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SUMMARY 

An evaluation of a system of biological dosimetry based upon the development 
of nuclear pyknosis in peripheral lymphocytes in vitro, has shown the system to 
be reproducible in rats and rabbits with a linear response up to 100 R, and a 
sensitivity of 5 R with results available after 7 hours. With human lympnocytes 
24 hours was required to produce an equivalent response which varied from 
individual to individual and hence can not be established as an overall invariable 
method of dosimetry. Rabbit lymphocytes labelled with H3-cytidine were found 
to disappear from the peripheral circulation very rapidly after reinfusion into 
the same animal. They were essentially all gone after 60-90 min and no difference 
in the rate of elimination could be discerned for normal or irradiated (200 R) 
lymphocytes. 
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N U C L E A R PYKNOSIS AND T H E D E V E L O P M E N T OF RADIATION 

DAMAGE IN PERIPHERAL LYMPHOCYTES 

J. F . Scaife 

EURATOM, Joint Nuclear R e s e a r c h Center , I sp r a (Varese) , I ta ly 

Biology Division 

INTRODUCTION 

The ex t r eme radiosensi t iv i ty of m a m m a l i a n lymphocytes is well e s t a 
blished and a prec ip i tous decline in the number of c i rcula t ing lymphocytes 
is c h a r a c t e r i s t i c of radiat ion exposure in an imals and humans (1). In v i t ro 
s tudies have shown that i r r ad i a t ed lymphocytes undergo a c h a r a c t e r i s t i c 
form of in te rphase cel l death designated as nuc lear pyknosis , although 
this is not unique to ionizing radia t ions and can be produced by a va r i e ty 
of cytotoxic agents (8). Extens ive s tudies of this mechan i sm of cel l death 
have been made , mos t ly with r a t thymocytes , and the obligatory need for 
ae rob ic r e sp i ra t ion es tabl ished (4, 5, 6, 10). In addition the impor tan t ob
serva t ions have been made , that the r a t e of nuc lear pyknotic development 
in v i t ro is g rea t ly acce l e r a t ed by inorganic phosphate and s e r u m in the 
medium (6, 10). 

Nuclear pyknosis is demons t ra ted by a l l lymphatic ce l ls in the body, though 
poss ibly in a quanti tat ively varying degree , after radiat ion exposure . In 
lymphatic o rgans - lymph nodes, thymus , bone m a r r o w , appendix, P e y e r ' s 
pa tches e tc . , this degenera t ion is readi ly vis ible in cytological p r epa ra t i ons . 
The number of pyknotic cells_in vivo r eaches a max imum after a few hours 
due to phagocytic act ivi ty, and eventually a l l a r e removed. In blood, the 
re t iculoendothel ia l sys tem is pa r t i cu la r ly efficient in this r e spec t and pyk
notic lymphocytes a r e very r a r e l y seen in the pe r i phe ra l c i rcula t ion . This 
has prec luded this sensi t ive phenomenon from being used a s a biological 
dos ime te r for radiat ion exposure . However, it has been shown (11) that in 
r a t s the development of nuclear pyknosis in v i t ro is identical whether the 
whole an imal is i r r ad ia t ed and the blood then immedia te ly removed, or the 
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isolated blood itself is i r r ad i a t ed with the same dose . Although p r e l i 
mina ry invest igat ions were unpromis ing , this biological method of d o s i 
m e t r y has been proposed for a s s e s s i n g radiat ion exposure in man (11). 
F r o m what is known of the rapid exchange of p e r i p h e r a l lymphocytes with 
other lymphatic t i s s u e s , however, (2, 3) it is evident that a blood sample 
would have to be removed ve ry rapidly following exposure of an individual 
to be of significant val idi ty. 

This work was under taken to evaluate the response of human p e r i p h e r a l 
lymphocytes to X- i r r ad i a t ion with r ega rd to the feasibil i ty of using them 
in biological dos imet ry , and a l so if poss ib le to de te rmine whether the RES 
can recognize an i r r ad ia t ed c i rcula t ing lymphocyte and if so, how soon 
after i r rad ia t ion , o r whether the RES itself mus t a lso be i r r ad i a t ed to in i 
t iate its scavenging act ivi ty. 

