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Abstract

In order to examine the effect of radiation on grow-
ing tissue, especially the fibroblasts and their end-prod-
uct, the collagen fibres, tails from 24 mice were irradi-
ated at an age of 8 days with 20 Gy and 30 Gy (¢°Co).
Tails from 18 animals served as controls. Six mice
from each group were sacrificed on day 8, 20 and 30.
Transmission electron microscopy was used to examine
the fibroblasts and the collagen fibrils. Non-irradiated
fibroblasts had a nucleus rich in chromatin and an abun-
dant endoplasmic reticulum with cisternae and condens-
ing vacuoles.

On day 20, approximately 50%, and on day 30,
25% of the fibroblasts irradiated with 30 Gy had a
sparse endoplasmic reticulum pointing to a reduction of
protein synthesis. While, on day 20, the fibrils ir-
radiated with 20 Gy and with 30 Gy had significantly
larger diameters compared to the controls, on day 30,
the irradiated fibrils had a notably smaller diameter com-
pared to the controls; 30 Gy-fibrils were larger than the
20 Gy-fibrils on both days.

On day 20, the binding mean value of the 30 Gy-fi-
brils exceeded that of the controls and was significantly
higher than that of the 20 Gy-fibrils, which was lower,
though not significantly, than the controls. On day 30,
the banding mean value of the 30 Gy-fibrils was notably
lower than the control; and the value of the 20 Gy-fibrils
was significantly lower than that of the 30 Gy-fibrils.
The results are explained as an edema together with an
inhibitory effect on the protein synthesis of the fibro-
blasts caused by the irradiation. This deduction is
further supported by light microscopy of the tails.
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Introduction

For several decades, radiobiologists have sought to
elucidate changes in cell kinetics, both in neoplastic and
normal tissue. However, both in published reports and
in textbooks, slow-growth structures, and structures
lacking replicative capacity {e.g., connective tissue
(collagen), an end product of fibroblast activity}, have
been considered of secondary importance with regard to
the elucidation of the physiological effects of ionizing ra-
diation on living tissue. It is true that collagen has been
the object of limited radiobiological interest, even in
such radiotherapeutic contexts as pulmonary fibrosis.
Collagen metabolism in lung tissue has been investigated
in animal studies where fibrosis was artificially induced,
e.g., by inhalation of radioactive gas in a dog model
(Pickrell et al., 1975) or in mouse models (Talbot and
Moores, 1985; McAnulty ez al., 1991), or by exposure
of the lungs to X-rays in a mouse model (Murray and
Perkins, 1987). In all these studies, exposure to radia-
tion was shown to increase collagen synthesis but with
concomitant signs of degradation. Another context
where the effect of radiation on collagen has been inves-
tigated is sterilization with ®°Co (De Deyne and Haut,
1991), though in such studies the dosages were in the
Mrad range (1 Mrad = 10* J/kg), a level of little inter-
est in radiotherapy.

The aim of the present study was to examine the in
vivo response of collagen Type I (in the mouse tail ten-
don) to ionizing radiation. To this end, both the effect
of radiation on fibroblasts and the diameter of the fibrils
were investigated at different ages and irradiation doses;
the fibril band length also was calculated. This ap-
proach constitutes an expansion of previous experiments
by Jonsson et al. (1985), who showed growth to be re-
tarded in mouse tails exposed to ionizing radiation.
However, in contrast to the study by Jonsson er al.
(1985), in the original findings, all the tissues in the
irradiated tails appeared to have been affected. The
present study utilizes histology together with trans-
mission electron microscopy (TEM) to interpret the
findings.
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Figure 1. Tail length in millimeters of the control and
irradiated animals at different intervals after birth.

Material and Methods

Animals

Fifty-four BALB/c mice, bred at the laboratory,
were used for the experiments. At 8 days of age, 6
mice were sacrificed for examination before any treat-
ment began. Of the remaining 36 animals, 12 were irra-
diated with 20 Gy, 12 with 30 Gy on day 8, and 12 non-
irradiated mice served as controls. Six animals from
each group were sacrificed on day 20, and the remaining
18 mice on day 30. In the following, the controls are
referred to as the 8-day, 20-day and 30-day control
groups, the irradiated animals comprising 20-Gy/20d and
20-Gy/30d, 30-Gy/20d and 30-Gy/30d groups.

