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ABstrAacT Frozen sections prepared from human
aortic tissue containing fatty streak lesions were ex-
amined on a thermally controlled stage with a polar-
izing light microscope. Distinct birefringent droplets,
0.5-5 pm in diameter, were observed, many apparently
aggregated into clusters. The clusters were about 20 X
20 pm in diameter (the approximate size of foam cells).
Upon being heated, each smectic droplet exhibited a
sudden change of birefringence, indicating a change of
state. The transition temperatures were compared to
assess compositional distributions in the tissue. We
found that for 529, of the clusters the standard devia-
tion of the cluster’s droplet melting point distribution
was less than half that observed in the surrounding
microscopic field. If clusters were intracellular lipid
inclusions, this observation indicates that the lipid
composition within a foam cell is more homogeneous
than that of the overall field. However, using statistical
methods, we compared droplet melting populations from
cluster to cluster and found significant heterogeneity.
The observations can be interpreted to suggest that
many foam cells modify the cholesteryl ester fatty acid
composition of their accumulations by selective uptake,
temporal sampling, or chemical reaction. Furthermore,
the intercellular heterogeneity suggests that different
cells in the lesion may have different metabolic and
transport enzyme affinities or be in different states.

INTRODUCTION

The process of accumulation of cholesteryl esters in
the foam cell droplets of fatty streak atherosclerotic
lesions is not well understood. We have devised a
technique to observe lipid compositional differences

This work was part of the doctoral thesis of G. M. Hill-
man (1). A preliminary abstract of this work has been
reported (2).
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at the light microscopic level in the hope that know-
ledge of the distribution of compositional differences
in the lesion may reveal details of this process. In
visible fatty streak lesions, most of the accumulated
lipid is found in droplets 0.5-5 wm in diameter. We
showed, in a separate paper (3), that the molecules
of many of the droplets are organized into the liquid-
crystalline smectic mesophase and that this phase melts
in a thermotropic order-to-disorder transition near
body temperature. The transition temperature of each
droplet depends on its chemical composition and may be
observed as a specific thermotropic change in the bire-
fringent pattern of the droplet as seen in a polarized
light microscope. In this paper we present a study de-
signed to exploit the composition-dependent transition
temperature to map droplet compositional differences in
fatty streak lesions in situ.

Earlier compositional studies have involved gross
chemical analysis of the lipid fractions from lesions.
For instance, Smith and Slater extracted and analyzed
the lipid from regions obtained by microdissection of
raised fatty atherosclerotic plaques (4). These studies
revealed compositional differences between regions rich
in extracellular deposits and regions containing mainly
intracellular droplets, but more refined charactériza-
tions were limited by dissection technique and quantity
of material. In our approach the droplet melting be-
havior in frozen sections of fatty streak material was
examined on the thermally controlled stage of a polar-
ized light microscope. The spatial distribution of droplet
melting temperatures revealed organizational principles
not previously noted. Similarities in the composition of
lipid droplets within cells and differences in the com-
position of droplets between cells suggests mechanisms
involved in the process of lipid accumulation. Further-
more, this study suggests that there may be different
stages of lipid accumulation in the lesion that can be
characterized by the degree of droplet compositional
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variability within the lesion. Our approach permits an
investigation of these issues.

To begin our investigation, the questions we have
posed concern the distribution of compositional differ-
ences in the lipid droplets of fatty streak lesions at
different levels of organization. The levels chosen for
study were the individual droplets, the cell boundary,
the lesion boundary, and the individual aorta. At each
level of compartmentalization it was asked whether
the composition of the droplets were relatively uniform
with respect to that level and whether observed differ-
ences were real or coincidental.

METHODS

Source of material. The aortas from five individuals
were obtained at autopsy. The age, sex, and cause of death
for each individual are specified in Table I. No specimens
were taken at autopsies performed more than 24 h after
death. Immediately after removal from the body, the tissue
was placed in an 0.9% NaCl solution. In two cases it was
immediately removed from the saline for dissection. For
the rest of the cases it was stored for no more than a few
hours at 4°C and then dissected.

The dissection consisted of excising blocks of tissue from
the aorta. Each block contained about 3 by 2 mm of lumenal
surface and included fatty streak regions.' The blocks were
then placed in buffer A solution.?

Frozen sections. Within minutes after dissection, one
block from the buffer A solution was dropped into a plastic
beaker of hexane in thermal equilibrium with a cold bath
of dry ice and hexane. The procedure gives a very high
freezing rate. Meanwhile, the remaining blocks in the buffer
A solution were refrigerated at 4°C.

