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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 radiations, 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 teminated at any point between the time of primary ioniza-
tion and this end result. At present, however, 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 of
radiations is the complex and obscure nature of the biological reactor.
Howard (34) feels that most information will be gained when those bio-
logical reactors are chosen about 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 secondary 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 of 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 of electrons from atoms through which it
passes. An atom s 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 which hold a molecule together



consist of electrons shared 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 of elec-
trons other than bonding electrons may also be expected to lead 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 for
mroduction 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 (hl), 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 measurement 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 0.2500° 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's point heat theory.
This confines the energy dissipated in the tissue to a small proportion of
the atoms, and in turn these atoms would experience a higﬁ rise of tempera-
ture which could produce biological effects.

X-radiation, like ultra-violet light, is an electromagnetic radiation
enitted in gquanta, 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
are absorbed in matter are presented by Lapp and Andrews (40) as the
photoelectric effect, the Compton effect, and pair production. Due to
the gfeater penetrating power of X-rays, it is usually inconvenient to
méasure the total energy absorbed on a surface, More accuraﬁe measurements
are obtained by determining the amount of energy ébsofbéd-in a given volune.
Ina résponse to this fact the‘foentgen was set up as thg uniit of measure-
ment of X~ or gamma rad;éﬁion and is defined by Lapp and Andrews (LO) as,
that quantity of X-rédiation which will proddce‘onéueleétro—

static unit of ions in one cubic centimeter of air under

standard conditions of temperature and pressure.

The sequence of‘eichfs of rédiobiological acfion'is summarized by
Zirkle (83). The first of these is the absorption of radiant energy by
molecules in the biological object or its medium. " The séédﬁa'consists of

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

1ﬁapp, R. E. and H. Lf Andrews, Nuclear Radiation Physics, p. 90.



the biblogical.effect. After the absorption of energy, our knowledge of thev.
radiobiological action is limited until the biological effect appears, Haviﬁg
observed the varied and sometimes contradictory behavior of living organisms
subjected to radiations, biologists have often been unwilling to accépt the
simple ohe—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.cthidered.
From the studies 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"; |
formed four powerful oxidizing agents which are OH and 02H radicals, szz,,
and atomic oxygen. They have concluded that the biological action of
ionizing radiat{ohg is due mainly to the products of the irradiation of » 
intracellular and cfiracellular water,

Twenty years ﬁave 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 tyﬁqs‘
of induéed alterations which are produced in the various types of cells,

Each type of response must be analyzed independently of the others if
precise interpretations of the underlying mechanisms of ionizing radiations
are to be formulated.

Radipbiological actions that are produced by ionizing particles are
numerous. IGeneral expressions of the biological effects.of radiations are
summari%ed'5y Duggar (25), Lea (41), Hevesy (33), and others (2,10,11,27, '
30,39,&5,52,79). The inhibition of mitosis by radiations has been studied

by Mullér (48,49), and the effects of X-rays on chromosome structure has



been reviewed by Catcheside (18), sax (60), and (_6,12,17,29.59.72,73-,71.,76),
The action of X~-rays on micleic acids has been investigated by Weis (.61),'
Butler (14,15) and Sieburth (64). The oxidation of thiols by ionizing
radiations has been demonstrated by Barron and Flood >(5), and the dopoiyﬁ-
merization of thymonucleohistone and.sodium thymonucleate has been aceo;nplinhod'v
by Sparrow and Rosenfeld (77). Studied on the erroe‘ts‘ produced by :iout;rem;

" on biblbgicél materials have been made by Sparrow ahd‘ichris.t.anm (75),

A’Chatters (19,20) and zirkle st al (es), and the erroet.s or alpha partieiu 2 ‘1
i on plant cells have been reported by Zirkle (82) and Dobaon (2&).

N Evidenoe of radiobiological changes produced by bou partieho thut. are
emitted from radioact-ive isotopes have been obtainod and prouentod by Stanton
and pincla:lr,('?B), Mackie gt al (45), and (32,36,38,53,58‘,79). Responses of
the hematopoietic syst.evx'n} to ibn:lzing radiatione oﬁhdr £hm from radioisotapes
have been studied by Suter (20), Low-Beer and Aggeler (M) and other 1nvut.1-
gators (16,46, 50). » -

N ‘While many of the biological effects of radiations doeeribod in tho ton-
:‘going literature review are not deleterious, the qhanges whj.qh are \udeoirablo
biolqgically presuppose the need for research upon met’.ﬁods whﬁr'eby radtauon‘ :
damége may be: eliminated or at least attenuated to some do;no. The r_eiulto
of a number of investigations on this subject lmvo'bdéh‘tpuvbl:l‘.ahod recently,

