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FOREWORD

This report was prepared al the Engineering Fxperiment Station,
Georgia Institu.. of Tecknology, Atlanta, Georgia, by——

ROBERT H. FETNER. Ph.D.
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ABSTRACT

Living neamblzsts of the grasshopper Choriophaga viridifaciata were exposed to
vzone. The threshold dose necessary to produce s significant delay in mitosis wus
determined. Inhil -tion was reversible and mitosis, though delayed, went to completion.
Cells dosed before sarly proph were inhibited and differed from the contiols in the
time taken tc reac: anaphase. Cells in more advanced atages proceeded to ansphase
at & time not significantly different from the controls.

Cells exposed in anaphase, telophase, interphase, and very early prophase were
delayed in passing through midprophase and late prophase stages. Progression
through preceding &nd sucveeding stages was the same as contrel preparctions.
Exposure to ozoae in the preprophase stages resulted in inhibition in late prophase,
und cella exposed in later atsges proceeded through the next cell division uninhibited.
Stages sensitive to the threshold concentration of ozone are preprophase, snd the
inhilsted =tsges are middle and late prophase.

This technical documentary report has been reviewsd and is approved.

REHT B. PAYNE
Coionel, USAF, MEC
Chie?, Operations Divisien .
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MITOTIC INHIBITION INDUCED (N GRASSHOPPER NEUROBLASTS
 BY EXPOSURE 10 Giéie

1. INTRODUCTION

uittie information is available on specific
cellular effects of ozone.

Investigations with microorganisms have
hoen corcerned mostly with the bactericidal,
fungicidal, cysticidal, and virucidal pecoperties
of ozone. Giese and Christensen (14) in describ-
ing the cellular responses of protczos, rotifer,
and sea urchin eggs noted decreased movement
of the organisma and swelling and blistering of

the cyioplasm. They coniluded that oz.ne’

peneirated the cell poorly and acted primarily
as an oxidant against the plasma mersbrane.

In this laboratory, we have demonstrated
the capacity of ozone to produce chromosome
breakage in the root meristem cells of Vicia
faba {12). zone i< apparently selective against
the puclear material in the cell at cuncentra-
tiong below those whick markedly affect the
muorpholugy of the tissues The bigh percent-
age of chromosome abecrations produced by
o7one aad the type of dose-response correlation
obtained indicate that this material iz a very
effertive radiomimetic agent. Davig (11) has
recently reported on the mutagenic activity of
vzone in Escherickin coli, and Briskman and
famberts (R} hove described the inuctivation
of uxidative enzymes in vive after ozone in-
halatjor in humans.

The invextigations reported here are direct-
e foward == avneeginn of gur present knowl

edie of the cellular effects of ozone.
2. METHOD

Six-day Chortophage viridifaciata embryos
incubated at 37  C. (equivalent to 1l-day

embryos of Carlson’s (4) at room teniperature)
were used in the experimental work. This
material has several advantages: the work of
vrevious investigators (4-10) has established
the precision and noncyclic mitotic rate of these

‘particular cells, and the large size and ex-

ceptional visibility make refined in vitro
observations possible. Cultural procedures
omployed are essentially those developed by

Carlson and hig co-workers (4-10). As ihe

thickness of such preparations precludes the
effective use of phase contrast optics, all obser-
vations were made with ordinary microscopy.
Details of cell division are clearly visible and
a photographic sequence has been made of a
single neuroblast cell through the entire mitotic
cycle (13). The criteria used to determine the
beginning of each mitotic stage are given in
table 1.