Preparation for transmission electron microscopy

After sacrifice, the mouse tail was cut off and fixed
by immersion for 24 hours in 2.5% glutaraldehyde in
cacodylate buffer (pH 7.2). After fixation overnight, the
specimens, all taken from the middle part of the tail,
were postfixed in osmium tetroxide in the same buffer,
dehydrated, contrasted en bloc in phosphotungstic acid
and uranyl acetate and embedded in epoxy plastic.
Semi-thin sections (1 pm thickness) were stained with
methylene blue and used for light microscopy. Ultrathin
sections were contrasted with lead citrate and uranyl
acetate for examination by TEM (JEOL CX 100, JEOL
USA, Peabody, MA). Paraffin sections (6 mm thick)
were made from the tail cut longitudinally in the midline
and transversely, proximal to the TEM specimen.
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Tail length

Tail length was measured and expressed in milli-
meters. Measurements were made at birth and on days
8, 14, 20 and 30 after birth.

Examination of fibroblasts

Using TEM at magnifications varying from 3,000x
to 50,000x, fibroblasts were examined in cross-sectional
preparations from every animal; 5-8 micrographs were
taken from 5 of the 6 animals in each group. This ex-
amination, which was not part of the original protocol,
was included due to the manifest difference between ir-
radiated and non-irradiated fibroblasts. As a result, the
fibroblasts were divided into two protein synthesis sub-
groups: one designated high-activity, the other low activ-
ity on the basis of morphological findings. Thus, 20 fi-
broblasts from each tail were evaluated, and 5 animals
from each radiation and control group, giving a total 100
fibroblasts per group, which was considered to provide
a satisfactory statistical basis for assessing any difference
between the irradiated and non-irradiated groups.

Calculation of fibril diameter

The cross-sectional diameter of collagen fibnls was
measured with a digital slide caliper on four micro-
graphs from each of 5 animals of the 6 animals in each
group (i.e., a total of 200 fibrils). Thus, each group of
five animals is represented by 1000 measurements. In
each micrograph, the magnification was 60,800x (instru-
mental magnification was 38,500x).

Calculation of fibril band length

From each of the collagen fibrils examined, 50
periods (band lengths) were measured with a slide cali-
per (with 0.01 calibrations) on micrographs at magnifi-
cations of up to 80,000x (instrumental magnification was
38,500x or 42,000x). Ten fibrils were examined in each
animal, making a total of 3000 periods for each group of
six mice; values were expressed in nanometers (nm).
Radiation

60Co irradiation of mouse tail was delivered with a
Siemens (Darmstadt, Germany) Gammatron S at a dis-
tance of 80 cm and a dose rate of 1.0 Gy/min. Unanes-
thetized mice were positioned in a plexiglass jig capable
of handling five mice at once; the bodies of the mice
were shielded with lead. The mouse tails were extended
in the radiation field and covered with a 5 mm plexiglass
sheet to ensure full build-up. Dosimetry was performed
with a thermal luminescence dosimeter (TLD).

Results

Tail length

Figure 1 shows the tail length curves of the controls
and both irradiated groups. In the series as a whole
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deviation (SD) at birth, and 29.0 mm + 1.3 SD at 8
days of age. (The slight difference in tail length be-
tween the control and irradiated groups on day 8 was
deemed an irrelevant chance happening, since until then
all groups had been exposed to identical conditions). On
day 14 after birth, mean tail length was 51.7 mm + 2.7
SD in the control group as compared with 39.7 mm +
4.7 SD in the irradiated groups. On day 20, mean tail
length was 60.7 mm + 0.8 SD in the control group,
compared with 50.0 mm + 1.1 8D (i.e., 17% less) in

(n = 42), mean tail length was 10.3 mm + 1 standard

both irradiated groups (there was no difference between
the 20 Gy and 30 Gy groups). On day 30, no apprecia-
ble further growth was manifest in the irradiated groups:
mean tail length was 52.0 mm + 1.2 SD in the 20-Gy/
30d group and 50.2 mm + 0.4 SD in the 30-Gy/30d
group, compared with 75.2 mm + 0.6 SD in the control
group; the difference between control and irradiated
groups increased to 33%. As the two irradiated groups
did not differ significantly in mean tail length, it was
estimated as a common value.

Tail histology

Figures 2a, 2b and 2c show the histological pictures
of the tail on day 30 (longitudinal and crosswise sec-
tions). Im the control tail (Fig. 2a, with the transverse
section enlarged), the skin has a normal stratum corne-
um (1) and stratum lucidum (2) the hair follicles (3) are
clearly seen both on the longitudinal and transverse sec-
tions. Normal muscle fibers (4) and collagen bundles
(5) appear distinctly, as do arteries and veins (6, 7 in
Fig. 2¢). The bone structure is developing and the inter-
vertebral discs look normal.

