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Low-dose total-body irradiation, 150 rau given in 10 fractions over 5 weeks, is a
useful treatment mudality for favorable-prognosis lymphomas. Little is known,
however, about the effects of this regimen on normal bone marrow. Six healthy
beagle dogs and § dogs of various breeds with lymphoma were treated with total-
body irradiation, Three of the § lymphomatous dogs achieved remissions of limited
duration. No changes in the hemograms or in bone marrow cellularity tas assessed
by needle marrow biopsies) could be detected during or after treatment. Bone
nuurow progenitor cells were studied weekly during treatment and for 4 weeks
thereafter using in vitro growth assays for GM-CFC and M-CFC. These studies
demonstrated significant reductions (£~ 0.001) of granuleeyte and macrophage
progenitor cells with subseguent recovery toward normal pre-ircadintion and sham
irradintion values, Two additional dogs were injected with sublethul doses of Nel
manella tephosa endotoxin 2 weeks after completion of the irradiation regimen.
Their bone muarvow GM-CFC vesponses were dramatically blunted compared o
nonirradinted contrals whereas their peripheral feukocyte responses nnd serum CSE
tevels were comparable to noniveadinied controls, These studies suggest that total-
bady irradiation ruy imduce bone marrow injury that may be clinically significant
if patients so treated are further stressed by infections or myelasuppressive drugs.
Nev wondy:  Canine = TBI ~ Bone minrow = GM-CFC

Low-dose total-body irvadiation (TBI
is an increasingly popular treatment
madality for favorable-progeosis lym-
phomas with therapeutic responses

o

' Pepartment of Tnternad Medivine, Hemato)-
agy-Oneotogy Branch, National Naval Medical
Center, Hothesda, MD 20014,

comparible to conventional chemeother-
apy regimens (<S), Despite incrcasing
use of TBL as therapy tor lymphoma,
little vesearch has investigated potential
daimage to the patient’s normal bone
marrow after repeated exposure to low-
dose gamma irvadiation. It has been
reported that low-level radiation expo-
sures result in increased riss ot subse-
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quent development of leukemia (6). In
addition, granulocyte-macrophage col-
ony-forming cell (GM-CFC) assays in
dogs have been described following sin-
gle-dose gamma irradiation exposures
(7) and continuous, low-dose irradiation
(8). In both cases, reductions of GM-
CFC are described. It is the purpose of
this study to use a canine model to ob-
tain information concerning possible
damage and recovery of the hemato-
poietic system from a fractionated low-
dose total-body gamma irradiation
program paralleling human clinical
regimens.

The principal morbidity with this reg-
imen is marrow suppression, mainly
thrombocytopenia. Severe thrombocy-
topenia, although uncommon, usually
occurs several weeks after completion
of therapy, associated with marrow tu-
mor or splenomegaly (9). This suggests
that significant myclosuppressive cvents
may occur during TBI that are not re-
flected in routine peripheral blood cell
counts. To investigate the effects of
fractionated TBI on bone marrow, ca-
nine marrow progenitor cell populations
were evaluated by in vitro colony-form-
ing cell assays. The dog model was cho-
sen because of ity similarity to man in
both radiosensitivity (10) and histologic
appearance of lymphomas (H).

MATERIALS AND METHODS

Animals. Hewlthy, purebred adult, female bea-
gles, weighing 10w 1§ kg, and lymphomatous
dugs of all breads were used i the study. Dogs
with suspected spontaneatts lymphona were re-
ferred by practiving veterimwians, A dinguosis
was entablished vin a lvmph node Biopsy, amld
stage of the diseise was eviluated using clinica)
signs, bime areonw binpsies, und hematologic
parameters, Thove necepted for the Moy were
then Treuted to climinate parasitiv infestiations

and were immunized against distemper, hepati-
tis, and rabies, Informed consent was obtained
from owners of the lymphomatous dogs accepted
for the radiotherapy program. All dogs were
housed in temperature-controlled rooms in in-
dividual stainless steel cages and were fed Kib-
bled laboratory dog food, supplemented once
weekly with a high-protein canned-meat ration,
Water was provided ad libitum. The majority of
dogs with lymphoma remained under the care of
their owners and were treated on an out-patient
basis. All dogs with lymphoma were examined
weekly by a veterinarian.

Experimental procedure. Plexiglas containers
were used to position the nonanesthetized dogs
perpendicularly to parallel-opposed Co sources
delivering a midline tissue dose of 9 rad/min. A
dose of 1S rad was administered twice weekly
for 5 weeks for a total cumulative dose of 150
rad, This schedule is similar to that prescribed
in many human clinical regimens.

