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INTRODUCTION 

Since the discovery of X-rays by Roentgen in 1896, biologists have 

devoted considerable effort towards the elucidation of the mechanism of action 

of ionizing radiations on living cells. It is well known that the absorption 

of ionizing radiations by tissues is associated with damage. In addition, 

exposures over periods of years may be cumulative to a varying degree. With 

the ever increasing number of scientific and industrial workers who are sub­

jected to exposures of ionizing r adiations, the need for an intensive study 

of the biological effects of exposures to radiations becomes of increasing 

importance. Likewise, it is desirable to determine by what means and to what 

extent the sequelae of the absorption of radiations can be altered by treat­

ments instituted shortly after irradiation. 

When living tissues are subjected to ionizing radiations, various 

biological effects may be manifested. Howard (34) states that the primary 

action of the radiation is causally linked by a chain of events. At the 

beginning of the chain, some information can be obtained through our present 

knowledge of the nature of the ions produced, their linear density, and their 

subsequent behavior. This behavior is modified according to the type of 

radiation and the absorbing medium. The biological changes observed will be 

determined by the complex array of normal life processes, which may be 

interrupted or terminated at any point between t he time of primary ioniza­

tion and this end result. At present, howevery the intimate organization, 

on a molecular level, of even the simplest cell is largely unknown. Thus, 



the first difficulty in the explanation of the observed biological action or 

radiations is the complex and obscure nature of the biological reactor. 

Heward (34) !eels that most information will be gained when those bio­

logical reactors are chosen abC11t which we already have some knowledge, or 

which react in a quantitatively definite way to a given radiation stimulus. 

For this reason, much of the useful experimental work has been done on simple 

organisms, such as virus particles and yeasts, or on unit stable particles 

having definite quantitative effects, such as genes. With these materials, 

there is a better chance of working out the effect of the primary ioniza­

tions or excitations from the seex>ndary effects which result from a change in 

some longer chain of events. However, Chatters (21) is of the opinion that 

total radiation effects are expressions of a multiplicity of complex simul­

taneously occurring chemical events which govern the total function or the 

organism. 

Since the term ionization will be used very frequently, an explanation 

of the term 'Will be advantageous. The atom is considered by Lea (41) to 

consist of a positively charged nucleus which is surrounded by a constella­

tion of negative electrons. The whole is electrically neutral. When an 

ionizing radiation passes through matter, its principal means of energy 

dissipation results in the ejection o! electrons from atoms through which it 

passes. An atoms:, ionized is left positively charged and is referred to as 

an ion. Possibly, some actions of radiations of biological significance are 

due to this separation of electrical charge, but in most _cases it is more 

plausible to attribute it to chemical change resulting from the ionization. 

When an atom is ionized the molecule of which it is a part almost certainly 

undergoes chemical change. The chemical bonds ~hich hold a molecule together 

2 
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co~ist of electrons s~ared between the two atoms joined by the bond. Thus, it 

is to be expected that the removal of such a bonding electron from a molecule 

will lead to its dissociation or other chemical change. The removal o! elec­

trons other than bonding electrons may also be expected to l ead to chemical 

change, since the energy involved in ionization exceeds the energy required 

to remove an atom from the molecule. 

Excitation is listed by Lea (41) as a second method by which radiations 

dissipate energy in tissue. This means the raising of an electron in an atom 

or molecule to a state of higher activity, and it involves less energy !or 

production than the complete ejection of an electron. Ultra-violet light and 

ionizing radiations are capable of producing excitation. 

In the process of ionization as set forth by Lea (41), the electron which 

is ejected from an atom eventually becomes attached to another atom and makes 

it a negative ion. As far as the physical measurem!nt of ionization is con-

cerned, the positive and negative ions are equally significant, and one 

usually speaks of the production of ion-pairs. Since the energy involved in 

the attachment of an electron to an atom to form a negative ion is usually 

even less than .the energy of excitation, it is probably safe to neglect 

negative-ion formation as a factor of biological importance. Thus, ioniza-

tion refers to the production of a positive ion by the ejection of an 

electron. This ejected electron may have sufficient energy to ionize on 

its own account before it is brought to thermal energy and finally attached. 

Practically all the energy dissipated in tissue by radiations ultimately 

becomes degraded to heat energy. A dose of 105 roentgens is sufficient to 

raise the temperature about 0.25°c. This small temperature rise for a 

large dose of radiation means that temperature change so produced is quite 
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inadequate to explain the biological effects of ionizing radiations. Lea (41) 

cites contrary evidence., however., by presenting Dessauer 1s point heat theory. 

This confines the energy dissipated in the tissue to a small proportion of 

the atoms., and in tum these atoms would experience a high rise of tempera­

ture which could produce biological effects. 

I-radiation., like ultra-violet light., is an electromagn,tic radiation 

emitted in quanta., but the difference in wave-length of the two types of 

radiations results in there being little similarity between the two. The 

absorption coefficient of X-rays does not depend on the chemical combina­

tion of the absorbing atoms, but it is dependent on their atomic number. 

The principal mechanisms by which high-energy electromagnetic radiations 
. . I 

are ab~orbed in matter are presented by Lapp and Andrews (40) as the 

photoelectric effect~ the Compton effect, and pair production. Due to 

the greater penetrating power o! X-rays., it is usually inconvenient to 

measure the total energy absorbed on a surface. More accurate measurements 

are obtained by determining the amount of energy absorbed in a given volume. 
i 
I 

In a response to this fa~t the roentgen was set up as the unit of measure-

ment of X- or gamma radi;j,tion and is defined by Lapp and Andrews (40) as, 

that quantity of X-:-radiation which will produce on~/eiectro-
static unit of ions in one cubic centimeter of air under 
standard conditions of temperature and pressure:.1 · 

The sequence of ·even~s c,f radiobiological action is su.mtllarized by 

Zirkle (83). The first o,f these is the absorption or radiant energy by 

molecules in the biological object or its medium. -·The sebotid consists of 

a series of chemical changes., and the third event is the occurrence of 

I 
ltapp, R. E. and H. L. Andrews, Nuclear Radiation Physics, p. 90. 

i 
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the biological effect. After tµe absorption or energy, our knowledge ot the 

radiobiological action is limited until the biological effect appears. Having 

observed the varied and sometimes contradictory behavior of living organi~e 

subjected to radiations, biologists have often been unwilling to accept the 

simple one-hit-one-effect interpretation which was first presented by 

Dessauer in 1922 and later reviewed by Howard (34). This theory is· adequate 

to account for some of the genetic changes due to radiations, but it has to 

be supplemented when other aspects of experiments on radiations are considered~ 

From the stuHes of Weiss (81), Barron (2), and others (3,4.,5.,14.,15.,61)., it 

has been postulated that water decomposes upon irradiation., and there is 

.fonned four powerful oxidizing agents which are OH and 0~ radicals., H~2, 

and atomic oxygen. They have concluded that the biological action of 

ionizing radiatiah~ is due mainly to the products of the irradiation ot . · 

intracellular and extracellular water. 

Twenty years have elapsed since Muller (49) discovered that rearrange-

ments of parts of chromosomes can be induced·by X-rays. In the intervening 

period, a wealth of information has been accumulated concerning the t,,,.s 

of induced alterations which are produced in the various types of cells. 

Each type of response must be analyzed independently of the others it 

·precise interpretations of the underlying mechanisms ot ionizing radiations 

are to be .formulated. 

Ra.d\~biological actions that are produced by ionizing particles are 

numerous. ' ~eneral expressions of the biological ettects of radiations are 
i / 

sunmiari~ed by Duggar (25~ Lea (41)., Hevesy (33)., arrl others (2,10,11,27., 
I 

30,39,4,,52, 79). The inhibition or mitosis by radiations has been studied 
I 

by Mull~r (48,49), and the effects of X-rays on chromosome structure has 
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been reviewed by Catcheside (18), Sax (60), and (6,12,17,29,S9,72,73,?4,76). 

Tbe action ot x ... rays on mcleic acids has been investigated b7 Weis (61), 

Butler (14,lS) and Sieburth (64). The oxidation ot thiola by ionizing 

radiations hae been demonstrated by Barron and Flood (S), and the depo~ . 

merization ot th:,monucleohietone and '.sodium th;vmonucleate ha, been aecompliehed 

by Sparrow and Roaenteld ( 77). Studied on the etteot, produced b7 · neutrons: 

on biological material~ h~ve been made b7 Sparrow ~rid ·Christen• (75), . 

Chatters (19,20) and Zirkle ~.· !1 (84), and the ett~ote ot ·ilpha part:l.e1- · 
,' ·, i''., ..... ·• \ . . 

on plant cells· have been reported by Zirkle (S2) and Dobeon (24) ~. 
,( ·,, . '" .' ; ., .. . . ' ' > . ::,· .... '·, . 

. Evidence ot radiob:l.ological change, produced by beta partie1• that are 
. . . . .. } . ': ,•' . . . 

emitted trom radioactive isotope, have been obtainecf and· prtaented bJ Stanton 

and Sinclair. (78), Mackie ~ a. (45), and (32,36,3S,S3,5S, 70), Reepon119 ot 

the hernatopo:l.et:l.c ,;?item to :l.on:Lming radiatl.ona other than tr.- radi.oieoto~ 

have been studied b7Suter (SO), Low-Beer andAggelei- (44i .itndother in'Natl• 
'!· • · .• , 

g-.tors (16,46,SO)~ 
' . : . . 

While many .or the· biological otrects ot radiations cleec;r:lbed in tbe tor .. 
. . . . . . . . . 

going literature review are not deleterious, tho changee.\>il~c,h &1'9 unieeiNltle 

biologicall1 presuppose the need tor J"eeearch upon methodi •• ., radiation · 

damage ma, be. eliminate<! or ~t least attenuated tb eoaie de~ree, 1'e reau1t1 

ot a number ot investigations on this 111bject have b•en publiebed •••tl.7. 
In mice, tor example, reductlon in mortality b1 the adm:l.niltration ot ·. 

antibiotics tollowi~ X-radiation 'has been demonstrated .,,.. Mill•• ·Dal (47), 

The1 i~icate that st;eptoJl7cin provides the moat et.tectiYe 'proteetion~ 

Limpero~ and Moeller (42) concluded i'rom their 1t\1Ue1 that thiourea did ml 
I . • . . 

other r~ducing agente 0posaibly \C>Uldlawlrthe mortlil.iq, rate in irradiated . . ' .... : . 

mice because ot the protection thus attorded to certain Yital cellular 

I 

! 



constituents. From the observations of Sokoloff.!!:,!! (71) it appears that 

vitamin P compound, which contains four .f'lavonoids naturally present in 

citrus fruit, gives considerable protection to rats against a total-body, 

near-lethal dose of X-radiation. Cysteine, some fuarans, glycerine in high 

concentrations, ethylene glycol and propylene glycol were reported by 

Hollaender (27) to afford protection to bacteria during the irradiation 

period. That glutathione protects a mechanism permitting orderly regenera­

tion of the hematopoietic system of mice from ionizing radiations has been . 
.foUlld by Cronkite ,tl ,!! (27). Patt and his co-workers (54) conciuded that 

cysteine administered to rats prior to X-irradiation in.the near-lethal 

range greatly diminished toxicity. When Rekers and Field (55) administered 
.., - . . 

tlle flavonol ,glycoside., rutin, to dogs which had been given sub-lethal total­

body x.;.irradiation, the mo~tality rate dropped 52 percent,. Fdelmann (26) 

reports that daily injeetioq.s of desoxycorticosterone acetate enabled 

adr~nalectomized rats.to ~urvive doses of 650 r-units of X~rays and con­

cludes that the adrenal hormones pley- a part in resistance to the noxious 
' 

effects of radiations.· When the spleen of rats are shielded by· lead from 

X-radiations, the mortality rate is decreased (35). Either forced exercise 

(37 ,65) or the administration of thyroid hormone (68,69) to irradiated 

mice increased the mortality rate. Allen et.!:! (1) report that aureomycin 

arid blood transfusions when administered together protect dogs from the 

after effects of_lethal dcses o.f' X-rays. It was .found by Chatters et al 
'· --

(22) tha;t the administration of KCl solutions .to irradiated sorghum 

seedlings produced an increase in growth in root length as compared with 

those s~edlings which received I-radiation alone. 