Sections 6 um thick were cut out on a Harris cryostat
(Damon/IEC Div., Damon Corp., Needham Heights, Mass.)
while the knife and chamber were kept at — 18°C. Usually
three sections were picked up per slide. One was unstained.
One was stained for 30 s in 0.03% toluidine blue. The other
was stained for 1-2 min with Oil Red O (E. I. du Pont
de Nemours & Co., Wilmington, Del.), prepared according
to the procedure of Putt (5). Toluidine blue stains nuclei
red and collagen blue. Thus, some cellular loci could be
identified by the nuclei. Unfortunately, toluidine blue did
not provide enough contrast to identify cell boundaries.
Toluidine blue, a water-soluble dye, did not seem to affect
the melting points of the lipid droplets. Oil Red O, which is
cholesteryl ester-soluble, stained the droplets red and
altered their melting temperature. Sections were mounted
in glycerol (which does not affect the lipid phases) on
glass slides and covered with cover slips. By the histo-
logical criteria defined elsewhere (3), each lesion examined
in this study was identified both macroscopically and micro-
scopically as a fatty streak.

A control experiment. To assess the effects of the freez-
ing techniques, a sample was carried through the entire
preparative procedure and monitored at different points by
X-ray diffraction and light microscopy. The X-ray diffrac-

1 The criteria used to define fatty streak regions are pre-
sented in a separate paper (3).

2 Buffer A: 0.155 M NaCl and 0.1 M Na,PO,, titrated to
pH 7.4 with HCL.
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TaBLE I
Catalogue of Specimens

Aorta
specimen  Age Sex Cause of death
1 34 F Laennec’s cirrhosis
2 25 F Suicide—poison
3 17 M Severe hemolytic
(Coombs-positive) anemia
4 26 M Electrocution
5 20 M Gunshot

tion equipment and techniques we used are described else-
where (1, 3). X-ray diffraction will reveal structural
changes in the lipid or the appearance of new structures.
An intima-media preparation containing fatty streak mate-
rial plus a drop of buffer A was sealed in a capillary and
examined by X-ray diffraction at 31°C. The sample ex-
hibited the characteristic cholesteryl ester smectic phase
pattern (3). When the sample was heated to 37°C, the in-
tensity of the (35 A)~* line diminished considerably, indi-
cating that much of the diffracting material had melted. The
sample was removed from the capillary and quick-frozen in
a beaker of hexane-dry ice bath. After 1 min, the frozen
tissue was removed from the beaker with cold tweezers and
placed on dry ice for 45 min, simulating the time spent in
the cryostat. Then it was thawed to room temperature,
resealed in a thin-walled capillary along with a drop of
buffer A, and re-examined by X-ray diffraction at 24.4°C.
The characteristic (35 A)™ low-angle Bragg reflection
reappeared. However, a few faint Bragg reflections not ob-
served before also appeared at smaller spacings, indicating
that the sample may have begun to crystallize. These crys-
tals could be brought into the smectic state by the appro-
priate thermal treatment (see below). A block of tissue was
cut from the same aortic specimen and frozen sections were
prepared from it. Most of the droplets melted between 36°C
and 40°C, in good agreement with the X-ray studies done
before the freezing step.

The microscope and temperature-controlled stage. A
polarized light microscope with a specially-built tempera-
ture-controlled stage was used to study the heterogeneity in
the phase transition temperatures of lipid deposits at the
cellular level. Frozen sections were observed on a Zeiss
RA microscope with a 40X achromat dry objective and 12.5
X Kpl eyepieces (Carl Zeiss, Inc, New York). Insertion
of crossed Polaroid polarizers (Polaroid Corp., Cambridge,
Mass.) into the optical system allowed us to study bire-
fringent material. Birefringent sign could be determined by
insertion of a quarter-wavelength plate into the system. The
microscope stage consisted of a large brass block through
which thermally controlled water circulated. A microscope
slide was placed in a groove on the stage and covered with
a brass plate that made thermal contact with the stage. The
stage itself was mounted on a Lucite block that provided
thermal insulation from the microscope. The specimen tem-
perature was calibrated from the measurement of melting
temperatures of compounds whose melting points. were de-
termined independently. Regulation was *0.2°C near 37°C.

Thermal scans. Unstained, unfixed frozen sections, when
first examined at room temperature under polarized light,
contained a substantial amount of birefringent material.
Most of the material was composed of irregularly shaped
objects about the size of droplets and was distributed in

1009



the approximate locations of the clusters observed in subse-
quent scans. There were only a few spherulites or droplets
exhibiting formée crosses in the field. If the sample was
then heated until all the birefringent material melted (42-
45°C) and then cooled back to room temperature, most of
the birefringence would return, but this time there would
be many spherulites exhibiting formée cross patterns.” What
appeared to have happened was that droplets that crystal-
lized during the quick-freeze step melted monotropically *
to the isotropic liquid phase upon heating. After cooling
they organized into mesophase states, and subsequent ther-
mal scans revealed the mesophase transition temperatures
of the droplets. A comparison of fields before and after the
melting step revealed no change in the general distribution
of birefringent material in the tissue, except that crystals
were replaced by droplets. Although it is not possible to
exclude it absolutely, it appeared that the crystals did not,
in general, merge to give larger droplets; there was no
rearrangement of cluster boundaries. Droplets observed
in freshly autopsied material that had never been frozen
were shown by X-ray diffraction to be in the smectic
state and not in a crystalline state (3). Thus, it seems rea-
sonable to suppose that heating scans subsequent to the
first one reveal phase behavior more closely resembling the
state in vivo than first heating scans after freezing. Hence,
statistical analyses were performed on subsequent heating
scans rather than initial ones.