Rib bon¢ marrow aspirations were obtained
from normal-irradiated and lymphomatous-irra-
diated dogs as well as from a normal nonirra-
diated control dog as a pretherapy specimen,
This was done weekly for the 5 weeks of irm-
diation and weekly for 4 weeks thergafter. Dogs
were anesthetized with Suritiad (Parke-Davis, A.
3. Buck & Son, Baltimore, Maryland) before
aspitation of bone marrow from their lateral ribs
and Jamshidi bone marrow needle biopsies
{Kormed, Minneapolis, Minnesota) from the dor-
sl e erests. Mononuelear marrow cells were
separated from heparinized aspirates mixed with
an equidd volume of MeCoy's Sa medivm (GIB-
CO, Grand Jsland, New York) using Ficoll-Hy-
paque (Pharmacin, Piscataway, New Jersey).
They were then washed in medium with 564 fetl
calt serum and a 157 antibiolic-antimycotic mis-
tire (O GIBCO, Grand Island, New York),
The monanuctear marrow ¢ells were then resus.
pended in fresh, chitled medinm and then count.
ed and assayed in the vawious progenitor vell
cultire systems. One aliguot of peripheral blomd
wits abnined weekly for a complete blowd count
(CBC wml for serum to be testedd for the presence
uf colany-stimuliting fctor (CSE), Bone narrow
siears were e e o determine myeloid-ery.
throid (M:E) vatios, scoring tewtrophils, baady,
metamyeleeytes, mycloeyies, pratvelocyies
and veloblists as myeloid cells and orthochive-
miv normoblists, palvchromatophilic avrmo-
blasts, basophilic aormoblists, and pronoro.
blusts as erythroid cells. The bone muarrow
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TABLE 1
Hematologic parameters® in normal dogs undergoing fractionated, low-dose total-body irradiation
Time  Cumulative Platelets
(wee! sy dose (rad) Het WBC x [0 M:E

0 0 45, £ 2.7 7086, + 980 295, + 39 105, + 0.05
I 30 42, x 2.1 6157, + 532 311, + 38 110, = 0.08
2 60 42, + 1.5 6733, * 536 288, + 31 1.01, = 0.08
3 90 4, 17 6450, + 742 341, * 56 0.90, + 0.09
4 120 4, + 1.4 6150, + 378 323, + 79 0.80, = 0.12
N 150 43, + 1.1 5880, + 882 270, + 73 1.09, = 0,13
6 43, = 1.0 5350, + 332 200, = 48 093, = 0.19
7 44, = 1.4 6650, + 994 267, + 43 0.68, + 0.06
8 45, = 1.1 7450, + 1092 304, * 26 0.90, + 0.12
9 46, = 1.1 6130, = 364 257, + 39 0.84, = 0.05

* Het = hematocrit (%), WBC = white blovd cell count ¢Ymm™), M:E = myeloid:erythroid ratie. These and
the platetet count (mm?) are expressed us mean values (£ SEM) for several experiments. Subscript = number

of separate experiments.

biopsies were decalcified and histologic sections
were prepared for assessment of cellubarity and
the presence of twmor.

Granulocvte-macrophage colony-forming cell
(GM-CFC) and macrophage colony-forming cell
(M-CFC) assavs. Bone marrow-derived GM-
CFC (12) and M-CFC (13) were assayed as de-
seribed. Serum obtained from o dog 4 b after an
intravenous injection of SO ug of Sabmonella
tephasa eadotoxin (LPS) (Bacto Lipopalysac-
charide W, Difco Laboratories, Detroit, Michi-
gan) was vsed as a source of CSF (14). A double-
luyer agar system was vsed with 1562 CSFE and
1322 norwtil human secum as an ephancing factor
£15) in the lower layer, Culture madium wis sub-
stituted for endotoxin serum to detect endoge-
nous colony formation which was less thon 41
cultured cells, Marrow cells were plated in qua-
druplicate in 3S-mun plastic petei dishes at 1R
nucleated celivdish and incubntedd wt 37¢ in a
humiditied 7% CO, in aie stmosphere. Colonien
with greater than S0 celly were scored s heing
devived from GM-CFC ufter 9 dags of incubation
und as being devived Trom M-CEC ufter 25 duys
ol incubativn,

fadotoxin serens, Puring the second week of re-
covery fram our TRI vegimen, 2 additional noe
mal-trvadinted dogs wd three nonivaatinged cone
trol dogs cach received un iv infection of 10 pp
of LIS, Bone marvow aspivates, peripheral blomd
counts and serim were obtained from eiuch iness
thetized animial before P8 injection aml for 4
vonsecutive days theveatter. The separated

mononuclear marrow cells were assayed for con-
tent of GM-CFC and the serum for CSF.

