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INTRODUCTION

The high in vitro radiosensitivity of the mucopoly
saccharide matrix of connective tissue was demonstrated 
by Brinkman and Lamberts in 1961 in experiments in
volving changes in membrane permeability (1). Their 
data revealed that the permeability of a relatively 
crude, multilayered preparation of connective tissue 
could be affected by doses as low as 5r. This sensitivity 
was attributed to a depolymerization of the mucopoly
saccharides of the connective tissue in a review by 
Brinkman of both in vitro and in vivo studies. Changes 
in permeability in connective tissue membranes as a 
result of treatment with Ba^^SO^ were also noted by 
Brinkman in this review who suggested that the sensi
tivity of this matrix might be greatly influenced by 
small concentrations of Ba^^ binding with the mucopoly
saccharide molecules themselves. This binding within 
the macromolecules would greatly decrease the dose neces
sary to effect depolymerization (2). Dunstone demonstrated 
that the alkaline earth series of elements were capable 
of such binding. The relative affinities for Ca, Sr, 
and Ba were seen to increase in the order 2 to 3 to 4 
and were most apparent in chondroitinsulfate A (3). The 
effects of such an increase in permeability in connective



tissue membrane might not seem of vital importance. 
However, if the connective tissue of the aorta and 
particularly the acid mucopolysaccharide component 
of this tissue is considered, the consequences become 
more readily apparent.

The sensitivity of the vascular system to irradi
ation has been demonstrated by a variety of authors.
An extensive review of the literature relating to this 
subject prior to 1942 is provided by Warren (4). Rhoades, 
in 1948, reported that changes in the collagen content 
were most characteristic following treatment with ex
ternal or internal irradiation (5). However, her re
port primarily discussed changes apparent in the tunica 
adventitia. A study of the medial portion of elastic 
arteries of irradiated mice by Smith and Loewenthal in 
1950 indicated changes comparable to aging. An increase 
in the amount of ground substance, and numbers of inter- 
lamellar fibers, as well as raggedness and fraying of 
the elastic membrane were among the changes noted (6).
The first detection of aortic injury in man due to ir
radiation was reported by Thomas and Forbus in 1959.
This injury manifested itself as a localized necrosis 
of all layers of the aortic wall, an increase in the 
amount of connective tissue, and the localized appearance 
of a fibrous plaque (7). These latter two responses are

2



3

reminiscent of changes noted in separate articles by 
Taylor (8), and Bunting and Bunting (9) in 1953 and 
again by Wexler et al. in 1960 (10). Lindsay, in 1962, 
was able to induce atherosclerosis in dogs by irradi
ation of the abdominal aorta which could not be distin
guished from spontaneous atherosclerosis. This effect 
was attributed to a depolymerization of the mucopoly
saccharide matrix within the vessel wall (11).

Lamberts has also studied the effects of irradi
ation on the vascular system (2). These effects were 
demonstrated both mechanically and histologically. 
Mechanically, the effects manifested themselves as a 
decrease in injection pressure of the medial portion of 
the bovine aorta. This decrease in injection pressure 
and the increase in permeability that is implied was at
tributed to the X-ray depolymerization of mucopoly
saccharides. Histologically, the pathogenic conse
quences of this change in permeability were investigated. 
The following effects were seen in irradiated carotid 
arteries of hypercholesterolaemic rabbits :

a) Deep infiltration of lipids.
b) Deposition of "foam cells" in the intima, 

resulting in plaque formation.
c) Degeneration of the elastic tissue.
d) Degeneration of the smooth muscle.
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Similar changes did not occur in control animals.
The results of these experiments on the vascular

system, together with previous work on connective tissue
itself, prompted Lamberts, in conjunction with Van Andel,
to initiate animal experiments to study the deposition 

140of Ba SO^ in the rat. In addition to accumulation in 
bone, a periodic accumulation was observed in the aortic 
tissue (12). This was in agreement with an earlier in
vestigation which had analyzed natural accumulation of 
Ba in human aortic tissue and the accumulation of Ba^^ 
in different soft tissues of rats (13). The periodicity 
observed in the later experiment was explained by 
Lamberts in terms of maximum permissible body burden.
He postulated that the observed periodicity was a re
sult of the radiation reaching a value sufficient for 
the destruction of the "deposition factors" and causing
the elimination of the isotope from the wall of the