Thermal scans were usually started at about 25°C. The
section was mounted on a microscope slide under a cover-
slip with glycerol. Thus, the specimen was not directly
exposed to the atmosphere and oxidative degradation was
kept at a minimum. The sample was photographed, heated
by an increment of 1.5-2.0°C, and photographed again.
It took less than a minute to heat the sample 2°C. Never-
theless, at least S min was allowed for the system to come
to equilibrium after each heating increment. Photographs as
a function of time revealed no further changes upon pro-
longed equilibration. The procedure was repeated until all
the droplets melted and then the system was cooled back to
the initial temperature. Cooling took about 30 min. After-
wards, the sample was photographed to demonstrate the
reversibility of the phase transitions. A scan takes about 2h
to perform. The last scan was completed within 15 h of
autopsy.

Data analysis. Pictures of the scan were taken on black-
and-white film. Three types of birefringent patterns
emerged: sharp bright spots, formée cross patterns (which
we call droplets), and diffuse, amorphous birefringence (see
Fig. 2). Patterns exhibiting the formée cross have in gen-
eral proved to be positively birefringent (7), although not
all droplets in the present study were examined with respect
to sign. This information, when combined with X-ray mea-
surements, has demonstrated a smectic organization. How-
ever, the possible existence of droplets in the nematic phase
cannot be absolutely excluded, since diffraction studies are
insensitive to the presence of such structures in tissues (3).
We interpret the droplets (having the formée cross) as be-
ing in the smectic state, although the arguments of this
paper do not depend on the correctness of such an inter-
pretation. The sharp spots probably arose from small smec-

3 A few droplets exhibiting formée cross patterns were
observed to form from birefringent material during heating.
Presumably this was due to the enantiotropic melting of a
few crystals to the smectic mesophase state.

4 See ref. 6 for a discussion of monotropism.
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tic droplets and the amorphous material was unidentifiable
but possibly material organized in the cholesteric phase (3).

The birefringent droplets were often observed to be
aggregated. If three or more spots or droplets were aggre-
gated into an area smaller than 20 X 20 um (the size of a
foam cell), the aggregation was called a cluster. In some
cases there were huge birefringent accumulations that con-
sisted of many small droplets and spots or one to several
large droplets (10-15 um in diameter) or just a large con-
tinuous irregularly shaped birefringent mass, 20-30 um
across. Such accumulations were classified as lipid pools.
Finally, spots or droplets that did not appear in a clearly
definable cluster were called isolated spots or droplets.

We interpreted both the loss of birefringent activity of
a spot and the deformation of the formée cross in a droplet
as arising from the melt of either object from the smectic
to a less ordered phase. Since the diffuse, amorphous bi-
refringent material probably was not in the smectic state,
the loss of its birefringence corresponds to a different phase
transition. Hence, amorphous component melting behavior
was deleted from statistical treatments. The size and smectic
melting point of every component was recorded and this
information was kept for each aggregation in the field. The
melting temperature of a cluster was defined as the average
melting temperature of its components.

Clusters might correspond to intracellular deposits. Al-
though the definition of a cluster is somewhat qualitative,

TaBLE 11
An Example of Raw Data from a Typical Scan
(from Aorta 5, Lesion 1, Field 2)

Droplet Spot Aggrega-
Aggregation Tm diameter diameter tion size
°C um um um X um
Cluster A 30.5 3.9
32.5 1.4 25 X 11
34.7 0.9, 1.4, 2.1, 3.6
35.4 1.6, 2.1
36.5 1.5, 2.5, 2.9
Isolated components
1 40.4 2.9
2 30.5 1.4
4 28.5 2.9
5 28.5 2.5
6 32.5 2.5
7 36.5 1.4
8 32.5 1.4
9 28.5 0.7
10 26.5 2.1
11 30.5 0.7
12 26.5 1.4
Summary of results.
n Tm°C o
11 droplets in the cluster 11 34.7 1.8
11 isolated droplets and spots in the field 11 31.0 4.3
22 total droplets and spots in the field 22 329 3.7

Human atherosclerotic tissue was examined by polarized light microscopy
in approximately 2°C intervals in a heating scan. At each interval endpoint
the tissue was allowed to come to thermal equilibrium and then it was
photographed. If a droplet or spot was visible at, for example, 30.5°C but
deformed or lost its birefringence at 32.5°C, we assign it a melting tempera-
ture (Tm) of 32.5°C and record its size in the appropriate column for drop-
lets or spots. The initial temperature for this scan was 24.5°C. In the sum-
mary, the average melting temperature and standard deviation of the com-
ponents within the cluster, outside of the cluster, and of the field are given.



