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We and others have demonstrated that Tlympho-
cytes are prominent components of atheroscle-
rotic lesions. We hypothesized that ifTcells were
necessaryfor the development ofatherosclerosis
it would bepossible to demonstrate itsprevention
or retardation in T-cell-suppressed mice. To test
this hypothesis, CyA, apotent suppressor ofT-cell
activation, was used to treat C57BL/6 mice under-
going lipid hyperalimentation. Mice receiving
normal mouse chow were completelyfree ofath-
erosclerotic lesions. In mice receiving the athero-
genic dietplus control oil injections, lesions ofthe
aorta and coronary arteries were observed at 135
days and increased progressively in area until
310 days. Somewhat surprisingly, mice given the
atherogenic diet plus CyA injections displayed
even larger lesions at aU three observed time in-
tervals. Although CyA did suppress T-cell reactiv-
ity sufficiently to obtain the expected prolonga-
tion of skin allografts, it did not suppress the
development orprogression ofatherosclerotic le-
sions. (AmJPathol 1993, 142:1906-1915)

The common presence of T cells in atherosclerotic
lesions at all stages of development has now been
firmly established by several groups of investiga-
tors.1- In our own study of over 200 aortas and cor-
onary arteries of children and young adults (ages 15-
32) dying of acute trauma, we showed that T cells and
macrophage-derived foam cells were present in the
subintimal spaces of over 75% of all aortic samples
and were far more numerous in lesion-prone areas
(dorsal aorta) than lesion-resistant areas (ventral aor-
ta) (Emeson et al, unpublished data).3 These mono-
nuclear cells were also commonly seen in eccentric
lesions of the coronary arteries. In other studies Hans-
son et al7 have shown that approximately one-third of
the T lymphocytes within atherosclerotic lesions were
activated, as indicated by their expression of class 11

antigens, interleukin-2 receptors, or y-interferon (IFN-
-y). Since T lymphocytes have been shown to be nec-
essary participants in the pathogenesis of a wide
variety of autoimmune, infectious, and neoplastic dis-
eases, it is important to clarify the role of these cells
in the initiation and progression of atherosclerotic le-
sions. The best approach to this problem would be to
examine the evolution of the lesion in T-cell-deficient
or T-cell-suppressed animal models.

Cyclosporin A (CyA) is a potent T-cell suppressor
that has been used to suppress allograft rejection,
graft-versus-host disease, and a wide variety of au-
toimmune diseases (reviewed in Ref. 8). Two recent
studies have examined the effects of this drug on the
response of the vessel wall to injury and have yielded
conflicting results. In the studies of Jonasson et al,9
CyA suppressed the intimal proliferative vascular
smooth muscle cell response to balloon injury in vivo
in rats. In contrast, Ferns et al10 presented evidence
in rabbits that CyA increases intimal thickening in se-
lectively de-endothelialized carotid arteries, suggest-
ing that this immunosuppressive agent may enhance
the progression of this lesion. Therefore, the role of T
cells requires clarification. Furthermore, since the
vascular response to injury is an acute model of in-
timal injury and not necessarily relevant to atheroscle-
rosis, we thought it appropriate to re-examine this
question in the more relevant chronic lesions of ani-
mals undergoing lipid hyperalimentation.

To conduct these studies we have selected the hy-
perlipidemic murine model of atherogenesis recently
developed by Paigen et al.11,12 We believe that this
model is especially valuable for the above kinds of
studies for the following reasons: 1) The atheroscle-
rotic lesions which develop in this model are very sim-
ilar pathologically to those in the human, are repro-
ducible, and evolve over a 4-8-month period of time.
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2) The atherogenic diet used in this model is similar
in percentage total fat content (although the choles-
terol subfraction is much higher) to the diet consumed
by humans. 3) The plasma lipoprotein levels induced
by the atherogenic diet are similar to those in humans
consuming a typical western diet. 4) The immune sys-
tem in mice is extremely well defined, and there are
many tools available such as monoclonal antibodies
to manipulate it. 5) There are many genetic models of
immune deficiency which can be used to investigate
the role of immunity in atherogenesis. The disadvan-
tages of this model include the facts that the lesions
are quite focal (ie, localized to the ascending aorta
and the proximal segments of the coronary arteries)
and that they generally lack some of the features of
the more advanced complicated lesions of humans
such as calcification, hemorrhage, and thrombosis. In
addition, the atherogenic diet we utilized contains
0.5% sodium cholate, a potential angiotoxin.

