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THE EFFECT OF DIMETHYL SULFOXIDE (DMSO) ON THE
RADIOSENSITIVITY OF THE ROUGH- SKINNED
NEWT (TARICHA GRANULOSA)
INTRODUCTION

General Remarks

In the past eight years a considerable amount of research has
has been done on the unique compound dimethyl sulfoxide (DMSO).

Recently, investigators have demonstrated that DMSO is an out-

standing solvent, penetrant-carrier, cryoprotective agent, bacteriocidal agent, and sporicidal agent.
After reading a pilot study reported by Ashwood-Smith (1962)

concerning the possible radioprotective capacity of DMSO in mice,

the author decided to investigate the effect of this chemical on the

survival of an amphibian, Taricha granulosa, following various doses

of irradiation. The Rough-Skinned newt was chosen as the experimental animal because (1) extensive studies of the radiosensitivity of

this same population of Taricha granulosa had already been carried
out by Willis and Prince (1967), (2) radioprotective agents had not
previously been used in investigations with amphibians which have a

generally low radiosensitivity and a high natural regenerative

capacity, (3) it was easily cared for in the laboratory in large numbers,
and (4) it was locally abundant and easily collected.
This study was funded by the National Aeronautic and Space

Administration. Thus, an investigation of this kind seemed

warranted because its objectives coincided with the needs of the

2

manned space program for a stable, non-toxic radioprotective agent.
Dimethyl Sulfoxide

History
Although DMSO was synthesized over 100 years ago by Saytzeff

(1867) from lignin, it was only recently that its penetrant capacity
and possible medical applications were recognized (Herschler and
Jacob, 1965). After Shellenberger verified the penetrant-carrier

effect on laboratory animals, members of the University of Oregon
Medical School staff working with research chemists of the Crown
Zellerbach Corporation further investigated the effect of DMSO on

membrane-transport and other uses related to medicine (Rosenbaum,

Herschler, and Jacob, 1965).
General Features
Chemical

0
Dimethyl sulfoxide (CH 3 -S-CH3) is a water-white, almost

colorless liquid. This highly polar, water miscible, hygroscropic,
organic liquid forms complexes with numerous transition elements
(Selbin, Bull, and Holmes, 1961). It may increase the rate of reaction
of solute molecules 103-109 times (Parker, 1965). Furthermore, it is

an outstanding solvent, especially for lipids, polysaccharides, and
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proteins (Wolfred, 1966). Additional physical and chemical properties

are adequately reviewed in a Crown Zellerbach Corporation publica-

tion (Chemistry ..., 1966). This company holds the basic patents on
the industrial synthesis of DMSO.
Biological
Toxicity. Dimethyl sulfoxide is generally considered to have a

low order of toxicity. More than 50 investigators, including
Rosenbaum and Jacob (1964) have reported very low toxicity after
topical applications of DMSO to more than 1, 000 human patients.

Furthermore, Willson, Brown, and Timmens (1965) have completed

experiments using rats, dogs, and chickens and found precisely the
same low order of toxicity as described by Rosenbaum, Herschler,
and Jacob (1965). Recently, Williford (1967) demonstrated that the

toxicity of DMSO to fish (yellow perch) was also "of a very low order",
since the LD50/24 hours was only 3-6%. From the author's past
experience with DMSO, he agrees with this idea of a relatively low
degree of DMSO toxicity. However, he recognizes the chronic

teratological action of DMSO demonstrated in the Rhode Island chick

embryo (Caujolle et al., 1967). He has also taken notice of the

findings of irreversible damage to the lens cortex of dogs, swine, and
rabbits after administration of this chemical by intraperitoneal,
intravenous, and subcutaneous injections, or oral routes (Rubin and
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Barnett, 1967). Thus, the common phrase, "very low order of
toxicity", should be taken with caution.
Absorption. Dimethyl sulfoxide, as a penetrant-carrier,

promotes the rapid absorption of many inorganic salts and organic

substances across membranes and other rate-limiting barriers.
Stoughton and Fritsch (1964) presented evidence supporting a 25-fold
increase in skin absorption when DMSO was utilized. In humans,
Kligman (1965) found that a concentration of approximately 60%

DMSO was required to sufficiently alter the permeability of the skin

and thus enhance absorption. On the other hand, Franz and Van
Bruggen (1967) have reported a significant alteration in the permeability of the skin of frogs in the presence of only 2. 5% DMSO.