in most cases, cluster boundaries were quite obvious (Fig.
2). The lipid pools consisting of many spots and droplets
might be either extracellular deposits or the intracellular
deposits of several aggregated cells. The melting points of
the components of such aggregations were included for
overall microscopic field analysis; however, because only a
few of these aggregations were observed, they were not ana-
lyzed further. Lipid pools consisting of huge (> 10 um)
droplets and spots or the large, irregular-shaped continuous
lipid pools could be extracellular deposits; alternatively,
they could be artifacts arising from knife smears or from
the freeze-melt preparation procedure. These lipid pools
were deleted from our statistical treatments. Lipid pools
were predominant in some fields. Many fields had none.
The birefringent areas not excluded on the basis of the
above criteria were used in the statistical analyses.

The compositional variability within clusters was analyzed
by comparing the melting points of the component droplets
and spots of one cluster with those of all the droplets and
spots in the photographic field surrounding the cluster. Sta-
tistically the comparison was made between the standard
deviation from the mean melting temperature of the drop-
lets and spots in the field. If the spread of the cluster’s

Ficure 1 Clusters and their morphological location. Human
aortic material was frozen-sectioned and observed under
quarter-wave polarizing conditions. Under such illumina-
tion, both birefringent material and the surrounding intimal
tissue may be observed. This photomicrograph, taken at
25°C, shows many birefringent droplets exhibiting formée
crosses. Note the cluster of formée-crossed droplets in the
upper right corner. Running diagonally, the striations of
the media begin in the upper left corner. The lumen is off
the picture but would be in the lower right corner.

Compositional Mapping of the Lipid Droplets in Fatty Streak Lesions

Ficure 2 Cluster boundaries. This is the same section as
shown in Fig. 1 except that it is under crossed-polarizing
illumination. Under these conditions only birefringent mate-
rial is visible, but there is better sensitivity. Many of the
formée-crossed droplets pictured in Fig. 1 have been over-
exposed here and appear as bright spots. Boundaries have
been sketched around droplets showing their apparent clus-
tering. Notice the amorphous material in the large cluster
centered at the bottom. This may be material organized
in the cholesteric state. Many of the large spots do not
exhibit formée crosses simply because they are out of focus.
In these thick sections, depth-of-field may be problematic.
The bar in the upper left corner delineates 10 um.

component melting point distribution curve was less than
that of the field, the cluster component melting distribution
was said to be more closely grouped than that of the field.

Table II contains the data obtained from a temperature
scan. The field contained only one cluster, which consisted
of 11 droplets. It was surrounded by 11 isolated droplets
and spots. Photographs were taken at approximately 2°C
intervals. When a droplet is reported to have melted at
32.5°C, it means that its birefringent pattern disappeared
within the range from 30.5° to 32.5°C. In this scan an inter-
mediate point was observed at 35.4°C, giving two approxi-
mately 1° intervals. The droplets are observed to melt
sharply, even within the 1° intervals. Table II (bottom)
shows the average melting temperature and the standard
deviation for droplets and spots in the cluster only, isolated
from the cluster, and in the entire field including the cluster.
In this study the standard deviation of the cluster melting
components was compared to that of the entire field. In
most fields the components of any given cluster constituted
only a small percentage of the total droplet and spot popu-
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lation in the field. Although the melting points of the drop-
lets and spots are not normally distributed, the standard
deviation is still a rough measure of the spread of the
melting point distribution. The ratio of the standard devia-
tion of the component melting distribution of the field to
the standard deviation of the cluster component melting
distribution was 3.7/1.8 =2.1, indicating the close grouping
of the cluster component melting points.

The compositional variability among clusters was evalu-
ated by determining the probability of significant difference
between two population distributions. There is no a priori
reason to assume a normal distribution for the melting
points of the droplets and spots. In fact, the overall distribu-
tion of melting points for the 599 droplets and spots was
skewed, leptokurtotic, and bimodal. Hence, the assumption
of normality for parametric testing was not fulfilled by our
data and we had to use nonparametric (distribution-free)
statistical tests to examine population differences. Our
sample populations were often small and unequal. There-
fore, we examined population differences using the Mann-
Whitney U test, a powerful nonparametric test applicable
to unequal sample sizes and to sample populations as small
as three (8).

64 clusters, composed of 599 droplets and spots, were
studied. The clusters examined were from 5 aortas, 7
lesions, and 12 fields.