~To ~.uminate the temperature shock effect
veesent in the experimental results of other
investigators who used thiz material, it was
decided to conduct ali operations as cloge to the
incubation temperature (38 ") . as would be
feasible. To this end, & cunstant-temperature
work apace wasx constructed in which all the
preparaicoy steps and dosimetry ceould be dc-
complished (G 1}, Tempuerature control was
maintained in ineculation box through ther-
mostal control of the radiant-heating bottom
surface. Heat is supplied through a 400-watt,
radiant-hesting wire located beneath » 1 -inch
plate glass surface.  This plate ginss bottom
Aets a8 & contugous heal-radiating surface, and
the high heal loss and continuous heat input
of this ayatem result in & small amplitude of
temperuture change while permitting the front
of thy box to remain open and considerable
manipuirtion te take place through the open
front. 1o operation, this box automatically

1




TABLE I

Criteria used te determine the various milotic stages

8 T intion of initiati . . Dicrntion®
Stage rescription of initiation of stage {min.}
Interphase Chromatin granules are scatteced in & homogeneous 2
. puclear background. Nucleol:, very irregular, sppear
as grapelike clusters of small spheres.
Pfaphsse
Very early Chromosome thresds become visitle among the nuclear 24
granules,
Early *uclear gi-anu!eé disappesar; the nucleus iz filled »ith 46
fine chromosome threads.
Middie Threads increase it thickness and may be followed 16
from one place in nucleus to gnother.
Late Abc.t seven chromosomes are nenr tha nuclonr mem- 18
brane in ane-fourth optical cross section.
Metaphase Muclear membrane disappears; cell & spherical 13
shape.
Snsﬁh;se Proximal ends of chromatids separate. 9
Telophase
Middle Cleavage furrow appears to be complete. 24
Late Nucleoli lose their apherical shape; chromatin granules 33
arranred in linear sequence.

*Afrer Carison ot ol siU
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mainiaing a temperature between 35° and
37° C., care being taken to keep the ternpera-
ture from going above 38" C. By preparing
samples under such conditions and then trans-
ferring them to the microscope inrubator, the
temperature shuck effect was elin ‘nated.

A new type of micrescope incubator which
offers several uuque advantages wos designed
and put into operation. This incubator is an
inflated polyvinyl bag through which hot air
is forced in a closed circulating system.
Forced-draft incubating systems offer good
temperaturc control if the temin.atuie dii-
ferential is lasge enough between the desired
incubator settivg aua room lemperature, The
flexibile polyvinyl bag offers an additional ad-
vantage over rigid systems—-namely, the
microscope controls may be manipulated from
the exterior of the bag without breaking ino
the closed forced-draft system. This is ac-
complished by pre.sing in on the bag and
manipulating the controws directly through the
polyvinyl material. This overcomes one of the
more serious drawbacks to a forced-draft
system-—that of breaking into and disturbing
the continuous air flow. o

Ozone wis generated (Welsbach Model T23)
at reom temperature from cylinder oxygen and
seriebbed successively through an 0.8-normal
sulfuric acid solition and tner through a v
potassium-iodide trap.  Ozone to be used for

dosimetry wax that present as di.dulved ozone.

in the g.8.normul suifuric acid sofutior.. It has
been shown in previous investigntions that
ozone s reasonably  siable under such condi-
tions~-at ‘least the rate of decothposition is
minimized and is less than 10 over the period
of the experiment. The coneentration of ozone
present in such a solution iy a function of the
distribution coeffivient between the ozone and
the gas immedintely above it. This in turn is
deterntinied by the temperature.  At, or cluse
to, reom temperature (237 ') the distribution
coefficient for ozone i4 about 0.24 (17). This
menns thet at saturation the ozone concentrs-
tion in solution will be abotit one quarter of
that present in the gas which is Feing bubbled
through it.- The Welsbach czonatur is capable
of producing ozone in concentrations {i=m about

1 to 107/ by weight from pure ovygen—-
depending on the voltage operation, rate of gas
flow, and certain other variables. We have
found that scrubbing ozone through 400 ml.
of 0.8-normal sulfuric acid for 20 to 30 minutes
produces a near-saturated solution and, as a
matter of cenvenience, we allow this period
of time for scrubbing. The final concentration
of ozone is determined by varving the voitage
on the ozonulor or by diluting the resultant
sclution. After the ozone solution fas iwen
generated, it is poured intn = _'oss-stoppered
bottie. This particul:r bottle has u very nar-
row mouth, and the te¢p has been graund smooih

so that a tight fit will be obtained when a cover.

slip is inverted over the open neck. The Lottle
has a ground glass stopper, and special care
is necessary (o insure ti.at no econtaminating or
reducing substances are nresent, as these wou'd

effectively reduce ~the ozone concentration.