7 
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Although many types of radiobiological effects have b~en investigated at 

the cellular level, little attention has been given to the direct disturbing 

in.f'.luence of ionizing radiations upon the distribution of electrolyte,~ between 
. .. . 

cells and their surrounding medium. Sheppard (62) in his review on the role 

or potassium in cell metabolism has indicated that one o:t the .factors con­

trolling enzyme activity is the inorganic ionic environment within cells. 

Since the principal ca.ti.on is potassium, it is not surprising that the 

rates of several enzyme reactions have been demonstrated to depend upon the 

concentration of this element. Boyer and his co-workers (8,9) have shown 

that the transfer of phosphate from 2-phosphoenolpyruvate to adenosinedi­

phosphate required potassium, and Nachmansohn and John (51) found that the 

activity of choline acetylase is dependent upon the K concentration. Gly­

cogen synthesis from glucose by rat liver slices was .f'ound by .Buchanan 

~ !l (JJ) to be greater in a K-rich medium than in a medium containing 

Na as the principal cation. Deposition of -glycogen in the liver ha.s been 

shown by Fenn (28) to be accompanied by deposition of potassium. The 

effects of potassiwn depletion have been studied in Escherichia .2.Q14. by 

Roberts, Roberts and Cowie (23,56,57). They conclude that potassium is 

present in the cell in an ionic and a bound state and that the rates ot 

the incorporation of sulfur into proteins II and the incorporation o.f 

phosphorus into phospho-lipida and nucleic acids and growth phenomena 

are dependent on the content of the bound potassium in the cell. 

It the processes described in th?1above paragraph are blocked by a 
. i \' potassium imbalance following treatment with ionizing radiation, it is 

evident that norm.al metabolic functions of the cell wili diminish. Many 
' 

investigators (2,7,63) have reported a physiological imbalance of potassium 



in tissues exposed to ionizing radiations. A higher KCl tolerance, which 

indicates a. potassium imbalance, in irradiated mice was reported by Smith 

(66,67). 

Based upon the above observations, it has been assumed by Chatter 

~ !! (22) that the administration of KCl following irradiation might aid 

in the restoration of the potassium balance thus preven'ting or retarding the 

appearance of radiation-induced morphological changes. The present work is 

a report of investigations in support of this hypothesis. 

9 



METHODS AND HA'rERIALS 

In order to determine cytologically the biological effects produced by 

X-radiations on plant material and to examine the results of post-adminis­

tration of KCl to irradiated tissues, one of the stable varieties of sor­

ghtm1» §orghum vulgare var. Resistant Wheatland (G. C. 382[~8) was selected. 

After conducting experiments with corn, ra.dish, barley, and sorghumj it was 

decided to use this variety of sorghur..1 because of its small seed, appro­

priate prinw.I"TJ root system:, and its ready availability in quantity. The size 

of the seeds enabled several hundred of them to be included in a single X-ray 

exposure wi. th reasonable certainty that all of the seeds rccei ved a uniform 

dose. Further, the smtll size of the seeds and seedlings made it possible 

to work with a large number of individuals and provided an opportunity for 

studying a multitude of different types of cells and tissues. 

Pre-treatment was the snme for all seeds until the time of X-ray 

tl.1Josure. In order to destroy surface-borne fu®I spores 0...xisting on the 

seeds, a 5.0% solution of H2soh 1rJas added for a period of 15 minutes to a 

.50 c.c. beaker filled with seeds. The resi.dual H2so4 was removed by washing 

the seeds twice in distilled water at 15 minute intervals. Containers that 

were used for germination of the seeds were 611 X 8 11 X 1.511 Pyrex baking 

dishes (Fig. 1) which had been sterilized with 95% ethyl alcohol. The 

dishes were prepared for germination of the seeds by the addition of Shark 

skin general purpose filter paper 1,hich hes been cut to cov-er the bottoms 

of the dishes and by moistening the paper with 20 ml. of N:odified Crone's 



Fig. l. Type of Containers Used for Germination 
and Growth o! Seedlings. 

Fig. 2. Exposure Tray. 
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Solution. The sterilized seeds were spread over the moist surface and were 

covered with another filter paper. The dishes were closed with a glass plate 

and the seeds allowed to germinate for 16 hours in a 30~C incubator. 

The germination period produced seedlings whose radicle~\were approxi-
1 '-, 

mately 1 mm. in length. Those seedlings which were to b~ expos~d' to X-

radiation were transferred to a 211 X 211 piece of moist filter paper which 

was supported by a piece of photographic film backing. This support contain-

ing the seedlings was placed upon a piece of plastic refrigerator dish and 

covered with the top half of an 80 mm. petri dish (Fig. 2). The control 

seedlings remained in the germinating dishes while the others were being 

exposed. 

Seedlings were exposed to a single dose of approximately 2800 r-units 

o!' X-radiationih'l- delivered at 150 Kv, 4ma, at a distance of 20 cm. from the 

tube target. The dose rate was approximately 3.1 r-units per second. The 

arrangement of the physical set ... up (Fig. 3) was of such a nature that the 

dosage had to be administered through the lower surface of the seedling 

contain~r. 

After irradiation, the seedlings were divided into control and treated 

groups. Irradiated seedlings which were used for controls were placed in 

lots of forty in Pyrex baking dishes prepared a,s previously described and 

moistened with 15 c.c. of Modified Crone's Solution. The treated groups 

-l}£16dified Crone's Solution 
Ca (N03)2 ---------1.00 g. 
Ca3 (POJ+)2 --------0.25 g. 
Mg S04•1H20 -------0.25 g. 

Fe P04 ----------0.25 g. 
Ca S04°2H20 -----0.25 g. 
H20 (dist.) -----1000 ml. 

-r...,A-Exposures were made by a."Seifert Company (Hamburg) industrial type 
X-Ray unit provided by the Oklahoma A. and M. College Power and Propulsion 
Laboratory. 
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Fig. J. Physical Set-up ot X-Ray Unit 

were prepared in the some manner but were moistened with 15 c.c. of a 0.25 

percent KCl solutior. i n Modified Crone's. These two lots of seedlings were 

designated as l~odified Urone ' o X- ray o.nd Modified Crone's plus o. 25 percent 

KCl X-ray. In order to have non-! rradiated controls , seedlings in lots ot 

40 werci t o.ken f rom the germinating dishes and placed into two groups ot 

Pyrex dishes oontai ni ng 15 c.c. of Hodified Crone's Soluti on and 15 c.c. of 
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a 0.25 percent KC l sol ution in Modi fied Crone' s , r espectively, All seedlings 

were then placed i n a 30°c incubator. Thus, tour groups of seedlings, 

Modifi ed Crone's X-ray control, Modified Crone's plus ~,25 percent KCl X-ray, 

Modified Crone 's non-irradiated Control and Modified Crone's plus 0,25 per-
" 

cent KCl non-irradiat ed control, were prepared for studi. 
,1'1· 
\ 

Beginning one hour after the L-ray exposure /~nd continuing for l+S hours, 

root t i ps f rom the four groups of seedlings were 1: emoved at hourly intervals 



for killing and fixing. For the latter process, a solution of Nawaschin's 

killing, and fixing fluid was used. The tissues were processed by the butyl 
i 

. I 

alcohol+paraffin technique, sectioned longitudinally at 8 microns, stained 

in a one percent aqueous solution of Safranin O, counterstained with a 

saturated fast-green in clove oil solutionJJ and mounted in Clarite 11X11*. 
! 

Other tips from the four groups of seedlings were removed 72 hours following 
I 

X-ray exposure.; 
j . 

All rn:i.croscopic observations were made through a Bausch and Lomb 
! 

binoucuiar research microscope (AD 5804) with the source of light being an 

Americ~ Optical Company coil filament research lamp (Model 370). In order 
i 

to obtain maximum definition of tissuesj green and frosted-glass filters 
. I . 

were employed. Where photo graphs were made to furnish supporting evidence 
I 

of tissue structure., a Leitz Micam camera and Kodalith Ortho-Type 2 film 
I 

were employed. 
I 

An.hourly 
I 

"mi to tic index.0 ** was tabulated by counting the number of 
I . 

divisio~s in median-longitudinal sections which were selected from each of 
I 

the fout groups of seedlings. The types of tissues in which divisions 

occurred and the evidences of abnormal divisions were observed at this timeo 

In order to determine the effects of .x::..radiation on the process of 

growth at the cellular level, cell size characteristics, as seen in plane 

view, of the four groups of seedlings were obtained at three-hour intervals 
i 
i 

by securing an average cell area for epidermal, cortical, xylem, and 

*Clarite 11X11 is a mounting medium resin prepared by the Neville Co., 
Pittsburgh,Pa •. The resin has a refractive index of 1.567 and a melting 
point ranging from 145-150°C. 

**The term "mitotic index11 has been employed to signify the number of 
mitotic; divisions in a median-longitudinal section of a root tip. 

: 
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meristematic cellso Measurement's of the above first three types of cells 

were made at points beginning at 480 microns from the root tip, exclusive of 

the cap. These average arE1a.s .of cells of each type tissue were calculated 

from measurements obtained from the first ten cells beyond this point. 

Meristematie cell areas were determined by measuring ten cells located 

.immediately adjacent to the mid-point of the meristem where it adjoined the 

root cap. 
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OBSERVATIONS AND RESULTS 

Growth was used as a basis to form~late a criterion for measuring radia-

tion damage and for the effects of administering 0.25 percent KCl solution to 

irradiated seedlings. The growth processes of mitosis, elongation and 

maturation were observed in the control materials. These served as a standa,rd 

an:l changes in these processes were attributed to I-radiation. Likewise, any 

differences existing between these processes in the irradiated seedlings and 

the irradiated KCl-treated seedlings were attributed to the administration 

of KCl. 

Observations of the .t'c:nr groups of seedlings revealed that the expres­

sions of ionizing radiatd.ons on the process of growth were numerous and 

variable. Some of the tissues experienced an extreme change, whereas others 

were altered to a limited extent. It was impossible to formulate a standard 

series of morphological changes that would apply to every tissue type at 

each hourly interval that observations were made. Thus, an attempt has 

been made to examine the various types of alterations produced in the 

processes of growth by X-irradiation an:l by post-administration of KCl 

solution to irradiated seedlings. 



Cytological Observations on Irradiated Modified 
Crone's Seedlings 

11Mitotic Block11*. The mitotic index (Table 1) illustrates that the 

number of divisions in the control materials was not consistent during the 

forty-eight hour period and that the administration of 0.25 percent KCl did 

not infiuence the number or· divisions in the controls. Since such a great 

irregularity was found in the control materials., the number of divisions 

could not be used to determine radiation effects. However., the location of 
.. ,. . . . ,, ., 

these divisions in the irradiated material was of significance and will be 

discussed later. 
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It has been reported by many investigators (18.,31,33.,41) .that sub-lethal 

doses of I-radiation modify the process of mitosis in mer1etematic tissues. 

