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ABSTRACT

The present data confirm and extend our earlier protection studies
"

ir mice and show that the protective effect of endotoxin was additive
;1th the protection afforded by hypoxia. The nechanism of endotoxin-
protection is thought to involve stimulation of hematopoietic recovery,
and the primary objective of the present study was to examine the pro-
cess of hematopoietic recovery in endotoxin-protected mice, Pursuant to
this, both hematological studies and split-dose recovery studies were
conducted. The rationale was that if endotoxin accelerated hematopoietic
recovery (at the level of the stem cell), the endotoxin-treated mice
should show an accelerated rate of return toward normal radiosensitivity.
That is, mice given endctoxin before a sublethal exposure to radiation
(423 R) should subsequeniiy have higher LDSO'S than control animals
wvhich were not given endotoxin before the conditioning exposure.

Hematologic studies showed that endotoxin-treated mice had more
circulating granulocytes than did controls during the second and third
weeks after exposure to 428 R. Of particular interest was the observe-
tion that the circulating granulocyte counts in endotoxin-treated animals
wire higher dwring the second week than during the third week afte:
L2, R, That is, the granulocytic recovery in terms of numbers of

circulatin- cells, wvas somewhat transient in character and may be an




"sbortive rise", Hematopoietic recovery was also evaluated by determin-
ing the number of granulocytes which could be mobilized by endotoxin
after 428 R. During the second week greater numters of granulocytes
were mobilized in endotoxin-treated (before 428 R) than in control mice,
thus suggesting an earlier production and accumulation of granulocytes
in the bone marrow. Therefore, in & general sense, the present hemato-
loglie studies confirm and extehd the earlier finding by others that
granulocyte recovery occurs earlier in endotoxln-treated than in
control mice.

The split-dose recovery studies showed that at 3, 5, 9, and 1L days
after 428 R, the LD 0'9 were essentially the same in the endotoxin-

>
treated and control groups. However, at 1 day after 420 R, the ILD.. of

50
endotoxin-treated animals was significantly higher than that of the
controls. This finding at 1 day may be related to a residual protective
eifent of endotoxin rather than an 2~celerated recovery from radiation
injury per se. In buth endotoxin-treated and control animals, 50%
recovery from the injury produced by 425 R occurred by ~ 4 days.

Althouish the endotoxin-treated animals showed evidence of acceler-
ated asmatopoietic recovery, a: estimuted Ly nuwsvers of circulatineg and
movilizable ranilocytes, no overall increase was ovserved in the rate
ot wnici thiey retiarned toward n noruhs radiosensitivit, . e pussi-
Lil4t, &5 discussed tzat {n endotoxine-treatc!d mice, tie extent .f
srenwlocytic recovery 1s not necessarily indi-~ative of a sustained in-

creage in the rate of hematopoictic sten cell repopulation. The split-
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dose recovery date are discussed in terms of tne general que.iion of

rate(s) of recovery from radiation injury in the mouse.
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SUMMARY

The Problem:

kadiation damage to the hematopoletic system is of great importance
in animals given midlethal exposures. To a great extent the amount of
damage to the hematopoiectic system determines if an enimal will live or
die. Therefore, in any radiation situation involving personnel exposure,
hematopoietic parameters such as leucocyte counts will most likely be
used to assess rediation injury and the probabiliity of survival, Also,
after an iiitial sublethal exposure, the extent of recovery of the
hematopoietic system should, on theoretical grounds, influence the re-
sponse to a second exposure. One object of the present study was to
determine the extent to which leucocyte counts cculd be correlated with
the sensitivity of mice to a second radiation exposure., We have evalu-
ated the radio-protective effects of endotoxins and the relationship
between hematopoletic recovery and the rate at wnich the mouse recturns
teward a nurmal radiosensitivity after a conditionin: exposure,

The Findings:

Both Pseudom nas polysacciaride (PP) and Typaoid-Puratypuoid vaccine
(TAB) increms:d survival of irradiated aice, and tie pritective effect
differed in two stirelns »f zice. The protective effects o Ph &
hypox.a were additive and thie coaposiie protection ratic was ...

TAB was used {n an attempt W uccelerate hematopolietic recove:ry in

subletially i{rrediated :ice. Although the numbers of circulatin- and
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mobilizable granulocytes were greater in TAB-treated animals than in
controls during the second post-irradiation week, the TA"-treated animals
did not show & more rapid recovery from radiation injury as evalueted by
the split-dose technique. The numbers of circulating grenulocytes may
be of value in predicting the outcome of a readiation episode in terms of
survival or death, but the number of granulocytes does not neceazserily
predict sensitivity to a second rediation exposure,




INTRODUCTION

Recovery from radiation injury has been studied in this laboretory
using seversl anime). species (1-6). The method used to evaluate recovery
was that of split-dose technique which involves determining the LDSO'I
for groupe of enirals at different times after .. sublethal conditioning
exposure. In gereral, as the injury produced by the conditioning expc-
sure is repaired or recovered, the LDSO's increase toward normal., Wwhen
recovery from X- or 7 radiation injury is eveluated by the split-dose

technique and is the end point, it has been inferred that it is

50430
pwincipelly repais or recovery of the hematopoietic system, at some
functional level, which is involved.