Severia! metheds for ozone analysis have been
evaluated in previous investigatious (15). The
ferrous-ferric system was selected as the best
method for these experimental procedures.
Thig analytic procedure involves the oxidation
of the ferrous ion to the ferric icn by ozone:

SFe s 00 4 2H S 2Fe 4 0L HLO

Enough ferrous ammonium soifate in 0.8-
normal suifuric acid was added fo the test
solution to mike a final concentration of ap-
proxituately 0.5-normal ferrous ammonium sul.
fute zolution. This' s back-titrated with
potassiom permanganate ~andardized against
sondinm axslate, Since this wnalysis is erdiaeri-
tv conducted in dilute sulfuric acid solutions,
i dends itself particulariy, well to vur experi-

“mental procedure and eliminates the necessity

of -changing the pH during the anadyiical pro-
cedure ns would be necess, for oxample,
with potasaium iodide.  Another advantage of
this analvtic method is the sharp end point

evidenced in the permanganate titration.

In the dosimetry of the hanginp-drop prep-

- geations, the embryus were oxpoasd to ozone

by inverting tae preparations on the vover slip

and placing them on the top of the maple

bottle. Puins were tuken to insare 8 complete
acd) between the cover slip and the ground lip
of the bottle. Under these conditions, the con-
centration of ozone in the gaa above the liquid

3




and ir contact with the drop containing the
embryvo preparation inay be estimated, based
on the distribution coefficient of vzane at this
{emperature (17). After a specified contact
...ne, the solution was replaced in the prepara-
tion, yolk material addeq, and observation be-
gun immediately. This particviar method of
dosimetry seems to be dictated by several con-
siderationa: {1} the requiremenis of the

embryo for a balunced physiologic sclution,

{2} the advantage <7 4 short cu.iact time, and
{3} the necessity of eliminating reducing mate-
riais from the embryn preparations during
ozone contact. It has been fuund in other .-
vestigations that ozone 18 net effective bivivg-
ically until sll reducing materizls i solution
have bheen eliminated. The presence of even
smali amounis of reducing agents provides
marked protection from the ozone effect. Con-
trols were run by exposing preparations in the
same l.anner except that oxyge: slone had
oeen bubbled through the solution. The con-
trois were nof significantly different from
Carlaon’s findings (10); table II shows the
results of a typical control run.

TABLE 11

Thirteen w. uroblast colls treated  with
phyxioc.yic #aline (control}
in inferphare

_— Average .
Mitotic duration Timsr.w e
stage L) durati, ~*
Prophase .
Yery early Ph 4 2
Early £+ 38 L
Middle 8 ~ 3 18
Late 16+ 3 18
Metaphase TP 13
Anaphase iR | )
Teiophase i
Farly 26 4 b1}
lats LR kL)
Intervhase 78 27

*Afver Cockimn ¥ i 181

Occasionally the embryo in a ureparation
would die, usually by dryving un. This, however,
did not confusc interprelation of the data,
hecause, in such inslances, ihe preparation
became highly refractive and all the cells died.
Any deviation f{rom isoloni ity iy immediately
detectable by changes in the optical character-
istics of the preparations.