These modifications may be expressed as a proliferation of cell division, 

malisnancies, or a stoppage 0£ cell division. The length of time that the 

latter process is blocked depends upon the dose, dosage rate, atmospheric 

conditions during adminis.tration of the dose., and the resist~ce ot the 

tissues to ionizing radiations. When sorghum seedlings were exposed to 

2800 r-units 0£ X-radiation, there was an itmned.1ate mitotic block (Table l). 

Divisions reappeared approximately ten hours after irradJ,ation and were 

restricted to those cells which initiated the vascular· elements •. It was 

thirteen hours after irradiation that divisions began in tho meristemat~~, 

cortical and epidermal cells .. 

Mitotic Block ~ Elongatiqn and Maturation Continuing. In some of 

the se~dlings it was obvious that the process of elongation and maturation 

*The term mitotic block has been used to describe the prevention ot 
mitotic divisions by x--radiation. .. ' ' " ' 



Hours 
After 

,!reatment 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

TABLE I 

MITOTIC INDEX OF SEEDLINGS 

Number of Mitotic Divisions 
Modified Crone's 0.25% KCl Modified Crone's 

Control Control X-Ray 
14 S O . 
14 26 O 
0 0 0 
4 0 O 

37 10 0 
33 20 0 
18 44 O 
12 19 O 
22 18 2 
18 13 0 
16 4 2 
24 19 2 
16 4 11 
10 10 7 
0 20 11 

26 20 12 
lS 22 9 
28 16 10 
30 41 17 
38 29 6 
23 17 7 
25 32 15 
28 7 16 
30 14 20 
13 31 19 
8 34 7 

16 26 13 
21 25 9 
12 40 5 
3 3 3 
l 3 O 

27 20 11 
16 7 O 
15 18 0 
14 9 2 
3 O 2 

15 37 12 
27 19 5 
25 7 5 
22 10 4 
27 13 6 
15 16 16 
15 19 11 
17 20 O 
19 11 15 
18 15 15 
14 9 18 
16 23 10 
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0.25% KCl 
X-Ray 

0 
0 
0 
0 
0 
0 
0 
l 
0 
7 
0 
2 
0 
$ 
0 
7 

12 
24 
9 

11 
15 
10 
5 

10 
15 
. 5 
11 
20 
11 
3 

15 
12 
10 

8 
0 

11 
2 

12 
6 
5 
8 
8 

12 
9 

10 
8 
6 
7 
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had continued while the mitotic block was present. When recovery from the 

block occurred, cells which normally would have divided in the meristem 

several hours previously were far removed from the root tip. Thus, cells 

that were located 480 rn:icrons from the meristem (Plate 1, Figs. D,F; Figs. 

6, 7) were in the process of di vision. Even though these cells had reached 

a certain degree of maturity, they had never lost the potential of cell 

division. In the control materials (Figs. 4,5) there was no evidence of 

cell division at this level~ whereas elongation and maturation were 

preceeding norrnallyo 

Permanent Mitotic Block with Elongatign ar:rl Maturation Continuing •. 

It was evident in some of the seedlings (Figs. 9-11) that the mitotic 

block continued for the entire period of observation. The processes of 

elongation and maturation of the meristern cells continued and produced 

seedlings that were devoid o! meristematic tissue. In its place were 

mature xylem elements and cortical cells o This presented evidence th~t 

even though the mitotic process was blocked by X-:radiation, the proci,sses 

of elongation and maturation continued. Control material (Fig.$) showed 

normal mitoses, elongation and maturation. 

Mitotic Block and Sto,122ae;e of ~Elongat~on. There were other seedlings 

in which the process of. mitosis was blocked for the entire growth period. 

In the meristemic area, maturation continued and produced mature cells. 

In its normal region, elongation was blocked, behind it, however, 

elongation and maturation took place resulting in the production of roots 

that were globose in part (Figs. 12,13). The hourly preparations of the 

seed;lings showed that this oondition started in the ir:rs,diated materia.l 

approximately 37 hours afoter exposure. The control rna terials (E'ig. 8) 

demonstrated a normal growth pattern. 
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Change of Cell Size. Another expression that ionizing radiations produced 

on the process of growth was a change in the size of the cells constituting the 

various tiesue types. This expression was evidenced by the existenc'e of an 
increase in cell size in the majority of irradiated seedlings. This should not 

imply., h<M'ever., that ali cell size dit.t'erem es were of this nature as there 

were areas of extr·emel.y small cells. This latter condition will be discussed 

later under t'he heading 11Changes in the Plane ot Division"~ An increase in 

cell size was more frequent and O £ greater magnitude in the epide~i cells 

and less so in the cells of the meristemic area. A comparison of figures 

four ancf five with figures six and seven iliustrates cell size di.f'.ferences o.t' 

the epidermal cells in the irradiated and non-irradiated seedlings. Further 

evicl ence tha. t. a difference in cell size existed between the irradiated and 

control seedlings was verified by calculations of individual cell areas for 

epidermal., cortical., xylem and meristematic cells (Figs. 38-45). 

Four hours after exposure (Fig. 39)., the aver.age area of celle con­

stituting the epidermis at 480 microns from the root tip in the Modified 

Crone's irradiateci seedlings was 27S sq, microns., whereas., in the control 

seedlings (Fig. 38)., the are~ was 195 sq. microns, This was evidence that 

after a short period of time .t'ollow.Lng irradiation, ibe epidermal cells were 

in a process of increasing their size. This process continued in the 

Modified Crone's irradiated epidermal cells until en average cell area o:r 

1669 sq. microns was reached 21 hours after exposure. The epidermal cells 

oi the controls maintained a degree or uniformity in cell size throughout 

their period of growth. After 21 hours, the average area o:t non-irradiated 

epidermal cells at J+SO microns from the root tip was 16S sq. microns. Thus., 

at the above t1.me interval., the' irradiated epidermal cells, as seen in plane 

view, were approximately tm times larger than the non-irradiated cells. 



Epidermal cell sizes aft.er this period of time were very inconsistent in the 

Modified .Crone's irradiated cells. In some cases the cells began to slough­

off., mald.ng accurate measurements impossible. It is of the utmost importance 

to note that this increase of area described above was due to growth in a 

lateral direction and not parallel with the long axis of the root. This has 

been verified by the experiments of Chatters ~ ,!!. (22) in which it was 

found th~t x.;.radiation decreased the length ot the :n:>ots. 
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The same response or cell-size increase was evident in the cortical cells 

but was not expressed to such a great extent. as that demonstrated in the 

epidermis. The average area o.f cells constituting the cQrtex at 480 microns. 

from the root tip in the Mc>dified Crone's irradiated seedlings· (Fig. 41), was 

326 sq. microns tour hours after exposure, whereas, in the control seedlings 
"• ,, ' ,', ' ,, I''' 

(Fig. 40) the area was 170 sq. microns. Here again it was evident that the 
. . . . . ' 

' ~ . . . 

process or ceU size increase started shortly arter X-ray exposure. 'A cell 

area o.f 1., 721 sq. microns was obtained as an average in the i~radiated 

cortical cells 30 hours rollowing irradiation. At the sa.ine time interval., 

the average area or non-irradiated cortical cells was 439 sq. microns~ 

The change in cell size or the irradiated xylem tis.sue was less pro­

nounced. The average area of cells constituting the :xylem (Fig. 43) at 
. ' ' . . 

480 microns .from the root tip was 35S2 sq. mic:n:>ns in the irradiated tissues 

33 hours after exposure., whereas.in the non-irradiated tissues (rig. 42) it 

was 3429 sq. microns. 

Measurements did not give evidence of a cell size· difference existing 
I . 

between the cells comprising the meristems ot the irradiated and non-irradiated 

seedling~ (Figs. 44,45}. However., these measurements gave a talse impression· 

ot the true nature ot this tissue following irradiation. .As previously stated., 
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these were made by measuring ten cells located immediately adjacent to the 

lower mid-point of the meristem where it adjoins the root cap. Then an average 

cell size was determined from these ten measurements. Also it was stated 

previously, that in some of the irradiated seedlings the meristematic cells 

proceeded to elongate without going thrcugh a division. Thus, it would 

appear that a difference would have been found between the irradiated and 

non-irradiated meristematic cells. It soon became evident that the point 

ot measurement was the final location of merist.ematic change. 'i:t the measure-

ments had been made to the right or lef't ot this point a di.t'.t'erence would have 

been evident. 

Chromosomal Changes. The literature review dealing with radiation effects 

reveals that chromosomal aberrations are expressions of radiation damage. ·In 

order to d etenni.ne the prevalm ce of chromosome abnormalities., they were 

tabulated .for the entire. forty-eight hour period .following irradiation. The 
. . . 

~hromosome complement ot Sorghwn vulgare. consists of ten pairs of extremeiy 

small chromosomes. Due to their size, it was impossible t<:> analyze the divi­

sions for all types of chromosomal abnormalities. Bridge formation and 

fragmentation (Plate 1, Fig. B) at anaphase stages were the only aberra~ions 

that could be determined with any degree of certainty. Of all the seedlings. 

examined during the forty-eight hours after exposure, only six cells contained 

abnormal chromosome formations of the above types. This should not imply that 

these were the only aberrations present in the irradiated material, but it . . . 
' I : .•• • ' 

doe~ suggest that the dosage administered had an extremely small visible 
I 

effect on the chromosomes. 

Ab~ence 2f. Cell l'l!!! Formation and Changes in .:Y1! Plane .2f Division. 
i . . . 

Most evident of the effects of I-radiation on growth were the changes 
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produced in the planes of division during mitosis (Fig. 6; Plate 1, Figs. A,D). 

In the control material this event occurred at right angles to the long axis 

of the root (Figs. 4,5), whereas in the irradiated seedlings some of the planes 

were changed from a few degrees in some cases to 180° in others. Where these 

changes occur.red., areas composed of sma,ll irregular cells were observed. There 

was no evidence to indicate that these irregular divisions were of a prolifer-

ating nature. 

There were cells (Plate 1, Figs. A,C,D) in the irradiated seedlings in 

which nuclear divisions continued, but cell wall formation failed to occur. 

Such a condition produced multi-nucleated cells whose total cross-sectional 

areas were not cha.nged to any great extent. This condition was infrequent, 

however, snd the number of nuclei in these cells varied from two to four. 

These cells should not be confused with the control cells (Plate 1, Fig. E) 

which had two nucleoli. 

Effects of the Administration of KCl Solution to Irradiated 
Seedlings 

It has been assumed (22) that the adninistration o.f' KCl following irraci-

ation might aid in the restoration of the potassium balance thus preventing 

or retarding the appearance of radiation-induced morphological changes. 

Having set up growth as a criterion for measuring radiation dmna.ge, this 

criterion was used to determine the effects of administering KCl after 

irradiation. Any changes in the processes affecting the total expression 

of growth in the treated irradiated seedlings were attributed to KCl. 