METHODS 

The p repa ra t ion of cel l suspens ions , media , cytological examinat ions , and 
conditions of i r rad ia t ion , were as previous ly desc r ibed (6), except that 
blood samples were taken using the anticoagulant EDTA (0. 15 m l of a so lu
tion of the disodium sal t pe r 5 m l of blood at a concentra t ion of 1 gm p e r 
15 ml in physiological sa l ine) . Ca re was taken to ensu re that a l l blood samples 
were fully ae ra t ed p r i o r to and during i r rad ia t ion . 

The yield of lymphocytes with EDTA was higher than when hepar in was used 
and the re was l e s s tendency to clump and adhere to g lass su r f aces . All 
g l a s sware was si l iconized. Syr inges were of s t e r i l e d isposable p las t i c . 

Rat blood samples (5-6 ml) were removed by ca rd iac puncture under e ther 

anaes thes ia from male albino an imals weighing 150-170 gm. 

Human blood (20 ml) was removed by veni puncture of the a r m from healthy 
vo lun tee r s . All operat ions including the final suspension and incubation of 
the lymphocytes were c a r r i e d out under s t e r i l e conditions due to the need 
to mainta in the cu l tu res for 24 hou r s . 
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Rabbit blood (20 ml) was taken from the cen t r a l e a r a r t e r y of one e a r . 
Mouse blood (1 ml) was taken by ca rd iac puncture and pooled from 3 a n i 
m a l s in o rde r to obtain sufficient quanti t ies for an efficient separa t ion of 
lymphocytes . 

F o r radioact ive labelling exper iments the separa ted "buffy coa t" from 20 m l 
3 

of blood was resuspended in 2 m l of p l a sma containing 100/uCi of H - label led 
o p r e c u r s o r . After one hour at 30 C with gentle agitat ion the leucocytes were 

sedimented and resuspended in fresh p l a sma . A cell count was made by 
3 

haemacy tomete r and 0. 2-0 . 5 m l taken for H es t imat ion while 1 m l of the 
remaining suspension was reinjected into the e a r vein of the same rabbi t . 
The dis t r ibut ion of the reinjected labelled lymphocytes was followed by r e 
moving 5 m l aliquote of blood by ca rd iac puncture from e the r - anaes the t i zed 
rabbi ts and separa t ing the leucocyte buffy layer in the same manne r as above, 

3 
removing al iquots for ce l l counting and H - a s s a y . 

3 
Aliquots for H - a s s a y were diluted with fresh p la sma and physiological 
sal ine and centrifuged to sediment the ce l l s . The cell pellet was,washed 
twice with cold 5% t r i ch lo race t i c acid (TCA) at 0 C. In the case of cytidine 
labelling the pel let was hydrolysed with 1. 5 m l of 5% TCA at 90 C for 15 min, 

3 centrifuged and the ex t rac t neut ra l ized and made up to 2. 0 m l . F o r H - h i s t i -
dine labelling hydrolys is was done d i rec t ly in 0. 3 N KOH solution. A 0. 5 ml 

3 
aliquot -was counted by liquid scint i l lat ion counting for H -content . 

Autoradiography was done with Kodak ARIO str ipping film with an exposure 
t ime of 12 weeks . Cytidine 5-T, 23. 6 C i /mM, 2-deoxycytidine 5-T, 
14. 7 C i / m M and L-his t id ine 2 - 5 - T , 7. 5 C i /mM were obtained from the Ra
diochemical Center , A m e r s h a m . 

RESULTS 

In o r d e r to facil i tate the development of nuc lear pyknosis and produce a 
l inear d o s e - r e s p o n s e curve , lymphocytes were incubated in a modified K r e b s -
Ringer medium containing 30 mM phosphate and 10% added bovine foetal s e rum 
(6). Using these methods with commerc ia l ly available male albino r a t s , con-
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s is tent ly reproducible r e su l t s have been obtained for in v i t ro i r r ad ia t ion 
as is shown in F ig . 1. The sensi t ivi ty of the method is such that a dose 
of 5R can be easi ly detected in any one exper iment c a r r i e d out by the same 
inves t iga tor . The t ime of incubation is only 7 hours and the response is 
l inear under these conditions up to 100 R. By con t ras t examinat ion of the 
blood of r a t s which had rece ived 200 R whole body X- i r r ad i a t ion never 
showed m o r e than 1% of pyknotic ce l ls in the c i rcula t ing blood up to 8 hours 
following i r r ad ia t ion . The damaged cel ls a r e there fore rapidly removed 
from the c i rcula t ion by the RES. 