In mice, for exémple , reduction in mortality by the a&dinistfﬁuon of
antibiotics following X-radiation has been demonstrated by Miller ot a1 (47).
Tﬁey indicate that st;eptomycin provides the most erféetivo.ﬁrotoeﬁon;
Limperoa and Mosher (42) concluded from their studies that thiourea did ard
other reduciug agents poasibly would lower the mortality rat.o in irradiated
mice chause of the protect_ion thus afforded to certain vi_i_?n cellular



constituents. From the observations of Sokoloff et al (7)) it appears that
vitamin P compound, which contains four flavonoids 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
'concentrgtions, ethylene glydol and propylene glycol were reported by
Holiaender (27) to afford protection to bacteria during the irradiation
period. That glutathione protects a mechanism permitting orderly regenera-
>tion of the hematopoie@ic system_of mice from ioniéingrradiations has been
found by Cronkite gt al (27). Patt and his co»workgfs (sh) céncluded that
stteine administered to rats prior to Xpirradiation'in”the near-lethal
fange greatly diminished toxicity. When Rekers and Fiéld (55) administered
thebflavonol,glycoside, rﬁtin, to dogs which had been given’sub—lethal total-
body X-irradiation, ﬁhe mortality raté dropped 52 percent, Edelmann (26)
reports that daily injections of desoxycorticosterdne égefafe\ehabled
adrénalectomized ratsito survive doses of 650 r-units of.X;rays and con-
cludes that the adrenél-hérmones play a part in resistance to the noxious
effects Ef radiations. When the spleen of rats are'éhiélded’by lead from
X-radiations, the mortalify rate is decreased (35). Either forced exercise
(37,65) or the adminisfratidn of thyroid hormone (68,69) to irradiated

miée increased the mdftality rate. Allen et al (l) réboft-that aureomycin
and blood transfusions when administered together proféct dégs from the
after effects of lethal dcses of X-rays. It was found by Chatters et al
(22) that the administration of KC1 solutions to irradisted sorg hum
seedlinés produced an increase in groﬁth in root length as_compared'with

those séedlings which received X-radiation alone.



Although many types of radiobiological effects have been investigated at
the cellular level little attention has been given to the direct dlsturblng
'1nfluenue of ionizing radiations upon the distribution of electrolytes between
cells and their surrounding medluma Sheppard (62) in his review on the role
of potassium in cell metabolism has indicated that one ofpthe 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 upon the
concentration of this element. tBoyer and his co-workers (8,9) have shown
that the transfer of phosphate from 2-phosphoenolpyruvate to adenosinedif
phosphate required potassium, and Nachmansohn and John (51) fbund‘that the
activity of choline acetylase iz dependent upon the K concentration. Gly-
cogen synthesis from glucose by rat liver slices was found by Buchanan
et al (13) to be groater in a K-rich medium than in a medium containing
Na as the principal cation. Deposition of glycogen in the liver has been
shown by Fenn (28) to be accompanied by deposition of potassium. The
effects of potassiwm depletion have been studied in Escherichia coli 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 of
the incorporation of sulfur into proteins, and the incorporation of
phosphorus into phospho-lipids and nucleic acids and growth phenomena
are dependent on the content of the bound potassium in the cell,

If the processes described in the above paragraph are blocked by a
pota331um imbalance following treatment with ionizing radiation, it is
evident that normal metabolic functions of the cell will 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
et al (22) that the adninistration of KCl following irradiation might aid
in the restoration of the potassium balance thus preventing or retarding the
appearance of radiation-induced morphological changes. The present work is

a report of investigations in support of this hypothesis.



YETHODS ARD MATERIALS

In order to determine cytologically the biological effects produced by
X-radiations on plant material and to exawine the results of post-adminis-
tration of KCl to irradiated tissues,; one of the stable varieties of sor-

ghum, Sorghum vulgare var, esistant Wheatland (G, C. 382128) was selected,

©

hiter conducting experiments with corn, redish, barley, and sorghum, it was

[4]
2]

decided to use this variety of sorghum because of its small sesed, appro-

priate primary root system, and its ready avaeilsbility in quantity. The eize

'

»f the seeds enabled zeversl hundred of them to be included in a single X-ray

-

exposure with reasonsble certainty that all of the seeds received a uniform
dose, Further, the smell size of the seeds and scedlings made 1t possible
to work with a large number of irndividuals and provided an opportunity for
studying a multitude of different types of cells and tissues.

Pre~treatment was the smme for 211 seeds until the time of X-ry
exposure, JIn order to destroy surface-borne fungal spores existing on the
geeds, a 5,0% solution of H2SO& was addad for a period of 15 minutes to a
50 ¢.¢, beaker flled with seeds. The residual IQSQL was removed by washing
the seeds twice in distilled water at 15 minute intervals. Containers that
were used for germination of the seads were 6% X 8" X 1.5" Pyrex baking
dishes {Fig. 1) whiéh had been sterilized with 95% ethyl alcohol. The

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

3

skin general purpose filter paper which hzs been cul to cover the bottoms

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



Fig. 1. Type of Containers Used for Germination
and Growth of Seedlings.

Fig. 2. Exposure Tray.

11



Solution*. The sterilized seeds were spread over the moist surface and were
covered with another filter psper. The dishes were closed with a glass plate
and the seeds allowed to germinate for 16 hours in a BO?C'incubator.