Mitotic Block. The administration of 0.25% KCl did not release the 

mitotic 9lock (Table 1) any s:>oner than it was released in th! Modified 
I . , 

Crone's irradiated seedlings. The mitotic index shows that both groups of 

irradiated seedlings recovered from the mitotic block at approximately nine 



hours follm,ling expos1.n·e. The significant fact was the difference in the 

location within the root of mitotic rt,covery in the two groupf, of seedlings" 

24 

It has previously been stated that in the Modified Crone's irradiated seedlings 

the greatest morphologica.l cha.ngt;iS occurred in the epidermal cells and decreased 

as one moved inward to the xylem elemmts. 'I'his had a. bee.ring on the mitotic 

recovery of the two groups of irradia. ted s ~edlings. Nint~ hours following 

irradiation, mitotic figures a,ppeared in the primordial vascular elements of 

the irradiatc'jd Modified Crone 1 s seedlings. It was not until thirt~.'it'3n hours 

after exposure thDt mitos~~s began to appear in the meristematic epidermal and 

cortic.!!.l cellr:1 of thi~~rn se<;,'Jdli.ngs. In the :i.rradia ted KGl-tre;:i.ted IH,,:dl:i.ngs, 

the fJ.rst (,vidence of mitotic recovery· was also nine hours aft.er exposure, 

but th~,H, d:i v:tst ons were not only in the vascular p:rimordia but also in the 

meristerrw:tic, co:rtica.1 and epidermal cells. 

fil.2ngatfo.n ~ £'.~1.Q.U of' ibs!. J£Cl-J;rrad~._t!& §.~.edli.ng,s. The differ­

ences existing in the processes of elongation and maturation between the 

irradiated KCl-trea.ted and the non-trea.ted irradiated seedlings can best be 

demonstrated by· a S(:Jries of photomicrogra.phs (Figs. 14-37). In the seedlings 

that were examined at hourly intervals prior to 12 hours following irradiation, 

there were no gross visible changes in the processes of growth. Cytological 

prep&'atd.ons of :trradi1:1ted KCl-trec1tmd (Fig. 17) and irradiated non-~trea,ted 

seedlings (Fig. 16) J 2 hourr~ f'ollowine; exposure :revealed that, a sHght 

d.if:f'erence in the pattern o:r grc,wth existed between tl'W two types. At this 

time the l'fodif:tecl Crone 1 ::;1 irradiated seodl:tngs were ckm:ractorizeid by slightly 

larger epidermal cell:'.'l which la.eked to a limited ,fog:r~ie a uniform.i ty of shape 

and size. The above c:hi,rncterlstics were not evid crnt in the irre.dfa.ted KCl­

treeted seedlings a.t t.ld.1) time. 'I'hc, growth pa.ttern of the latter seedlings 



was rela.tively uni.form and approached that of the non ... irradiated material 

(Figs. J4,15). 

At 18 hours following irradiation the Modified Crone's irradiated se6d­

lings (Fig. 20) showed to a greater ·extent broken, jagged, enlarged epidermal 

cells. Such a condition gave this tissue an irregular appearance. Also the 

cortical cells of these seedlings were larger. than those of the non-irradiated 

controls (Figs. 18,19). The irrad:ia.ted KOl-treated seedlings (Fig. 21) began 

to show signs of irregular epidermal and cortical cells at this time. These 

changes in the pattern of growth were minor a.s compared to those of the 

irradiated non-treated seedlings. 

The,Modified Crone's irradiated seedlings (Fig. 24) 25 hours after 

e:>.."Posure were characterized by extremely large epidermal cells which had 

begun to slough-off. The processes of elongation and maturation had begun 

to displace the meristem. In the irradiated KCl-treated seedlings (Fig. 25) 

at this time, the only evidence of a change in the growth pattern was an 

increased size of the epidermal cells. ]fyen though they were larger than 

the epidermal cells of the control s.eedlings (Figs. 22,23) 1 they had not 

become irregular and bro ken as those o.r the Modified ·Crone., s irradiated 

seedlings. 

It was quite evident that the processes ot elongation and maturation 

had displaced the meristematic region of' the Modified Crone's irradiated 

seedlings {Fig. 28) 32 hours after exposure. Not only were the cortical 

cells larger than those in the controls (Figs. 26,27), but they had taken 

on characteristics of mature cells. The epidermal cells completely lacked 

uniformity and were extremely large and irregular in their growth pattern. 
I 

Thirty-two hours following exposure, the irradiated KCl-treated seedlings 

25 
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(Fig. 29) began to acquire the characteristics of irradiated material. At this 

time there e:x::i..sted in these seedlings large, irregular epidermal cells and a 

pre-maturation of the cortical tissue in the meristematic region. However, 

these seedlings were comparable to the Modified Crone's irradiated seedlings 

12 hours after exposure. 

At 40 hours following exposurej the Modified Crone's irradiated seedlings 

(Fig. 32) had very little meristematic tissue remaining. There was no true 

epidermal tissue, and elongation and maturation of the cortical and xylem 

cells had continued to displace the meristema.tic tissue. All cell types had 

become irregular in shape, size end maturity. In the irradiated KCl-treated 

seedlings (Fig. 33) at this time, the meristem was still functional even 

though the processes of elongation and maturation had displaced it to some 

extent. The epidermal cells lacked uniformity of growth., but no more so 

than the modified Crone's irradiated seedlings at 25 hours following exposure. 

Observations of the Modified Crone's irradiated seedlings (Fig. 36) 48 

hours following exposure., gave evidence tm t these seedlings were practically 

devoid of meristematic tissue and that elongation and maturation had con­

tinued to the lower limits of the root tip. Not only had these processes 

continued in the meristematic region., but th ere was an increase in cell size 

of the cortical and .epiderm.al cells at this level. That is, these cells 

went beyond a pre-maturation point and attained large sizes. The irradiated 

KCl-treated seedlings (Fig. 37) ·at this hour of observation also showed 

pre-elongation and pre-:maturatL on., but these processes did not displace the 
I 

meristeJ11. to the extent of that in the Modified Crone's irradiated material. 

The irradiated Kdl-treated seedlings maintained an active meristematic 
I 

: 

region. ! 
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~ Size. A quantitative expression for radiation injury was obtained 

by determining the cell size for any cell constituting the various tissue types 

at comparable locations. Individual measurements of ten epidermal., cortical 

and xylem cells at a distame of 480 microns from the root tip showed a marked 

difference in cell size between the irradiated Modified Crone's and the 

irradiated KCl-treated seedlings. 

It was previously stated that after a short period of time following 

irradiation, the epidermal cells of the Modified Crone's irradiated seedlings 

(Fig. 39) began to increase in size. Further, this process continued until 

the average area of cells constituting this tissue at 480 microns from the 

tip was 1669 sq. microns 21 hours after exposure. This increase in cell 

size or the epidermis was present in the irradiated KCl-treated seedlings 

(Fig. 39) but not to the extent that it was expressed in the irradiated 

Modified Crone's materialo The area of cells constituting the epidermis of 
·' .. 

'ij\e irradiated KCl-treated seedlings 21 hours after exposure was 292· sq. 
/ 

microns. This area is much more comparable to the area of 16e sq. microns 

or the control seedlings (Fig. 38) than 1669 sq. microns of the Modified 

Crone's irradiated material. These differences in epidermal cell sizes are 

best illustrated in the photomicrop;raphs or Figures 4-7. 

The same response existed in the cortical cells but not to the extent 

that it was expressed in the epidermis. The average area of cells constitu­

ting the cortex at 480 microns from the root tip in the irradiated Modified 

Crone's seedlings (Fig. 41) was 326 sq. microns four hours following 

exposure., whereas., in the irradiated KCl-treated seedlings (Fig. 41) the 

area wasi 217 sq. microns. This great a di.f'.f erem e was maintained through 

the period of observation. Even though there were some inconsistencies in 

the irradiated KCl-treated seedlings.at 12 and 15 hours after exposure., 



they maintained a smaller average cortical cell area than the irradiated 

Modified Crone's seedlings after this time intervalo At 30 hours following 

i.rradiation, the average area of cortical cells in the irradiated Modified 

Crone's seedlings was 1,721 sq. microns, compared to 157 sq. microns in the 

irradiated. KCl-treated material. This was an extremely.large difference, 
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and it should be noted that the cortical cells· of the irradiated KCl-treated · 

material at this time interval were smaller than the non-irradiated seedlings. 

The dif.feren6 e in sizes of the xylem cells of the irradiated Modified· 

Crone's and irradiated KCl-treated seedlings (Fig. J+.3) was less pronounced. 

It was not until 27 hours after exposure that the irradiated KCl-treated 

seedlings showed a consistent tendency to have xylem cells which were smaller 

in area than those of the irradiated M<Xlified Crone's material. At this time 

interval, measurements revealed cells whose average areas were 22$9 sq. 

microns and 3247 sq. microns, respectively. A less pronounced difference 

between the tw types of irradiated seedlings continued to exist and at 36 

hours following exposure the average area of ce'.Lls constituting the xylem 

o.f the irradiated KCl-treated seedlings was 2418 sq. microns and 2618 sq. 

microns for the irradiated Modifi.ed Crone I s material. 

Measurements of the two types of irradiated seedlings (Fig. 45) did 

not provide evidence tha.t a difference existed between their meristems. 

It has previously been stated that these :measurenents gave a false 

impression of the true nature of this tissue type following irradiation 

and that a diffe:rem e actua.lly existed which measuring did not verity.· 



DISCUSSION AND CONCLUSIONS 

The growth processes of mitosis, elongation and maturation were observed 

in the control material and served as a basis for a criterion of radiation 

damage. In turn, this criterion served a two-fold purpose. First, it was 

a star:dard that was used in determining the effects of administering KCl 

to irradiated tissues. Second, it suggested phenomena that might be 

efficacious in irradiation therapeutics. 

Experiments were carried out in such a. manner that any differences 

existing between the growth processes in the irradiated seedlings and the 

irradiated KCl-treated seedlings were attributed to the administration of 

KOL 

Microscopic examination of the irradiated material at hourly inter­

vals following exposure revealed that the expressions of' ionizing :radia-

tions on the processes of growth were numerou.s and variable. All irradiated 

seedlings varied to a c~rtain degree in their expression of radiation 

damage. This was to be expected when i t•s k,.,pt in mind that each seedling 

was an individual and that.the possibility was small that the same biologi= 

cal system was disturbed to the same extent in every seedling. The various 

types of resPQnses to X-:radiation are discussed unde:r the following h®adings. 
C 

Cytological Efteets of X-Radiations 

Mitotic Block. Since the seedlings we:re exposed to x ... :radiation at a 

very early age, the process or enlarg~nt of the embryonic cells was 

probably at a maximum, whereas cell division was possibly just starting. 
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If the seedlings m:i been in a more active state of cell division, it is feasible 

that the mitotic block would have been for a longer period of' time. This 

assumption is made through the knowledge that prophase stages of mitosis are 

the most• susceptible to radiation damage and that the process of cell di vision 

is stopped when cells at this mitotic stage are subjected to ionizing radia­

tions. 

When sorghum seedlings were exposed to 2800 r~units of X-radiation, there 

was an imnediate mitotic block. Divisions reappeared approximately ten hours 

a.:f'ter irradiation and were restricted to tho.se cells which initiated the 

vascular elenents. It was th:irteen hours .following exposure that divisions 

began in the meristematic, corti~al and epidermal cells. This suggests that 

the major portion of the dose administered was absorbed by the meristematic 

epidermal and cortical cells due to their position instead o.:f' a greater 

susceptibility to ionizing radiations. 

The number of' cell divisions in the control materials was not consistent 

during the forty-eight hour period of observation, and the administration of 

0.25 percent KCl did not influence the number of divisions in the controls. 

Since such a great irregularity was found in the control materials, the 

number of divisions was not used to determine radiation effects. 