We are interested in the relaticnship between readiation-protection,
split-dose recovery, and recovery of tie hematopoietic system. In the
present experiments, bacterisl endotrxin has been used in an attempt to
cvaluate these relationships. Earlier studies nave shown that endotoxins
increased survival in several animsl species (7-16), and the present data
extend our earlier studies an! deal also vith the  uestion of the combined
protective erfects of endotoxin and hypoxia. Althoush the mechanisas of
entotoxin-prtection {8 not 2learly understood, and —any factors azmar be
fveived, aceleration of cemmtopviestic recovery has been obser . ed and
15 thon w4 Lo play an important role (13, 17, 13).

The jrioery oblestive ol the present experinments vas to exaalne

hematojnietic recovery in endotoxin-treeted zice, and W attexmpt to
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relate hematologic recovery and rediation sensitivicy after a sublethal
conditioning expos're. The rationale was that if endotoxin accelerated
hematopoietic recovery at the level of the "stem cell", the split-dose
recovery in endotoxin-treated mice should show an accelereted rate of

return toward normal radicsensitivity.
The hematologic data indicate that granulocytic recovery, in teims
of numbers of circulating or mobilizable cells, is accelerated in endo-

toxin~-treated mice. This finding is genexally consistent with the
earlier report of Smith, et al. (13, 17). The split-dose reccvery data,
however, do not show a susteined increase in the rate at which endotoxin-

trested mice return toward normel rediosensitivity. Speculation 1s
cffered concerning tre influence of endotoxin on granulocytic recovery

and concerning the possible relationship between granulocytic recovery,
split-dose radiosensitivity, and changes in the “"stem cell" population(s)

The split-dose recovery data are discussed in terms of the general
question of rate(s) of recovery from rediation injury in the mouse,
MATERIALS AND METHODS
The animals used were either CR¥l or IAF, female mice 5C-120 days
cld. The animals were held 10/cage on wood shavings and given standard
laboratory chow and acidified (pH2.6) tap vater ad libitum. Before

acidificatvion the water bottles of CF§l mice were screened for Pseudo

monas by routine msthods; also some heart's dlood ani liver irrediated
decedents of both strains were cultured. These bactericlogical studies
indicated that Pseudomonas was vertually absent from these amice. Suviw

al was recorded for 30 days afte: irrediation.

.




The radiation source was & Westinghouse 250 kvp machine operated
at 15 ma; the filtration consi:-ted of 0.5 mm Cu and 1.0 mn Al; the HVL

was l.4 mm Cu. The CF#l mice were placed on a rotating turntable in
lusteroid tubes and exposed at ~ 30 R/min af a TSD of 92 cm. »Based on
lithium fluoride dosimetry with abdominal implants, the R to rad con-
version factor for this c«posure arrangement was l.2.

In other experiments inuwi "ving hypoxia, CRfl mice were placed in a
gassing chamber (11 x 17 x 29 cm) divided into individual 6 x 6 x 10 cm
compartments; the exposure was at 100 R/min without rotation and the TSD
was 51 cm. The R (measured in air without the gassing chamber) to rad -
conversion factor was 1.5. Hypoxia at the time of irradiation was pro-
duced by exposing the animals to sn atmosphere of 95% nitrogen and 5%
oxygen. The effluent oxygen concentration from the gassing chamer was
monitored with a Beckman C-2 Oxygen Analyzer,

The LDS 's and other statistics were computed from regressions

0/30
of rormal equivalent deviates (probit minus 5) of percent mortality on
the radistion exposure in R and also on the naturel logaritim of the
rediation expcsure in R. The regressions were calculated with an IBM 704
computer using & USNRDL program based on probit analysis (19) as adapted
to & computer by Altchison and Brown (20). The use of the exposure
rether than logarithm of the exposure did uot significantly influence
the LDSO's.

The experimental method used to estimete recovery was the split-dose

technique. Animals were firet given & conditioning exposure and sub-




sequently divided into groups and given graded exposures to detexrmine the
LD50 /30 at different times after the conditioning exposure. The extent
of remaining injury in percentage of the conditioning exposure 1is calcul-

O 0
ated from the expression, LDS 0 w5 t x 100 in which I..D50
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initial I.D50 /30 and LDSOt 1s the median lethal dose determined at time,

is the

t, after the conditioning dose, D,. The amount of recovery in R is

calculated from the expression, D, + LD5Ot = LDgg

In some of the radiation-protection and recovery experiments, mice
were injected either intravencusly (tail vein) or intraperitoneally with
0.2 ml of Typhoid-Paratyphoid vaccine (TAB) 2k hours before irradiation.
The TAB was & commerical preparation containing 3 x 108 killed organisms
per 0.2 ml; this dose produced no signs of acute toaicity in the umice.

In otbher experiments involving rediation-protection or granulocyte
mobilization, 50 pg of Pseudomonas polysaccharide (Pwaas injected intra-
venously in a volume of 0.05 ml. In granulocyte mobilization experiments,
tail blood samplea were taken at various times after injection. Mice were
bled & maximum of 3 times with an intervwal of at least two days between
bleedings. Total white blood cell counts were made on a Coulter Elece-
tronic Particle Counter Model A with & probe having & 10U micron apertwe;
the aperture current setting wus 5 and the threshold setting was 20, Dif-

ferential leucocyte counts were made by standard methods.

.'Ihe Peeudomonas polysaccharilde used in these experiments was PIROMEN;
this material was generously supp!ied by Flint Baton and Company.