The germination period produced seedlings whose radgcleé\yere approxi-
mately 1 mm, in length. Those seedlings which were to bé exposéa*to X~
radiation were transferred to a 2" X 2" 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 wiph 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
of X-radiation** delivered at 150 Kv, Lma, 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 seﬁaup (Fig. 3) was of such a nature that the
dosage had to be administered through the lower surface of the seedling
container,

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 prepsred as previously described and

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

*hodlfled Crone's Solution

Ca (NOg)g =========1,00 g. Fe PO) ==—=—mmmm 0.25 g.
Cag (Pg §2 ———————— 0.25 g. Ca S0, +2Hp0 ——=—v 0.25 g.
Mg 50),° 3H20 ------- 0.25 g. Ho0 (dist.) =----1000 ml.

#*Tixposures were made by a‘Seifert Company (Hamburg) industrial type
X-Ray unit provided by the Oklahoma A. and M. College Power and Propulsion
Laboratory.



Fig. 3. Physical Set-up of X-Ray Unit

were prepared in the same mamer but were moistened with 15 c.c. of a 0,25
percent KC1l solutior in Modified Crone's. These two lots of seedlings were
designated as liodified CUrone's X-ray and Modified Crone's plus 0.25 percent
KCl X-ray. In order to have non<drradiated controls, seedlings in lots of
LO were taken from the germinating dishes and placed into two groups of
Pyrex dishes containing 15 c.c. of lodified Crone's Solution and 15 c.c. of
a 0.25 percent KC1l solution in Modified Crone's, respectively. All seedlings
were then placed in a 30°C incubator. Thus, four groups of seedlings,
lodified Crone's X-ray control, Modified Crone's plus 0.25 percent KC1l X-ray,
Modified Crone's non-irradiated Control and llodified Crone's plus 0.25 per-
cent KC1l non-irradiated control, were prepared for stud&.

Beginning one hour after the X-ray exposureﬁand continuing for A48 hours,

root tips from the four groups of seedlings were removed at hourly intervals



for killing and fixing. For the latter process, a solution of Nawaschin's
killingland fixing fluid was used. The tissues were processed by the butyl
aldohol;paraffin technique, sectioned longitudinally at & microns, stained
in a one percent agueous solution of Safranin 0, counterstained with a
saturat?d fast-green in clove o0il solution, and mounted in Clarite "X"#,
Other tips from the four groups of seedlings were removed 72 hours following
X~ray exposure. |

Ali microscopic observations were made through a Bausch and Lomb
binoucuiar research microscope (AD 5804) with the source of light being an
Americaﬂ Optical Company coil filament research lamp (Model 370). In order
to obtain maximum definition of tissues, green and frosted-glass filters
were embloyedo Where photo graphs were made to furnish supporting evidence
of tiss;e structure, a Leitz Micam camera and Kodalith Ortho-Type 2 film
were employed.

An;hourly "mitotic index""" was tabulated by counting the number of

divisions in median-longitudinal sections which were selected from each of

the fouf groups of seedlings. The types of tissues in which divisions
occurred and the evidences of abnormal divisions were observed at this time.
In order to determine the effects of Xarédiation 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

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

*#Clarite "X" is a mounting medium resin prepared by the Neville Co.,
Pittsburgh,Pa. The resin has a refractive index of 1,567 and a2 melting
point ranging from 145-150°C.

#tThe term '"mitotic index" has been employed to signify the number of
mitotic divisions in a median-longitudinal section of a root tip.
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meristematic cells. Measurements 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 areas of cells of each type tissue were calculated
from measurements obtained from the first ten cells beyond this point.
Mgristamatic cell areas were determined by measuring ten cells located
.immediately adjacent to the mid-point of the meristem where it adjoined the

root cap,



OBSERVATIONS AND RESULTS

Growth was used as a basis to formulate a criterion for measuring radia-
tion damage and for the effects of administering 0.25 percent KC1 solution to
irradiated seedlings. The grewth processes of mitosis, elongation and
maturation were observed in the control materials. These served as a standard
ard changes in these processes were attributed to X-radiation. Likewise, any
differences existing between these processes in the irradiated seediings and
 the irradiated KCl-treated seedlings were attributed to the administration
of KC1. | |

Observation; of the four groups of seedlings revealed that the expres-
sions of ionizing radiations on the process of growth were numerous and
variasble. 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 houfly 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 armd by post-administration of KC1

solution to irradiated seedlings.
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Cytological Observations on Irfadiated Modified
Crone's Seedlings

"Mitotic glggg"%. 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 KC1l did
not influence the number of divisions in the controls. Siﬁde such a great
irregularity was found in the control materials, the number of divisions
could not be used to determine radiation‘ei‘fectsv ‘HGWever? the location of
these divisions in the irrddiated material was ofrsignificgnqe and will be
discussed later, | _ ‘ 