Mitotic Block fil.ih Elongatiqn ~ ~ation Continuine;,o In some of the 

seedlings the processes of' elongation and maturation continued in those cells 

which were experiencing a mitotic blocko This presupposes that mitoses a.re 

more sensitive to ionizing radiations than the processes of elongation and 

maturatibno Further, it suggests that the growth processes of' mitosis, 

elongati9n and maturation are possibly indepement of each other and are 

not necessarily a continuous chain of events which require a definite order 



of occurrence. :tn other words;; once a. cell has been £t>:rmed by cell di vision 

it does not have to undergo a division before it elongates and matures even 

though it retains the potential to divide upon maturity. 

When recovery from the block occurred and cell divisions reappeared, 

those cells which nonnally' would have divided in thei mc,ristem several hours 

previously were far removed from the root tip. In these cells it appeared 

that ionizing radiations had stopped the process of divtsion for a period 

of time, but the processes of elongation and maturation had continued. 

Further, it was evident that even though these cells had reached a certain 
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degree of mat'Ul'ity, they had never lost the potential o.f' cell division. Such 

a response could be applicable to therapeutic measures in cases which required 

a limited amount of mitotic blockage and the desirability of returning the· 

tissue to a pre-irradiated condition. 

Permanent Mitotic Biock with Elongation !.ill! Maturation Continuing. 

Another example of :radiation damage was a permanent mi to tic block in the 
0 . 

meristem for the entire period of observation~ The processes of elongation 

and maturation of the meristem cells continued and produced seedlings that 

were devoid of meristematic tissue. Maturation continued until mature 

xylem elements and cortical cells were present in the lower limits of the 

root tips. This presl!ll.ted evidence that even though the mitotic process 

was blocked by X-radiation, the processes of elongation and maturation 

continued and did not require the precursor of cell division. 

Mitotic Block and Stoppage or Elongation. A related expression of the 

above mehtioned radiation damages was evident in seedlings in which the 

process of mitosis was blocked for the en tire period, and the process of 
I • 

elongation was stopped in the region in which it normally occurred. 
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Maturation continued and produced mature cells in this region and in the meri­

stem. Beyond these locations, however, elongation an:i maturation continued. 

Such a condition produced roots that were globose immediately behind the 

normaJ position of the meristem. Hourly preparations of the seedlings 

showed that this condition started in the irradiated material approximately 

37 hours after exposure. 

Since a blockage of mitoses and elongation did not prevent the process 

of maturation from continuing, additional evidence is furnished to suggest 

that the processes are possibly independent of ea.ch other. 

It is most significant that the mature cells which were present in the 

region occupied normally by the meristematic area were active metabolically 

and were not exanples of dead cells. Therapeutically, this would be of 

value. If irradia.ted cells were to undergo a pre-maturation w:i.ich permitted 

metabolic £unctions to continue but prevented a continuation of cell division, 

the concept that the therapeutic value of X-radiations lies in their ability 

to kill cells could possibly be altered. Doses could be administered which 

would produce a state of pre-maturation with less danger ot permanent damage 

to tissues. 

Change 91. Cell Size, A quantitative expression for radiation injury 

was obtained by determining the cell size £or any cell constituting the 

various tissue types at compm-able locations. Individual measurements of 

the epidermal, cortical and xylem cells at a distance of 4S0 microns from 

the root tip showed a marked difference in the aize or the cells in the 
I 
I 

irradiatqd Modified Crone's and the non-irradiated seedlings, 

It ~s or the upmost importance to note that this increase in cell size 
I 
I 

found in the epidermal, cort4.cal and xylem cells was in a lateral direction 

and not parallel with the long axis of the root. This phenomenon could be 
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related to the processes of elongation and maturat:i.ono It was previously stated 

that in some of the irradiated seedlings these processes displaced the meri-

stematic region. This in itself w:>uld account for an increase in cell size in 

the irradiated seedJings at 480 microns from the root tip. However, there 

was not only a pre-elongation and pre-maturation of the cells at this level 

but also a. general increase in cell size. Thus, at 4$0 microns from the root 

tip in the irradiated seedlings, it appeared. tha. t a pre-maturation of the 

cells occurred and that these cells were slightly larger than those cells of 

the control material. 

This increase in cell size should not alarm the radiation therapist who 

is interested in preventing the rapid enlargement of organs due to a prolifera­

tion of cell divisions in certain types of adnormal growth. A mature cell 

slightly- larger than normal would be more advantageous and would occury less 

space than the final products of the same cell if it were of a proliferating 

nature. 

In the control seedlings four hours after exposure., the average area of 

cells constituting the epidermis at 480 microns from the root tip was 195 

sq. microns., whereas., in the Modified Crone's irradiated seedlings the area 

was 278 microns •. This indicated that after a short period of time following 

irradiation., the epidermal cells were in a process of increasing their 

sizes. This process continued in the Modified Crone's irradiated epidermal 

cells until a cell area of 1669 sq. microns was reached 21 hours after 

exposure:• The epidermal cells of the controls maintained a. degree of uni­

formity 1in cell size throughout their period of growth. After 21 hours., 

the average area of non-irradiated epidermal cells at 480 microns from the 
! ' 

root tip was 168 sq. microns. Thus., at the above time interval., the 



irradiated epidermal cells were approximately ten times larger than the non­

irradiated cells. 
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The same response of cell size increase was evident in the cortical cells 

but was not expressed to such a great extent as that demonstrated in the 

epidermis. Four hours after exposure any cortical cell constituting the 

irradiated Modified Crone's seedlings 480 microns from the root tip had a.n 

average area of 325 sq. microns, whereas, in the controls the measurement was 

170 sq. microns. Thirty hours after exposure the measuremm. ts were 1, 721 sq. 

microns and 439 sq. microns, respectively. 

The change in cell size of the irradiated xylem tissue was less pro­

nounced. The average area of cells constituting the xylem at 480 microns 

from the root tip was 3582 sq. microns in the irradiated tissues 33 hours 

after exposure, whereas.in the non-irradiated tissues it was 3429 sq. microns. 

Chromosomal Changes. The fact that the seedlings were exposed to ionizing 

radiations at a very early age might account for the small number of chromo­

somal aberrations that were observed. Since the seedlings were exposed to 

X-radiations shortly after germination, the process of cell size enlargement 

of the embryonic cells was probably at a ma:;dmum., whereas cell di vision was 

possibly just starting. If the seedlings had been in a more active state of 

cell division, the possibility of more chromosomal aberrations would have 

been greater. This assumption is made through tho knowledge that chromo-

somes in an active state of mitotic division are more susceptible to 

radiatio~ damage. 

Due to the small sizes of the ten pairs of chromosomes of Rorghum 

vulgare, ~twas impractical to analyze the divisions for all types of 

chromosomal abnormalities that are produced by ionizing radiations. Bridge 



Bridge formations and fragmentations at anaphase stages were the only aberra= 

tions tba t could be determined with any degree of certainty. Of all the 

seedlings examined during the 48 hours after exposure, only six cells 

contained abnormal chromosome formations of the above types. This should 

not imply that these were the only aberrations present in the irradiated 

material 9 but it do es suggest tba t the dose administered had an extremely 

small visible effect on the chromosomes. 

Absence of Cell Wall Formation and Changes in the Plane of Division. 

In the control material, the planes of division during mitosis were at 

right angles to the long a.xis of the root, whereas, in the irradiated 

seedlings rome of the planes were changed from a few degrees in some cases 

to 180° in others. Where these changes occurred, areas composed of small 

irregular cells were observedo There were no indications that these 

irregular divisions were of a proliferating nature. In those cells which 

revealed a change in the plane of division, there were no visible evidences 

of abnormal chromosome behavior. Since the figures of each process of 

mitosis experienced the change, it appeared that this type of damage was 

induced prior to cell division. The middle lamella also experienced the 

change as its format ion consistently divided the chromosomes into equal 

complements. There was no evidmce that divisions occurred in one plane 

and cell wall formation in another o A change in the plane of division 

suggests that the radiation effect occurred prior to cell division. Thus, 

it was an expression of a radia.tion damage that occurred in an inactive 

cell but was not manifested until the onset of cell division. 

An infrequent condition ttat occurred in the irradiated seedlings was 

the continuation of nuclear di vision without cell wall .formation" This 

produced multinucleated cells whose total areas were not changed to any 
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great extent o Cells were observed in which the number of nuclei varied from· 

two to four. By observing cells in which one of the two nuclei present was 

in the process of division, it appeared that the latter process was normalo 

This fact suggests that the processes of nuclear division and cell wall 

.forma.tion are governed by different r.o.echanismso 

Ef!'eGts of the Administration of KCl to Irradiated Seedlings 

Although many types of radiobiological effects have been investigated 

at the cellular level, little attention has been given to the djrect dis­

turbing influence of ionizing radiations upon the distribution of electro­

lytes between cells and their surrounding medium. A review of the role of 

potassium in cell metabolism has indicated tbat one of the factors con­

trolling enzyme activity is the inorganic ionic environment within cells. 

Since the principal cation is potassium} it is not surprising that the 

rates of several enzyme reactions have been demonstrated to depend on the 

concentration of this elemento If these processes are blocked by a 

potassium imbalance following treatment with ionizing radiationJ it is 

evident that normal metabolic functions of the cell will diminish. 

It has been assumed (22) tbat the administration of KCl folloiiing 

irradiation might aid in the restoration of the potassium balance thus 

preventing or retarding the appearance of radiation-induced morphological 

changes. Having set up growth as a criterion for measuring radiation 

damage, this criterion was used to determine the effects of administering 

KCl after irradiation. P.ny changes in the processes affecting the total 

express:i.on of growth in the treated irradiated seedlings were attributed 

to KGL 
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Elongation and Maturation Ql the KCl-treated Irradiated Seedlings. 

Cytolcgtca.1 observations at hourly intervals over a 48 hour period following 

exposure revealed a difference in the grO'Wth patterns of the irradiated non­

treated knd irradiated KCl-treated seedlings. The most obvious difference 
I 

was the extent to which elongation and maturation occurred in the meriste­

matic regions of the two types of irradiated seedlings. In the irradiated. 

non-treated-seedlings these processes were occurring in practically all 

parts of the meristematic area 4$ hours after exposure, whereas, in the 
-- _- - I -- - ' - -

irradiat~d KCl-treated seedlings these processes were limited in this 
- I --

area, and an active meristem was maintained throughout the period of obser-

va.tion. ] 

This suggested that the adrninis trati on of KCi helped to maintain a 

more active meristem.atic region in the irradiated-treated seedlings. If 

this assumption be correct, the administration of KCl might serve as a tool 

in radiation health physics. The tolerance level (40) for total or limited 

body exposure is 0.1 rem. in any 24 hour period. No person should knowingly 

expose himself or cause others to be exposed to a quantity that exceeds this 

figure. If it be assumed that an individual so exposed to ionizing radia­

tions developed a potassium imbalance; such cases might be benefited by 

the administration of KCl thus aiding in the restoration of the potassium 

balance.· 

It is proposed that following irradiation the response of nausea, 

·vomiting, diarrhea., and a reduction in the number of lymphocytes and 

neutrophils might partially be associated with a potassium imbalance. If 

this be true, an administration of KCl might be beneficial in attenuating 

these radiation effects. 
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Mi_totic Block. That the adm.inistration of KCl was slightly beneficial 

in releasing the mitotic block earlier in those cells which had demonstrated 

the greatest radiation damage was verified by a tabulation o.f the reappearance 

of cell divisions and determining their locations. This suggests that 

potassium is possibly a part of the governing mechanism o.f cell di vision. If 

this proposal be correct 1 the mitotic block produced by ionizing radiations 

might possibly be attenuated by restoring the potassium balance through the 

administration of KCl. 

