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in Mice
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Whole-body exposure of mice to 50, 100, 300, or 500 rads results in an acute dose-
related decrease in the number of viable recirculating T cells. The magnitude of this
decrement becomes more pronounced with the passage of time. The dose-response
relationship over this range of dosages appears to consist of three components: a steep
drop between 0 and 50 rads, a plateau between 50 and 500 rads, and a second drop
between 300 and 500 rads. The residual radioresistant cells are able to recognize a
histoincompatible skin graft during the initial 5 days after irradiation. Low to moderate
doses (50 to 300 rads) abrogate the partial tolerance noted in nonirradiated recipients
exposed to the skin graft for 5 days and then regrafted from the same donor source 25
days after complete removal of the primary graft. A large (500 rads) dose results in
prolonged graft survival in comparison with the nonirradiated group. It is suggested
that the subpopulation of recirculating T cells which develops partial tolerance during a
5-day exposure to a homograft is more radiosensitive than the effector subpopulation
which is involved in graft rejection. (Am J Pathol 89:367-378, 1977)

THE REL4TIONSHIP between ionizing radiation and allograft
rejection has been extensively investigated and forms the basis of several
excellent monographs.1 2 In general, whole-body irradiation prolongs sur-
vival of histoincompatible organ transplants, including skin. This relation-
ship has been documented in several species and appears to pertain both
when the recipients are grafted immediately after irradiation and when
they are grafted days or even weeks later. Thus, Dempster et al.3 demon-
strated enhanced survival of skin grafts in rabbits given 250 rads of whole-
bodv radiation 24 hours prior to transplantation, and whole-body ex-
posure of CBA mice to 150, 300, and 600 rads prolonged the survival of A-
strain skin homografts applied 3 days later in such a fashion that the
reciprocal of the survival time was proportional to the radiation dose.4 In a
comparable study, Tylan and Cole 5 showed prolongation of skin grafts
among sensitized and nonsensitized mice irradiated with 670 rads 30 and
61 days prior to transplantation.
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Similarly, the extracorporeal irradiation of blood and lymph generally
results in prolonged allograft acceptance in several species, including
man. Much of the relevant literature has been reviewed by Cronkite, who
related enhanced survival to radiation-induced depletion of the recirculat-
ing pool of small lymphocytes,6 which is now known to be composed
primarily of thymus-derived (T) cells.

Although circulating antibody may play a role, rejection of first set
allografts is thought to be a T-cell function and to involve especially those
T cells which constitute the recirculating pool.7 Most of the studies
concerned with the relationship between radiation and graft rejection
were performed prior to the definition of subpopulations of T cells and
involved large doses of radiation. Many cellular immune responses are
now thought to be modulated by subpopulations of lymphocytes.8 In
addition, evidence exists to suggest that at least two of these sub-
populations (e.g., suppressor and helper cells) may differ in their response
to irradiation, especially at low doses.9 Therefore, the general concept that
whole-body irradiation prolongs graft survival could relate to the large
doses employed, doses sufficient to destroy most if not all lymphocyte
function.
On this basis, it was decided to reevaluate the relationship between

graft rejection and radiation in mice with particular reference to low-dose
exposures. Immediately after irradiation, a histoincompatible skin graft
was introduced and left in place for varying periods of time. The graft was
then removed and the recipient permitted to recover from the acute
effects of radiation injury; 30 days after irradiation a second graft from
the same donor strain was applied. The time required for second set
rejection was determined and correlated with a) radiation dose, b) dura-
tion of exposure to the skin graft, and c) number of thoracic duct lym-
phocytes (TDL) as determined at various times after irradiation.