A 5-minute dose time was used in sll the
experiment. o sliow adequate time for diffu-
sion of ozone into the celi and be short enough
to permu. accurate determination of the stage
treated,

3. RESULTS

Threshold ozone coucentration necessary
te inhibit mitosis

A series of experiments was run to deter-
mine the concentralion of ozone necessary lo
produce a significant inhibition of mitosis. The
results are shown in tsble 1L

Under these experimental conditions, no
effect was detected until the embryos were
exposed to an ozone atmosphere present in 3
closed syatem with a solulion of 3.5 te 4.5 mg.
per liter of czone. In thi: concenlration range
there was a <jgnifican’ inhibition of mitosia;
however, the offect was reversible and mitosis,
aithough delaved, would go to completion. This
gencentration was used in all the desimetry
expcriments,  the lower concentrations of
e~one undoubiedly represent the “ozone de-
mand” of thi« particul: - solution. 1t was not
feasible to work with higher concentravions of
ozone because of the excessive durslion of
mitotic inhibition,

Mitotic siages sensitive lo threnheld

"concentration

Quantitative informalion on the effecta of
o7-ne on sach of the specific ntapes of mitoxia

. was obtained by replication. To tnia ¢ 1, prep-

srations were dosed sand placed under the
microscope, the preparations werey mikpped, and

- each cell was followed until the time of the

nex: anaphase. The total time invoived from
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TABLE 111

Duration of mitosis after exposurc lo varioue concenirations of ¢zone
for & minutes :

— H
» Significance !
Ozone solution | Number of s b ‘E“,)"Cted _ratio .
(mg.sliter) cells Xxetld) | o time | X_-X F
. (min.} {X = min.) v(i)
0Otols ) 18 208 + 0.6 208 — -
151025 22 206 =+ 0.8 208 0.25 8
26t 35 18 212 + 40 208 1.2 2
351045 C16 3% + 6.0 od T 19,0 < 01

*The probability velues in this and the surceeding tables were determined by Student’s t-test.

the end of dssing to the commencing of obser-  ozone exposure than very early prophase pro-
vation was 5 minutes; therefore, it is possibie  ceed to anaphase at a time not significantly
to predict the stage dosed, because all of the  different from the controls.
stagc~ are at least twice this duration )
{table TV). Fffect of ozone exposure on progression

of mitosis :

These dawa indicaie that cells dosed earhicr
; than early prophase (verv early prophase, in- Individual cells were studied after ozone
terphage, late telophase, midielophage and early  exposure, and their progress was followed from
telophase) are inhibited by this dose of ozone  one mitotic stage tc another. In each experi-
and differ significantly from conirols in the ment {rom one to two ceils were followed per
increment of time take. to reach the next  preparation, the number 1o be foliowed depend-
anaphase. Cells more advanced at the time of  ing on the number of cells in the particular

;
i
5
¢

TABLE 1V

Time to reuch next anaphase of celly exposed to a solution of 3.5 to
4.0 gl per dtter otone

; Significan
Numbe Average time to | Expected w"n'"m e i
Stage treated {° “::u Tofl et anaphane time X ) X P
' ¥ ‘¥ by
X + «iX 1X =
(X + a(X)) 1 X) X g
- H
Interphase 9 204 2 8 128 13 B 1 i
Very early ’
pruphase # ! 116 + 3 103 4 < :
~ Early prophuse 8 e R &% 2 10 :
‘Widprophase i ;g 3 1 4
Late prophase U 23 +1 23 0 -
Metaphaae ] b4 2 0¥ 43 12 4
Anaphase K M3 x4 208 13 < o
Midtelozhase s 2 7 1R¢ 8.4 < 01
Late taiophase ¢ 297+ 5 158 10. <.




stage to be studied that could be found in ..
microscope fisld. Therefore, the siz cells used
in each experimenial group represent from
three to six replicite experiments, The eells
were exposed to the ozone for 5 winates. The
time was then recorded from the bezinning of
the next suceessive stage of mites:s and of each
succeeding stage until the cells entered
anaphase. Table U presents tae data from
those cells expused in anaphase.