Since we hypothesized that T lymphocytes are nec-
essary participants in atherogenesis, we anticipated
that the CyA treatment would prevent or retard the evo-
lution of atherosclerotic lesions. To our surprise, we
discovered that the CyA treatment did not retard
atherogenesis but, in fact, probably enhanced it.

Materials and Methods

Experimental Design

Three groups of animals were studied as summa-
rized in Figure 1. The animals of all three groups
were started on the atherogenic diet at day 0. In
group A the mice were treated with CyA from day 0
until the termination of the experiment on day 135.
Similarly, the mice in group B were treated with CyA
from day 0 to day 168. These two groups of animals

GroLp
A

B

* CyA Tmaimdt
135

C ------------_____

168

'-

0 100 200 300

Days on Atrognic Diet
Figure 1. Experimental design showing time line of the three major
groups of mice (Groups A, B and C) killed at 135, 168, and 310 days
after the inception of the atherogenic or control diets. Each group
consisted of subgrouips of mice fed the atherogenic or normal diets
and treated with CyA or the control lipid. Mice in groups A and B
were treated with CyA or control lipid from days 0 to 135 or 168
days, respectively, and thus could collectively be designated the im-
mediate treatment group. With group C, the initiation of the CyA or
control lipid injections were delayed until the 168th day and contin-
ued until the mice were killed at 310 days. 7Tis lattergroup is termed
the delayed treatment group.

thus constituted the immediate treatment group. In
contrast, in group C, the delayed treatment group,
the CyA treatment was not initiated until the 168th
day and was continued until the termination of the
experiment at day 310. Groups A and B, the imme-
diate treatment groups, were used to determine the
effects of CyA on the development of relatively early
fatty streak lesions, while group C, the delayed
treatment group, was employed to ascertain the ef-
fects of CyA on the progression of the fatty streak to
more advanced lesions such as the fibrous plaque.
Control groups used for each of the three groups in-
cluded mice given the atherogenic diet plus injec-
tions of olive oil (vehicle for CyA) and mice given a
normal diet plus CyA or olive oil or no injection. At
the end of each of the time intervals blood was ob-
tained from each of the mice by retro-orbital punc-
ture under light ether anesthesia, and the mice were
killed by cervical dislocation. Their hearts, aortas,
livers, kidneys, and spleens were then dissected
out, fixed in 4% buffered formaldehyde, and pro-
cessed for histology as described below.

Animals

The C57BL/6J female mice were obtained from the
Jackson Laboratory (Bar Harbor, ME) and were
started on the experimental protocol at 8 to 10
weeks of age. One-half of the mice (representing all
experimental and control groups) were maintained
under pathogen-free conditions to avoid infection
by mouse hepatitis virus, Sendai virus, and other
opportunistic microorganisms. These mice were
housed in sterile micro isolator cages (Lab Prod-
ucts, Inc., Mayfield, NJ) and transferred weekly into
clean sterile cages. The transfer and treatment of
animals was performed in a vertical laminar flow
Class Il-type hood. The normal mouse chow and
water were sterile. The remaining mice (also repre-
senting all experimental and control groups) were
maintained under standard laboratory conditions.
Since there were no significant differences in the
data obtained from the two differently maintained
mouse populations, the results were combined for
our final analyses.