85tissue. The sulfate of Sr , which has a much higher 
maximum permissible body burden exhibited no such per
iodicity during its accumulation. However, injection 

89of Sr SO^, with a maximum permissible body burden in
140the same range as Ba , did exhibit a similar periodic 

deposition (14). As a result of these findings, further 
experimentation on the relationship between atherosclerosis 
and the deposition of radioactive Ba and Sr was suggested.
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Evidence from other sources also indicate that 
further investigation of this relationship is justified.
A relationship between atherosclerosis and internally 
deposited radiocalcium was reported by Elkeles in 1961 
and again in 1966. In his first report, higher alpha 
activities were measured in calcified human aorta than 
in other soft tissues. The difference was attributed 
to preferential deposition at this site by members of 
the alkaline earth series (15). In his later publication 
a relationship between atherosclerosis and the amount of 
radioactive calcium within the vessel was noted. There 
was a demonstrated increase in alpha activity in both 
the abdominal aorta and the coronary arteries of humans, 
but the activity declined in the pulmonary arteries, 
which are usually not affected by atherosclerosis. From 
this evidence, it was postulated that the deposition of 
calcium and the increase in radioactivity create subtle 
changes in the connective tissue of the arterial wall (16). 
Similar increases in alpha activity were noted by Cohen 
in studies of two former radium dial painters in 1967 (17). 
No studies have been made directly on the changes effected 
in the aorta by the accumulation of radioactive alkaline 
earth metals at this time.

The present study was prompted by an apparent lack 
of information in this area. The objective of this
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study was to determine if there are pathological changes 
similar to atherogenesis related to the deposition of 
radioactive alkaline earths within the aorta. Attention 
is devoted to changes apparent in the abdominal aorta 
of the male rat because of locational and sexual vari
ations associated with atherogenesis. The changes to 
be studied are of two types. First, a variation in wall 
thickness, and second, a quantitative and qualitative 
change in the components within the wall itself. These 
latter changes will be analyzed histologically. Strontium 

\ in the form of Sr̂ ~* + Sr^ was chosen for this study
because of availability.



MATERIALS AND METHODS

General:

Holtzman strain male rats were used in this inves
tigation. Each weighed approximately 225 gms. Food1 
and water were provided ad libitum. The experimental
animals were injected interperitoneally with 7.53 juC of 
_ 85 „ 89Sr + Sr , xn the form of SrCl2, in an isotonic saline 
solution. Analysis of a sample indicated a specific 
activity of 0.390 ;uC/ml. for Sr85 and a specific activity 
of 0.363 LiC/ml. for Sr . This low specific activity 
made a single dose impossible. The total dose was frac
tionated over a period of ten days. The control animals 
received interperitoneal injections of isotonic saline 
over the same period of time. The animals were sacri
ficed at intervals of 16, 30, 58, 87, 101, 122, 143, and 
157 days following the final injection.

Histology:

After the proper time interval, each animal was 
placed in a jar containing ether in a high concentration 
and kept there until respiration ceased. The body cavity
1 — ---------------------------------The diet consisted of Purina Rat Chow.
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was opened, the abdominal aorta removed, and immedi
ately fixed in 10% buffered formalin. Following de
hydration and clearing procedures (18), all tissues were 
embedded in paraffin and sectioned at 6 microns.

A portion of these sections were stained with 
alcian blue-periodic acid-Schniff reagent. The sections 
were subsequently examined for morphological changes.
This stain also makes evident changes in both acid and 
neutral mucopolysaccharides (19).

Additional sections were stained with toluidine 
blue to provide material for the study of changes in 
the acid mucopolysaccharides (19).

The remaining sections were stained with Van Gieson's 
picrofuchsin. This particular stain is used to demon
strate alterations in collagen content within the aorta (19).

Final mounting in permount preceded the study of 
the sections.