RESULTS

The effects of Typhoid-Paratyphold vaccine {TAB} and of Pseudomonzs
polysaccharide (PP) on 30 day survival are shown in Teble 1. Both sub=-
stances given 24 hours before irradietion significantly increased LDso's
of CFfl end IAF, mice. Earlier protection data indicated that based on
mortality at & single radiation exposure (dose) level, intraperitoneal
injection was as effective as intravenous injection in reducing mortality.
The data in Table 1 confirm this point by showing that the I‘DSO increase
in CP#l mice is not materially influenced by these two routes of in=-
Jection. The data show that TAB conferred greater protection to IAFy
than tc CF#l mice, and that TAB was somewhat more effective than PP in
the I.AFl.

The mrotective effects of hypoxia, PP, and a combination of the two
procedures are shown in Table 2. The LDSO increase produced by hypox’'a
was four times greater (61%) than that for PP (15%). The combined pro-
cedures, that is, PP 24 hours before irradiation and hypoxia during
irrediation, increased the mSO by 87%. 1In all the aforementionsd pro-
tection studies, the slopes of the exposure-response curves for protected
and control snimals did not differ aignificantly.

Hematologic studies vere conducted wvith TAB-treated (24 hours before
irrediation) and control (PJl mice exposed to 428 R; this exposure 1is
~ 2/3 of the mSO' In two experiments, the number of circulating granulo-

cyte mobilization vas aisc cvaluated. Pig. 1 shovs the post-irreadiation




granulocyte and agranulocyte counts in the two groups. The most striking
feature in this figure is the rise in the granulocyte count which occurred
between 7 and 10 days in the TAR groupe. During this period, the TAB
animals showed & treansient rise which axceeded the pre-irradiation count;
during this same period, the granulocyte counts in control animals re-
mained depressed. The transient character of the rise in the TAB group

is shown by the fall which occurred at 13 and 15 days. 1In ‘this experi-
ment, the granulocyte counts in the TAB group were siznificantly lower

at 13 and 15 days than at 7 and 10 days (Table 3).

A qualitatively similar picture of post-irradiation granulocyte
changes was observed in the second experiment (Table 4). The rise in
circulating granulocyte counts at 8 and 10 days in TAB-treated animals,
although lower than in the first experiment, was quite apparent. Although
the count at 14 days fell to 60% of the 10 day count, the two counts do
not differ significantly. In this seconi experiment, the mobilization
response was evaluated in TAB-treated and control animals at 3, 3, 10,
and 14 days after exposure to 428 R. The number of granulocytes mobilized
in response to endotoxin may indicate earlier bonc marrow activity and
theraefore may be & better index of granulopoietic recovery than is the
number of circulating cells. At each of the times, the increase in the
absolute number of grenulocytes {relative to the pre-injection count) was
greater in the TAB-treated than in the control animals. The mnbilization
ratios (count at 12 hours/the pre-injection count) varied somevhat at the

different times after irradistion (control renge 1.2 - 3.5; TAB-treated




range 1.4 - 2,7). At any given time after irradiation the ratios for
TAB-treated and control mice were probably comparsable, although questions
may be raised adbout the 14 dey point. For comparison, the granulocyte
nobilization in non-irrediated mice is shown in Fig. 2; the granulocyte
mobilization ratio for normal animals was 2.5.

Split-dose studies were conducted to determine the influence of TAB
on the rate of return towerd normal radiosensitivity. TiR was given 2i
hours before the conditioning exposure to 428 R. Contrcl animals were
given the condit.oning exposure without prior TAB treatment. Protection
controls were also used in some experiments. Some of the animls in-
Jected with TAB, usually about 20, were exposed to 700 R (~ 2.!)85/30) to
verify that TAB was in fact increasing 30 day survival; non-treated
control animals were also expnsed to 700 R. The mortality in the TAB
groupe exposed to 700 R ranged from 5 to 2, ., which was generally con-
sistent with the expected protecticn reatio of ~ 1.2%, At various times
after the conditioning exposure the mSO" were determined for both
treated and control groups. The data in Table 5 show that TAB given 24
hours before the conditioning exposure eignificantly influenced the LD50
only at 1 day after the conditioning exposure. At other times the Lnso's
were virtually identical in the TAB and control groups. The amount of
injury remsining from the conditioning exposure wvas calculated froz each

XDSO (see Methods) and the decresse in injury as s function of time is

‘krl.'.er studies had shown the protection afforded by TAB and PP wvere
simiiar and the protection reatio for a dose of 50 ug PP wvas 1.24 (12).




shown on linear coordinates in Fig. 3. The 100% injury in the figure is
based on the conditioning exposure of 428 R, This figure shows a marked
difference in remaining injury at 1 day between the TAB and control
va'mels. The initial repid decline in injury is what might be expected
if TAB were to accelerate the rate of return toward normal radiosensi-
tivity. However, this trend was not sustained, and at subsequent times
the injury was compareble in the two groups. In connection with this
figure, a question may be raised as to the level of initial injury in
the TAB group. In using 428 R as the 1004 value for the TAB animals,
we have assumed that TAB does not act as a "dose reducer" thereby de-
creasing the lsvel of initial injury (21). However, if one chooses to
assume & lower initial injury, using dose reduction factors of 1l to 20$b,
the initial injury would be ~ 385 to 345 R, respectively. The net effect
of assuning a lower initial injury would be to increase the estimate of
the injury remaining at the various times in the TAB group. The figure
would then convey the impre sion that recovery occurred somewhat more
slowly in TAB than in control animals. The point is that if TAP either
decreased the extent of initial injury and/or accelerated recovery, a
sustained increase in the rate of return or an earlier return towvard
normal radiosensitivity would be expected; this wes not observed.