Assessment of colonv-stimulating activiry. Sera
collected from pormal-nonirradinted, normalsir-
radiated, lymphomatous-irradiated, and LPS-in-
jected dogs were evaluated for CSF activity. Test
sera, 0.13 mi, were used in the Jower layer as the
only source of CSF in the twus-layer agar system
described above. Bone marrow from a single
normal dog was then plated in the upper agar
kayer as target cells, CSF was expressed as pum-
ber of colonies/plate. All experiments were done
in triplicate,

Seatistical analvxiy. Results are expressed ns
mean values + SEM of replicute experiments
with the exception of the endotonin challenge
datn where individuan experimental values ave
reported. Differences of significance among
means were determined by Student’s ¢ test.

RESULTS
Pathology. Six healthy beagle dogs and
S dogs of various breeds with diffuse
poorly differentiated lymphomas undey-
went TBL. One normal-nonivradiated
beagle served as a shame-irradiated con-
rol. Nu adverse pathological etfects
were observed from TBI in any of the
animals, and 3 of the § treated lvm-
phomatous dogs achicved complete re-
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TABLE 2
Canine hone marrow GM-CFC*and M-CFC during and qfter fractionated, low-dose total-body irradiation
Cumula- Normal irradiated Normal sham irradiated  Lymphomatous
Time  tive dose .
(weeksy  (rad) GM-CFC M-CFC GM-CFC M-CFC GM-CFC
0 0 R4, ~ 6.5 1o, * 6.7 74 13 05, * 18.6
I 30 48, = 5.6 6, + 15.6 63 83 58,
2 Al 23, + 99 34, + 101 §3 9s 29+ 133
3 9 26, + 101 49, 64 101 43, £ 27,1
4 120 liy ~ 4.6 6, + 31 101 73 23, + 10,0
s 150 17, + 7.2 49, @ 178 76 ]S 12, + 31
6 2, + 14 N.D. 9l 74 N.D.
7 40, » 53 82, mn 122 43, + 7.2
8 dt, v 1.2 50, + 2.4 71 82 54,
9 66, + 5.3 64, 76 81 41,

* GM-CFC = granulocyte-macrophage cotony-forming celk: M-CFC - macrophage colony-forming cell. Both
are gxpressed as mean number of colonies/ 108 nucteated cells, Subscript = number of separate experiments,

one dog per experiment, N.D. = not determined.

missions of about 12 weeks average du-
ration. Two lymphomatous dogs
experienced rapidly progressive lym-
phoma with marrow replacement during
TBI and were cuthanatized at the own-
ers’ request on completion of treatment.
As shown in Table 1, the nadir for mean
values for peripheral blood counts was
reached at | wecek post exposure while
bone marrow M:E ratios and ceilularity
remained within norma! limits (no sig-
nificant diftevence) throughout the study
for all the normal dogs,

GM-CFC and M-CFC activity, Bone
marrow GM-CEFC and M-CFC mean
values for 6 normal-irradiated beagles,
3 lymphomatous-irpadiated dogs, and o
sham-irradiated dog are shown in Table
2. There were significant reductions in
both GM-CEFC and M-CEC col 1y -
mation (7 -2 0.000) compared 1o pre-
treatment and control values after Y rad
total cumulative dose in all animals, tol-
lowed by gradual recovery toward nor-
mal values, 1t i of interest. as previ-
onsly noted, that no associated changes
in peripheral blood counts, marrow di-

ferentials, or marrow cellularity could
be detected to parallel this reduced pro-
genitor cell population. CSF potency
was monitored at various times during
all experiments to ensuye that CSF re-
mained at pretreatment levels,

Endotoxin stress. The bone marrow
OGM-CFC responses of 2 normal-rradi-
ated beagles to LPS at 2 weeks after
TBL is compired to the LPS response
of normal-nonirradiated beagles in Ta-
ble 3. Rather than the large rise in GM-

TARLE )\
Citwine GALCEC reponse to cindronin 2 weeks fide
I ing b e total sty ferentintion

RN ainabs CarS AT e TSN L LA L % B T S S MRS

Pereent of pre-enmdtosin GM-CFC values

e s

Hours afler emduionin

A/ 72 en

vooN
freadiated dog ) (LT LU S I |
Irenddinted duge 3 ([N 7 WO W
Nosrradinted doga® 100w MR S0 )

TGMOFC - prasulecytemacrophage progenitue
eell in cultmee.