It had been found in the Modified Crone's irradiated seedlings that the 

greatest morphological changes occurred in the epidermal cells and decreased 

as one moved inward to the A7lem elements" This had a bearing on the pattern 

of mitotic recovery of the two groups of irradiated seedlings. After nine 

hours following exposure in the irradiated KCl-treated seedlings, cell 

divisions were found in the primordial xylem, cortical and epidermal cells. 

It was not until thirteen hours after exposure that mitoses began to appear 

in all tissu~ types of the irradiated Modified Crone's seedlings. 

Cell Size. Numerical values of the cell sizes existing in the irradiated 

KCl-treated epidermal, cortical and xylem cells gave evidence that KCl v..ras 
i 

beneficial by preventing a pronounced difference in the size of the cells 

constituting these tissues at 480 microns from the root tipo Thus, the 

administration of KCl to irradiated tissues appears to be beneficial in 

helping maintain uniformity in the meristematic region. This in turn would 

produce cells more uniform in size at 480 microns from the root tip. 

If cell size can be used as a criterion for the determination and 

location of the processes of elongation and maturation., the diff'er~nce 

e::d.sting between the cell sizes of the irradiated non-treated and the 



irradiated KCl-treated seedlings is in agreement with the microscopic 

observations. 
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SUMMARY 

Experiments have been carried out under the assumption that ionizing 

ra.diation"3 produce a potassium imbalance and that the administration of KCl 

following irradiation might aid in the restoration ?f this balance, thus 

preventing or retarding the appearance of radiation-induced morphological 

changes. 

Cytological Effects of I-Radiations 

The processes of mitosis, elongation and maturation in roots of 

sorghum seed~ings that were exposed to 2800 r-unite of X-radiation were 

affected either by (1) a temporary mitotic blockage with elongation and 

maturation continuing at a normal rate in those cells which were experiencing 

the blockage, or (2) a permanent mitotic blockage with elongation and matura-

ti.on continuing at a normal rate in those cells experiencing the permanent 

stoppage of cell divisions, or (3) a permanent mitotic blockage and a 

stoppage of the process of elongation with maturation continuing at its 

normal rate in the cells in which these processes were blocked. This 

in:iicates that mitoses are more sensitive to ionizing radiations than the 

processes of elongation and maturation. Further it suggests that the growth 

processes of mitosis, elongation and maturation are possibly independent of 

ea.oh other and a.re not necessarily a continuous chain of events which 

require~ definite order or occurrence. 
i 

A quantitative expression for radiation injury was obtained by deter­

mining the cell size for any cell constituting the various tissue types at 
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comparable locations. If cell size can be used as a criterion for the deter-

mination and location of the processes of elongation and maturation the 

differences existing between the cell sizes of the irradiated and non-irradiated 

seedlings are in agreement with the microscopic observations. 

A limited number of chromosomal bridge formations.and fragmentations were 

observed in the irradiated non-treated seedlings. This should not imply that 

these were the only aberrations present in the irradiated materialj but it 

.does suggest that the dos age administered had an extremely small visible 

' 'effect on the chromosomes. 

In the irradiated non-treated material, some of the cells demonstrated 

a lack of cell wall .formation which produced multinucleate conditions, and 

in other cells a change in the plane of division occurred which produced 
' 

areas composed of small irregular cells. 

Effects of the Administration of KCl to Irradiated 
Seedlings 

The most obvious difference which the administration of KCl produced 

in the irradiated seedlings was the extent to which the processes of elonga-

tion and ma.turation were reduced in the meristematic area of the materialso 

In the irradiated non-treated seedlings, these processes were occurring in 

practically all parts of the meristematic area 48 hours after exposure, 

whereas, in the irradiated KCl=treated seedlings these processes were limited 

in this area, and an active meristem was maintained throughout the period 

of observation. This suggests that the administration of KCl helped to 

maintain a more active meristematic region in the treated-irradiated 

seedlings,. 

Numerical values of the cell sizes existing in the irrad:ia ted KCl-

treated seedlings presented evidence that the administration of KCl was 



beneficial by preventing a pronounced difference in the size of the cells at 

1+80 microns from the root tip. If the criterion of cell size can be used for 

the determination and location of the processes of elongation and maturation, 

the difference existing between the cell sizes of the irradiated non-treated 

and the irradia.ted KCl~treated seedlings is in agreement with the microscopic 

observations. 

The administration of KCl was slightly beneficial in relea.sing the mitotic 

block earlier in those cells which had demonstrated the greatest radiation 

damageo This suggests that potassium is possibly a governing mechanism of 

cell division.9 and its administration might possibly attenuate the stoppage 

of cell division produced by ionizing radiations. 

It is postulated that the administration of KCl to irradiated tissues 

is beneficial by releasing the mitotic.block and by maintaining a more active 

meristematic region which in turn would produce fewer morphological changes. 

It is evident that KCl is not a "cure-all" for alleviating all types of 

radiation damage. However, its application with therapeutic agents now in 

use might possibly be more effective in preventing radiation damage. 



Plate 1 

Explanation of Figures 

A. Irradiated non-treated material demonstrating changes 
in the plane of division and multinucleate conditiono 

B. Irradiated non-=treated material illustrating the 
chromosomal aberrations of bridge formation and 
fragmmtation. 

C. Irradiated non-treated material demonstrating multi= 
nucleate condition with one of the nuclei in the 
process of division. 

D. Irradiated non-treated material illustrating multi­
nucleate condition and change in the plane of 
division. 

E. Non-irradiated material showing cells with two 
nucleoli., 

F. Irradiated non-treated material illustrating divi­
sions in relatively mature tissue at 480 microns 
from the root tip. 
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Figo 4 21 Hours Modified Cronevs Control Epidermal 
and Cortical Cells at 480 Microns from Root tip 

Figo 5 21 Hours Oo25% KCl in Modified Crone 1 s Control 
Epidermal and Cortical Cells at 480 Microns from Root tip 
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Fig. 6 21 Hours Modified Crone's X-Ray Epidermal 
and Cortical Cells at 480 Microns from Root tip 

Fig. 7 21 Hours 0.25% KCl in Modified Crone's X-Ray 
Epidermal and Cortical Cells at 480 Microns from Root tip 

46 



47 

Fig. 10 Fig. 11 

Legend on next page 



Fig. 12 . Fig. 1.3 

Explanation of Figures 8=13 

Fig. 8 Non-irradiated control seedling after 72 hours of 
growth. 

Fig. 9, 10, 11 Irradiated non-treated seedling 72 hours 
following exposure demonstrating various degrees 
of mitotic blockage with the processes elongation 
ani maturation continuing in the meristematic 
region. 

Fig. 12j 13 Irradiated non-treated seedlings 72 hours 
following exposure illustrating various degrees 
of mitotic blockage and the stoppage of elongation 
with the process of maturation continuing in the 
meristematic area. 
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Fig. 14 ]2 Hours Modified Crone 1s Control 

Fig. 15 12 Hours 0.25% KCl in Modified Crone's Control 
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Fig. 16 12 Hours Modified Crone's X-Ray 

Fig. 17 12 Hours 0.25% KCl in Modified Crone's X-Ray 
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Fig. 18 18 Hours Modified Crone's Control 

Fig. 19 18 Hours 0.25% KCl in Modified Crone 1 s Contr ol 
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Fig. 21 18 Hours Modified Crone 1s X-ray 

.. 

Fig. 21 18 Hours 0.25% KCl in Modified Crone's X-Ray 
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Fig. 22 

Fig. 23 25 Hours 0.25% KCl in Modified Crone's Control 
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Fig. 24 25 Hours Modified Crone is X-Ray 

Fig . 25 25 Hours Oo25% KCl in Modified Crone 1 s X-Ray 
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Figo 26 32 Hours Modified Crone 1 s Control 

Figo 27 32 Hours Oo2.5% KCl in Modified Crone 1 s Control 
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Fig. 28 32 Hours Modified Crone's X-Ray 

Fig. 29 32 Hours Q.25% KCl in Modified Crone's X-Ray 
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Fig. 30 40 Hours Modified Crone's Control 

Fig. 31 40 Hours 0.25% KCl in Modified Crone 1 s Control 
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Fig. 32 40 Hours Modified Crone's X-Ray 

Fig. 33 40 Hours 0.25% KCl in Modified Crone's X-Ray 
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Fig. 34 48 Hours Modified Crone I s Control 

Fig. 35 48 Hours Oo25% KCl in Modified Crone's Control 
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Fig. 36 48 Hours Modified Crone's X-Ray 

Fig. 37 48 Hours 0.25% KCl in Modified Crone's X-Ray 



(/) 0 CONTROL SEEDLINGS z 
0 GROWN IN MODIFIED 

a:: CRONE'S SOLUTION 

u 1600 • CONTROL SEEDLINGS 
::; GROWN IN 0.25Y. KCI 

IN MODIFIED CRONE'S 
w 
a:: 1500 
<( 
::, 
a 
(/) 

120.0 

<( 
w 
a:: 
<( 900 

...J 

...J 
w 
u 600 

w 
CJ 
<( 
a:: 300 
w 
> 
<( 

AGE OF CELLS IN HOURS 

Fig. 38 Average Area for cells constituting .the 
epidermis at 480 microns from the root tip of non­
irradiated materials. 

(/) D X-RAYED SEEDLINGS z GROWN IN MODIFIED 0 CRONE'S SOLUTION a:: 1800 
~ • X-RAYED SEEDLINGS 
::; GROWN IN 0.25:1. KCI 

IN MOOIF IE D CRON E's w 
1500 a:: 

<( 
::, 
a 
(/) 

1200 

<( 
w 
a:: 900 <( 

...J 

...J 
w 600 u 
w 
CJ 
<( 

300 a:: 
w 
> 
<( 

AGE OF CELLS IN HOURS 

Fig. 39 Average Area for 
epidermis at 480 microns 
irradiated materials. 

cells constituting the 
from the root tip of 

61 



ff) D CONTROL SEEDLINGS z 
0 GROWN IN MODIFIED 

a:: 1800 
CRONE'S SOLU T IO N 

V • CONTROL SEEDLINGS 
:::; GROWN IN 0.25 X KCI 

IN MODIFIED CRON E'S 
w 
a:: 1500 
<{ 

:J 
a 
ff) 

1200 

<{ 
w 
a:: 
<{ GOO 

...J 

...J 
w 
V 6 0 0 

w 

"' <{ 
a:: 3 0 0 
w 
> 
<{ 

A GE O F C EL LS IN HOURS 

Fig. 40 Average irea for -cel ls constituting the 
cortex at 480 microns from the root tip .of non­
irradiated materials. 

ff) D X-RAYED SEEDLINGS 
z GROWN IN MODIFIED 
0 1800 a:: 

CRONE'S SOLUTION 

\d • X-RAYED SEEDLINGS ~ 

:::; GROWN IN 0.25:.< KCI 
IN MODIFIED CRONE'S 

w 15 00 
a:: 
<{ 
:J 
0 
ff) 1200 

<{ 
w 
a:: 900 
<{ 

...J 

...J 
w 600 
V 

w 

"' <{ 300 

I~ I a:: 
w 
> I <{ 

.. 8 12 15 18 21 24 27 30 33 36 

AGE OF CELLS IN HOURS 

Fig. 41 Average Area for cells constituting the 
cortex at 480 microns from the root tip of 
irradiated materials. 