The duration of each succceding sisge, up
to midprophase, wus rat significantly inhibited;
however, . Jce beyvond this stage, the ceils did

proceed through metanhase to anaphase at the
expected rate. Taole V1 presents the resnlis
when cells were 1reated in midielophase. The
cells progressed through successive stages at
the expected rate until midprophaie and late
prophage whery there was a simnificant inhibi-
tion Thon thev proceeded through metaphase
to anu, hase as in the controls,

T .. treated in late telonhase {(table VII)
proceeced as the controls e midprophase where
there was 4 sipnificant inhibition in mid-
prophuse and late prophase, and then proceeded
af the expecied rate to anaphase. :

TABELE V
Six cells treatf. 1 1~ unaphase
! o Simificanee
Mitotic ‘a‘“ﬁ_w EXF"’C}"& ratio
stume duration duraiion X.x F
D X X X T
(X = # (X)) (X} €3
Midrelopha-« e 1 24 248 10
Late telophass K | 33 1.0 4
Toterphase 61 P 1.0 3
Prophase i
Very ea''y 24 -0y 24 0 -
Karly 46 « 1.0 40 0 -
Middle K K1) 14 I PR U
Late A I 15 32 < A1
Metaphse 14+ 0 14 @ -
TARLE Vi
Nix eells treated {n pidtelophore
T . { Signfwance
Mitee i A"{‘l’fr« i":peii- a4 et .
g v‘ém’:ifn;’; dm’l};or‘ [ %X ¥
X 7 et¥n) X1 oL
=X}
inte telophane 3 o~ 4R i} a3 0z
Interphuse AR (1 el 33 K
Prophasr
Yery varly | e N XY 24 o o4
Farly i 45 < 1o ] 18
Mitdle R (3 16 20 < .}
Late : 4%+ 11 113 a <A
i
i - .
Meixphaas ; 13+ 03 13 @

mmm‘ B DI T WO Ao S M ;54




TABLE vI'

Sir cells {veated in late teloyhase

] . Significgree
Mitotic Average i Expected ratio
staze _duration {  duration ¥..4 P
) X = #(X) (X1 s
{ (X1} ( (%)
Interphase 25+ 0 27 25 Da
Propliase
Very early 26 + 08 - 24 ) %5 05
Early 5+ 15 46 3 .02
" Middle 31 %09 16 7 < .01
Late 51+ 1.2 18 27 < 01
Metaphase 13x05 13 - —
i
TABLE VIl
Stx ec's treated in interphase
. Sien‘ficance
Mitotic Average ‘ Expected ratio
stage _(_iurazigg duralion ¥_x P .
(X = o(X)) X) sz e
o { o(X)
Prophase
Very early 23+ 10 RE 1.0 40
Eay 4 - 13 16 2 AL
Middle 3 B 1€ 16 6 <
Late 51« 10 16 350 RU]
Metapha: » s 0K i3 ) 25
TABLFE 1X
Ni= eells treated §n rery early gropkase
. Sigrificance
Mitestic :‘;N‘V’_‘: :"!M‘m‘ ratia ]
nrgtioe LUTALIGNn P >
say o X
raRe (X ¥ (x) X -
i Xj !
P !
Frophane . ?
Eatiy AT e vy i ; 21 I 15
Middle 23 . p3 W ke . PRLLE
Iate "9« p§ 16 2R 0 1 -
8. taphase 101 13 13 :

e




Cells treated in interphase {table ViII) alsc
proceeded at the expected rat» te midprophase
and late prophase where again there was a
signifieant inhibition.

‘elis treated in very early prophase
{iable 1X} were inhibited in midprophase and
late prophsse snd then procesded at the ex-
pected rate to anaphase,

Celis treated in early prophase (table X}
proceeded fo anaphase without inhibition as

did vells treated in middle and late prophase
{tables XTI and XII}. i

4. DISCUSSION

Mitosis is a physiologic process. The

. progression of a cell through division is 8

function of phyaiochemical processes acting
within genetically doterminet parameters.
Each of the various mitotic stages i3 depend-
ent for its predetermined completion on events
in previous sfages as well as evenls tranapir-
ing in the specific stagr. Mitonis provides an
exquisitely sensitive as well as a fundumental-
1y significant test process,

Quant:tation in such studies is rendered dif.
ficult by the limited number of biologic aystems