RESULTS

Frozen sections were prepared from the fatty streak
lesions of five aortas and examined with a polarized
light microscope. One section appears in Fig. 1, illumi-
nated with polarized light and a quarter-wavelength
plate. The lumen, the intima, and a small part of the
media are visible in this photograph. Several birefrin-
gent droplets in the tissue displaying formée crosses
also appear. When the quarter-wave plate is removed,
the background tissue becomes completely dark and
only birefringent material is visible (Fig. 2). The
sharp spots and the droplets exhibiting the formée
cross configuration are accumulated cholesteryl esters
organized in the smectic state. The cluster boundaries
for this section have been sketched in Fig. 2.
Photomicrographs from the thermal scan of this
section are shown in Fig. 3. As the temperature was
raised, the crosses deformed and disappeared, and the
birefringence became diffuse. This was probably due
to a phase transition from the smectic to the cholesteric
phase. However, bright-field illumination revealed that

the droplets and spots remained intact. As the material
was heated further, the birefringent areas vanished
(Fig. 3b, c, d). The esters had melted into the iso-
tropic liquid phase, which is not birefringent. Again,
bright-field illumination showed that the droplets re-
mained intact. On cooling, the droplets regained their
original birefringent patterns, demonstrating that the
phase transitions were reversible (compare Fig. 2,
taken at 25°C after the scan, with Fig. 3a, taken at
27°C before the scan). Although the scan is shown at
4°C intervals, the sections were photographed and
analyzed at 2° intervals.

The accumulated lipid droplets appeared to be aggre-
gated into clusters about the size of foam cells. Careful
examination of the melting behavior of the field re-
vealed that, for many clusters, the constituent droplets
all melted sharply and exhibited similar phase transition
temperatures. This gave many clusters a well-defined
characteristic transition temperature. However, in the
same microscopic field, the characteristic transition
temperature varied from cluster to cluster by several
degrees.

To substantiate these observations statistically, the
photomicrographs clearly required the evolution of a
systematic method. The first task was to abstract the
information contained in the scanning photomicrographs
and to translate it into a usable form for data reduc-
tion. Birefringent material was classified by its distri-
bution (clusters, lipid pools, or isolated droplets and
spots), and then the clusters and pools were subdivided
into their component droplets and spots. The melting
characteristics of each of the components were then
recorded. The data were used to analyze the distribution
of droplet melting points within clusters and to com-
pare droplet melting point distributions from cluster to
cluster.

First, we examined whether or not the melting point
distribution of the droplets and spots in a cluster was
more closely grouped than the melting point distribu-
tion of all the droplets and spots in the field (area ob-
served in a scan). The standard deviation of the melt-
ing point distribution for the droplets in each cluster
was compared with the standard deviation of the melting
point distribution for the droplets and spots in the entire

Ficure 3 Thermal scan of human early fatty streak material. This scan was actually per-
formed at 2°C intervals, but for brevity photographs of every other point in the scan are shown.
(a) 27°C; (b) 31°C: notice the disappearance of the large cluster in the middle on the right
edge of the photomicrograph. The cluster has melted. Also, note the two adjacent large droplets
in the left lower portion. (¢) 35°C: One of these droplets melts. A cluster remains. in the
bottom right. (d) 39°C: The other large droplet melts and the cluster in the lower right
melts. Only a few droplets remain unmelted. After the heating scan, the sample was cooled to
25°C and the photomicrograph of Fig. 2 was obtained. Comparison of Fig. 2 with Fig. 3a,
the initial point of the scan, shows that the droplets and spots returned, thus demonstrating
the reversibility of the phase transition. Notice the return of additional droplets not seen at
27°C. Presumably these new droplets melt between 25°C and 27°C.

Compositional Mapping of the Lipid Droplets in Fatty Streak Lesions

1013



TasBLE 111
Intracluster Homogeneity: The Standard Deviation of a Clusier is Compared with That of Iis Surrounding Field