Materials and Methods
Highly inbred CBA/J mice of indicated ages were exposed in plastic Lucite containers

to 0, 50, 100, 300, 500 rads of whole-body radiation generated by a standard General
Electric x-ray machine employed under the following conditions: 120 kV peak; 15 mA;
HVL, 2.3 mm Cu with a Thoreus filter. The absorbed dose rate was 99 rads/minute at 26
cm. Within 24 hours of irradiation, each mouse received a H-2 histoincompatible skin graft
from a 4-month-old DBA/2J donor of the same sex. The method of grafting was that of
Billingham and Medawar.10 The skin grafts were left in place for 3, 5, or 10 days and then
were surgically removed with care to preserve the graft bed. Thirty days after irradiation, a
second DBA/2J graft from a 4-month-old donor was applied to the contralateral side and
observed daily for evidence of rejection according to the approach described by Brent and
Medawar.4 More specifically, the end point of epithelial survival was taken as the time
midway between the last day when the graft appeared partially viable and the first day
when the graft appeared totally nonviable. Mice with skin grafts intact at 60 days were
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recorded as 60-day survivals for statistical purposes. Data obtained from mice dying within
60 days of irradiation were excluded from graft survival calculations.

In a separate series of experiments, 4-month-old female CBA/J mice were irradiated as
described. Immediately after irradiation, the thoracic duct was cannulated according to
the method described by Sprent.11 Thoracic duct lymphocytes were collected over ice for
46 hours. Periodically, aliquots were removed for cell counts, and the viability and
numbers of thymus-derived (T) and bone marrow-derived (B) cells were determined as
described elsewhere.u2

Resufts
Table 1 shows the number of TDL recovered by thoracic duct can-

nulation for various time intervals up to 46 hours after whole-body irradia-
tion with 0, 50, 100, 300, and 500 rads. After the initial 4 hours, a dose-
related decrease in the number of TDL is apparent. Text-figure 1 shows
the number of T cells recovered during these intervals as a function of
radiation dose. With few exceptions, a dose-related decrease in T cells is
evident. At the conclusion of the evaluation (46 hours), the most striking
differences are between the 0 and 50 rad groups and the 300 and 500 rad
groups. Relatively little difference is apparent among the groups exposed
to 50, 100, and 300 rads. The latter point is evident in Text-figure 2, in
which the dose-response data of Text-figure 1 are replotted in semi-
logarithmic fashion with the number of residual T cells expressed as a
percentage of the corresponding control (O rad) group. The similarities
among the 50, 100, and 300 rad groups are apparent. Text-figure 3 shows a
semilogarithmic plot of the number of T cells produced by each radiation
group relative to the nonirradiated group for the initial 10, 21, and 46
hours after irradiation. The three curves exhibit similar configurations,
with a steep drop between 0 and 50 rads, a plateau between 50 and 300
rads, and a second drop between 300 and 500 rads.

60 x oa
x*-

TExr-nIGURE 1-Cumulative nun-
ber of viable T cells mobilizable by tho-
racic duct cannulation as a function of
radiation dose and time after exposure. E
Data derived from Table 1. ia

10 21 d
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TExT-Flctlix 2-Relationship between -0 40-
radiation dose and number of viable thoracic
duct T cells for initial 46 hours after exposure. 30
Data derived from Table 1. Number of T cells

0

expressed as a percentage of control values and 1.00
plotted semilogarithmical-ly. -E 20

0 4 10 21 46

Tiff* after irradication (ks)

Table 2 shows the results of a pilot experiment designed to determine
the influence of irradiation on the capacity of CBA recipients to recognize
DBA/2 skin grafts. The latter were left in place for 3, 5, or 10 days. A
control group was not grafted. Among nonirradiated recipients, the dura-
tion of survival of the second set graft is inversely related to the length of
exposure to the primary graft. Among the irradiated recipients, and with
numerous exceptions, a similar trend is apparent. The exceptions es-
pecially involve recipients with a 5-day exposure to the primary graft
(Group 3). Evaluation of the data of Table 2 by experimental group shows
no consistent relationship between radiation dose and graft survival for
either male or female recipients of any of the four groups. With one

cells 10, 21, and 46hours after irradiation. 0 hr

cEll xpressedE asafpercetagofraitontrole' 4

values and plotted semilogarithmicallv. 2

U \ --

Radiation dose (rods)
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exception female recipients irradiated xvith .30 rads the irradiated sub-
groups of Group 4 show a longer graft survival than the nonirradiated
subgroups. The involved differences. however, are small and are not
statistically significant. In general. and wvith exceptions. the rev-erse situa-
tion is noted with Groups 1. 2. and 3. i.e.. the irradiated subgroups show a
more rapid graft rejection than the control subgroups.