62 



Cl) 

z 
0 
a: 6000 
u 
~ 

< ... 
a: 
< 
...J 
...J ... 
u 
... 
C) 

< a: ... 
> 
< 

5000 

4000 

3 000 

2000 

1000 

D CONTROL SEEDLINGS 
GROWN IN MODIFIED 
CRONE'S SOLUTION 

• CONTROL SEEDLINGS 
GROWN IN 0.25 X KCI 
IN MODIFIED CRONE'S 

AGE OF CELLS IN HOURS 

Fig. 42 Average Area for cells constituting the 
xylem at 480 microns from the root tip of non­
irradiated materials. 

Cl) 

z 
0 
a: 6 0 0 0 
u 
::li 

... 
a: 
< 
::, 
0 
Cl) 

< ... 
a: 
< 
...J 
...J ... 
u 
... 
C> 
< 
a: ... 
> 
< 

5000 

4000 

3000 

2 0 00 

1000 

D X - RAYEO SEEDLINGS 
GROWN IN MODIF IED 
CRONE'S SOLUTION 

• X - RA Y E D SEED L INGS 
GROWN IN 0.2 5 X KC I 
IN MOOI F'IE O C RON E'S 

3 3 3 6 

AGE O F C E LLS IN HOURS 

Fig. 43 Average Area for cells constituting t he 
xyl em a t 480 microns from the r oot tip of 
irradia ted mater ial s. 

63 



(/) 

z 
0 
0:: 
u 
::,; 

w 
a: 
<{ 
::, 
a 
(/) 

<{ 
w 
0:: 
<{ 

_J 
_J 

w 
u 
w 
l'.) 
<{ 
a: 
w 
> 
<{ 

120 

100 

80 

-
60 

40 

20 

D CONTROL SEEDLINGS 
GROWN IN MODIFIED 
CRONE'S SOLUTION 

• CONTROL SEEDLINGS 
GROWN IN 0.25% KCI 
IN MODIFIED CRONEJS 

4 B 12 15 18 21 24 27 30 33 36 

AGE OF CELLS IN HOURS 

Fig. 44 Average Area for cells constituting the 
meristem of no>J.-irradiated materials 

(/) D X-RAYED SEEDLINGS 
z GROWN IN MODIFIED 
0 CRONE'S SOLUTION a: 120 
u • X-RAYED SEEDLINGS 

::,; GROWN IN 0.25Y. KCI 
IN MODIFIED CRON E's 

w 100 
a: 
<{ 
::, 
a I 
(/) 80 

<{ 
w 
a: 
<{ 

60 

-
_J 
_J 

w 40 
u 
w 
l'.) 
<{ 20 
a: 
w 
> 
<{ 

4 8 12 15 18 21 24 27 30 33 36 

AGE OF CELLS IN HOURS 

Fig. 45 Average area for cells constituting the 
meris tern of irradiated ma, terials 



LITERATURE CITED 

l, Allen, J, G.., Clair E, Basinger, J, J, Landy-,M, H, Sandereon, and D, M, 
Enereon. . "Blood Transtueion in Irradiation Hemorrhage, 11 Science 
115: 523-526, 1952, · · 

2, Barron, E, S, . G, . 11 The Etfect ot Ionizing Radiation on the Ac:tivit7 ot 
En1:,mes, 11 BNL-C-4. Brookhaven National Laboratory, Upton, Nev 
York, 

4, 

__ ,Veronica f+ood, and Betty Gasvoda. "Studies on the Mechaniean of 
Action ot Ionizing Radiation.es •. III, ... The. Ettect ot X~~:, .lzarad~a-· 
tion on the Respiration ot Sea Urchin Sperm, 11 Biological Bull•t&D, · 
97: 51 .. 56, 1949. . 

__ , "Studies on the Mechanism ot Action ot Ionizing Radiatio~u,. . V, 
The E;ttect ot Hydrogen Peroxide and ot X-Ray Irradiated SeaJ'later 
on. the Respiration ot SeaUrchin Sperm and Eggs,•• Biolopcal 
1911•:Un, 97: 44-SO, 1~~9;~ · 

, and Veronica Flood •. f'Studies on the Mechanism ot Action ot 
--.·Ionizing Radiatior.is, VI, The Oxidatic,n ot 'l'hiole by Ionits.lng 

· Radiations, 11 ll!! Journal gt General Ph:yeiology;, 33: 229•241, u~. . .... 
6, Beal, J. M. , and N. J, Scully. 11Chromoaomal Abetr&tii,qs in Onic,n ~t1 

. trom. fla,nte . Grown in an Atmosphere Containing C o2, 11 Botanical. · 
Gazette, 112: 232-235, 1950. 

7, Bowers, John Z, anct,KennethC!, Scott. "D1etribut1on,and Excretion.ot 
Ele ctrolytee Atter lcu.te Wbolebody Irrad!:ati on J:l'ljury. .. I. S\µdi•• 
With Radio-potassium," Proceedings g,t the Society l.9E. Experilienta~· 
Bio log ,g M~d~~ine,. 7th 6J+5~64S, .1951, , . · ·. · 

s. Boyer,.P. D., ff, A. Wd.y and P, H. Phillips. "Further StUdi11 on the 
· Role of Pota111wn and . Other Ions in . the. Phosphoeylationa ot the 

Adenylic System,!' Journals! Biological.Chemieta:, 149: 529-S4l, 
1943, .. · . 

. . ' 

. ,."'l'he Ro~ of P~t,eEJium in Muscle Phosph.orylation, II Journal sf 
--Biological Chemistry, 146: 673-6S2, lJ.942, . ·· 

10. Brue,, Austin M.. :··)'Isotopes: . Radioactive; Toxici tr' II Medical Pblf icp. 
Chicago: Year Book PUblishers, Inc. 2: 465-470, 1950. 



11.. ,"Radiation Sickness," . Medical Physic~. Cficago: Year Book 
Publishers., Inc. 2: 778-781, 1950. 

12. ,and Leola Reitz. "Effects of External and Internal Radiations 
on Cell Di vision~ 11 Annals ,2! the ~ I.Q!!f Acaci!!]ll.y ,2! Sciences, 
51: 1497-1507, March 1951. 

1.3. Buchanan., J, M., A. B, Hastings and F. B. Nesbett. "The E.f:t'ect of the 
Ionic Environmm t on the Synthesis of Glycogen From Glucose in 
Rat Liver Slices, 11 Journal ,.2! Biological Chemistry, 180: 4.35-
455, 1949. 

66 

14. Butler., J. A. V., and B, E. Conway. "The Action of Ionizing Radiations 
and of Radiomimetic Substances on Deoxyribonucleic Acid. Part II. 
The Effect of Oxy-gen on the Degradation of the Nucleic Acid by 
X-Rays., 11 Journal 2t. !h! Chemical Society (London), .3418-3421, 
December 1950. 

15. ,and K. A, Smith. "Degradation or Deoxyribonucleic Acid by Free 
Radicals., 11 Nature., 165: 847., May 1950. 

16. Cantril., s. T,., L,.Jacobson, and J, J. Nickson., 11 The Effects of 
Irradiation on the Blood and Blood .Forming 'l'issues., 11 MDDC-991. 
Argonne National Laboratory. Chicago. 1946. 

17. Carlson., J. G., Mary L. Snyder and Alexender Holla.ender. "Relative 
· Effectiveness ot Different Intensities of Gamma Radiat.ion in 

Retarding Mitosis in the Grasshopper Neuroblast, 11 MDDC-1576. 
Technical Information Division. Oak Ridge., Tennessee. 1947. 

18. Catcheside., D, G. 11Eftects of Ionizing Radiations on Chromosomes.,n 
Biological Review., 20: 14-28., 1945, 

19, Chatters., R. M, "Induction b;y Fast Neutrons ot Mutations in 
Anitrrhinum and Myosotis., 11 Science., S8: 241-242., 19.3S. 

20. ., "Induction b;y Fast Neutrons ot Mutations in Ar,tirrhinum.: II. 
Genetics," lb! American Naturalist., 74; 28.3-285, 1940. 

21. _____ ,Personal Communication. 

22. .,O. D. Stetfey., A. M. Pullen., W. C. Blinn a.nd A, L. Cole. 
"Attenuation of I-Radiation Effects Upon Seedlings Through the 
Use of Potassium Chloride and Potassium Chloride-Glucose 
Solution.," (In Press). 

23. Cowie., Dean B,., R~ B. Roberts and Irena z. Roberts. , "Potassium 
Metabolism in Escherichia Coli, I. Permeability to Sodium and 
Potassium. Ions., 11 Journal g! Cellular !ru!. Comparative Physi-
oloQ., 34: 243-258., 1949, 0 



2/+. Dobson, Lowry R. 11Lethal Radiation Effects of X-Rays, Deuterons and 
Alpha Particles on the Bacterium Escherichia Coli, 11 UCRL-1140. 
Radiation Laboratory, University of California. 1951. 

25. Duggar, B. M. Biological Effects .2! Radiation. I and II. New York 
and London: McGraw-Hill Book Company, Inc., 1936. 

26. Edelmann, Abraham. nsurvival of Adrena.lectomized Rats With and Without 
Replacement Thereapy Following X-Irradiation," ~ American 
Journal .2! Physiology, 167: 345-348, 1951. 

27. _____ ,"AAAS Symposium on Radiobiology, 11 Nucleonics, 8: 28-36, 1951. 

28. Fenn, W. 0. "The Deposition of Pot~ssium and Phosphate With Glycogen 
in Rat Livers," Journal of Biological Chemistry, 128: 297-307, 
1939. 

67 

29. Giles, Norman H. and A. D. Conger. "Chromosomal Interchanges Induced 
in Tra.de~cantia Microspores by Fast Neutrons From Uranium Fission," 
Journal !21. Cellular and.Comparative Physiology, 35: Supplement 1, 
June 1950. 

30. Glass~r, Otto, Edith H. Quimby, Lauriston S. Taylor and J. L. Weatherwax. 
Physical !,ounda.tions 2,l .!£adiology:. New York am London: Paul B. 
Hoeber, Inc., 1944. 

31. Hayden,· Barbara and Luther Smith. 11 Tbe Relation of Atmosphere to 
Biological Ef'tects of X-Hays, 11 Genetics, 34: 26-43, January, 1949. 

32. Henshaw, P. s. and R. s~ Snider. IIAberrant Tissue,Developments of Rats 
Ex.posed to Beta Rays," MDDC-1663. Clinton National Laboratory. 
Oak Ridge, Tennessee. 1948. 

33. Hevesy, G. Radioactive Indicators. New York: Interscience Publishers,: 
Inc., 1948. 

34. Howard, Alma. Report or 11Sympoaium on Mode of Action or Ionizing 
Radiations," Nucleonics, 7: 26"'.'30, 1950. 

35. Jacobson, L. o., E. L. Simmons, E. K. Marks, M. J. Robson, w. F. Bethard, 
and E. o. GastQn. 11 The Role of the Spleen in Radiation Injury and 
Recovery," . .It!! Journal 2! Laboratoa; !!19. fllinical Medicine, 35: 
746-770, 1950. 

36. Kim.hall., R. F. "Induction of Mutations in Paramecium Aurelia by Beta 
Radiation.," MDDC-1550. Clinton National Laboratory., Oak Ridge, 
Tennessee. 1947. 

37. Kimeldor!', D. J., D. C. Jones, and M. c. F'ishler. 11 The Effect, or 
Exercise Upon the Lethality o!' Roentgen Ra,ye for Rats, 11 Science, 
112: 175-176, 1950. 



38. Kramer, Paul J. "Effects or Respiration Inhibitors on Accumulation of 
Radioactive Phoephorus by Roots of Loblolly Pine," Journal S?!. 
Plant Ph1,siologz, 26: 30-36, 1951. 