Wall Thickness;

In addition, the portion of the sections stained 
with Van Gieson’s picrofuchsin were examined for any 
variation in wall thickness between experimental and 
control series. Only the medial and intimal portions 
were measured. Sites were selected where a clear
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demarcation existed between the adventitial and medial 
portions of the wall. The sections stained with Van 
Gieson’s picrofuchsin were selected because the de
marcation seemed to be most evident under these conditions. 
The measurements were made with a Bausch and Lomb eye
piece micrometer calibrated to the nearest .01 millimeter.

Statistical Procedure;

The difference in wall thickness between the ex
perimental and control animals of the same group were 
examined for significance using the t-test. The t values 
were computed using an Olivette-Underwood Programme 101.
P values were determined using statistical tables (20).
A value of P of <.05 was regarded as significant.



RESULTS

Wall Thickness:

The variation between the experimental and control 
series is seen in Fig. 1. Each point represents the 
mean thickness in millimeters for each series. The 
values obtained for each series together with the t 
values and level of significance is provided in Table 1. 
It can be seen that a significant increase in wall 
thickness is observed at 16 days after final injection. 
In the interval between 16 and 101 days post—injection, 
both experimental and control series showed an increased 
wall thickness. Although the experimental series con
tinued to be significantly thicker during this time 
interval, the rate of increase in thickness appeared 
to be greater in the control series. At 101 days the 
variation in wall thickness was no longer significantly 
greater in the experimental series. In the remaining 
interval, between 122 and 157 days, the control series 
seemed to remain constant or increase slightly. During 
this same interval, the experimental series decreased 
in thickness. Analysis of both series from 122 to 157 
days post-injection revealed that the control series 
was significantly thicker during this interval.
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Histology;

1§. days post-injection; The earliest changes were asso
ciated with the media and the internal elastic membrane. 
The elastic fibers in the media appeared to have a less 
orderly pattern than the controls at the same time 
interval. Some areas of these fibers seemed fragmented. 
The smooth muscle cells between fibers appeared to be 
slightly altered in size and shape and more randomly 
oriented. The ground substance of the media appeared 
vacuolated in some regions and there was also an increase 
in the amount of ground substance (Fig. 2). At this 
time no increase in acid mucopolysaccharide content, 
either local or diffuse, was found. The internal elastic 
membrane in most instances was thicker and hyalinized. 
There were isolated instances when the internal elastic 
membrane appeared to be absent from an area. These 
areas contained a greater amount of ground substance 
and were more vacuolated than other areas of the same 
section (Fig. 3). In addition to the changes apparent 
in the media and internal elastic membrane, an increase 
in the number of fibroblasts was seen in the adventitial 
layer of the experimental series. The control series 
appeared normal at this time (Fig. 4).
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30 days post-injection: At this time very discrete 
changes in the control series were evident. There 
appeared to be an increase in the cellularity. This 
increase was not as evident as in the 16 day experimental. 
The elastic layers in the media maintained the normal, 
parallel arrangement seen in the earlier control series.
A slight increase in the amount of ground substance, 
but with no observable change in the acid mucopoly
saccharide content was noted.

In the experimental series the first local increase 
x in acid mucopolysaccharide content was observed immedi
ately below the internal elastic membrane. The internal 
elastic membrane was, at times, indistinct and fragmented. 
Many areas within the internal elastic membrane appeared 
to be in the process of degeneration and regeneration. 
Duplication of the internal elastic membrane was also 
observed. The cellular elements within the media, in 
many cases, appeared oriented at right angles to the 
internal elastic membrane. In addition to changes 
in orientation, the number and type of cellular elements 
appeared to change. This manifested itself as a de
crease in the number of smooth muscle cells and a 
proliferation of fibroblasts. The remaining smooth 
muscle cells appeared to be larger than in previous



series. The media appeared to be vacuolated in the 
regions of fibroblastic proliferation. These changes 
were most apparent in the areas in which an increase 
in acid mucopolysaccharide content was observed.

58 days post-injection: The controls continued to 
show slight alterations with age. A small number of 
smooth muscle cells continued to predominate and no 
fibroblastic proliferation was evident. In addition, 
the amount of ground substance in the media appeared 
to have increased. However, no local or diffuse in
crease in acid mucopolysaccharides content was observed.