Atherogenic Diet

The atherogenic diet was purchased from the Tek-
lad Test Diets (Madison, WI). This diet was made by
mixing a diet containing 30% cocoa butter, 5% cho-
lesterol, 2% sodium cholate, 30% casein, 5% al-
phacel, 4% vitamin mixture, 6.5% sucrose, 6.5%
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dextrin, and 0.5% cholic acid with Purina breeder
chow in a ratio of 1:3 parts, respectively, and then
pelleting it. This diet has 15% total fat content and a

cholesterol content of 1.25%, thus being compara-

ble in percentage total fat content (although the
cholesterol subfraction is much higher) to the diet
consumed by western humans. This diet could not
be sterilized because of the probable degradation
of lipids and other important nutritional components
during the procedure. It was stored at 4 C prior to
use.

Administration of Cyclosporin A

The CyA, obtained from Sandoz, Ltd. (East Hanover,
NJ) was diluted in olive oil, and 0.05 ml was admin-
istered subcutaneously to each mouse at a dose of
20 mg/kg/day or 40 mg/kg every other day. This
dose has been shown by others13 to suppress both
cellular and humoral immunity in C57BL/6 mice.

Plasma Lipids

Total plasma cholesterol was measured by an enzy-

matic method using 4-aminoantipyrine as a color
substrate14 and the Express 550 Analyzer (Ciba
Corning Diagnostic Corp, Oberlin, OH) to read the
absorbance. High-density lipid (HDL) cholesterol
was measured the same way after selectively pre-

cipitating out the low-density lipid (LDL) and very

low-density lipid (VLDL) with tungstic acid and
magnesium.15 LDL plus VLDL was calculated by
subtracting the HDL cholesterol from the total cho-
lesterol. A two-sided t-test for unpaired samples or

two-way analysis of variance was used to compare

groups (Statview statistical program software for the
Macintosh Computer by Brain Power, Inc., Cala-
basa, CA).

Quantitative Assessment of
Atherosclerotic Lesions

The method we used to evaluate the aortic and cor-

onary atherosclerotic lesions was a modification of

AORTIC VALVE 10pmCSERIAL10 pm CRYOSTAT STAINED MICROSI

the method described by Paigen et al.11 The mice
were killed by exsanguination under ether anesthe-
sia, and their hearts and aorta were immediately re-
moved, rinsed in saline to remove the blood, and
fixed in buffered 4% formaldehyde. Although this
method of fixation as compared to perfusion at
physiological pressure could affect plaque size, we
believe that since we have treated the hearts from
all groups (including the control groups) identically,
it is valid to compare the relative sizes of lesions be-
tween groups. Each heart was cut just below the
beginning of the aortic sinuses on a plane parallel
with a plane formed by drawing a line between the
lower tips of the right and left atria. The lower por-
tion of each heart was discarded. The upper portion
was mounted on a cryostat with OCT, with the
above-identified plane parallel to the plane of cut-
ting so as to obtain true cross-sections of the aorta.
Ten-pm sections were then cut and discarded until
we were able to locate the most caudal portion of
the aortic sinus by examining unstained sections.
Once this section was located, serial 10-pm sec-
tioning was continued along the ascending aorta
until the valve cusps were no longer visible, a pro-
cedure which involved 40 to 50 sections covering
400 to 500 pm. A schematic outline of this proce-
dure and the method used to place the sections on
two polylysine-D-coated slides is shown in Figure 2.
The first section was placed in the upper left-hand
corner of slide A and the second section in the
same location of slide B. Thenceforth we alternated
the placement of sections with all odd-numbered
sections (1, 3, 5, 7) placed on slide A and all even-
numbered (2, 4, 6, 8) on slide B. Slide A was
stained with Oil Red 0 and a hematoxylin counter-
stain, and slide B was stained with hematoxylin and
eosin (H&E). This approach permitted us to corre-
late the lipid distribution of lesions stained with Oil
Red 0 with the morphological details better appre-
ciated with the H&E-stained sections. To quantitate
the degree of atherosclerosis in each mouse, the ar-
eas of the atherosclerotic lesions of the five circle
sections of the Oil Red 0-stained slides at 100-pm