The LDSO'- in Teble 5 are based on regression computations utilizing
the natural logarithn of the rediation exposure. LDso's have also been
calculated using exposure on & linear scale, bu: those values are not

shovn. The exposure soale (log vs. linear) had @& negligible effect,

bhis range is bagsed on the present and earlier protection studies with
CPfl mice (12).




~ 10 R, on the L.D,jo values. When plotting the exposure on a log scale
one assumes & lognormal distribution of radiosensitivity; when plotting
exposure or a linear scale, one assumes a normal distribu‘ion of radio-
sensitivity. We have considered both distributions in computing coeffi-
cients of variation (CV) for TAB-treated and control mice. The CV is an
index of the heterogeneity of population response or the variability of
individual responses within the population. The CV's in Teble 5 show
that the variability of radiation response was greater in the split-dose
[.Dso's than in the single exposure I..Dso's. Also, in the single exposure
LDSO determinations the CV was higher in the TAB-treated than in the
contrel mice, It is likely tiat, in addition to irradiation, any stress
or treatmeut to which animals are subjected will increase the CV.

The split-dose LD

50
viev in Fig. 4. 4his figure is a linear plot of the m10/30'5; LDSO/3O'B’

data are considered from a dirferent point of

and LD90 /30'3 determined for contrcl animals at various times after the
conditioning exposure to 428 R. The purpose of this figure is to illus-
trate and compare the time-dependent rediosensitivity of the mores redio-
sensitive (LDlo) and the less radiosensitive (LD9U) elements of the
population in comparison with the animals of median rediosensitivity
(I_DSO). The values shown at zero time are theoretical and represent the
exposure which must te added to 429 R to produce 10, 50, or 90%; these
value. were bagsed on the single exposurv regression of mortality response
on exposure., We have also estimated the zero time values by subtrecting

428 R frc each exposure group inwolved {n the single exposure LDsO




determinations; therefore exposures of 600 or 700 R would be 172 and
272 R, respectively. The 30 day mortality observed following 600 o
700 R vas assigned to the lower exposures, and an mSO wvas computed.
The computed velues for 10, 50, or 90% mortality were within 5 R of the
values obtained by the othar method described above,

Flg. 5 1s relevant to the question of recovery rate(s) in the CRflL
mouse. This semi-logarithmic plot of the remeining injury is based on
the mso's deteruined at various times after the conditioning exposure.
Two recovery points are not included in this figure; the two hour point
in control animals and the 1 day point in TAB animals. Curve A is a
least-squares fit to the observed points, and curve B is eye-fitted.
The Y intercept should predict the initial injury produced by the con-
ditioning exposure. The intercept of curve A is somewhat greater than
the conditioning exposure of 425 R; whereas, curve B is forced through
the Y intircept at that level of initial injury.

DISCUSSICN

As radiation-protectants, erdotoxins or bacterial vaccines are by
no means as effective as the classicai chemical protectants such as tie
sulfhydrvl compounds (21, 22). However, in mice, endotoxins do have a
tezmporel advantage in that survival is increased when the material is
given vithin 48 hours before or 2k hours sfter midlethal exposure (8, 10).
The principal interest in endotoxins relates not to their efficecy as
protectants but to their mechanism of action. As Suith has stated, the

histocompatibility problems sssociated vith trenspluntation of foreign

10




hematopoietic tissues could be obviated if hematopoletic recovery could
be "induced" in the irradiated animals' own hematopoietic system (13).
In the genersl sense, the endotoxin-treated mouse behaves as if hemato-
poietic recovery had, in fact, been "induced" (13, 17, 18).

We have extended the earlier protection studies, but the primary
objlective of the present experiments -was to examine granulocytic re-
covery in endotoxin-treated mice, and to attempt to relate this to
rediation sensitivity following a sublethal conditioning exposure to
rediation. The split-dose recovery data are of particular interast and
permit some speculation relating to repopulation of the hematopoietic
system and the rate(s) at vhich mice return toward normal rediosensi-
tivity after a sublethal conditioning exposure.

Radiation-Protection

The cesent data show that TAB and FP significantly increased uhe

1D,

IAF, mice, ~ 35% increase in I.DSO, vas greater than in CRfl mice; ~ 12%.

's of both CAfl and IAF, mice. However, the protection alforded

An indication of a struin effect wvas noted earlier in that BUB mice were
protecied by lower doses of PP than vere CRfL mice (11). Moreower, it
appetrs that the protectior retio bas changed over a period of time in
the CHfl mice, vhils the LDSO has resained esaentislly constant (21,11).
In earlier protection studies, an w50 increase of ~ 254 wvas obsorved
(12), but in the present experiments, tre increese was oaly ~ 12%. At
present, the bagis icr the variation in protection retios is unknown,

but Pseuwdoaonss appears not to be inwvolwed,

1




In IAl'l mice, TAB produced a greater increase in LDSO than did Yp.
This may be related to a dosage Aifferential rather than to & specific
attridute of ™MB. Using PP we have found that over the range of 2 - 100
ug, the axtent of protection is influenced by the endotoxin dose (12).