TABLE X
Sir oells & cated in early prophase
. Significar ~e
Mitotic A‘-t‘l‘!ﬁ% }prﬁ:{!& mtic
tuge duration duration X_x P
X=X X i
{ =X}y X %)
Prophass
Middie 1§10 18 E£4 10
Late 19+ 1k 11 i} 30
Metsphase 14+ 05 13 20 10
TABLE XI
Six erlls triviva i omidprophase
?s Significance
Miotie | Avrrage S‘Pﬁt o ratio
. duentusn durntion ¥ | 4B
Aiagr T X.x . 3
X 2 X iXt T
H (%)
+ e -
Late prophsae ik + 05 15 ‘LG -1
H
Mriapins: ; 13- 04 13 —
.
TABLE XII
Nz pella treated in lale prophuse
Mitotic Avringe Frpected
atxge ‘Slu:-m'w{: durstion H ¥
‘ X s 2111} o
Mriaphsee 17 . DA 13 12 i o
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~These data suggest that the miite! ety

of adequate visibility where noneyclic mitosis
cccurs. Mari ¢ and amphibian eggs have been
studied extensively, although intracellular
visibility i3 poor; mammalian cell suspensions
in the exponential growth phase is one recently
developed system; and the neurebiast mitosis
used in this study is another.

The inherent difficulty of studying a dy-
namic system vith static technics has imposad
additions! liznitations on such investigations,
and continuous observation of the living cell
appears to-be ‘a.necessary requirement. Evi-
dence of mitotic stage reversal after irradiation

(6) demonstrates the fallacy of s&ssumptions

based on data obtained from slide preparations.

In these investigations, i was found that
ozane produced a specific effect on mitosia. At

-the_threshold. cosicentration cella exposed in
anaphase, telophase, interphace, and very early
prophase werc delayed sigrificantty in passing
through e next middle and: late pmph‘ws R

stages, "Cells more advanced thary very early
prophase proceeded to.-anaphase at & time not
significantly different from the continls. It
thus appears that the stages zensitive td ozone

“under thesé conditions are preprophase, and the

inhibited stages are middle and late '\mph‘wo
¥

of ozone i similar in some re%p(v:t':. te the

responses to high-energy irradintion, but there .-

are significant .Gfferences. Exposure to ozone
does not resull in a reversion of prophase st
which has been described for irradiation (6).
With low irradiation doses, reversion 13 limited
to cells in late prophasc, and there ix an ac-
cumulation of midprophases.  With higher
doses, all prophase cells revert to an interphase

condition. Thus, with irradiztion, we have a
critical stage, late prophase, and a reversion
process which is dose-dependent. The higher
the dose, the grestor is the reversion. This
reversion phencmenon was absent with ozone
expo:ure; howevzr, late prophase wag the stage
in which the mitotic inhibitiun was expressed.

Ozone i3 of particular interest in irradiation
bioloyy because the decompesition of ozone in
solution .produces ¢te same active radicsls
formed in watér by high-energy irradiation,
The chemical activily of free radicals produced
by the catalytic decomposition of hydrcgen

_peroxide with ferric ions hag recently Yeen

discuszed (18, 19) and Phillips (18} describes
the prodaction of chromosome aberrations in
barley by thesa hydrogen peroxide precursers.
Prom studies of the Kinetics and mechanisms
of orore decompesition, Alder and Hill (1) as-

- sumed that in m‘u'u}n the veacno—w.

HO, + CH- 2 2HO,. <)

i, 4 m) ~ OH.+ 20, i

are rmpomxhle for dnsa.ppe,.rame of ozene, sre

relut: oy slow, and determing the rate of
resction.  Also, these suthurs indicate that
reaction repreagnts ar egiilibriume which is

maintained a0 oy a8 ozone is present (1),
'Tnv c.ewmmmlmx. of _ozone in swistion is

'*aml\ zed by hydroxyl ions and s dependent

on tomperature, The evidence presented in
this study suggests izt enly & part of the
irradiation effect yn mitosis can be explained
in terms of active radical formation in water.
Such products produced externally to the cell
do not cause s reversion of the prophuse stagea
of mitosis,
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