The tail irradiated with 20 Gy (Fig. 2b) manifests
changes in the skin: a thinner stratum corneum as com-
pared to the control tail, and no visible stratum lucidum.
There are also fewer hair cells. The underlying tissue
is edematous. The most striking feature is the underde-
velopment of the bone structure and intervertebral discs.

Figure 2c shows a tail irradiated with 30 Gy. On
the whole, this tail is larger, which is due to edema.
The skin has a heavy stratum cormneum due to lack of
desquamation. On the longitudinal section, the deleteri-
ous effect of radiation on the bone formation is seen.
Note the heavy edema especially in the intervertebral
disc. Figure 3a, representing a control section, and Fig-
ure 3b, representing a 30 Gy-group section, show the
enlarged artery and vein (6 and 7). As compared to the
control artery, the irradiated tail has a thicker wall and
the vein has a thinner lining.

Fibroblasts

Controls One fibroblast from each control group
(8-day, 20-day and 30-day) is shown in Figures 4a, 4b,
and 4c, respectively. All control fibroblasts manifested
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Figure 6. Changes in mean value of fibril diameter
over time in the different groups.

nuclei (N) with normal pores and abundant chromatin
predominantly occurring in certain cells. Most nuclei
manifested distinct nucleoli. Moreover, in all three con-
trol groups, the fibroblasts manifested expanded endo-
plasmic reticulum (ER) with cisternae (C) and condens-
ing vacuoles (CV), as well as processes extending to
neighboring fibroblasts which in the 8-day group were
in close proximity to each other, owing to the small fi-
bril diameter (see Figs. 5 and 6). Several cells in con-
trol specimens manifested signs of mitosis.

Irradiated groups (Figs. 4d, de, 4f and 4g)

Irradiated fibroblasts differed somewhat in appear-
ance from control fibroblasts. The endoplasmic reticu-
lum was not expanded, but was in closely spaced paral-
lel arrangements; the condensing vacuoles were not as
abundant as in control tails. Figure 4d shows a cell with
scattered chromatin in the nucleus, and Figure 4e shows
a definite nucleolus. In Figure 4f, the cell is shown to
manifest several putative nucleoli. These findings are of
interest from a radiobiological point of view, as it is
generally agreed that morphology provides a clue to pro-
tein synthesis.
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Table 1. Activity of the irradiated and non-irradiated fibroblasts.
(Number of cells in each group as judged from a morphological point of view.)

8 days 20 days 30 days
high low high low high low
Control 100 - 100 - 100 -
20 Gy - - 96 4 100 -
30 Gy - - 47 53 75 25

Accordingly, we analyzed 100 fibroblasts from 5
tails in each group (20 per animal), which were nu-
cleated, and manifested a stellate configuration in the
bundles. The fibroblasts were divided into two protein
synthesis subgroups, a high-activity and a low-activity
subgroup. The morphological criteria for high activity
were: abundant endoplasmic reticulum, expanded and
with large cisternae and condensing vacuoles. Examples
of this are to be seen in Figures 4a, 4b and 4c. Natural-
ly, there were fibroblasts manifesting activity in the in-
termediate range, but if the criteria were strictly ob-
served, there was no doubt to which subgroup a cell be-
longed. In Figures 4d and 4e, for example, the fibro-
blasts differ from controls, but according to the criteria,
belong to the high activity subgroup.

As can be seen from Table 1, which shows the dis-
tribution of high and low activity fibroblasts, more than
half of the cells irradiated with 30 Gy manifested re-
duced protein synthesis on day 20 (12 days after irradia-
tion), and a quarter of the fibroblasts manifested low
activity on day 30.

Fibril diameter

Figure 5 shows the frequency distribution of fibril
diameters in controls and irradiated animals (1,000
measurements from 5 animals in each group). Frequen-
cy distribution histograms manifested acceptable, normal
distribution. Values for the 20-Gy/20d group manifested
slight skewness (+1.38), though it should be borne in
mind that, in group comparisons, it is the mean values
that are of interest.