Cluster parameters Field parameters Cluster parameters Field parameters
olield ofield
Cluster* =t Tm§  cclustec] 27 Ta**  ofieldl aoluur) Cluster*  xf Twm§  gcluster]| ng Tm®*  ofieit (acl._uw
111 4.1.2
A 5 33.1 29 1.0 A 4 22.0 0 ©
B 6 360 L6 L9 B 7 220 0 9 256 61 ®
D oa oss oo M c s me s +0
E 3 pog 1 27 D 3 23.7 1.4 4.4
F 6 388 04 7.5 E 4 us 0 o
G 8 40.9 0.5 6.0 421
1.1.2 A 5 25.2 0.4 15.7
A 3 39.5 0 w B 6 371 3.9 29 32.3 6.3 1.6
B 3 %50 ® C 3 396 27 2.3
C 4 39.5 0 39 41.0 1.9 ®
D 6 40.5 1.1 1.7 4.2.2
E 6 41.2 0.8 2.4 A 9 33.8 4.9 22 3.7 5.0 1.0
F 3 415 2.0 0.9 5.1.1
g i ::: :g g:: A 8 307 25 1.6
I s 435 o - B 5 31.8 1.0 86 32.1 3.9 3.9
L3 C 12 32.3 3.4 1.1
A 4 340 o - D 9 34.0 4.6 0.8
B 5 344 09 3.1 E 6 18 17 2.3
C 7 36.6 1.2 71 37.8 2.8 2.3 5.1.2
D 3 36.7 3.1 0.9 A 11 34.7 1.8 22 32.9 3.7 2.1
E 8 37.1 3.1 1.6
F 5 37.3 2.2 1.3 5.2.1
G 6 37.8 1.6 1.8 A 5 26.6 1.4 2.7
H 17 41.0 0.9 3.1 B 6 28.7 1.3 29
2.1.3 C 6 29.2 0 99 31.9 3.8 ©
A 6 35 0 8 348 3.0 “ D 8 297 15 2.5
B 35.3 0.94 3.2 E 6 31.3 3.2 1.2
F 8 31.8 3.3 1.1
3.1.1 G 11 331 28 1.4
A 4 360 28 0.9 H 8 340 2.9 1.3
B 4 365 30 0.8 I 10 359 47 0.8
c 5 36.6 3.4 0.7
D 3 36.7 1.1 60 37.2 2.4 2.2 5.2.2
E 7 37.3 3.1 0.8 A 11 29.0 0 ®
F s 37.4 2.4 1.0 B 6 31.4 2.8 42 31.4 3.5 1.2
G 7 37.9 1.9 1.3 C 7 32.5 3.7 0.9
H 3 38.7 1.1 2.2 D 4 33.2 3.4 1.0
1 5 38.8 3.9 0.6 E 6 35.5 0 ©

*2.1.3" designates aorta 2, lesion 1, field 3. Letters refer to clusters.
1 Number of droplets and spots in the cluster.
§ Average melting temperature of the droplets and spots in the cluster.

|| Standard deviation of the droplet and spot melting temperatures in the cluster.

9 Number of droplets and spots in the field.
** Average melting temperature.

13 Standard deviation of the droplet and spot melting temperatures in the field.

field, and the results are shown in Table III. In 529,
of the cases otie1a > 20ciuster, indicating that the ma-
jority of clusters were considerably more closely
grouped with respect to their component melting dis-
tributions than the overall field.

Another way to demonstrate this relative homogene-
ity is to test whether the components of each cluster
may be random samples of a common imaginary parent
population. Thus, a null hypothesis test was used to
investigate intercluster heterogeneity. The melting point
distribution of every possible pair of clusters in a field
were compared by the Mann-Whitney U test of non-
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parametric statistics (8). The results for two charac-
teristic fields appear in Table IVa and b. The scores
have been converted to the probability that the two
cluster populations are random samples from an imagi-
nary parent population. If there is only a 59, proba-
bility that the two clusters were sampled from the
same imaginary parent population, then the two clusters
are said to differ significantly at the 59 level of
confidence. For instance, in Table IVa there is a 5%
probability that cluster A and cluster B are the same.
The ratio of the number of significantly different pairs
(that is, within the 59 level of confidence) to the



TaABLE IV
Examples of Pairwise Inter-cluster Comparisons

Probabilities
Cluster » Tm . B c D E F G H I
oC %

(a) From aorta 1, lesion 1, field 3.
A 4 340 0 50 08 15.9 1.7 5.0 1.0 02
B 5 344 0.9 1.1 234 1.9 4.8 1.0 0.1
C 7 36.7 1.2 734 562 51.6 19.7 0.0
D 3 36.7 31 412 65.3 516 1.7
E 8 37.1 1.8 71.2 478 09
F 5 373 22 646 0.2
G 6 37.8 1.6 0.1
H 17 410 0.9

(b) From aorta 3, lesion 1, field 1.
A 4 36.0 2.8 66.7 66.7 471.8 149 142 219 215 271
B 4 36.5 30 749 857 638 465 395 379 271
C 5 36.6 34 516 889 8.7 889 79.5 51.6
D 3 36.7 11 91.2 142 569 12.6 18.0
E 7 3713 3.1 928 569 497 373
F 5 374 24 682 453 3440
G 7 379 1.9 569 222
H 3 38.7 1.1 313
I 5 38.8 39

The cluster name, the number of droplets in the cluster (x), their average melting temperature (T.), and
the standard deviation of the component melting point distribution for each cluster in the field (¢) is given
on the left. The probability that a pair of clusters have the same component melting point distribution has
been determined by the Mann—Whitney U test. This probability for each pair of clusters isgiven as a per-
centage on the right. The cluster designations are simply for the designation of specific dusters and do not

refer to cluster types.

total number of pairs of clusters in the field is the
heterogeneity ratio and gives an index of the amount
of intercluster heterogeneity in the field. These ratios
are given in Table V. We found that the heterogeneity
ratios ranged from 16/28 to 0/36. The average hetero-
geneity ratio was 0.34.