iCOPIC SLIDES

Figure 2. Sanmpling proceducre shboing a sche-
niatic outlinie of the locationi from uhich the
sections were cut. hbou they were sstenmaticallyS
placed on7 glass slides, hon thely nere stained,
anid bott! the circled sections at Joo-nm initer-
i'als were selected for morphomet?ic anallsis~~~~~...V--.--
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intervals (sections 1, 11, 21, 31, and 41) were ex-

amined (Figure 2). If any of the designated sections
were folded or torn the section preceding or follow-
ing it was used. The area of the lesions within each
Oil Red 0 section was determined by point count-
ing using a squared grid ocular graticule (Grati-
cules, Ltd., Townbridge, England) at x40 magnifi-
cation.16'17 The two-dimensional area of the lesions
per section was then determined by the formula

a= p. p2 (1)

where a is the area in pm2' P is the number of points
falling within the lesions, and p is the distance be-
tween two neighboring points (ie, p2 will equal the
area associated with each point). In our system p =

50 pm as determined by a reference grid and there-
fore p2 = 2500 pm2 at x40 magnification. The aorta
of each mouse provided five independent data
points for evaluation. The mean value of the five
points were then used as the final value for each
mouse. A two-sided t-test for unpaired samples or

two-way analysis of variance was used to compare

groups (Statview statistical program software for the
Macintosh Computer by Brain Power, Inc.).

Skin Allografts

The skin allografting was performed and evaluated
by slight modifications of the methods previously
described in detail by Norin and Emeson.18 Donor
skin was obtained aseptically from the abdomens of
shaved female BALB/c mice, and the panniculus
adiposus layer was removed by careful dissection.
Grafts (1.5 x 1.5 cm) were cut and secured onto
the prepared dorsum of 12 of the C57BL/6 mice in
the experimental protocol (310-day group) with 5-0
silk interrupted sutures. The grafts were applied ap-

proximately 6 weeks prior to the termination of the
experiment. The allografts were inspected daily for
visual and tactile signs of rejection. A graft was con-

sidered rejected when 90% of the surface was no

longer viable. The Mann-Whitney U-test was used
to compare the CyA-treated with the control
(oil-treated) groups of mice (Statview statistical
program).

Results

Lesion Size

The kinetics of the effects of the atherogenic diet
and CyA on lesion area is summarized in Figure 3.
The aortas and coronary arteries of mice in all

groups of mice receiving a normal diet were com-
pletely free of atherosclerotic lesions. In marked
contrast, in mice receiving the atherogenic diet plus
the control oil injection, typical atherosclerotic le-
sions of the ascending aorta were first observed at
135 days and increased progressively in size and
number up to 310 days, the last observed time in-
terval. Somewhat surprisingly, mice given the
atherogenic diet plus CyA injections displayed
larger lesion areas than those given the atherogenic
diet plus control corn oil at all of the three observed
time intervals. Statistical analyses of these data indi-
cate that the differences in mean areas between the
CyA-treated and control oil-treated groups were sig-
nificant when looking at both components of the im-
mediate treatment groups, ie, the 135- and 165-day
groups, together (P < 0.02) and when looking at
the 135-day group alone (P < 0.04). The differ-
ences in mean areas at 310 days, ie, the delayed
treatment group, were large but not significant (P >
0.10). If one looked at all of the differences at all
three time intervals together, they were significant at
the P < 0.05 level. For all of the above statistical
analyses the data was log transformed to reduce
the differences in variance among the different time
intervals.
The histological features of lesions from 135, 168,