Text-figure 4 show s the effect of the duration of exposure to the primarx-
graft upon second set rejection in female and male recipients for the fix-e
radiation doses. In the 0 rad group. increased duration of exposure to the
primary- graft results in reduced survival of the secondary graft. although
the differences betx -een the x-arious subgroups are generall not statisti-
callx- significant. A similar graduated response is noted in female animals
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irradiated with 50 rads but not in the groups receiving other doses of
radiation. Particularly among mice exposed to the primary graft for 5
days, the reverse situation often pertains: irradiation often results in
prolonged graft survival. In mice, the period 3 to 6 days after grafting
appears to be critical in terms of host recognition of H-2 incompatible skin
grafts.'3
On the basis of the above, it was decided to repeat the graft experiment

but to concentrate attention on a) female recipients (and donors), b) the
influence of recipient age, and c) comparisons between mice not pre-
viously grafted (Group 1) and mice exposed to the primary graft for 5 days
(Group 3). Text-figure 5 shows the effect of irradiation on graft recogni-
tion in these two experimental groups, which include a total of 221

0-Odoys
* 5 days
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80 0 rods 50 rods
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0o~~~~~~~~~~~
0'
c 100 -

X 80 100 rods V 300rods TEXT-FICGURE 5-
5 60-\ i. _ lbComparisons of graft
cr- s . \survival in Groups 1
*3 40 and 3 as a function of
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recipients. Examination of the 0 rad data shows that prior exposure of the
recipients to the primary graft influences the second set response, with the
majority of mice rejecting the second set graft more slowly than their
nongrafted contemporaries. However, a minority of the second set recipi-
ents show the opposite effect. Prior exposure to moderate amounts (50 to
300 rads) of radiation results in an increased proportion of second set
recipients which show a more rapid rejection response. Exposure to 500
rads results in graft survivals very similar to the control (O rad) situation.

Text-figure 6 shows in summary fashion the effect of radiation on graft
survival in Groups 1 and 3. In Group 1, irradiation 30 days prior to
transplantation has little influence upon graft survival. Most of the data
are clustered close to the 0 rad curve, although more data points are to the
right of the curve than to the left, indicating a tendency toward slower
rejection with irradiation. The effect of irradiation is more pronounced
with respect to Group 3, which has less clustering of the data. Also, the
vast majority of the data points are located to the left of the 0 rad curve,
indicating a tendency toward more rapid rejection with irradiation. In
fact, with few exceptions, the only data points to the right of the curve
represent 500-rad recipients. In addition, all data points from 500-rad
recipients fall to the right of the 0 rad curve.
The influence of recipient age on the relationship between irradiation

and graft survival was next evaluated. The results are shown in Table 3. In
Group 1, and at each radiation dose except 500 rads, grafts on the older

0 0 rods
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Table 3-Influence of Irradiation and Age of Recipients on Survival of Second Set Skin Grafts*

Experi- Radiation dose
mental Age of No. of
group recipients mice 0 rads 50 rads 100 rads 300 rads 500 rads

6 wk 106 16.50 ± 4.8 16.20 ± 6.2 15.65 ± 4.1 16.60 ± 4.2 17.90 ± 5.0
1 4 mo 85 15.44 ±0.8 15.50 ±0.6 15.26 ±0.6 15.43 ± 1.0 17.80 ± 1.0

24 mo 50 17.23 ±4.0 17.95 ±3.4 16.80 ±7.0 16.71 ±4.4 16.75 ±4.0

6 wk 77 17.40 ± 6.1 15.70 ± 4.8 16.10 ± 7.8 16.84 ± 6.2 19.00 ± 9.9
3 4 mo 67 17.85±2.4 15.88±1.6 15.68±2.1 15.91 ±2.1 19.11 ±2.4