Although the data is not extensive, it is possible to
make general comparisons of the transition behavior
of different aortas. We sampled the droplet and spot
melting point distribution of an aorta by combining
the data from all the fields we investigated in the aorta.
Clearly the sampling was problematic, since a distimct
minority of the lesions in the artery were considered.
With this qualification, aorta distributions were com-
pared pairwise by the Mann-Whitney U test and the
results are shown in Table VI.

DISCUSSION

The lipid droplets in human fatty streak lesions, when
heated, underwent thermotropic phase transitions that
we observed with a polarized light microscope. Drop-
lets isolated from the tissue and analyzed chemicafly

Compositional Mapping of the Lipid Droplets in Fatty Streak Lesions

were found to be almost pure cholesteryl esters (3),
as origmally reported by Lang and Insull (9}. This
suggested that the known mesophase behavior of syn-
thetic cholesteryl esters (6, 10, 11) may account for
the observed phenomena. Coordinated use of X-ray dif-
fraction (3) and polarized light microscopy (7) al-
lowed us to argue that the strongly birefringent drop-
lets under the microscope are im sitm Lipid droplets in
the smectic state. In the 2°C intervals of the heating
scan, some droplets first melted from the smectic phase
to a state that exhibited a diffuse hirefringent pattern
and then at higher temperatures melted to a non-
birefringent state, while other droplets simply appeared
to melt directly into the mombirefringent state. On the
basis of kmown cholesteryl ester behavior (6, 10, 11),
we interpreted the diffuse birciringent pattern as aris-
ing from droplets orgamized m the cholesteric state
and the nonbirefringent pattern as arising from drop-
lets orgamized in the isotropic liguid phase. The droplets
that appeared to melf directly frem the smectic state to
the liquid state pressmably bad 2 cholesteric tempera-
mrermgetoomrmtobedwvedwﬂharc
scanning interval.
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TaBLE V
Summary of the Intercluster Heterogeneity
Mann-Whitney U Tests

Heterogeneity

Scan number* ratio}
1.1.1 10/21
1.1.2 6/36
1.1.3 16/28
2.1.3 1/1
3.1.1 0/36
412 1/10
421 2/3
5.1.1 3/10
5.2.1 18/36
5.2.2 4/10

The component melting point distribution for one cluster in
a field was compared to that of another cluster in the field by
the Mann-Whitney U Test. The test yields the probability
that the two populations are random samples of a larger,
imaginary parent population. If the probability is 5% or less,
the pair is considered significantly different. All possible pairs
of clusters are compared in each field. The heterogeneity ratio
is given by the number of pairs significantly different divided
by the total number of pairs in the field. For instance, scan
1.1.3 (see Table IVa) has 16 pairs of clusters whose droplet
melting point populations differ significantly at the 5% level
of confidence out of a possible 28 pairs of clusters. Its hetero-
geneity ratio is 16/28.

* (aorta). (lesion). (field).

$ (Number of pairs significantly different at 5% level)/(total
number of pairs tested in the field).

Mapping compositional differences. There is much
evidence that the droplet melting temperature reflects
the cholesteryl ester fatty acid distribution of the drop-
lets. First, it was shown that the droplets are almost
entirely cholesteryl esters (9). Second, the sharpness
of the melt (<1°C) demonstrates that the droplets
are composed of a homogeneous solution capable of a
highly cooperative transition. Such a solution would
have to be relatively free from impurities that would
distort cholesteryl ester mesophases. Krzewski and
Porter (12), studying the binary phase diagrams of
three pairs of cholesteryl esters, found that cholesteryl
ester mixtures form homogeneous solutions. Third,
they also found in binary systems that mesophase tran-
sition temperatures are a linear function of molar com-
position (12). This suggests that the melting tempera-
ture of a multicomponent system would also reflect an
averaging of the constituent properties. The smectic
transition temperature ranges from 33°C to 39°C for
a binary system of cholesteryl linoleate and cholesteryl
oleate, the major esters found in atherosclerotic lesions.
Addition of other esters could readily extend this range
to the 20°C—45°C melting range observed for smectic
droplets in the tissue.

1016 G. M. Hillman and D. M. Engelman

Although the melting temperature alone may not
reveal the chemical composition of the droplet, differ-
ences in droplet melting temperatures reveal the pres-
ence of compositional differences. Thus, we were able
to use the temperature of the transition from the smectic
phase to obtain compositional distribution maps of the
tissue.

Compositional differences at the cellular level. When
visible early fatty streak material was subjected to
embedding, sectioning, and staining treatments (which
may affect lipid structure), it was possible to differ-
entiate between intracellular and extracellular deposits.
Such studies showed that most of the lipid of the visible
fatty streak was intracellular (13), a finding confirmed
in electron microscope studies (14). We attempted and
failed to stain cell boundaries on parallel sections by
localization of the plasma membrane enzyme 5-nucleo-
tidase (15). Nevertheless, the droplets in a cluster are
about the size of foam cells. Furthermore, the defined
clusters seen must arise from some constraining force
that localizes them in small areas of the tissue. The
obvious existence of constrained regions and the char-
acterizations done by others using light and electron
microscopy led us tentatively to conclude for purposes
of interpretation that the clusters are intracellular
deposits.