and 310 days are demonstrated in Figures 4, 5, and
6, respectively. Early lesions (135 days) displayed a
marked thickening of the subendothelial intimal
space associated with an extensive mononuclear
infiltration consisting of foam cells and what appear
to be lymphocytes. Focal areas of necrotic debris
(Figure 4C) and deposition of connective tissue ma-
trix (Figure 4C) were also present. Intermediate le-
sions (165 days) were similar to the early lesions
but less cellular (Figure 5A, 5B, 5C). Late lesions
(310 days) covered a much greater surface area of
the aortic intima, were far less cellular, and con-
tained a great deal more homogeneous pink (in
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Figure 3. Kinetics of effects of atherogenic diet antd CyA treatmetit
on the area of lesions in p,2lsection X 10-3. The numbers qf mice in
each grouip at each time interval starting at 135 days are as follous:
CyA 8,6,6, oil 7, 7,5. atd normal diet 10,6,4.

120

I

I

I
----nI I I I



1910 Emeson and Shen
AJPJune 1993, Vol. 142, No. 6

i

l.b, p

'S

lb

Figure 4. 135-day lesions. A, low-power view through the upper por-
tion of the aortic valve ofa control oil-treated mouse showing a large
fibrofatty lesion (arrowhead) encroaching on the takeoff of a coro-
nary artery. H&L x 60. B, C, high-pou'er views offatty streak lesions
from the aortas of both conitrol oil-treated (B) and CyA-treated (C)
mice displayintg marked monzonuticlear cell it?filtrationi and prominienlt
foam cells. A spindle-shaped myointimal cell (arrowhead) appears to
he emigrating from the media to the intimal space, and a lipid core
(*) with uhat appears to be a cenitral area of necrosis or degenteration
offoam cells is seen in C. B. H&E, X300; C, H&E, X200.

H&E sections) extracellular matrix material (Figure
6A, 6B, 6C). Some of the late lesions displayed
prominent cholesterol clefts (Figure 6D) or fibrous
caps consisting of multiple layers of spindle cells
(Figure 6E). Involvement of the coronary arteries
was seen in all three groups of mice (Figures 4A,
6F) but was far more common in the 310-day group.
Some of the lesions from all groups also revealed

Figure 5. 168-day lesions. A, low-power vieu, throutgh the midportionl
of the aortic valve ofa control oil-treated mouse displaying a smallfi-
brouts lesioni (arrouhead). H&EL X 60. B, high-power vieuw of this le-
sionI showing a focal area oj thickenied initimal conitainlinig a feu
monzonuiiclear cells. H&-E. X264. C. high-pouer tieu of a similar le-
siont from a CvA-treated animal showing a thickenled initima and a
moderate degree of cellularity. H&E, X 288.

spindle-shaped myointimal cells (probable smooth
muscle cells) emigrating from the media to the inti-
mal space (Figures 4A, 6F).

Total, HDL, and LDL Plus VLDL
Cholesterol Levels

The total, HDL, and LDL plus VLDL cholesterol lev-
els of mice fed normal mouse chow and receiving
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Figure 6. 310-day lesiotts. A, lou-pouer vieu' through the midportion of the aortic valve of a CyA-treated mouse showing two fibrofatty acellular
lesions covering approximately 500% of the aortic sturface. H&E, X 48. B. high-pouer vieu' illuistrating the acellular nature of these lesions, uhich
consist primarilv of ani extracelluilar deposition of lipids and connective tissle matrix. H&E, X 264. C, high-pouer vieuw of a similar lesionl from anl
conitrol oil-treated aniimal. H&, X 240. D, high-pouer vieu throuigh a similar lesionl fronm another CyA-treated moutse shouing mtultiple prominetit
cholesterol clcfts. H&iE, X325. E, high-pouer vieu ofafibrofattl lesion from a CyA-treated mouse shou'ing a largefibrotus cap consisting of mtultiple
lavens of spintdle cells. The initimal space beneath the fibrouis cap conitainis scattered spintdle cells, a feuw monionuclear cells, anid deposits of extra-
cellutlar lipid antd connective tissuie matrix. H&L, X325. F, largefibrofatty lesion encroaching uipotn a corontar arte orifice (*). Note the promi-
nteont mononuclear cell ieifiltrationi and extracellular deposition of lipid and connective tissute matrix. Several elongated niluclei (probably ofsmooth
muitscle cell origin) are seetn deep in the intimal space (arrowhead). ne edge ofan aortic valve is seen in the zpper right side cortner. H&E, X200X