The protective effects of FP and hyjoxia were studied in CAfl mice.
e tbso increase produced by hypoxis was greater, 61%, than that for PP,
154, When animals were given PP 24 bhoure “efore irrad‘- .ion and hypoxia
during irrediation, the LDSO increase - % which indicates that the
procedures are directly additive in their protective effects, Such addi-
tivity should be expected since endotoxin, aithough producing marked
vascular -hanges (23), probably does not produce & sustained hypoxia.
Grenulocytic Recovery

Mice given TAB 24 hours before exposure to 428 R shov an accelera-
tion of granulocytic recovery in terms of the numbers of circulating
granulocytes and in terms of the nuwsber of zxanulocytes modilizad in
response to an injection of endotoxin. In a general sense, the present
data confirm the earlier findings of Smith, et sl. They interpreted
their data to indicate "endotoxin-induction of hematopoietic recovery"
vhether the endotoxin was given before or after irradiation (13, 17).

Implicit in the in concept of "induction of hematoroietic recovery"”
18 the ides that the initial injury to the hematopoietic systen is ooz~
parable in endotoxin-treated and control groups (13). That is, endotoxin
doas not decrease the demage in terms cf the surviving number of stem

cells or maturing cells. Although no mectsnisa has been proposed to

12
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account for the "induction of hematopoietic recovery” (13, 17), this
might occur if endotoxin were tc produce (a) an increase in the rate of
cell division in & stem cell compartment with proportionately more cells
moving into & dividing and maturing coumpartment, (b) a preferential
shunting of cells to the dividing and meturing comartment, perbaps ai
the expense of repopulation of the stem cell compartment, or (c) &
shorter sojourn in the dividing and maturing compartment. If operetive,
any or all of these factors will produce a temporal adwence of hemato-
poietic recovery which might accoun’. sor the protection observed vhen
endotoxin is given either before or after irrediation.

However, with endotoxin given before irrsdiation another factor may
be important. This factor is the "state” of the hematopoietic system at
the time of irrsdiation. An injectior of endotoxin may produce a “shift
in relative numbers of cells in various compartmente of the marrov, the
effect of vhich is to increase the number of stem cells and/or cells in
dividing an’ maturing compartments. Studies of the time-dependenc;” of
endotoxin-protection are generslly consistent with this idea (10). Bvi-
dence for an increased surviving number of proliferative cells bhas veen
obtained in endtoxin-treated mice using the numbers of cciony-forwing
units ac the end point (24). An incresse in the number of surviving
stex celis or other proliferstive cells could decrease the time by which
the cell cocunts approach normal. Therefore, vhan endotoxin is giwen de-
fore irrediation it is not nacessary to sssuse couparedle iniiial injury
and only induction per se as the effect of endotoxin in the hemmtopoletic
systes.

13
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However, when endotoxin is given during the first day after irradi-
ation, the survivael of mice and hamsters is increased, and an accelera-
tion of hematopoietic recovery is also obse-ved (8, 13). The mechanisa
by which post-irrediation treatment with endotoxin influences the hemato-
poletic system is not clear, but perhaps in this situation there is some
direct stimulation of cells in the dividing and maturing and/or the stem
cell compartments as was described sbove. Endotoxin given within the
first day after irrediation probaoly does not elicit all the responses
which are produced by glving endotoxin before irradiation.

Another factor which mey be rzlevant to the question cf the influe-

ence of endotoxin on hematopoietic recovery is the transitory rise in

granulocyte counts which occurs dwuring the second week in the mice given
TAB 24 hours before 428 R. During this rise phase, the number of circula-
ting granulocytes in the TAB animals exceeded that in the controle by a
factor of 3 = 6. Although the granulocyte counts in the TAB animals
approximated pre«irradiation levels during part of the secund week, the
counts subsequently fell below pre-irradiation levels at days 13 and 15.
Between days 18 and 21, the grenulocyte counts in both groups approxi.
mted pie-irradiation levels. Therefore, during the second post-irradia-
tion week, which may bc & very critical period insofar as zurvival {s
concerned, the TAS animals have more circulating and mobilizable grenulo-
Sytes than do controls. In our earlier atudies vith TAB-protected dogs
a greater 'abortive” rise vas odserved than in the mouse (1i). There is

considerable edwantage in using dogs to evaluate the inflluence of en”'>-
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toxin in granulocyte recovery. The dog's dif -ential leucocyte count

is reversed as compared with a mouse. The dos, has 8 to 10,000 granulo-
cyt.ea/m3 rather than 1500 to 3000/::::13 as in a mouse; therefore, changec
in the numbers of circulating cells can be more readily quantitated in
the dog. Also, the normal process of granulocytic recovery after jrradia-
tion (in terms of circulating cells) occurs later than in the mouse.

This permits a mcre cleax separation of an abortive rise and what might

be considered as normal granulocytic recovery. In dogs given TAP before

exposure to 360 R (~ LD, ) mortality was significantly decreased, and

5/30
a trans.enl rise in granulocytes occurred during the second week (1k).
The nadir in granulocyte counts occurnd during the third week in both
TAB-treated and control dogs. After the rise period during the second
week, there was little difference in the granulocyte counts between the
treated and control dogs. Although comparat!sly few dogs were inwolved
in the initial dog study (14), subsequent experiments inwo’ving more dogs
have confirmed this general pattemrn.