- It has been reported by many investigators (18;31,33;hi) that sub-lethal

doses of Xeradiation mddify the process of mitosis‘in méristematic tissues,
These modifications may be expressed as a proliferation of cell diviaion,
malignancies, or a stoppage o£ cell division, The lenﬁth of time that the
ldtter process is blocked depends upon the dose, désage rate, atmospheric
conditions during admiﬁiatration of the dose,; and the resistgnce of the
tissues to ionizing radiations. When sorghum seedlings weré exposed to
2800 r-units of anadiaiiong there was an immediate mitotic block (Table 1).
Divisions reappeared approximately ten hours after irradiation and were
restricted to those cells which initiated the vascular elements. It was
thirteen hours after irradiation that divisions beganvin the'meristematiq,

cortical and epidermal cells,

Mitotic Block with Elongation and Maturation_Continuinga In some of
the séédlings it was obvious that the process of elqngation and maturation

*The term mitotic block has been used to describe the prevention of
mitotic divisions by X-radiation. St



TABIE I

MITOTIC INDEX OF SEEDLINGS

18

Hours Number of Mitotic Divisions B
After Modified Crone's 0.25% KC1 Modified Crone's 0.25% KC1
Treatment Control Control X=-Ray X-Ray
1 14 8 0 0
2 14 26 0 0
3 0 0 0 0
4 L 0 0 0
5 37 10 0 0
6 33 20 0 0
7 13 Lh 0 0
8 12 19 0 1
9 22 18 2 0
10 18 13 0 7
11 16 L 2 0
12 2L 19 2 2
13 16 4 11 0
14 10 10 7 8
15 0 20 11 0
16 26 20 12 7
17 18 22 9 12
18 28 16 10 2l
19 30 41 17 9
20 38 29 6 11
21 23 17 7 15
22 25 32 15 10
23 28 7 16 5.
21 30 14 20 10
25 13 31 19 15
26 8 3L 7 5
27 16 26 13 11
28 21 25 9 20
29 12 LO 5 11
30 3 3 3 3
31 1l 3 0 15
32 27 20 11 12
33 16 7 0 10
3L 15 18 0 8
35 1L 9 2 0
36 3 0 2 11
37 15 37 12 2
38 27 19 5 12
39 25 7 5 6
LO 22 10 L 5
L1 27 13 6 8
L2 15 16 16 8
L3 15 19 11 12
L 17 20 0 9
L5 19 11 15 10
L6 18 15 15 8
L7 1 9 18 6
L8 16 23 10 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 microns from the meristem (Plate 1, Figs. D,F; Figs.
6,7) were in the process of division. 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 normally.

Permanent Mitotic Block with Hlongation and 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 meristem cells continued and produced
seedlings that were devoid of meristematic tissue. In its place were
mature xylem elements and cortical cells. This presented evidence that
even though the mitotic process was blocked by X~-radiation, the processes
of elongation and maturation continued. Control material (Fig. &) showed
normal mitoses, elongation and maturation.

Mitotic Block and Ztoppage of Zlongation. 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,v
elongation and maturation took place resulting in the production of roots
that.were globose in part (Figs. 12,13). The hourly preparations of the
seedlings showed that this condition started in the irradiated material
approximately 37 hours after exposure. The control materials (Fig. 8)

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

on the process of growth was a change in the size of the cells constituting the
various tissue types. This expression was evidenced by the existence of an
increase in cell size in the majority of irradiated seedlings. This should not
imply, hovever, that all cell size differerces were of this nature as there
were areas of extremely small cells. This latter condition will be discussed
later under the heading "Changes in the Plane of Division". An increase in
cell size was more frequent and of greater magnitude in the epidermal cells

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

four and five with figures six and seven illustrates cell size differences of
the epidermal cells in the irradiated and non-irradiated seedlings. Further
evidence that 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 average area of cells con-
stituting the epidermis at 480 microns from the root tip in the Modified
Crone's irradiated seedlings was 278 sq. microns, whereas, in the control
seedlings (Fig. 38), the area was 195 sq. microns. This was evidence thﬁt
after a short period of time following irradiation, the epidermal cells were
in a process of increasing their size. This process continued in the
Modified Crone's irradiated epidermal cells until an average cell area of
1669 sq. microns was reached 21 hours after exposure. The epidermal cells
of the controls maintained a degree of uniformity in 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 aﬁove time interval, the irradiated epidermal cells, as seen in plane

view, were approximately ten times larger than the non~irradiated cells.
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Epidermal cell sizss after this period of time were very inconsistent in the
Modified Crone's irradiated cells. In some cases the cells began to slough;
off, making 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 et al (22) in which it was
found that X;radiation decreased the length of the roots.

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. The average area of cells constituting the cartex at 480 microns.
from the root tip in the Modified Crone's irradiated seedlings (Fig. 41) was
32§_§q. microns four hours after exposure, whereas,“inlﬁhé qqptfol seedlings
(Fig. 40) theé area was 170 éq,_microns. Here agsin it wasveyident that the
process of cell size ihcregée started shortly aftef‘X-ray exposure, A cell
aréa of 1,721 sq. micréns wﬁs obtained as an‘avaragé"in the i#rédiated
coftical cells 30 hours following irradiation. At £h§ éame‘time intervel,
‘the average area of non-irradia#ed cortical cells was 439 sq. microns.