no treatment were 68 + 4.7, 29 + 4.7, and 39 ± 3
mg/dl, respectively, levels comparable with those
reported by other investigators13 (Table 1). Treating
the mice with CyA did not alter these lipid levels.
The effects of feeding the mice the atherogenic diet
on total and LDL plus VLDL cholesterol levels was
dramatic, especially in mice treated with CyA. The

exceptionally high total and LDL plus VLDL values
in the 1500 mg/dl range observed in the 135- and
168-day (immediate treatment) groups were quite
surprising and have not been reported in mice by
other investigators.

The HDL levels were not significantly altered by
the atherogenic diet or the CyA treatment.
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NII



1912 Emeson and Shen
AJP June 1993, Vol. 142, No. 6

Table 1. Effect of Cyclosporin A on Total, LDL Plus HDL and HDL Plasma Cholesterol in Mice Fed an Atherogenic Diet

Cholesterol (mg/dl) ± SE

Days Total LDL ± VLDL HDL
on
diet CyA +SE Oil ±SE CyA ±SE Oil +SE CyA ±SE Oil ±SE

135 1560* 237 141 7.9 1530* 242 105 7.9 26 8.0 36 4.0
(7) (7)

168 1460* 141 198 39 1450* 133 159 40.9 11 8.0 40 7.9
(2) (6)

310 225* 10.8 159 6.3 185t 16.3 145 3.7 40t 10.6 14 4.7
(5) (5)

0t 67 5.1 72 8 26 3.6 25 4.8 41 3.6 45 4.5
(1 1) (9)

0§ 68 ± 4.7 (15) 29 4.7 39 3.0

Number of mice in each group enclosed by parentheses.
* P < 0.01 when compared to oil controls.
t P < 0.05 when compared to oil controls.
t Age-matched controls.
§ No treatment.

Liver

To assess the possible role of CyA-induced liver
damage as a possible mechanism for the markedly
increased total and LDL cholesterol levels in the
CyA-treated mice, we obtained histological sec-
tions, liver weights, and liver chemistries from most
of the mice. The livers of mice given normal mouse
chow and control corn oil or CyA were normal in
size and brown in color and displayed no histologi-
cal abnormalities. The livers of mice fed the athero-
genic diet and treated with control oil were enlarged
and yellowish-tan in color. Histologically, the normal
hepatic architecture was preserved, but the cyto-
plasm of most of the individual hepatocytes was
distended by coalesced fat droplets, which in some
cells displaced the nuclei to the periphery of the
cells (fatty change). There were a few scattered ar-
eas of focal necrosis characterized by degenerat-
ing liver cells associated with a focal accumulation
of polymorphonuclear leukocytes or mononuclear
cells or both. The livers of mice given the athero-
genic diet plus CyA treatment showed similar
changes, but the changes were more extensive.
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There was no evidence of intrahepatic bile stasis in
the livers of any of the treatment groups. The extent
of the liver changes were reflected in their weights.
Mice fed normal mouse chow and treated with con-
trol oil or CyA had livers that weighed approximately
1 g at all three time intervals. Mice fed the athero-
genic diet and treated with control oil or CyA had
livers the weights of which were approximately dou-
ble and triple, respectively, those of mice fed the
normal mouse diet. Mean values of serum glutamic-
pyruvic transaminase (aspartate transaminase) and
serum glutamic-oxalic transaminase (alanine tran-
saminase), indicators of liver cell necrosis, did not
differ significantly among the various treatment
groups, although there was a great deal of scatter
of individ.ual data points. Mean serum albumin lev-
els, indicators of liver cell synthetic capacity, were
also comparable in value among the treatment
groups.