The experimental group exhibited an additional 
increase in the amount of acid mucopolysaccharides 
present when compared to the 30 day experimental series. 
This increase continued to be in the intimal region and 
the area of the media directly adjacent. In addition, 
the first appearance of intimal thickening related to 
fibroblastic proliferation appeared. The ground sub
stance in this area was composed almost entirely of 
acid mucopolysaccharides. The media continued to 
appear vacuolated in many areas. The elastic fibers 
were decreasing in number and becoming more fragmented 
than in previous series. The internal elastic membrane 
also appeared to be degenerating in certain areas. In

13
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the regions of fibroblastic proliferation, the internal 
elastic membrane had reduplicated one or more times.

§2. ^ays post-injection : Only one control animal was 
available from this group. The other control animals 
died earlier from what appeared to be a respiratory 
disease. The single control animal also suffered from 
this disease but was sacrificed before it could die.
The aorta from this diseased animal exhibited many 
changes noted in the experimental series. There was 
a slight increase and localization of acid mucopoly
saccharides in the media. In addition, there appeared 
to be fibroblastic proliferation in the media and 
adventitia, as well as intimai thickening. Duplication 
of the internal elastic membrane appeared in conjunction 
with the fibroblastic proliferation. Although these 
changes were quite similar to changes noted in the 
experimental series, they were not as pronounced or 
advanced as the experimental group of the same time 
period.

The number of elastic fibers in the experimental 
group appeared to have decreased. Fraying and frag
mentation of these fibers were also noted. The internal 
elastic membrane continued to degenerate and duplicate 
in many areas. A small amount of intimai thickening
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was also noted in these regions. The most obvious 
changes were observed in the medial portion of the wall. 
The amount of acid mucopolysaccharides both local and 
diffuse had increased noticeably. The increase, as in 
the previous series, was in the portion of the media 
adjacent to the intima. The media continued to be 
vacuolated in many areas.

101 days post-injection: Sections from control animals 
at this interval revealed areas which completely lacked 
an internal elastic membrane (Fig. 5). These areas ap
peared very similar to areas in the 16 day post—injection 
experimental group. The media appeared thicker and more 
vacuolated in these areas. There appeared to be a slight 
increase in the amount of acid mucopolysaccharide present. 
However, there was no localization of this component.
The elastic fibers within the media appeared fragmented 
and less oriented than earlier controls. There also 
were changes in the cellular elements. The smooth muscle 
cells appeared to have increased in size and the shape 
of many smooth muscle cells appeared to have been 
altered. These cells apparently had become more rounded 
than the typical smooth muscle cell, orientation was 
also irregular and an increase in the number of fibro
blasts was apparent.
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The media in the experimental series seemed to 
be more vacuolated than previous experimentals. The 
elastic fibers appeared to be joining in many areas, 
closing these areas off from the rest of the media.
These enclosed areas were either totally vacuolated 
or filled with acid mucopolysaccharides to varying 
degrees (Fig. 6). The smooth muscle cells had become 
more rounded and abnormal in appearance. These rounded 
cells and fibroblasts appeared to predominate.

122 days post-injection: Control sections revealed 
a slight proliferation of fibroblasts in the media 
and in the area above the intima for the first time.
In the area of intimal thickening, there was a dupli
cation of the internal elastic membrane and a slight 
increase in the acid mucopolysaccharide component of 
the ground substance. There appeared to be an increased 
number of abnormally shaped smooth muscle cells. The 
normal smooth muscle cells that remained were larger 
than in previous control series.

Examination of the experimental animals revealed 
an apparent increase in the amount of acid mucopoly
saccharides over previous series. These increases 
were particularly noticeable in the area just below 
the intima. Pools of acid mucopolysaccharides, enclosed



by elastic fibers, were again noted. Very few normal 
smooth muscle cells appeared in these sections. The

17

two most predominate cell types of this group were 
fibroblasts and the large altered smooth muscle cells. 
Fewer elastic fibers were visible than in previous 
sections. Many of the fibers still visible appeared to 
be degenerating.