39. Lacassagne, Antoine. ltAdvances in Radiobiology Between 1937 and 1950, 11 

Nucleonics, 7: 62-67, 1950. 

40. Lapp, R, E. and H. L. Andrew~. Nuclear Radiation Physics. New York: 
Prentice-Hall, Inc., 1948. 

41. Lea, D. E •. Action 21 Radiations gn Living Cells. · New York: The 
Macmillan Company" 1947. 

42. 

44. 

45. 

Limperoe, G. and W. A. Mosher. l'Protection o! Mice Against X-Rad:i.ation 
by Thiourea, 11 Science, 112: 8~-87, 1950. 

Lorenz, Egon. "Some Biologic Effects of Long Continued Irradiation, 0 

The American Journal .21 Roent5enolo~ and Radium Thera;EY, 63: 
176-185, 1950. . · ' 

Low-Beer, B. V, A., and Paul M. Aggelexr. "Hematological Effects o! 
Ionizing Radiations VII," UCRL-862. University of California. 
1950. 

Mac;:kie., Ruth W., Jamee M. Blume and C. E. Hagen. "Histological Changes 
Induced in Barley Plants by Radia.1;,ion from p32,u American Journal 
SJ.I. Bc,t~z, 39: 229~236, 1952. . 

68 

46. Marke, Edna K. 11 Et':f'ects of Radiation Exposure on the Cells o! the 
Peripheral Blood,11 MDDC-912. Argonne National Laboratory. Chicago. 
1947. 

47. Miller, c. P., Carolyn w. Hammond and Marianne Tompkirul!. IIReduetion ot 
Mo:rtali ty From x ... Ra.diaticm. by Tre~tment With AntibiotitH!!., 11 Seienee,; 
.3: 719 ... 720, l9S0. - . --

48. Muller., H. J. "Radiation Dama.ge to the Genetic Material.,'' Am.eriean 
Scientist, 3th 33 ... 59, 126, 1950. -- · - -

49. ,"Some Present Problem:1 in the Genetie Ef!eets of Radiation," 
Journ1.?- ~-f Cellular a~~ ,Qom:e§-rative ~hysi_oloE;L, '.35 ~ 9~70, 
Supplement l, June 1950, 

;o. Munt~., J. A., E. s. G. Barron and C. L. ProHer •. 11Studiei on the 
Meehani~m of Action of Ionizing Radiation~. III. The Pla.~m~ 
Protoin ot Dogs After x ... R.ay Irradiation. An Electrophoretic 
Study, 11 ArehivH ~~ Bioehemi:,t:r;y;, 23; 1+34 ... 44; 1 19l+9. 

I 

Sl, Naehme.nsohn, D. and H. M. John. "Studies or Choline AcetylatH,. I. 
Effect ot Amino Aoid1 on the Dialyzed Joozyme. Inhibition by 
a-Keto Aeids, 11 Journal£&: Biological Chemi~t:ry, l5S: 157~171, 
194,. . 



52. NEPA-1019-IER-17. Tabulation of Available Data Relative to Radiation 
Biologx:. U,S.AoE.C. Technical Information Division:-oRE, Oak 
Ridge, Tennessee. 1949, 

53. Parker, H. M. "Some Physical Aspects of the Effects of Beta Radiation 
on Tissue, 11 AECD-2859. Argonne National Laboratory. Chicago. 
1943. 

54. Patt., H. M., E. B. Tyree, R. L. Straube, and D. E. Smith. 11 Cysteine 
Protection Against I-Irradiation, 11 Science, 110: 213-214, 1949. 

55. Rekers., Paul E. and John B. Field. "Control of Hemorrhagic Syndrome 
and Reduction in I-Irradiation Mortality With a Flavonone, 11 

MDDC-1219. University of Rochester. Rochester, New York. 1947. 

56. Roberts., Richard B • ., and Irena Z. Roberts. 11Potassium Metabolism in 
Escherichia Coli. III. Interrelationship of Potassium and 
Phosphorus Metabolism, It . Journal 2.f. Cellular and Comparative 
Physiology, 36~ 15-40, 1950. 

69 

57. ,Irena z. Roberts and Dean B •. Cowie. 11Potassiwn Meta.bolism in 
Esoher:l.chia Coli. II. Metabolism in the Presence of Carbohydrates 
a.nd Their Metabolic Derivatives, 11 Journal 2'l_ Cellular~ 
Comparative PhysioloS,Y., 34: 259-292, 1949, 

;s. Rugh, Roberts. "Radioiodine and Histopathological Effecte, 11 Journal ot 
Morphology, 89: 457-499., 1951. --

59. , "The Immediate and Delayed Morphological Ettects of X-Radiations 
on Meiotic Chromosom.es.,11 Journal .Ql Cellular !ru! Comparative 
Physiolo&, .'.36: 185-203, 1950. · 

60. Sax., Karl. "The Ettect ot .X-Rays on Chromosome Structure," Journal gt. 
Cellular !BS, Comparative Physiology, 35: 71-81., Supplement 1, June 
1950. . 

61. Scholes., George., Gabriel Stein., and Joseph Weiss. 11Action of X-ltays on 
Nu~leic Acide, 11 Nature, 164: 709, 1949. · 

62. Sheppard, c. W. 11New Development in Potassium and Cell Physiology: 
1940-50,n Science., 114: 85-91, 1951. 

63. ,and Gertrude E. Beyl. "Cation Exchange in Mammalian Erythrocytes. 
III. The Prolytic Effect of X-Rays on Human Cells., 11 lb! Journal 
,g! General Physiolo&r, 34: 691-704, 1951. 

64. Sieburth., Louise R. "The Interaction of Nucleic Acid and X-ra.diations 
on the Chromatin of Rye and Pea, 11 Northwe.st Science, 25: 132-136) 
1951. 

65. Smith., Falconer and Willie W. Smith. "Exercise Et:f'ecte on Tolerance to 
Radiation., 11 !b! American Journal .2! Physiology., 165: 662-666, 1951. 



66. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

70 

Smith, Willie W. 11Acute KCl and Histamine Tolerance and Adrenal Weight 
in X-Irra.diated Mice, 11 The American Journal of Physiology, 167: 
321-327, 1951. 

__ , "Potassium Tolerance Following Irradiation,; 11 Federation Proceed­
~, 10: 126, 1951. 

_, ''.The Effect of Thyroid Hormone and Radiation on the Mitotic Index. 
or Mouse Epidermis," Journal of Cellular and Comparative Physiology, 
38: 41-49, 1951. 

__ ,and Falconer Smith. "Effect of Thyroid Hormone on Radiation 
Lethality," lh! American Journal of Physiology, 165: 639-50, 1951. 

Snyder., R. H~ and W •. E. Kisieleski. "The Relative Biological Effective­
ness~£ Beta and Roentgen Radiation as Shown by the Radiotoxicity 
of Na for Mice, 11 Radiology, 54: 743-7l1,9, 1950. 

Sokoloff, Boris, James B. Redd and Ra.ymondDutcher. "Vitamin P Protec­
tion Against Radiation," Science, 112: 112-113, 1950, 

Sparrow:., A~ H. 11X-Ray Sensitivity Changes in Meiotic Chromosomes and the 
Nucleic Acid Cycle, 11 National Academy !?1. Sciences, 30: 147-155, 
1944. 

__ , "Relative X-Ray Sensitivity or Meta.phase and Interphase Chromosomes., ii 
Nature, 162: 651, 1948. 

__ ,"Radiation Sensitivity on Cells During Mitotic and Meiotic Cycles 
With lhphasis on Possible Cytochemical Changes., 11 Annals !21.. ,:ll!! New 
~ Academz ,2!. Science, 51: 1508-1540, 1951. 

__ ,and E. Christensen. "Effects ot X-Ra,y, Neutron and Chronic Gamma 
Irradiat".on on Growth and Yield of' Potatoes., 11 American Journal ot 
Botan;y;, 37: 667, 1950. · · -

76. _.,and Marc Maldawer. "Differential Rejoining a.s a Factor in Apparent 
Sensitivity of Chromosomes to X-Ra.y Breakage.," I!!:oceedin.ge 2! ~ 
National Acadeng g1. Sciences, 36: 636-643, 1950. 

77. ,and Florence M~ Rosenfeld. "I-Ray Depolymerixation of Thymonucleo­
histone and ot Sodium Thymonucleate," Science, 104: 245-246, 1946. 

78. Stanton, w. R. and W. K. Sinclair. 11E.f'tect ot High Concentration of 
Phosphorus ... 32 on Growth o:f' the Potato, 11 Nature, 167: 234, 1951. 

79. Stearner, S. ·P. and E. J.B. Christian. 11The Effect of Over-all Time 
o! Exposure Upon the Survival of Young Chicks Following Roentgen 
Irradiation," .lh! American Journal g1_ Roentgenology !m! Radium 
TherapY, 65: 272-276, 1951. 



71 

80. Suter, George M. 11Response or Hematopoietic System to X-Rays, 11 MDDC-S24. 
Oak Ridge, Tennessee. 1947. 

SL Weiss, J. "Biological Action of Radiations," Nature, 157: 584, 1946. 

82. Zirkle, a. E. "Some Effects of Alpha Radiation Upon Plant Cells,n Journal 
21.· Cellulai'/nd Comparative Physiology, 2: 251-274., 1932.. · 

SJ. 

84. 

___ , ••Relationslip Between Chemical and Biological Effects or Ionizing 
· Radiations,~· Radiology, 52: 846-855, 1949. · 

__ ,Paul .c. Asbersold and E. R. Dempster. ''The Relative Biological 
Effectiveness of Fast Neutrons .. and X-Rays Upon Different Organisras," 
!h! American Journal of Cancer, 29: 556-562, 1937. . 



VITA 

Arthur Miller Pullen 
candidate for the degree of 

Doctor of Philosophy 

Thesis: CYTOLOGICAL STUDIES OF THE EFFECTS OF ADMINISTERING 
POTASSIUM CHLORIDE TO X-IRRADIATED SORGHUM SEEDLINGS 

Major: Botany 

Biographical and Other Itf.'.".ms: 
Born: December 10, 192~ . .» at Covington, Tennessee 
Undergraduate Study: University of Tennessee, 1942-1944, 

1946-19M!, 
Graduate Study~ University of Tt1mnessee, 1949-50, O.A.M.C., 

1950-52. 
Experiences: Prine: ipal and Teacher of an eight teacher 

elementar-J school, Anderson County, Clinton, Tennessee 
194g-49_; Graduate Fellow, University of Tennessee 1949-50; 
A.E.C. Research Associate, Oklahoma A. and M. College 
1950-52. 

Member of Phi Sigrna and Associate Member of the Society of Sigma Xi. 
"Attenuation of X-radiation Effects Upon Seedlings Through the 
Use of Potassiurn Chloride and Potassium Chloride-Glucose 
Solutions 11 (Published jointly). 



THESIS TITLE: CYTOLOGICAL STUDIES OF THE EFFECTS OF 
ADMINISTERING POTAS,SIUM CHLORIDE TO 
X-IRRADIATED SORGHUM SEEDLINGS 

AUTHOR: Arthur Miller Pullen 

THESIS ADVISER: Dr. R. M, Chatters 

The content and form have been checked and approved 
by the author and thesis adviser. Changes or correc­
tions in the thesis are not made by the Graduate 
School office or by any cormnittee. The copies are 
sent to the bindery just as they are approved by the 
author and faculty adviser. 

TYPIST: Mrs. J. O. Richardson 