The change in cell size of the irradiated xylem tiséue'wgs less pro-
nounced, The average area of cells constituting the xylem (Fig. 43) 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 (Fig. 42) it
was 3429 sq. microns. | |

Mea?urements did not give evidence of a cell size difference existing
between the celié comprising the meristems of the irradiated and non-irradiated
seedlings (Figs. 4k4,45)., However, these measurements gave a false impression

of the true nature of this tissue following irradiation. As previously stated,
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these wsre made by measuring‘ten cells located immediately adjacent to the
lower mid-point of the meristem where it ad joins 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 through a divisién. 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

of measurement was the final location of meristematic change. If the measure-
ments had been made to the right or left of this point a difference would have
been evident.

Chromosomal Changes. The literature review dealing with radiation effects
revealsithat chromosomal sberrations are expressions of radiation damage. In
order to determine the prevalence of chromosome abnormalities, they were
tabulated for the entirg‘forty—eight hour period following irradiationn The

chromosome complement of Sorghum vulgare consists of ten pairs of extremely

small chromosomes. Due to their size, it was impossible_toiénalyze the divi-
sionsbfor all types of chromosomal abnormalities. Bridge'fprhation and
fragmentation (Plate 1, Fig. B) at anaphase stages were the only aberratiohs
£hat could be determined with any degree of certainty. 6f all the seedlings
examined during the forty-eight hours after exposure,_oniy 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
does suégcst that the désage adminis tered had an eXtremgly small visible
effect Jn the chromosomes. |

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

Most evident of the effects of X-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 plan es
were changed from a few degrees in some cases to 180° in others. Where these
changes occurred, areas composed of small irregular cells were observed. There
was no evidence to indicate that these irregular divisions were of a prolifer=-
ating ngture. |

There were cells (Plate 1, Figs. 4,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 changed to any great extent. This condition was infrequent,
however, and 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 administration of KCl following irraci-
ation might aid in the festoration of the potassium balance thus preventing
or retarding the appearanée of radistion-induc ed morphological changes.
Having set up growth és a criterion for measuring radiation damage, 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% KC1 did not release the
mitotic block (Table 1) any sooner than it was relgased in the Modified
Crone's irradiated seedlings. The mitotic index shows that both groups of

irradiated seedlings recovered from the mitotic block at appréximately nine



hours following exposurs., The significant fact was the difference in the
location within the root of mitotic recovery in the two groups of seedlings.

It has previously been stated that in the todified Crone's irradiated seedlings
the greatest morphological changes occurred in the epidermal cells and decreased
as one moved inward to the xylem elanents. This had a besring on the mitotic
recovery of the two groups of irradiated seedlings. Nine hours follewing
irradiation; mitotic figures appeared in the primordial vascular elements of
the irradiated Modified Crone's seedlings. It was not until thirteen hours
after exposure thet mitoses began to appear in the meristematic epidermal and
cortical cells of these seedlings. In the irradisted KCl-treated seedlings,
the first evidence of mitotic recovery was also nine hours after exposure,

but these divis ons were not only in the vascular orimordia but also in the
meristematic, cortical and epidermal cells.

Elongation and Maturation of the KCl-Irradiated Seedlings. The differ-

ences existing in the processes of elongation and maturation between the
irradiated KCl-treated and the non-treated irradiated seedlings can best be
denonstrated by a series of photomicrographs (Figs. 14=37). In the seedlings
that were examined at hourly intervals prior to 12 hours following irradiation,
there were no gross visible chenges in the processes of growth., Cytological
preparations of irradiated KCl-treated (¥Fig. 17) and irradisted non-treated
seedlings (Fig. 16) 12 hours following exposure revealed that a slight
difference in the pattern of growth existed between the twe types. At this
time the MYodified Crone's irradiated secdlings were characterized by slightly
larger epidermal cells which lacked to a limited degree a unlformity of shape
end size. The shove characteristics were not evident in the irradiated KCl1-

i

treated secdlings at this time. The growth pattern of the latter seedlings
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was relatively uniform and approached that of the non-irradiated material
(Figs. 14,15).

At 18 hours following irradiation the Modified Crone's irradiated seed-w
lings (Fig. 20) showed to a greater extent brokén, 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 irradiated KCl-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 as compared to those of the
irradiated non-treated seedlings. L

TheiModified Crone's irradiated seedlings (Fig. 24) 25 hours after
exposure‘were characterized by extremely large epidermal cells which had
begun to:slough-off. The processes of elongation and maturation had begun
to displace ﬁhe 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. Even though they were larger than
the epidermal cells of the control seedlings (Figs. 22,23), they had not
become irregular and broken as those of the Modified Crone's irradiated
seedlings. |

It was quite evident that the processes of elongation and maturation
had displaced the meristemstic region of the Modified Crone's irradiated
seedlings (Fig. 28) 32 hours after exposure. Not only were the cortical
cells lerger than those in the controls (Figs. 26,27), but they had tsken
on characteristics of mature cells., The epidermal cells completely lacked
uniformiﬁy and were extremely lerge and irregular in their growth pattern.