" Average vadues for irde inrinal, nominradiated
dugis.




—

o e———

RADIATION EFFECTS ON CANINE MARROW 585

CFC concentration demonstrated by the
‘ontrol at 72 h after LPS, the previously
Hated dogs showed a markedly di-
" ~d response to LPS. However,
. penperal leukocyte response in
these dogs was normal. Mean values
showed a marked rise in leukocytes and
neutrophils to peak values at 48 h after
LPS injection. The peripheral neutro-
phils in the irradiated dogs rose from an
average 2-week post-irradiation level of
4730-9270/mm* 48 h after the LPS,
while the normal, nonirradiated dogs
showed a rise in neutrophil values from
5848-11.736/mm?.

CSF assav. No vanations in serum CSF
from any of the dogs exposed to the
irradiation regimen could be detected.
The previously irradiated dogs respond-
ed with a marked increase (232% and
365% for dogs | & 2, respectively) in
the level of serum CSF measured 6 h
after LPS challenge 2 weeks after TBLL
This response was comparable to that
of the normal, nonirradiated dogs (av.
erage 360% increase) as well as pub-
lished data (12),

DISCUSSION

Bone marrow progenitor cells were
eviduated weekly during TBIL and con-
tinued for 4 weeks thercatter, In vitro
soft agar cultures were used to measwme
GM-CEFC and M-CFC activity. These
studies demonstrated signtiicint reduee
tions in granulocytemacrophage  pro-
genitor cells followed by a gradual re-
covery toward normal values, Peripheral
blood CBC and marrow cellundavity had
renained unchanged during the ivradia-
tion regimen.

Three of the S lymphonatous dogs
that received TBI obtained remissions
of their wisease following therapy. Un-

fortunately, these responses were brief.
With the exception of the 2 dogs with
progressive marrow tumor that did not
respond to TBI, no differences between
the progenitor cell assays or responses
to TBI could be detected between the
lymphomatous and the normal-irradi-
ated dogs.

Although the effectiveness of TBI for

canine lymphoma is of interest, the

marked reduction of marrow progenitor
cells during the fractionated TBI is far

more intriguing. Apparently a bone mar-
row injury is induced by this treatment,
which is not reflected in peripheral
counts or marrow cellularity. The sim-
plest explanation Jor the apparent par-
adox of a normal CBC and marrow cel-
lularity associated with decreased
marrow progenitor cell values may in-
volve adequate progenitor cells to main-
tain a steady state but also diminshed
reserves to support a state of marrow
stress such as infection or myelosup-
pressive drugs.,

To test the bone marrow response to
a granlopocetic stress following frac-
tonated TBI, 2 sormal-ivvadiated and
three normal-nonireadiated dogs were
injected with LPS, The irvadiated dogs
were 2 weeks post-TBL and had re-
covered their GM-CEFC values to within
pretreatment levels, Ay demomstrated
in Table 3, the bone marrow GM-CEFC
responses of the irvadiated beagles were
markedhy reduced compared to the non-
irradinted animads. Thus, although the
iwradiated beagles hid shown progres.
sive recovery of GM-CYFC toward pre-
TBI levels, their bone miarrows were
unable to muster GM-CEFC vesponses
appropriate W the LPS stress as sug-
gested by our controls and previously

veported studies (120, This iy in spite of

A normil increase in cireulating levels
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of CSA in the irradiated, endotoxin-in-
jected dogs. Since the GM-CFC re-
sponse to LPS was evaluated only at 2
weeks post-TBI, further studizs are
needed to determine how long this de-
fect persists, and therefore if it forms
a component of radiation-induced resid-
ual injury to the hematopoietic svstem
(16,17).

In conclusion, fractionated TBI has
been shown to (aduce remissions in ca-
nine lymphoma. Profound reductions of
canine marrow progenitor cells occur-
ring with TBI could interfere with the
marrow's ability to respond to further
stress. The poor GM-CFC response to
LPS stress following TB! supports this
conciusion. This bon¢ marrow injury
may be clinically significant it paticents
treated with TBI are further stressed by
infections or myclosuppressive drugs.
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