was 

lyophilized and amounts of free and esterified cholesterol along 

with the radioactivity in cholesterol were determined as sub

sequently described for cell and matrix fractions.

In an effort to determine whether aorta smooth muscle 

cells in primary culture release newly synthesized cholesteryl 

esters to the extracellular matrix, monolayers were washed with 

buffered physiological saline (pH 7.0) to remove excess medium 

and then separated into cell and extracellular matrix fractions 

(Hojnacki and Smith, 1975). Aliquots from cell homogenates were 

taken for DNA analysis (Prasad et al., 1972), and lipid was ex

tracted from both cell and extracellular matrix fractions by the 

method of Folch et al, (1957). Cholesterol and cholesteryl 

ester fractions were separated by thin-layer chromatography 

(Hojnacki and Smith, 1974), quantitated by in situ fluorometry 

(Nicolosi, Smith, and Santerre, 1971), and the spots scraped 

into glass scintillation vials. Radioactive lipid was removed 

from the silica gel by solubilization in 1 ml of Soluene (Packard 

Instrument Co., Inc,, Downers Grove, 111.) at 56°C for 24 hr and 

then dissolved in 15 ml of Liquifluor-toluene cocktail (New 
England Nuclear, Boston, Mass.). Radioactivity was counted in 

a Packard TriCarb Liquid Scintillation Spectrometer (Model 3320) 

for sufficient lengths of time to reduce statistical counting 

error to less than 1%, Quench corrections were made by auto

matic external standardization.
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Experiments were repeated 4 times for each breed* Mass 

measurements were expressed as pg lipid/jug cell DNA and radio* 

activity measurements as DPM/pg cell DNA* Mass data from White 

Carneau and Show Racer cultures were compared statistically 

using a £ test*

Least squares regression plots were used to fit lines 

to that data which appeared linear. For all fitted regressions 

presented, F values were significant (P<0*05) and correlation 

coefficients were greater than 0*900* Significant t values 

(P<0.05) were used to indicate that slopes of lines were dif

ferent from zero* For data which did not meet criteria for 

linearity, individual time points were connected by lines*
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RESULTS

The only significant change in composition which

occurred during the 48 hr culture period was an increase in

the amount of cholesteryl ester in White Carneau cells (Table I).

Fig. 1 shows the gradual increase in cholesteryl ester content

of White Carneau cells as a function of time.

After the initial rapid increase to 12 hr (Fig. 2)f 
14cholesterol - 4 - C is incorporated by both White Carneau and 

Show Racer cells more slowly during the remaining 36 hr in 
culture. The linear increase in esterified cholesterol (Fig. 3) 

is similar for both breeds.

White Carneau and Show Racer extracellular matrix
14

accumulates newly-synthesized cholesteryl - 4 — C esters at 

essentially the same rate for 12 and 24 hr respectively (Fig. 4). 

Thereafter, the constant amount of labeled cholesteryl ester 

appearing in Show Racer matrix is 2 1/2 times greater than that 

present in White Carneau matrix.
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DISCUSSION

Similar incorporation of labeled cholesterol (Fig. 2), 

as well as similar accumulation of labeled cholesteryl ester 

(Fig. 3), in White Carneau and Show Racer cells suggest that 

these patterns are normal features of cellular lipid metabolism 

and are not causally related to atherogenesis in White Carneaux. 

This conclusion is supported by reports that: 1) there is no

appreciable difference in incorporation of labeled cholesterol 

by normal and atherosclerotic segments of pigeon aortas in organ 

cultures (St. Clair and Lofland, 1971); 2) White Carneau and 

Show Racer pigeon aortas perfused with labeled cholesterol have 

similar rates of influx and efflux (Bell, Lofland, and Stokes, 

1970); and 3) similar amounts of cholesteryl esters are synthe

sized by perfused aortas from White Carneau and Show Racer 
pigeons which have previously been on normal diets (St. Clair, 

Lofland, and Clarkson, 1968). Similar incorporation of labeled 

free cholesterol and accumulation of labeled esterified choles

terol might also suggest that membranes of White Carneau and 

Show Racer cells have the same number of lipoprotein receptor 

sites (Goldstein and Brown, 1975) although the rates of esteri

fication of cholesterol cannot be deduced from the present data.
Some of the newly-synthesized cholesteryl ester is 

released into the matrices (Fig. *0, and some enters into the 

intracellular cholesteryl ester pools. Although neither the 

White Carneau nor the Show Racer intracellular cholesteryl ester
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pool became saturated with label during the ^8 hr culture period 

(Fig. 3), there are breed differences in the mode of entry of 

cholesteryl ester into these pools. Newly synthesized Show Racer 

cholesteryl ester enters into the intracellular cholesteryl ester 

pool by exchange since there is no change in cell cholesteryl 

ester content (Table I). In contrast, in White Carneau cells 

labeled cholesteryl ester enters into an expanding intracellular 

pool since the cholesteryl ester content of White Carneau cells 

increases during the period of culture examined (Fig. 1). Slower 

cholesteryl ester catabolism an<Vor excretion by White Carneau 

cells relative to Show Racer cells appears to be the most likely 

explanation for the increase in the intracellular cholesteryl 

ester pool in White Carneau cells.