Figure 6 shows the mean fibril diameters for the
three groups at 8, 20 and 30 days. In the control group,
mean fibril diameter was 71 nm + 0.5 standard error
(SE) at day 8 after birth, 129 nm + 1.3 SE at day 20,
and 163 nm + 1.5 SE at day 30. In the irradiated ani-
mals, mean fibril diameter at day 20 was 135 nm + 1.7
SD in the 20-Gy group and 141 nm + 1.3 SE in the
30-Gy group; the corresponding values at day 30 were
146 nm + 1.4 SE and 156 nm + 1.5 SE. Thus, at day
20, the increase in mean fibril diameter was greatest in
the 30-Gy group, differing significantly from that in the
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20-Gy group (141 versus 135 nm, p = 0.0001), which
in turn differed significantly from that in the control
group (135 versus 129, p = 0.0064). At day 30 (i.e.,
22 days after irradiation), it was the control group that
manifested the greatest increase in mean fibril diameter
instead, differing significantly from the 30-Gy group
(163 versus 156 nm, p = 0.0027), which in turn still
differed significantly from the 20-Gy subgroup (156
versus 141 nm, p = 0.0001).

Typical cross-sectional micrographs of control,
20-Gy and 30-Gy group fibrils at day 30 are shown in
Figures 7a, 7b and 7c, respectively. A noteworthy man-
ifestation in some fibrils was the appearance of some-
thing resembling "budding” (arrow in Fig. 7b). Al-
though the significance of this phenomenon is unclear,
it might be a feature of fibril growth.

Band length

Typical longitudinal micrographs showing striation
patterns in control, 20 Gy and 30 Gy-group fibril at day
30 are shown in Figures 8a, 8b and 8c, respectively, and
corresponding mean group banding periods, in Figure 9.
In the 8-day control group (n = 6), mean band length
was 53.5 nm + 0.5 SE. In the six animals from each
group sacrificed at day 20, mean fibril band length was
57.1 nom + 0.2 SE in the control group, slightly less
(56.8 nm + 0.3 SE) in the 20-Gy/20d group, and
slightly greater (57.7 + 0.3 SE) in the 30-Gy/20d
group. These values did not differ significantly from the
control. However, the value of the 20-Gy/20d was
significantly lower than that of 30-Gy/20d (p = 0.04).

Thus far, the band sequences seemed to follow a
normal development in all three groups. At day 30,
however, the mean values diverged to 58.0 nm + 0.2
SE in the control group, 54.8 + 0.4 SE in the 30-Gy/
30d group, and lowest, 52.9 + 0.1 SE, in the 20-Gy/
30d group; the difference was similarly significant in
both cases (p = 0.0001). No correlation was found be-
tween band length and tail length. It was noted that the
irradiated tails were manifestly flaccid, though no satis-
factory objective method was available to quantify this.
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Discussion with Reviewers

M. Tzaphlidou: The method that the authors have used
for measurements of the collagen fibril band length has
no scientific level as this method is not reliable. The
measurement of band length by electron microscopy re-
quires micrographs with very high resolution, which the
authors do not offer, and much more detailed analysis,
which will be able to take into account the ways of
specimen preparation for E.M.

Authors: We are at a loss to understand this view. The
magnification was optimal, allowing estimation of 50
band periods on the same fibril. This is made possible
with the help of a preparation microscope, the periods
on the micrographs being marked out with a sharp point,
and the overall length of 51 such markings (= 50
periods) measured with a slide caliper. The length in
millimeters so obtained is then adjusted according to the
microscopy magnification and the micrograph magnifica-
tion to yield the final measurement results in nanome-
ters. If, on the other hand, we were to perform the mag-
nification as the reviewer seems to be suggesting (which
1s, of course possible with the JEOL CX 100), we
could, e.g., get only five periods to be measured with
the same slide caliper, i.e., with 10-fold greater meas-
urement errors as a result. Thus, not only does our
method yield measurements that are as optimal as it is
possible to obtain with the present level of technology,
but it enabled us to identify all the periods belonging to
the same fibril. We feel that this is a high enough level
of scientific precision for the purposes of the study.

M. Tzaphlidou: Figure 5 does not offer anything and
is better omitted. It is better to present mean diameter
values in a table.

Authors: We feel the figures show the results better
than a table. Actually, the idea of using a histogram
showing fibril diameter and frequency was adopted from
a paper of which the reviewer herself was a co-author
(Leontiou ez al., 1993, Fig. 2).

M. Tzaphlidou: What do the authors mean by the ap-
pearance in cross-sections of something resembling
"budding"?

Authors: Although extremely difficult to describe suc-
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