Thirty-two hours following exposure, the irradiated KCl-treated seedlings
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(Fig. 29) began to acquire the characteristics of irradiateéématerial° At this
time there existed 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 Cronefs irradiated seedlings
12 hours after exposure. |

At 4O hours following exposure, 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 meristematic tissue. All cell types had
become irregular in shape, size and maturity. In the irradiated KCl-treated
seedlings (Fig. 33) at this time, the meristem was still functional even
though the processes of elonga%ion and maturation had displaced it to some
extent. The epidermal ceils 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 that these seedlings were practically
devoid of meristeﬁatic tissue and that elongation and maturation had con-
tinved to the lower limits of the root tip. Not only had these processes
continued in the meristematic region, but there was an increase in cell size
of the cortical and epidermal 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-maturation, but these processes did not displace the
meriste@ to the extent of that in the Modified Crone's irradiated material.
' The irrédiated KCl-treated seedlings maintained an active meristematic

region. |
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Cell §;ggo A quantitative expression for radiation injury was'obtained
by determining the cell size for any cell constituting the various tissue fypes
at comparable locations. Individual measurements of ten epidermal, cortical
and xylem cells at a distence of 480 microns from the root tip showed a markéd
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 of the epidermis was present in the irradiated KCl-treated seedlings
-(Figo 39) but not to the extent that it was expressed in the irradiated
Modified Crone's maﬁerial, The area of cells constituting the epidermis of
ﬁ@e irradiated KCl-treated seedlings 21 hours after exposure was 292 sq.
microns. This area is much morebcomparable to the area of 168 sq. microns
of the control seedlings (Fig. 38) than 1669 sq. microns of the Modified
>Crone's irradiated material. These differences in epldermal cell sizes are
best illustrated in the photomicrographs of 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 cartex 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 was 217 sq. microns. This great a differemce was meintained through
the periﬁd of observation. Hven though there were some inconsistences 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 interval. At 30 hours following
irradiation, the average area of cortical cells in the irradiated Modified
Crone!s seedlings was 1,721 sq. microns, compared to 157 sg. microns in the
irradiated KCl-treated material. This was an extremelyﬁlarge difference,
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 difference in sizes of the Xylem cells of the irradiated Modified
Crone's and irradiated KCl-ireated seedlings (Fig. 43) 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 Modified Crone's material. At this time
interval; measurements revealed cells whose average areas were 2289 sq.
microns and 3247 sq. microns, respectively. A less pronounced difference
between the two types of irradiated seedlings continued to exist and at 36
hours following exposure the average area of cells constituting the xylem
of the irradiated KCl-treated seedlings was 2418 sq. microns and 2618 sq.
microns for the irradiated Modified Crone's material.
Measurements of the two types of irradiated seedlings (Fig. 45) did
not provide evidence that a difference existed between their meristems.
It has previously been stated that these measurements gave a false
impression of the true nature of this tissue type following irradiation

and that a differeme actually existed which measuring did not verify.



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 stardard that was used in determining the effects of administering KC1
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
KC1.

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 numerous and variable. All irradiated
seedlings varied to a certain degree in their expression of radiation
damage. This was to be expscted when it was kept 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 responses to X-radiation are discussed under the following headings.

Oytological Effects of X-Radiations
Mitotic Blogk. Since the seedlings were exposed to X-radiation at a
very early age, the process of enlargement of the embryonic cells was

probably at a maximum, whereas cell division was possibly just starting.
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If the seedlings hal 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 division
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 imuediate mitotic block. Divisions reappeared approximately ten hours
after irradiation and were restricted to those cells which initiated the
vascular elements. It was thirteen hours following exposure that divisions
began in the meristematic, cortical 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 of 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 KC1l did not influence the number of divisions in the controls.
Since sugh a great irregularity was found in the control materials, the
number of divisions was not used to determine radiation effects.

Mitotic Block With Elongation and Maturation Continuing. In some of the

seedlings the processes of elongation and maturatioh continued in those cells
which were experiencing a mitotic block. This presupposes that mitoses are
more sensitive to ionizing radiations than the processes of elongation and
maturatibng Further, it suggests that the growth processés of mitosis,
elongati@n and maturation are possibly independent of each other and are

not necessarily a continuous chain of events which require a definite order
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of occurrence, In other words, once a cell has been formed by cell dixriéion
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 normally would have divided in the meristem several hours
previously were far removed from the root tip. 1In these cells it appeared
that ionizing radiations had stopped the process of division 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
degree of maturity, they had never lost the potential of cell division. Suéh
a response could be gpplicable to therapeutic meésures in cases which required
a limited amount of mitotic blockage and the desirability of returning the
tissug to a pre-irradiated conditi on.