24 mo 53 14.65 ±5.8 15.29 ±4.2 15.58 ±3.2 16.60 ±5.8 IN

IN = Insufficient numbers of survivors for evaluation.
* Six-week-old and 4- and 24-month-old CBA female mice were irradiated with indicated

doses in whole-body fashion. Within 24 hours the irradiated recipients were transplanted
with DBA/2 skin grafts which were left in place for 5 days (Group 3). A control group was
not grafted (Group 1). Thirty days after irradiation, a second DBA/2 skin graft was applied
and observed daily for evidence of rejection. Results are expressed as mean time of rejec-
tion ± 2 SD.

mice survive longer than those on the corresponding 6-week-old and 4-
month-old recipients. These differences are not statistically different.
With a single exception (4 months, 300 rads), the reverse situation is seen
with respect to Group 3. Again, the differences are not statistically signifi-
cant.

Discussion
Whole-body exposure to doses as small as 50 rads results in an acute

decrease in the pool of viable recirculating T cells. The magnitude of this
decrement becomes more pronounced with the passage of time and
reaches 47% of control values 46 hours after exposure to 50 rads, the last
time tested (Text-figure 2). Exposure to amounts of radiation greater than
50 rads causes a more pronounced decrement, although the differences
among the 50, 100, and 300 rad groups are relatively small (Text-figures 2
and 3). The dose-response curves of Text-figure 3 appear to consist of
three components: a steep drop between 0 and 50 rads, a plateau between
50 and 300 rads, and a second drop between 300 and 500 rads. One
interpretation of these observations is as follows: a) thoracic duct T cells
contain two subpopulations which differ in radiosensitivity; b) one sub-
population is very radiosensitive and ceases to traffic normally within 4
hours of whole-body exposure to doses as small as 50 rads; and c) a second
subpopulation is relatively insensitive to doses up to 300 rads, at least for
the initial 46 hours after irradiation. The skin graft data included herein
are consistent with this interpretation.

Recognition of histoincompatible skin grafts appears to involve primar-
ily recirculating T cells.7 Among young nonirradiated female CBA recipi-
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ents, exposure to DBA/2 skin grafts for 5 days results in prolonged
acceptance of second set grafts (see Text-figure 5). This prolonged accept-
ance is partially abrogated by whole body irradiation with 50 to 300 rads
(Text-figure 6). Conversely, prior irradiation with 500 rads results in graft
acceptance which is more prolonged than that in both nonirradiated
recipients exposed to the primary graft for 5 days (Text-figure 6) and
irradiated (500 rads) recipients not previously grafted (Text-figure 5).
Since there is no evidence of regeneration of T cells during the initial 5
days after whole-body exposures in the 50 to 500 rads dose range,U2 the
skin graft results suggest that the homograft response is modulated by at
least two subpopulations of T cells which differ in radiosensitivity. Thus,
the subpopulation which appears to develop partial tolerance during a 5-
day exposure to a primary skin graft appears to be more radiosensitive
than the effector subpopulation. This situation is reminiscent of the effects
of radiation on the capacity of syngeneic thymus to suppress immuno-
globulin production by congenic B cells upon transfer to irradiated recipi-
ents. Irradiation of the thymus cell prior to transfer often results in
augmented immunoglobulin production, since reduced numbers of effec-
tor cells function more effectively in the absence of an even larger propor-
tion of the more radiosensitive suppressor cells.14

In summary: Dose-response data on recirculating T cells and the rec-
ognition of histioncompatible skin grafts suggests the presence of at least
two subpopulations which differ in radiosensitivity. Since recirculating T
cells are thought to be involved in the homograft response, it is tempting
to relate these observations. If such a correlation exists, it implies that
the subpopulation which develops partial tolerance during a 5-day ex-
posure to a histoincompatible skin graft is more radiosensitive than the
effector subpopulation which is involved, primarily or secondarily, in
graft rejection. The latter appears to be resistant to doses in excess of 300
rads but less than 500 rads.
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