113 days post-injection: The elastic fibers in the 
control group appeared to be fragmenting and degenerating 
as previously noted in earlier experimental series. There 
was some duplication of the internal elastic membrane.
The media appeared to be vacuolated in some areas. There 
also appeared to be an increase in the amount of acid 
mucopolysaccharides present. No large proliferation of 
fibroblasts seemed to have occured. However, there was a 
slight increase in the number of these cells over the 
previous control. The smooth muscle cells continued to 
predominate. An increasing number however, had assumed 
an altered appearance.

Very few smooth muscle cells were visible in the 
experimental sections. As in the previous experimental 
series, the cellular elements which predominated were 
fibroblasts and altered smooth muscle cells. The elastic 
fibers seemed to have degenerated further and the media
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was still vacuolated in many areas. The ground sub
stance of the medial layer appeared divided into two 
distinct halves. The half closest to the intima con
tinued to show an increase in the acid mucopolysaccharide 
component. This area appeared to be composed almost 
entirely of this substance. In contrast, the half 
closest to the adventitia was composed entirely of PAS 
positive material. There was no indication of any 
acid mucopolysaccharides in this area. This latter area 
seemed to become more vacuolated as it approached 
the adventitia. In many areas the elastic fibers had 
degenerated in such a manner that the media and the 
adventitia in these regions were barely distin
guishable (Fig. 7).

I.5.7 daYs post-injection: Smooth muscle cells in 
the control sections seemed to have decreased in 
number, as noted in earlier experimental series. The 
media appeared vacuolated in many areas and the elastic 
fibers appeared to have degenerated slightly. An 
increase in acid mucopolysaccharide content was ap
parent. This increase was associated with the elastic 
fibers (Fig. 8). In addition, there were areas of 
intimal thickening and duplication of the internal
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elastic membrane associated with fibroblastic pro
liferation.

The total acid mucopolysaccharide content 
seemed to have increased over the previous experi
mental series. Further changes in the media were 
also apparent. Only 2 or 3 elastic fibers were ap
parent. Degeneration and duplication of the internal 
elastic membrane were visible in many areas. Pools 
of acid mucopolysaccharides enclosed by elastic 
fibers were visible in some areas (Fig. 9). In some 
areas the metachromatic acid mucopolysaccharides 
seemed to form a halo around the fibroblasts which 
were also enclosed within the elastic fibers (Fig. 10). 
Many of the cells immediately below the intima ap
peared extremely large. These cells were quite similar 
to foam cells in appearance. There was also evidence 
of cell migration into the intima (Fig. 10).
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Figure 1. Variance in aortic wall thickness in experi
mental and control series.

Time in days after final injection

Experimental Control -



Table 1. Variance in aortic wall thickness in experimental and control series.

Control Experimental t P
N Mean thickness N Mean thickness

Group 1 27 .076±.002 36 .0091.004 4.690 .001
Group 2 27 .082±.002 45 .1101.002 8.564 .001
Group 3 27 .1031.004 36 .1141.003 2.166 .025
Group 4 9 .0971.005 18 .1231.004 3.915 .001
Group 5 18 .1141.004 36 .1211.002 1.392 .200
Group 6 15 .1091.003 27 .0981.002 2.258 .025
Group 7 15 .107+.003 45 .0921.002 3.615 .001
Group 8 18 .1131.002 18 .09H.002 5.763 .001

All measurements are expressed in millimeters
l\ )
Hi
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Figure 2. 16 day post-injection experimental
Alcian Blue-PAS X 500
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Figure 3. 16 day post-injection experimental
Alcian Blue-PAS X 250





Figure 5. 01 day post-injection control 
Alcian Blue-PAS X 180



Figure 101 daY post-injection experimental 
Alcian Blue-PAS X 320



Figure 7. 43 day post—injection 
Alcian Blue-PAS X 500

experimental
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Figure 8. 157 day post-injection control
Toluidine Blue X 500



Figure 9. 157 day post-injection experimental 
Alcian Blue-PAS X 312





DISCUSSION

The changes in wall thickness observed in the ex
perimental and control series are extremely interesting. 
This is especially true in the later exposure inter
vals when the experimental series becomes significantly 
thinner than comparable controls. Histological exami
nation suggests that this change may be associated with 
the changes which occur in the ground substance. This 
relationship is demonstrated by examination of the 101 
and 143 day experimental groups. It appears in these 
intervals that the ground substance of the media ad
jacent to the adventitia has gradually changed in com
position to become similar to the adventitial layer.
With the degeneration of the elastic fibers separating 
these two layers, it is difficult to distinguish the 
media from the adventitia in these areas. This apparent 
transition would provide an explanation for the de
crease in wall thickness in the experimental series 
during this time.