Permanent Mitotic Block with Elongation and Maturation Continuing.

Another example of radiation damage was a permanent mitotic block in the
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 presented 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 of Elongation. A related expression of the
above mehtioned radiation damages was evident in seedlings in which the
process pf mitosis was blocked for the entire period, and the process of

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 and maturation continued.
Such a condition produced roots that were globose immediately behind the
normal 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 each other,

It is most significant that the mature cells which ﬁere 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 irradisted cells were to undergo a pre-maturation which permitted
metabolic functions to continue but prevented a continuation of cell division,
the concept that the therapeutic velue 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-moturation with less danger of permanent damage
to tissues.

Change of Cell Size. A quanﬁitative expression for radiation injury
was obtalned by determining the cell size for any cell constituting the
various tissue types at comparable locations. Individual measurements of
the epidermal, cortical and xylem cells at a distance of 480 microns from
the root;tip showed a marked difference in the size of the cells in the
irradiatéd Modified Crone's and the non-irradiated seedlings.

It is of the upmost importance to note that this increase in cell size
found in}the epidermal, cortical 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 maturation. It was previously stated
that in some of the irradiated seedlings these processes displaced the meri-
stematic region. This in itself would account for an increase in cell size in
the irradiated seedlings at 480 microns from the rcot tip, However, there

was not only a bre-elongation and pre-maturation of the c¢ells at this level

but also a general increase in cell size. Thus, at 480 microns from the root
tip in the irradiated seedlings, it appeared that 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 ocecury 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 MNodified Crone’é 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 proéess 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 meintained a degree of uni-
formitylin cell size throughout their peried of growth. After 21 hours,
the aveﬁage area of non-irradiated epidermal cells at 480 microns from the

root tip was 168 sq. microns. Thus, at the above time interval, the
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irradiat ed epidermal cells were approximately ten times larger than the non-
irradiated cells,

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 an
average area of 325 sq. microns, whereas, in the controls the measurement was
170 sq. microns. Thirty hours after exposure the measurements were 1,721 sq.
microns and 439 sq. microns, respectively,

The change in cell size of the irradiated xylem tissue was less prc-
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 howrs
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 véry early age might account for the small number of chromo-
somal aberrations that were observed. Since the seedlings were ekposed to
X~radistions shortly after germination, the process of cell size enlargement
of the embryonic cells was probably at a maximum; whereas cell division was
possibly just starting. If the seedlings had been in a more active state of
cell division, the pogsibility of more chromosomal aberrations would have
been greater. This assumption is made through the knowledge that chromo~
somes in an active state of mitotic division are more susceptible to
radiation-jdamage°

Due io the small sizes of the ten pairs of chromosomes of Sorghum
vulgare, #t was impractical to analyze the divisions for all types of

chromosomal abnormalities that are produced by ionizing radiations. Bridge
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Bridge formations and fragmentations at amaphase stages were the only aberra-
tions that 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, but it does suggest that the dose administered had an extremely
small visible effect on the chromosomes.,

Absence of Cell Wall Formation and Changes ig'the Plane of Division.

In the control material, the planes of division during mitosis were at
right angles to the long axis of the root, 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 occurred, areas composed of small
irregular cells were observed., 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 formabt ion consistently divided the chromosomes into equal
complements. There was no evidence that divisions occurred in one plane
and cell wall formation in another. A change in the plane of division
suggests that the radiation effect occurred prior to cell division. Thus,
it was an expression of a radiation damage that occurred in an inactive
cell but was not manifested until the onset of cell division.

An infrequent condition that occurred in the irradiated seedlings was
the continuation of nuclear division without cell wall formation. This

produced multinucleated cells whose total areas were not changed to any
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great extent. 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 normal,
This fact suggests that the processes of nuclear division and cell wall

formation are governed by different mechanisms.,

Effects of the Administration of KC1 to Irradiated Seedlings

Although many types of radiobiological effects have been investigatcd
at the cellular level, little attention has been given to the direct 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 that 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 element. If these processes are blocked by a
potassium imbalance following treatment with ionizing radiation, it is
evident that normal metabolic functions of the cell will diminish.

It has been assumed (22) that the administration of KC1 following
irradietion 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
KC1l after irradiation. Any changes in the processes affecting the total
expression of growth in the treated irradiated seedlings were attributed

to KC1.
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Elongation and Maturation of the KCl-treated Irradiated Seedlings.