Two hypotheses are currently proposed for the mechanism by
which DMSO increases the absorption rate of various ions and
compounds: (1) Dimethyl sulfoxide penetrates the epidermis, the

rate-limiting barrier of the skin, by itself, and pools in resulting
pockets (reservoir effect) at the intrapapillary spaces (Stoughton,
1965).

The newly formed pool of DMSO, internal to the epidermis,

causes a change in the concentration gradient within the skin and thus

increases the diffusion rate of organic and inorganic salts through the
skin. (2) This "reservoir effect" has been refuted by some investi-

gators who propose that DMSO actually complexes with the metallic
salt. The DMSO and the salt (DMSO-salt complex) then penetrate the
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skin together, not separately as noted in the "reservoir effect", while
remaining in a continuous channel of DMSO between the skin cells,

or "intermolecular spaces" (Kligman, 1965).

Distribution. The distribution of

35

S-labelled DMSO is rapid

and complete, especially in soft tissues. Within minutes after
intraperitoneal injection of DMSO -35S, the radioactivity is readily

detected in 21 tissues of the rat (Denko et al., 1967). The blood,

spleen, stomach, lung, kidney, colon, skin, liver, heart, and brain
contained the most radioactivity some two hours after administration
(Kolb et al., 1967). According to Denko (1968), this radioactivity was
predominantly due to DMSO -35S and not its metabolites, dimethyl

sulfide and dimethyl sulfone. Eighty percent of the radioactivity was

excreted via the urine as DMSO -35S within 24 hours and practically
no DMSO -35S was present in any tissues one week after exposure

(Denko et al., 1967).

Effects on Metabolism. Dimethyl sulfoxide may alter the
metabolic activity of some animals. It is reported that DMSO changes

the plasma enzyme levels in rats subjected to stress (Highman,
Hansell, and White, 1967a), while Highman and Altland (1967) have

suggested that DMSO causes a fluctuation in protein, carbohydrate,
and lipid metabolism. Verification of reduced respiration of both

excised barley roots and frog skin (measured by oxygen consumption)

also supports the new and essentially untested idea of a general
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alteration of metabolism by DMSO (Schmid, 1968; Franz and Van
B ruggen, 19 67 ).

Nervous System Interference. This compound appears to change

the functional capacity of the nervous system. A reduction of pain
was first noted when DMSO was applied topically to patients suffering

from rheumatoid arthritis (Jacob, Bischel, and Herschler, 1964).
Recently, Sam (1967) demonstrated that 6% DMSO significantly

lowered the conduction velocity of isolated frog sciatic nerve
impulses, while Davis, Davis, and Clemons (1967) noted that 40%
DMSO was sufficient to provide a motor nerve block.

Antimicrobial Activity. Bacteriologists have found dimethyl
sulfoxide useful as an antimicrobial agent. Bacteriocidal action was

demonstrated for many medically important microorganisms by
Pottz, Rampey, and Benjamin (1967), while the sporicidal efficiency
of DMSO, various disinfectants, and their combinations was investigated by Lappenbusch (1966).

Cryoprotection and Preservation. Dimethyl sulfoxide has been
shown to be a good cryoprotective compound. Its ability to penetrate,

dehydrate, and supercool has allowed DMSO to protect and preserve

cells at extremely low temperatures since only minimal ice crystallization occurs in its presence (Deshpande and Jacob, 1963; Higgins,
1962, 1963).

7

Purpose of the Study

Dimethyl sulfoxide has been demonstrated over the past eight

years to have several outstanding qualities including (1) its ability to

penetrate and distribute itself throughout an entire organism rapidly
and non-discriminately, (2) a low order of toxicity, and (3) its ready

detoxification and/or excretion--several of the prerequisites of a
good potential radioprotective agent (Casarett, 1968). With this in
mind the author then asked himself the question: Could DMSO act as

a radioprotective agent, and, if so, what might be its mechanism(s)
of action?