In the vast amount of literature dealing with 
changes which occur in the process of atherogenesis, 
particularly the initial phases of this disease, there 
are several changes mentioned consistently enough to be
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called common features. Not only are these features 
found in both spontaneous and induced atherosclerosis 
but also occur during the natural aging process. The 
relationship between aging and atherogenesis is still 
unresolved at this time. Nevertheless, that such a 
relationship exists is apparent.

Fragmentation, duplication, and hyaline swelling 
of the internal elastic membrane is consistently found.
An increased amount of ground substance, particularly 
acid mucopolysaccharides, is very often associated with 
these alterations. An accumulation and localization of 
acid mucopolysaccharides directly below the intima has 
been noted consistently in the initial phase of athero
genesis (10, 11, 21). in addition to the quantitative 
and qualitative changes in the ground substance com- 
nonents, the medial portion often appears more vacu
olated (10). The cellular elements of the arterial wall 
are altered in a number of ways. An important feature 
of atherogenesis is the proliferation of fibroblasts 
m  the medial and subintimal regions and also in regions 
of intimal thickening (10, 11, 21). The appearance 
of the cellular elements is also altered. Both fibro
blasts and smooth muscle cells increase in size and 
change in shape. Many times the fibroblasts are surrounded



by pools of acid mucopolysaccharides, creating a halo 
effect ( - 0). Two types of changes have been associated 
with smooth muscle cells. A number of these cells ap
pear to degenerate and disappear (2). Many more appear 
to alter in shape and perhaps in function. Studies have 
shown that smooth muscle cells can accumulate lipid and 
develop into large round "foam cells" (22). These altered 
smooth muscle cells are capable of migration from the 
media into the intima (23). In addition, the normal 
arrangement of the cellular elements is altered very 
early in the process of atherogenesis. Change in number, 
fragmentation and fraying of elastic fibers in the media 
are also general features of this process (10,11).

It appears from the changes observed in this study 
that the aging processes have been accelerated to some 
degree by the presence of radioactive strontium. The 
general features, as noted above, were observed in all 
cases earlier in the experimental than in the control 
series. The pooling and localization of the acid muco
polysaccharides, the most prominent feature of the later 
experimental series, were never observed to any appre
ciable extent in the control series. Fibroblastic 
proliferation which was observed almost immediately in 
the experimental series only began to be noticeable in
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the 101 day control group. The appearance of fibro
blastic proliferation was associated with the initial 
disruption of the internal elastic membrane in both 
experimental and control series. The other cellular 
changes associated with aging and atherogenesis also 
were observed earlier in the experimental series.

The studies of Lamberts and Van Andel have in
dicated that the percentage of injected dose per gram 
of tissue, that selectively deposits in the aorta, 
ranges from a minimum close to zero initially to a 
maximum percentage of one per cent (12). Calculation 
of actual dose is difficult under these conditions, 
but it must be assumed to be quite low. The fact that 
a low dose was able to effect the changes observed appears 
to justify further research in this area especially in 
regard to more prolonged exposure to trace amounts of 
the radioactive alkaline earth series of elements.



SUMMARY

Male Holtzman strain rats were given inter- 
peritoneal injections of 7.53 uC of Sr85 + Sr89 over 
a period of ten days. Control animals received injections 
of isotonic saline concurrently. The abdominal aortas 
m  both series were examined at intervals ranging from

16 to 157 days after the final injection. Analysis of 
the variation in wall thickness between experimental 
and control series revealed an initial increase in the 
experimental series followed by a decrease after 101 days 
post-injection. The wall thickness of the control series 
increased with age during this same interval. Histo
logical examination revealed an acceleration of the 
natural aging process in the experimental series ap
parently related to the deposition of Sr88 + Sr89 
in the aorta.
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