Therefore, the question is wvhether an increased number of grenulo-
cytes during the second wveek indicates (a) regeneration of the hemato-
poietic system, (b) an sccentuation of the abortive rise not accompsanied
by accelsreted hematopoietic regensretion, or (c¢) an accelersted hemato-
poiatic regenersation vhich is accompanied dy an accentuated abortive rise.
The rise appears to be radistion-dose dependent and may Le the result of
abortive regeneration in the etem cell compartment of the marrov (25, 26).
Therefore, the rise in thz nusber of circulating grenulocytes may be

attributabla to the surviving fruction of precursor cells wvhich ccaplate
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only a few divisions before death. In the dog and possibly in the mouse,
the principal effect of enidotoxin pre-treautment may be to increase the
extent of the abortive rise., On the other hand, if endotoxin treatment
produced an increased surviving fraction of bone marrow stem cells, one
might expect both an accentuation of the abortive rise and an earlier
return to pre-irradiation granulocyte levels. This same petiern would
also be expected if the initial injury were equivalent in the treated
and control groups, and endotoxin were to "induce" hematopoietic re-
covery. On the basis of the present hematologic data derived from mice,
it 1s not possible to exclude these aliernate hypotheses. Studies are
continuing in both mice and dogs given endotoxin before or after irradia-
tion which may permit a better understanding of the influence of endo-
toxin on the hematopoietic system.

Padiosensitivity After a Conditioning Exposure

In view of the role ascribed to the hematopoietic system in deter-
mining redisticn resronses in the midlethal exposure range (26), it
might be expected that an observed increase in the rate of granulocytic
recovery reflects an accelerated rate of bone marrov regeneration and
might produce a susgiained increase ir the rate at which the rediosensi-
tivity (LDSO) of mice 'eturns towr=d normal., Ii. the pregent studies, no
susta:ned increase in the rete of recovery waa observed. Betwveen 3 and
14 days after the conditioning exposure, the LDSO'I and therefore extent
of recovery were sizilar in the TAB-treated and control animals. Hov-

ever, 8t 1 day after the conditioning exposure, the x‘DSC for the TAB
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group was significantly higher than that for the control group. This
higher mSO in the TAB group at 1 day might be attributable to an
accelerated rate of recovery, but it more likely indicates a residual
protective effect of the endotoxin given 43 hours before the 1 day I.DSo
determination., Endotoxin given 48 hours before irradiation is known to
increase survival (7, 8, 10).

In connection with the split-dose data, it may be of some interest
to attempt to interrelste the LD50 at 1 d=y in the TAB animals and the
state of their hematopoietic system at tha* time. These comments are
entirely speculative and relate to the control systems which influence
the stem cell compartment., If we assume that the split-dose LDSO'B are
related to the numbers of stem celis present at any given time, the
possibility exists that the granulocyte rise during the second week and
the increased I‘DSO obgerved at 1 day after the conditioning exposure are
both related to the number of stem cells that were present 1 day after
the conditioning exposure. The LDSO at 1 day was 152 R higher in the
TAB group than in the control group wvhich might indicate a greater number
of stem celis in the TAB group. However, at 3 days, the LDSO" of the
TAB and control groups were similar, as perhaps were the numbars of stem
cells, Also, the mSO for the TAB animals vas lower at day 3 <han et
day 1. The decreased LDSO at Jay 3 might indicate a decrease in the
sten cell population in the TAB animala between day 1 and day 3. This
could occur if, under “differentiation pressure”, a certain frection of

stem cell progeny vere totally diverted to various dividing and maturing
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compartments at the expense of the stem cell compartment. FPerhaps when
the size of the stem cell compartment is above some finite number, rela-
tively more cells may be committed to dividing and maturing compartments
than when the stem cell population is below some finite number. When the
stem cell population is below this hypothetical "critical size" rela-
tively few cells might move into dividing and maturing compartments and
the principal activity in the stem cell compaytment may be toward re-
storation of that compartment. This might account for the dose dependence
of the abortive rise noted in some species (26), and for the "abortive"
rise and radiosensitivity in TAB-treated mice. However, this specula-
tion 1s based on the assumption that in a split-dose system, the LDSO at
any given time is related to the size of the stem cell population which,
&3 will be mentioned later, may not be & valid assumption.

One further inference may be drawn from the present split-dose and
hematologic data. The data show that after day 1, the LDso's for TAB
and control animls were quite similar {n spite of the large difference
in the number of circulating granulocytes during the second week., There-
fore, since TAB increases 30 da;" survival, the granulocyte recovery may
be of value in the prognosis of survival following acute radiation but
does not necessarily predict greater survival following a second redia-

tion exposure,

Rate(s) of Recovery fros Radiation Injury

The spiit-dose technique has been used extensively to measure re-

covery from rediation inlury in mice, recovery dbeing defined as the

18
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retuxrn toward normal radiosensitivity following & corditioning exposure.
For reviews, see Sacher (27), Storer (28), and Krebs and Brauer (29).
Mole (30) and Kallman ari Silini have described early cyclic alterations
in the radiosensitivity of mice which may be related to radiation-induced
synchronization in the cell population which determines radiosensitivity
(31). One of these early fluctuations in radiosensitivity probably
acccunts for the recovery observed in our non-treated animals at two
hours after the conditioning exposure. The LDSO'B at two hours and at

1 day are identical and indicate 10% recovery.