Other Significant Side Effects

We did not observe any other significant side ef-
fects that could have influenced the observed find-
ings. Food consumption and weight curves, for ex-
ample, did not differ significantly between treatment
groups.

Skin Allografts

To assess the efficacy of the CyA treatment in our
experiments, we skin-grafted 12 of the mice in the
310-day group using H-2-incompatible BALB/c ab-
dominal skin as the allografts. The CyA treatment
prolonged the skin grafts an average of 3.5 days in
both the normally fed and hyperlipidemic mice. The

0 2 4 6 8 10 12
Days Post-transplantation

Figure 7. Stunrvual ofBALBIC skini allograjts oni C57BL16 mice treated
with CyA or conttrol oil. There are six Pnice inz each grotup.
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differences in survival curves (Figure 7) have been
shown to be highly significant (P < 0.01) by the
Mann-Whitney U-test. These results are consistent
with those of others using CyA to suppress the re-
jection of H-2-incompatible trunk skin.19

Discussion
On the basis of on our own3 as well as other
studies1' 24-6 demonstrating the prominence of T
cells in the atherosclerotic lesions of human and ex-
perimental animals,20 we hypothesized that T cells
were important participants in the pathogenesis of
these lesions and not merely "innocent bystanders."
To test this hypothesis we attempted to inhibit
atherogenesis in our mouse model by treating them
with the potent T-cell suppressor CyA. The results of
these studies, however, did not support our hypoth-
esis. Although the dose of CyA used was sufficient
to obtain the expected prolongation of skin al-
lografts, this dose of CyA did not suppress the de-
velopment or progression of atherosclerotic lesions.

Other investigators have also attempted to study
the vascular response to injury in immunodeficient
animals. The previously cited studies of Jonasson et
a19 and Ferns et al10 on the effects of CyA on the
vascular response to injury yielded conflicting re-
sults. In the studies of Jonasson et al the CyA sup-
pressed the lesion by reducing smooth muscle cell
proliferation. More recent studies by Thyberg and
Hansson21 suggest that the inhibitory effect of CyA
on vascular smooth muscle cell proliferation in vivo
is due, at least in part, to a direct effect of the CyA
on these cells. In the studies of Fern et al10 the CyA
enhanced the progression of the lesion. In their ex-
periments there was a significant elevation of total
cholesterol in both the CyA-treated and control vehi-
cle (Cremophor-EL) animal groups. Ferns et al at-
tributed the conflicting results of the two CyA exper-
iments to the differences in animal species used
(rabbit versus rat), method of vascular injury (selec-
tive endothelial damage as opposed to balloon in-
jury, which also may injure the underlying medial
smooth muscle cells), and the doses of CyA (15
mg/kg versus 30 mg/kg). Our studies in the hyper-
lipidemic mouse model appear to be in agreement
with those of Ferns et al. Nevertheless, we believe
that there are several cogent reasons why it is not
possible to evaluate the role of T cells in atherogen-
esis based on the results of these three CyA stud-
ies. First of all, CyA does not completely suppress
T-cell immunity, as indicated by the numerous rejec-
tion crises that still occur in CyA-treated allograft re-