Cytologi¢al‘observations at hourly intervals over a A8 hour period following
exposureirevealed a difference in the growth patterns of the irradiated non-
treated %nd irradiatéd KCl-treated seedlings. The most obvious difference
was the extent to which elongation and maturation occurred in the meriste-
matic regiohs of the two types of irradiated seedlings. In the irradiated
non-treated seedlings these processes were ocdufring ig praétiéally ail
parts of‘the meristematic area 48 hours after exﬁosure, whereas, in the
irradiat%d KCl-treated seedlings these processes were limited in this

area, ana an active meristem was maintained throughout the period of obser-
vation. | | | |

Th'ié suggested that the administration of KCl helped to maintain a
more active meristematic regién in the irradiated-treated seedlings° If
this aséﬁmption be correct, the administration of KC1l might serve as a tool
in radiaﬁion health physics. The tolerance level (40) fdf total or limited
body exposure is 0.l rem. in any 24 hour periodo No person should kndwingly
expose himself or cause others to be exposed to a quantity that exceeds this
figure. If it be assumed that an individual so ekposed 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 nauseag
‘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 KC1 might be beneficial in attenuating

these radiation effects.
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Mitotic Block. That the administration of KCl1 was slightly beneficisl

in releasing the mitotic block earlier in those cells which hadpdemonstrated
the greatest radiation damage was verified by a tabulation of the reappearance
of cell divisions and detemmining their locations., This suggests that
potassium is possibly a part of the governing mechanism of cell division. If
this proposal be correct, the mitotic block produced by ionizing radiations
might poussibly be attenuated by restoring the pcotassium 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
ags one moved inward to the xylem 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 tissue types of the irradiated Modified Crone's seedlings.

Cell Size. Numerical values of the cell sizes existing in the irradiated
KClmtreatgd epidermal, cortical and xylem cells gave evidence that KC1l was
beneficial by preventing a pronounced difference in the size of the cells
constituting these tissues at 480 microns from the root tip. Thus, the
administration of KC1 to irradiated tissues appears to be beneficisal 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 difference

existing between the cell sizes of the irradiated non~treated and the
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SUMMARY

Experiments have been carried out under the assumption that ionizing
radiations produce a potassium imbalance and that the administration of KC1
following irradiation might aid in the restoration ¢f this balance, thus
preventing or retarding the appearance of radiation-induced morphological

changes.,

Cytological Effects of X-Radiations

The processes of mitosis, elongation and maturation in roots of
sorghum seedlings that were exposed to 2800 r-units 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-
tion 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
irdicates that mitoses are more sensitive to ionizing radiations than the
processes of elongation énd maturation. Further it suggests that the growth
processes of mitosis, elongation and maturation are possibly independent of
each other and are not necessarily a continuous chain of events which
require a definite order of oceurrence.

A quéntitative sxpression 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 leocation of the processes of elongation and maturation the
differernc es existing between the cell sizes of the irradisted 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 implyrthat
these were the only aberrations present in the irradiated material, but it
does suggest that the dosage 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
ig other cells a change in the plane of division occurred which produced
areas composed of small irregular cells,

Effects of the Administration of KC1l 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 maturation were reduced in the meristematic area of the materials,
In the irradiated non-treated seedlings, these processes were occurring in
practically all parts of the meristematic area A8 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 KC1 helped to
maintain a more active meristematic region in the treated-irradiated
seedlings.

Numerical values of the cell sizes existing in the irradisted KCl-

treated seedlings presented evidence that the administration of KC1 was
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beneficial by preventing a pronounced difference in the size of the cells at
430 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 irradiated KCl-treated seedlings is in agreement with the microscopic
observations,

The administration of KC1 was slightly beneficial in releasing the mitotic
block earlier in those cells which had demonstrated the greatest radiation
damage. This suggests that potassium is possibly a governing mechanism of
cell division, 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 fturn would produpe fewer morphological changes.
It is evident that KCl is not a Y"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

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

Irradiated non=treated material illustrating the
chromosomal aberrations of bridge formation and
fragmentation.

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

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

Non-irradiated material showing cells with two

nucleoli,

Irradiated non=treated material illustrating divi-
sions in relatively mature tissue at 480 microns
from the root tip.
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Fig. 4 21 Hours Modified Crone's Control Epidermal
and Cortical Cells at 480 Microns from Root tip

Fig. 5 21 Hours 0.25% KC1 in Modified Crone'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% KC1 in Modified Crone's X-Ray
Epidermal and Cortical Cells at 480 Microns from Root tip
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Explanation of Figures 8-13

8 Non-irradiated control seedling after 72 hours of
growth,

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

12, 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.



Fig. 15 12 Hours

0.25% KC1 in Modified Crone's Control
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Fig. 16 12 Hours Modified Crone’s X-Ray
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Fig. 17 12 Hours



Fig. 19 18 Hours
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0,25% KC1 in Modified Crone's Control
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Fig., 22 25 Hours Modified Crone's Control

23 25 Hours

0.25% KC1 in Modified Crone's Control
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Fig., 28 32 Hours Modified Crone's X-Ray

T ;_':'.1.'{!
Fig. 29 32 Hours 0.25% KC1 in Modified Crone's X-Ray
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-Fig. 32 40 Hours..Kodified'Crone's X-Ray

Fig. 33 40 Hours 0.25% KC1 in Modified Crone's X-Ray
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Fig. 35 48 Hours 0.25%

KC1

in Modified Crone's

W

Control
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s X-Ray

Fig. 36 48 Hours Modified Crone

Fig. 37 48 Hours 0.25% KC1 in Modified Crone's X-Ray
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