Droplets that appeared to be in foam cells also
appeared to have similar melting temperatures. For 529,
of the clusters, the standard deviation of the cluster
component melting distribution was less than half the
standard deviation of the overall field component dis-
tribution. This implies that in the majority of the foam

TaBLE VI
Pairwise Comparisons between Aortas

Probabilities||

Aorta n* Tmi of 5 2 3 1
°C %
4 99 29.0 6.7 0.01 0.00 0.00 0.00
5 132 31.7 3.3 0.01 0.00 0.00
2 52 34.3 2.7 0.00 0.00
3 77 37.3 24 0.03
1 146 38.8 2.9

* Number of droplets and spots from the combined lesion
populations observed in the aorta. Lesion populations arose
from the combined droplet and spot populations of the fields
observed in each lesion.

1 Average droplet and spot melting temperature in the aorta.
§ Standard deviation of the droplet and spot melting tempera-
tures in the aorta.

|| Aorta populations were compared by the Mann—-Whitney U
test and the resultant probability that the droplet and spot
melting point distributions in two aortas were the same is
shown here.



cells (clusters) the chemical composition of their drop-
lets was more homogeneous than the composition of
the droplets in the surrounding field. Thus individual
foam cells appear to regulate the cholesteryl ester fatty
acid composition of their lipid inclusions, either through
selective transport or modification.

While the droplet population within a foam cell
appeared to be relatively homogeneous, the average
melting temperature from foam cell to foam cell often
differed by several degrees. To test whether these dif-
ferences were significant, cluster droplet populations
were compared by tests of the null hypothesis. Because
no assumptions could be made concerning the melting
point distribution of the droplets in the tissue, inter-
cluster heterogeneity was examined by means of non-
parametric (distribution-free) statistical methods. Be-
cause sample sizes were often small and unequal, the
Mann-Whitney U test (8) was used to compare pairs
of cluster component melting distributions.

At the 59 level of confidence, 329, of the possible
cluster pairs were significantly different for the entire
study. One would not necessarily expect 1009, hetero-
geneity from these studies. That there was hetero-
geneity in every field but one and that in one field it
ranged up as high at 579, is significant. This hetero-
geneity, if intercellular, implies that cells modify their
cholesteryl ester fatty acid composition differently. This
would argue against a monoclonal origin of foam cells.
Alternatively, it may imply that the cells are in differ-
ent stages of an ester modification process.

The question of intracluster homogeneity and inter-
cluster heterogeneity are related. Since the melting
point distribution within most clusters was narrower
than the melting point distribution of the surrounding
droplets, and since the surrounding droplets included
many droplets that constituted other clusters, it is
likely that cluster distributions should differ. Our re-
sults show that the heterogeneity of cluster behavior is
greater than expected from random segregation. If
clusters are intracellular deposits, the mechanism pro-
ducing the heterogeneity may be one or a combination
of three possibilities: (a) The cell regulates its droplet
composition by the selective uptake of serum lipopro-
teins of a restricted range of fatty acid spectra. (b)
The cell modifies the composition of the droplets
through intracellular catabolism and anabolism of cho-
lesteryl esters. (c) The cell incorporates cholesteryl
esters during a restricted time period, thus sampling
compositional fluctuations in the serum. Others have
suggested the existence of cellular mechanisms to modify
the cholesteryl ester fatty acid distribution in fatty
streak lesions (4, 9, 13). The suggestions were based
on the fact that the cholesteryl oleate: cholesteryl lino-
leate ratio was higher in lipid extracted from fatty
streak lesions than in lipids extracted from serum lipo-
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proteins. Postulates for these mechanisms must now
explain the existence of compositional heterogeneity
as well.

Preliminary examination of droplet melting popula-
tions within lesions has revealed the existence of both
heterogeneous and homogeneous regions. Furthermore,
when droplet melting distributions were compared be-
tween lesions of the same aorta, some were found to
be heterogeneous. Interlesion heterogeneity suggests
that there may be different kinds of lesions or that
the lesions may be in different stages of development.
Intralesion heterogeneity may arise from the fusion of
two different types of lesions or may reflect a lesion in
transition from one state to another. Finally, when
aorta droplet melting distributions were compared, all
aortas in the study differed significantly at the 39
level of confidence. Perhaps this arose from differences
in dietary habits and metabolic activities between in-
dividuals. Aorta heterogeneity is supported by the X-
ray diffraction studies (3). The wide range of average
melting temperatures observed for fatty streak materials
from different aortas reflects the heterogeneity observed
among aorta droplet populations. The present study is
too restricted to attempt correlations with epidemio-
logical parameters known to be significant in athero-
genesis. A possible future course would be to broaden
the study to discover whether, for example, the dis-
tribution of transition temperatures in an artery can be
related to such parameters.
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