cipients.8 It is also possible that CyA could selec-
tively effect a subset of T lymphocytes, resulting in
a net enhancement of the immune-mediated pro-
cesses involved in atherogenesis. Metzger and
Peterson22 have demonstrated that the T-cell-
dependent23 pulmonary granuloma response in-
duced by Schistosoma mansoni eggs in mice is en-
hanced by CyA treatment. They suggested and
presented indirect evidence that this effect was
due, at least in part, to an inhibition of the genera-
tion of CD8 suppressor cell by CyA. Similarly, other
investigators have shown that CyA can augment the
pathologic responses in three experimental autoim-
mune disease models, the spontaneous autoim-
mune thyroiditis of obese chickens,24 collagen ar-
thritis in rats,25 and organ specific autoimmunity in
neonatally treated mice.26 In the latter studies, the
investigators suggested that the neonatal CsA treat-
ment caused a selective deficiency of T suppressor
cells that are normally involved in the down-
regulation of resistant self-reacting lymphocytes that
are relatively CyA resistant. Finally, there are multi-
ple nonimmunological side effects of CyA that could
have profound effects on lesion development and
progression. These include its ability to directly in-
hibit vascular smooth muscle cell proliferation,21 to
increase plasma lipid levels,27 to induce hyperten-
sion,28 to damage endothelial cells,29 and to alter
cytokine30 32 and endothelin production.33 Endo-
thelin is a peptide synthesized by endothelial cells
that stimulates vascular SMC proliferation in vitro
and arterial hypertension in vivo. CyA induces the
synthesis of endothelin in vitro by vascular endothe-
lial cells.33

In other relevant studies Hansson et a134 have
presented evidence in their balloon catheter and
nylon filament models of vascular injury in rats that
T cells inhibit the vascular response to injury. They
showed that in rats depleted of T cells by mono-
clonal antibodies or in athymic nude (rnu/rnu) rats
the lesions were larger than those in appropriate
controls. They suggested that the lack of IFN-y pro-
duction in the T-deficient rats removed an inhibitory
factor in the repair process, since treating normal
rats with balloon catheter injuries with IFN--y re-
sulted in smaller lesions and IFN-y inhibits the pro-
liferation of vascular smooth muscle cells in vitro
and in vivo.21,34 Similarly, Fukuo et a135 demon-
strated an increase in atherosclerosis in the aortas
of cholesterol-fed, thymectomized guinea pigs.
These latter investigators also suggested a mecha-
nism involving IFN-y. These studies again differ
from those of Ferns et al,36 who showed no signifi-
cant differences in size of balloon catheter-induced
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lesions in mu/rnu rats and their rnu/+ heterozygote
controls. Hansson et a134 concluded that the studies
of Ferns et al were not valid because "These stud-
ies were done in rats that were older and, therefore,
probably contained circulating T cells." Indeed, the
nude rat, like its murine counterpart, does posses
both mature and precursor T cells that increase in
number with age.37'38 An additional consideration is
the fact that although the vascular injury model is a
good one for the study of lesions resulting from an-
gioplasty, it may not be a valid one for the study of
naturally occurring atherosclerosis.
The marked increases in total and LDL plus VLDL

cholesterol induced by CyA in the 135- and 165-
day mice are remarkable and have not been previ-
ously noted. The more modest increases in the
CyA-treated 88- and 310-day mice have been ob-
served in both experimental animals39'40 and hu-
mans treated with CyA.27'41 Although the causes of
these alterations in plasma lipids are unknown, sev-
eral mechanisms have been suggested, including:
1) a CyA-induced reduction in the synthesis and se-
cretion of bile, which in turn decreases the excre-
tion of cholesterol;42'43 2) a CyA-induced decrease
in lipid breakdown due to a decrease in lipoprotein
lipase activity;44 and 3) CyA may interfere with LDL
receptor function.45 Of interest is the fact that the
CyA-induced elevation in total and LDL plus VLDL
cholesterol was only seen in the groups of mice fed
the high-cholesterol atherogenic diet and not in the
groups fed normal mouse chow. This suggests that
it may be possible to control the lipid-altering ef-
fects of CyA in patients by using low-cholesterol
diets.

Although most of the above evidence favors the
idea that T cells are not essential participants in the
pathogenesis of the atherosclerotic lesion, we be-
lieve that the final verdict is not in because of the
limitations of the models tested. We are currently
studying other, possibly more relevant, T-cell-
deficient murine models to further evaluate our
hypothesis.
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