The response of rabbit lymphocytes is a lso shown in F ig . 1 and is somewhat 
l e s s than that obtained with r a t s . In the case of mice it was not found poss ib le 
to obtain sa t i s fac tory r e su l t s s ince a clumping react ion was observed in which 
large numbers of p la te le t s were involved, resul t ing in the loss of ce l l s from 
the suspens ions . This reac t ion was independent of the p r e s e n c e or absence 
of s e rum in the medium and is possibly assoc ia ted with specific immune 
re sponses due to the pooling of the blood samples from seve ra l m i c e . In s u s 
pensions of ra t or rabbit lymphocytes the re was never m o r e than a 1-2% 
loss of cel ls over the 7 hour incubation per iod . 

F o r human lymphocytes in suspension it was confirmed h e r e that the develop
ment of nuclear pyknosis p roceeds at a much s lower ra te than for ra t or 
rabbit lymphocytes . Cell death (7), nuc lear pyknosis (9, 11) and t ime to death 
of humans (1) appea r s to be prolonged in compar i son with other spec i e s . 
This p r o c e s s was not acce l e r a t ed by resuspending the lymphocytes in f resh 
medium after 7 hours incubation, by incubating in the p r e s e n c e of 100% 
oxygen in place of a i r , by el iminating calcium from the medium, by incu
bating in complete cul ture media such as T. C. 199 with or without add i 
t ional phosphate, or by incubating in the p r e s e n c e of ra t thymus or spleen 
cell suspensions i r r ad ia t ed with 500 R X - r a y s . It is hence cons idered to be 
a spec ies -spec i f ic r e sponse . The overa l l ra te of pyknosis , including con
t r o l s , can be acce le ra t ed by incubation at elevated t e m p e r a t u r e s (12). The 
re su l t s obtained with human lymphocyte suspensions p r epa red from aliquots 
of blood given different radiat ion doses and incubated for 24 hours in s t e r i l e 
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media a r e shown in F ig . 2. Two individuals with widely differing r e sponses 
were re tes ted after a per iod of 30 days and gave a lmos t ident ical d o s e - r e s 
ponse cu rves to those init ially obtained. These r e s u l t s a r e thus cont rad ic tory 
to previous ly repor ted ones (11) in that var iab i l i ty is c l ea r ly co r r e l a t ed 
with individual blood samples and not with the exper imenta l p r o c e d u r e . 
A s i m i l a r wide d o s e - r e s p o n s e re la t ion has been previous ly repor ted for 
human lymphocytes (7). It would thus seem that individual var iab i l i ty would 
prec lude this method as a re l iable sys tem of biological dos ime t ry , un less 
individual control values could be previous ly de te rmined and ca l ibra ted , 
and the i r stabil i ty and reproducibi l i ty es tabl i shed. 

3 
Autoradiographic and liquid scinti l lat ion invest igat ions with H -cyt idine 
have shown that labelling is much m o r e intense if the cel ls a r e tagged as a 
concentra ted lymphocyte suspension r a t h e r than as whole blood. P r ac t i c a l l y 

3 no labelling was observed with H -deoxycytidine in confirmation of the fact 
that p e r i p h e r a l lymphocytes a r e essent ia l ly non-dividing cel ls and a r e hence 
not synthesizing DNA. In s m e a r s made from cel ls labelled with H -cytidine 
nea r ly a l l the labelled cel ls Were lymphocytes , although not a l l lymphocytes 
were labelled, the isotope tending to be concentra ted in the l a r g e r ce l l s . 