Although de novo cholesteryl ester synthesis and incor

poration of intact cholesteryl esters cannot be eliminated as 

factors contributing to cholesteryl ester accumulation in White

Carneau cells, it is unlikely that these processes are of major
1^importance. Preliminary experiments with acetate - 1 - C 

indicate that White Carneau and Show Racer cells in culture syn

thesize similar amounts of both free and esterified cholesterol. 

Other investigators using both aorta perfusion techniques (Lof

land et al., 1965) and minced aorta preparations (Lofland, 

Clarkson, and Artom, i960) have also been unable to demonstrate 
breed differences in the amount of lipid synthesized from acetate

lif- 1 - C. In addition, the ratio of polyunsaturated to satu

rated cholesteryl ester fatty acids in the culture medium is
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significantly higher than that of White Carneau and Show Hacer 

aorta cells in culture suggesting that few cholesteryl esters are 

incorporated intact (Hojnaclri. and Smith, 1975)*

Although examination of excretion of cholesteryl ester 

was not part of the present experimental design, rates of excre

tion could be influenced by the mode of intracellular lipid 

dispersion (Dixon, 1961), extent of intracellular hydrolysis 

(Rothblat and Kritchevsky, 1967), or the availability of energy 

supplies (Rothblat et al., 1967).
Storage of cholesteryl ester in White Carneau cells in 

a globular, visible form as opposed to a dispersed, micellar 

form, might impair its mobilization (Dixon, 1961). Lipid vacuoles 

and foam cells have been observed in cultures of White Carneau 

intimal cells but are rarely found in similar Show Racer cultures 

(Smith et al., 1966). (Between 65-86^ of the cholesterol in 
vacuoles of cultured human arterial cells is in the esterified 

form (Rothblat and Kritchevsky, 1968).) Nicolosi et al. (1972) 

suggested that Show Racer aortas may be able to disperse and 

excrete lipid more efficiently than White Carneau aortas because 

of their greater phospholipid content.

Since a micellar substrate is needed for optimum activity 

of cholesteryl ester hydrolase in acetone powder preparations of 

pigeon aortas (Kritchevsky and Kothari, 1973)* storage of choles

teryl esters in a globular form in White Carneau cells might also 

result in their decreased hydrolysis. Kritchevsky (1972) re

ported that White Carneau aortas have a lower ratio of cholesteryl
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eater hydrolysis to synthesis than do Show Racer aortas. Other 

investigators (Peters, Takano, and De Duve, 1973; Goldfischer, 

Schiller, and Wolinsky, 1975) have associated the accumulation 

of cholesteryl esters in lysosomes of aorta smooth muscle cells 

with deficient hydrolase activity and have compared lipid accu

mulation in the arterial wall with genetic storage diseases 

(Sloan and Fredrickson, 1972).

Metabolic activity appears to be necessary for excretion 

of cholesteryl ester (Newman and Zilversmit, 1966); thus, it is 

possible that enzymatic or energy deficiencies might result in 

decreased ability of White Carneau cells to excrete cholesteryl 

esters. Energy producing systems in White Carneau intimal cell 

cultures (Smith et al., 1966) and in White Carneau aorta tissue 

(Santerre* Nicolosi, and Smith, 197*0 appear to be less efficient 

than comparable Show Racer systems. In addition, Adams (1973) 
has speculated that sluggish metabolism might be responsible for 

the diminished efflux of cholesteryl esters from White Carneau 

fatty streaks and plaques (Lofland and Clarkson, 1970).
1*+The patterns of appearance of cholesteryl - - C ester

in the extracellular matrix (Fig. *0 suggest that there may be 

breed differences in the binding of cholesteryl ester to matrix 

components. Labeled cholesteryl ester in extracellular matrix 

must accumulate by exchange processes since there is no net 

change in the cholesteryl ester content of either White Carneau 

or Show Racer matrix over the kB hr culture period (Table I). 
Exchange occurs in two distinct phases, an initial rapid exchange
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followed by a much slower phase (Fig. 4).

Although two non-mixing compartments appear to be present 

in both White Carneau and Show Racer matrix pools (Fig. k), there 

are differences in the sizes of these compartments. The larger, 

rapidly-exchanging compartment of the Show Racer matrix attains 

equilibrium with labeled ester 12 hr later than the smaller, 

rapidly-exchanging compartment in White Carneau matrix (Fig. k). 