In mice, recovery curves are usually considered to be adequately
fitted by an exponentisl function (27, 32); that is, the logarithm of
percent remaining injury plotted against time after the conditioning
exposure produces a straight line. Since mice recover comparatively
rapidly, and the dose-response curves at certain times may be shallow,
it is difficult to precisely define small changes in rediosensitivity
over short periods of time., These difficulties give rise to a certain
anount of scatter of the observed points around an exponential recovery
curve, and this scatter is usually attributed to "biological variation”.
However, these deviations may not result from biological variation alone,
and the goodness of fit by an exponential function has been questioned
for mice (28, 30, 31), and deviations from exponentiality have been re-
ported for sheep and swine (4) and perhaps for the dog (6).

The question of recovery rate is complex, and as Kallman and Silini

have shown (31), the inferences drawn pertajning to rate can be markedly

19

- - . e e —— . - - - - - - -
— e TR - - ——




influenced by the coordinates and the parameters which are plotted.

Time after a conditioning exposure is usually on a linear X axis; but on
the Y axis, which may be either linear or logaritimic scale, either the
percent remaining injury, I.Dso,.
may be plotted. The present recovery data have been shown on both loge-

or rads of injury which are recovered

arithmic and linear ordinates using different parameters on the Y axis.
The data, no matter how plotted, indicates that, based on median popula-
tion sensitivity, the CP§L mouse recovers from 50% of the initial injury
by ~ 4 days. On a logarithmic ordinate, the Y intercept of the fitted
exponentiial curve exceeds the expected initial value of 428 R. This may
be wholly fortuitous and the single exponential, curve A in Fig. 4, re-
gardless of the intercept, may be a satisfactory fit to the observed
points. On the other hand, if a curve is drawn through the observed
points and forced to & Y intercept of 428 R, the result is curvilinear,
especially over the first three days. This suggests either an initially
different exponential rete producing & recovery half tims of ~ 6 days, a
linear rate with recovery of ~ 40 R/da.y, or & mnre complex function. On
tha other hand, since cyclic alterations in rediosensitivity may persist
for 48 to 72 hours (31); a single recovery rate estimate which includes
that period may be relatively meaningless and would not be applicable to
subsequent changes in radiosensitivity. Excluding changes in mdiosensi-
tivity at less than 24 hours, the impression of & net .ineer recovery
over the first three or perhsape five days may also be gained from Figs.

4 and 5. These figures also indicate that after five days, the recovery
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rate may change. In any event, the possibility exists that the radio-
sensitivity may not change at a constant rate throughout the entire re=-
covery phase,

In connection with reccvery rate, one conventionally deals with a
rate estimate based on the median radiosensitivity of a population at
eny giver. time, that 1s, the LD50. In split-dose recovery studies, one
is dealing with a population's distribution of "vasic" radiosensitivity
and of recovery potentisl, both of which would influence their response
to a second rediation exposure. That is, elements of a population un-
doubtedly have different basic radiosensitivities and recover at dii=-
ferent rates. Although the I.Dl0 and mgo are relatively ingensitive
estimates of radiosensitivity, & qualitative impression of differences
in radiation responses of the population may be gained from Fig. 4. The
rate of change in rediosensitivity appears to be different based on com-
parison of the more sﬁsceptible (LDlo) and the more resistant (LD9O)
animals, but such a conclusion is not statistically valid due to the
inherent inaccuracy in measuring LDlo and m90’ Nevertheless, these
data do suggest that the time by which the least and most redioresistant
elements of the population recover from 50 of the initia' injury may
differ by a factor of 2.

In connection with population redicsensitivity, ws have observed a
great deal of variability in redistion response in the present aplit-
acgse studies; vhereas, in single exposure mSO studies, the veriability

1a 'ggs, ‘Mis 1z shown by the coefticients of varialion presented in
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Teble 5. One index of variability 1s the LDlo to I‘D9O exposure range,
that 18, the slope of the exposure response curve. In terms of the L.Dlo
to LD90, this range for the single exposure I‘DSO is ~ 135 R. In all the
split-dose Lbso's the range was greater, as is shown in Fig. 4. At 9
days the range was ~ LOO R, but at other times the ranges were of the
order of 275 to 300 R. Although not presented here, we have computed
slopes for these exposure-response curves assuming both a lognormal and
a normal distribution of radiosensitivity. With exposure on either log
or linear scale, the slopes of the curves for the split-dose I.Dso's are
more shallow than the slope of the single exposure curve., At no time
does the use of the log as compared with the linear exposure scale
materially influence the I.Dso (differences range from 1 to 17 R), but,

as would be expected, the I.Dlo and LD,. are more affected. The overall

90
shape of the curves in Fig. 4 is not changed by the use of the log or

linear scale; in fact, using the linear scale the separation of the I'Dlo""

and ngo's is somewhat grea‘er than is shown in the figure. We are cur-
rently attempting to determine which exposure scale gives the better fit
to the data and wve are evaluating the statistical significance of the
changes in slope.