3 
Hence the reinject ion of H -cyt id ine- label led leucocyte suspensions into 
rabbi t s can be cons idered as a valid m e a s u r e of c i rculat ing lymphocytes . 

3 
In the case of H -his t idine labell ing, however, a cons iderable number of 
polymorphs were a lso label led. 

The ra te of d i sappearance of labelled no rma l and i r r ad ia t ed (200 R) l ym
phocytes from the p e r i p h e r a l blood of no rma l rabbi ts is shown in F ig . 3. 
Since, for exper imenta l r e a s o n s , no a t tempt was made to control the a b 
solute number of cel ls injected in re la t ion to the or iginal lymphocyte counts 
of the rabbi ts some var iabi l i ty in the init ial "zero t i m e " values would be 
expected. However, it is evident that the re is a very rapid d i sappearance 
of the labelled cel ls from the c i rculat ing blood, especia l ly during the f i r s t 
10-15 min after injection. Following this t ime the ra te of d i sappearance is 
roughly exponential . There was no evident difference in the ra te of d i s ap 
pea rance of un i r rad ia ted lymphocytes and lymphocytes which had received 
200 R at the end of the i r labelling per iod i. e. approximate ly 20 min p r i o r 
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to reinject ion into the same rabbit . It is thus not poss ib le to answer 
the or ig inal question posed in this work, whether the RES can r e c o g 
nize an i r r ad ia t ed cell without i tself being act ivated by i r r ad ia t ion . 
Whether th is sys tem is a m e a s u r e of a t rue physiological phenomenon 
in that n o r m a l lymphocytes a r e in rapid dynamic equi l ibr ium with other 
lymphatic t i s s u e s , or whether it m e r e l y indicates that the re injected ce l l s 
were damaged by the isolat ion and labelling p r o c e d u r e s , would r equ i r e 
fur ther inves t igat ions . 
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F i g . 1 The d e v e l o p m e n t of n u c l e a r pyknos i s in X - i r r a d i a t e d p e r i 
p h e r a l l y m p h o c y t e s a f t e r 7 h o u r s incuba t ion , a, r a t , wi th 
m e a n dev ia t ion of 8 e x p e r i m e n t s . E a c h point r e p r e s e n t s an 
ind iv idua l a n i m a l , b, r abb i t , the m e a n of 3 a n i m a l s , e a c h 
point r e p r e s e n t s an a l iquot of blood f rom the s a m e a n i m a l . 
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150 200 

F i g . 2 T h e d e v e l o p m e n t of n u c l e a r p y k n o s i s in X - i r r a d i a t e d p e r i 

p h e r a l h u m a n l y m p h o c y t e s a f t e r 24 h o u r s i n c u b a t i o n . 

T h e d o s e - r e s p o n s e c u r v e s a r e t y p i c a l of t h o s e o b t a i n e d w i t h 

n u m e r o u s d o n o r s . F o u r d o n o r s w e r e b l e d in e a c h e x p e r i m e n t 

• · , f i r s t f o u r ; 0 0 , s e c o n d f o u r ; θ β, a r e 

r e p e a t c u r v e s o b t a i n e d w i t h i n d i v i d u a l s a a n d b f o r b l o o d 

s a m p l e s t a k e n 30 d a y s l a t e r . 
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600 

mins. 

F i g . 3 The r a t e of d i s a p p e a r a n c e of H - l a b e l l e d r abb i t l y m p h o c y t e s 
f rom the c i r c u l a t i n g blood a f t e r r e i n j e c t i o n into the s a m e 
a n i m a l at z e r o t i m e . Ac t iv i ty is s c o r e d a s c / m / l O to t a l 
l eukocy t e s i s o l a t e d a s m e a s u r e d by l iquid s c in t i l l a t i on coun t 
ing. Open s y m b o l s r e p r e s e n t u n i r r a d i a t e d l y m p h o c y t e s . C losed 
s y m b o l s r e p r e s e n t l y m p h o c y t e s which had r e c e i v e d 200 R 
X - r a y s a p p r o x i m a t e l y 20 m i n before r e i n j e c t i o n . E a c h type 
of s y m b o l r e p r e s e n t s an ind iv idua l a n i m a l . 
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