The larger, rapidly-exchanging compartment of the Show Racer 

matrix might, therefore, permit greater removal of cholesteryl 

ester from Show Racer cells. A larger slowly-exchanging compart

ment in White Carneau matrix would retain greater amounts of 

relatively immobile cholesteryl ester in close proximity to the 

cell surface which might retard efflux of cholesteryl ester from 

White Carneau cells. This could explain the gradual accumulation 

of cholesteryl ester in White Carneau cells during the ^8 hr 

culture period (Fig. l).
The molecular counterparts to the kinetic compartments 

of the matrix pools may be glycosaminoglycans. Several investi

gators (Amenta and Waters, I960; Berenson et al., 1971; Iverius, 

1972) have shown that these macromolecules can bind lipid, and 

the extracellular matrix synthesized by White Carneau aorta cells 

in culture contains more glycosaminoglycans than similar Show 
Racer matrix (Wight, 1972). This could account for the greater 

amount of cholesteryl ester present in the White Carneau matrix 

as compared with the Show Racer matrix (Table I). Different 

amounts of various glycosaminoglycans with different affinities



12

for lipid could explain the differences in compartments between 

White Carneau and Show Bacer matrices*

The present study suggests that while patterns of incor

poration of labeled free cholesterol and accumulation of labeled 

esterified cholesterol are probably not causally related to 

intracellular accumulation of cholesteryl esters in White Carneau 

cells* diminished catabolism and/or excretion may contribute to 

this accumulation. Further explanation for accumulation of 

cholesteryl esters in White Carneau cells must await radiotracer 

studies designed to examine rates of cholesteryl ester catabolism 

and excretion.
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TABLE I

Free and Esterified Cholesterol in Fractions 
from White Carneau and Show Racer 

Aorta Cultures

Cholesterol8, Cholesteryl Ester8

Cells •u
White Carneau 1.57 0.28 7.52 to 10.73
Show Racer 2A 5 0.33 8.35 * 0.9^

Extracellular Matrix
White Carneau 0.29 + 0.02 2.70 ? °'19cShow Racer 0.37 0.06 1.83 - 0.15

Culture Medium 51.0Jf + 7.03 115.25 - 15.81

Culture Medium 13,035 +tm 23^8d
Specific Activity

& +Cell and matrix values are means - SEM of data from
5 time points expressed in pg l£pid/pg cell DNA. Culture medium 
values are means - SEM of 6 analyses expressed as pg lipid/ml.

^Range over ^8 hr culture period expressed as pg 
cholesteryl ester/pg cell DNA. See Fig. 1.

0Significantly different, P<0.05.

'Value is mean - SEM of 6 analyses expressed in DPM/pg 
cholesterol.
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Fig. 1. Chang* in White Carneau cell cholesteryl ester 

content during *t8 hr culture period. Each time point represents 

the mean - SEM of k analyses expressed in pg cholesteryl ester/pg 

cell SNA. The line represents the least squares regression plot.



H'Q CHOLESTERYL ESTER /^G  DNA

m
xoc
X
cn



24

1.4Fig* 2* Incorporation of cholesterol - 4 - C by White 

Carneau ( O — O) and Show Racer (•— •) aorta cells during 48 hr 

culture period* White Carneau and Show Racer aorta smooth muscle 

cells in primary culture were incubated at 37°C with culture
14

medium containing cholesterol - 4 - C, and the amount of labeled 

free cholesterol present in cells was determined at 12, 24, 36 
and 48 hr. Each time point represents the mean of 4 analyses 

expressed in DPM X 10^ of cholesterol/fig cell DNA. The line 

for Show Racer data points from 12 to 48 hr is a least squares 

regression plot*
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ill
Fig. 3* Accumulation of cholesteryl - b - C esters in

White Carneau (O'"O) and Show Bacer (•— •) aorta cells during

*f8 hr culture period. White Carneau and Show Bacer aorta smooth

muscle cells in primary culture were incubated at 37°C with

culture medium containing cholesterol - b - Cf and the amount
1^

of cholesteryl - b - C ester in cells was determined at 12,

2b, 36 and b8 hr* Each time point represents the mean of b anal

yses expressed in DPM of cholesteryl ester/pg cell DNA. Lines 

represent least squares regression plots*
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t4Fig. 4. Appearance of cholesteryl - 4 - C ester in

extracellular matrix of White Carneau (0-- 0) and Show Bacer

(•-- •) aorta cells during 48 hr culture period. White Carneau

and Show Bacer aorta smooth muscle cells in primary culture were

incubated at 37°C with culture medium containing cholesterol -

4 - ^C. Cultures were separated into cell and extracellular
14matrix fractions, and the amount of cholesteryl - 4 - C ester 

bound to matrix components was determined at 12, 24, 36 and 48 
hr. Each time point represents the mean • SEM of 4 analyses 

expressed in DPM of cholesteryl ester/pg cell DNA.
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