A factor vhich may have bearing on the observed vuriability is the
strain of mouse. The CAfl 1s not an inbred mouse and less variability
migat be expected in a highly inbred strain, Howvever, in terms of co-
efficients of variations observed in dsterminations of acute IDSO'l, the

8% for the CMfl 1is only slightly greater than the 6 to 7% in the inbred
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IAF, mouse. Although the statistical treatment of the CFfl slope data
is not complete, we feel that in "biological terms" the slopes of expo-
sure-response for split-dose experiments are significantly more shallow
than the slope for a single exposure,

We are extending the split-dose studies with mice with the in-
tention of obtaining better estimates of recovery rates(s) and determin-
ing the influence of size of the conditioning exposure on recovery rate.
At present, it is difficult to relate observed changes in rediosensitivity
to changes in the slze per se of a stem cell popwlation. This difficulty
involves the rapidity with which mice recover as contrasted with esti-
mates of generation times for cell populations (24). Other studies have
been conducted with X- and neutron-irradiated mice to determine the re-
lationship between recovery and repopulation of colony-forming units in
the femoral bone marrow and in the spleen (33). These findings will be

presented separately.
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TABIE 1

PROTECTION RATIOS IN CFfl AND IAFl MICE

Strain-Treatme LD (R)a Protect%on Number of
- nt 50110 Ratio Mice

(o] e ——— —————
B eyre- 723 (689-762) 112 109
Cp&nﬁhlrn e 712 (662-749) 1.10 60
Cng.n?;gistUected 646 (632-659) -- 164

e
m:%ﬂpzonﬁ' 939 (928-95.4) 1.32 179
mﬁrfgnm 987 (969-1017) 1.39 100
A atrons 707 (691-723) - 130

"mese exposures may be converted to rad dose in the abdomen by s
factor of 1,2; see Methods.

b’me protection retio is the LD, for the treated animals, the LDSO
for the cortrols.

0.2 ml of TAB (3 x 10°

tion.

organisms) injected 24 hours before irredis-

e 95% confidence interval is shown ir purentheses.

®50 ug of (7P) injected 24 hours before irredistion.
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TABIE 2

RADIATION PROTECTION IN CPfl MICE BY HYPOXIA AND
PSEUDOMONAS POLYSACCHARIIE (PP)

Protection
Ratio Protection Protection
Number Relative Ratio Ratio
Treat- LD, (R)a of to Non- Relative Relative
ment “50/30 Mice Treated to_Hypoxia to PP
None 516 (k492-534) 138 -- -- --
Bypoxis® 831 (776-868) 207 1.61 - -
8 596 (570-616) 120 1.15 - --
Wypoxda 50, (g33.988) 10k 1.87 1.16 1.62

and PP

5’mese exposures may be converted to rad dose in the abdomen by a factor

of l.5; see Methods.

b}{ypoxia during irradiation.

©50 ug of (PP) injected 24 hours before irradiation.
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TABIE 3

GRANULOCYTE COUNTS 7' TAB-TREATED AND CONTROL MICE
AFTER EXPOSURE T0 428 R

a
Days After X Granulocytes/MM3

428 R TAB Controls
0 2152 (1627-2627) 2152 (1677-2627)
1 1274 (1085-1464) 1564 (1392~-1736)
3 294 (234-354) 541 (467-613)
5 1040 (833-1246) -
6 -- 474 (L0OO-548)
7 3164 (2800-3528) -
9 - 582 (412-751)
10 2034 (2262-3606) -

12 - Lhs (281-607)
3 1382 (1113-1650) --

15 1389 (1091-1687) 589 (409-769)
18 1905 (1477-2332) 1796 (1357-2234)
21 1749 (1455-2043) 2086 (1611i-2562)
<3 2979 (2503-3456) --

2L -- 2614 (2309-2920)
as 2868 (2392-3344) --

c -- 3025 (2491-3560)
27 3321 (2801-3541) -

208 -- 2560 (2112-3008)
30 2350 (1990-2710) 2556 (2172-2739)
33 1974 (1712-2237) 2725 (2207-3242)
b2 1973 (1671-2276) 1850 (1541-2159)

‘The control mean veas based on a group of 20 mice; the other means were
based on groups of 10; counts within parentheses indicate the G5%
confidence interval.

b

TAB given 24 hours before 428 R,
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Fig. 1. leukocyte counts per cubic millimeter in TAB-treated and control
mice followin: exposure to 424 R,

34

B o




NRDOL %44 - /5

CF, MOBILIZATION
50mcqg Piromen (W)

V——8 TOT4L WHITE BLOOD CELLS
o-——0 JOTAL GRANULOZYTES
..... TOTAL AGRINULDICYTES

©
- 0
g & //
(@} //
© ’
o 4
& i
t) 7
7
e
& ’
3= \\ //
\“,.
] A
- ~
2 4 // s ’_0___._--4
\ 7 S
) Y ‘o
i M\
\s
°
obl_1i 1 i i
01 4 8 12 16 20 24

HCURS AFTER INJE™ "1ON

FMeg. 2. letcocyte counts per cudic millimeter in non-irradiated mice
inlected intraperitorn.ally with 50 ug of PIROMEN.

35

e e S TGN T R - o - - . ro——




R, 44 -6

CF | MOUSE

Q $28R
e 7A8 AND 428R

PERCENT REMAINING INJURY

20+ ™

0 4 % In 1
o} ' 3 s 9 14
DAYS AFTER (LuDITIONING EXPOSURE

Mg. 3. PRercent injury remaining at various times after the conditioning
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the injury produced by the conditionins exposure of L2* i,
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