Initial Experiments in Radioprotection
A radioprotective effect of DMSO was first reported by AshwoodSmith (1961). He found that administration of DMSO to mice (4.5 g/kg-

I. P.) one-half hour before X-irradiation protected 70% of the mice
from a lethal exposure (Ashwood-Smith, 1961). Since then, several

derivatives of DMSO, including its metabolic by-products, have been

tested, and have demonstrated little, if any, protective value
(Ashwood-Smith, 1967).

Unknown Mechanism of Radioprotection

Although the radioprotective action of DMSO in mice is directly

related to its absolute concentration, the mechanism of action remains
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unknown (Ashwood-Smith, 1967). Van der Meer, Valkenburg, and

Remmelts (1963) claimed that the protective action was due to hypoxia,

since they noted a marked decrease in the oxygen tension of the
spleen. However, Vos and Kaalen (1962) found that DMSO protected

tissue culture cells, whereas other radioprotective compounds acting
by the hypoxia mechanism had no effect in vitro. Furthermore, Van
Den Brank (1963) was unable to reduce the protective action of DMSO

in rats by administration of high oxygen concentrations (Highman,
Hansell, White, 1967b). Hypothermia, which often causes hypoxia,
was suggested as the mechanism of protection by Ashwood-Smith,

(1962), but was retracted soon thereafter. Bridges (1962) reported
that DMSO must tie-up free radicals after observing chemical

protection against irradiated Pseudomonas, but this mechanism was
refuted when Ashwood-Smith (1959) provided evidence that testicular
damage was not decreased following exposure when DMSO was

present in sufficient quantities to protect via free-radical inactivation, if indeed, protection was afforded in that manner.

Thus, no

clear cut mechanism has been validated to date (Kim and Moos,
1967).

Specific Goal

To date, no work has been published concerning the radioprotective capacity of DMSO in Urodeles (tailed amphibians), which

9

have well known abilities to regenerate and survive long periods of
time following large doses of irradiation. Consequently, the purpose

of this study was first, to determine the degree of radioprotection
afforded Taricha granulosa by DMSO, if any, and secondly, to
explore the possible mechanism(s) of action which might account for
any reduction in radios ensitivity.
Experimental Animal

The Rough-Skinned Newt (Taricha granulosa) is a member of the
family Salamandridae. Its size varies according to sex and season,

average adult males weighing 15 g in the late spring and summer and

12 g during the winter. Females seem to weigh approximately three
grams less than the males throughout the year. The average length
for males in western Oregon is 181 mm (7 1/8 inches), while females
average approximately 40 mm less (Bishop, 1943). Differentiation

between the sexes is easily accomplished in adults by observing

the greater size of the males and noting the cone-shaped cloacal
(vent) regions of the female as opposed to the long, straight vent,
supported by swollen ridges of the male (Twitty, 1966).
The Rough-Skinned Newt varies from a deep brown to reddish

brown on its dorsal surface, while its ventral surface varies from
yellow to bright reddish-orange. The habitat of Taricha is commonly
streams, lakes and ponds located below an altitude of 4000 feet along
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the Pacific coast ranging from Northern California to Alaska, including the San Juan Islands off the coast of Washington (Horsburgh,
1938).

The newt has been extensively studied by Pickwell (1947)

and Twitty (1966) at Stanford and by Storm (1948) and Pimentel (1952)

at Oregon State University. Twitty (1966) regards the Rough-Skinned

Newt as being a hardy amphibian with a life span ranging from 11-20

years.
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MATERIALS AND METHODS

Collection and Maintenance of Animals

The newts were collected by net from a small man-made lake,
located eight miles north of the Oregon State University campus near
the Peavy Arboretum. They were collected only during the summer

and spring months and transported to the campus in five gallon

plastic containers filled with lake water at the time of collection.
These stock animals were separated by sex and placed in 12

gallon aquaria, filled with artificial pond water*. These aquaria

were maintained in a cold room at a constant air and water temperaC
ture of 10°C

1oC, which was regulated by a model 70B air control

system (United Electric Control Company).

To ensure uniform acclimation, all newts used in this study
were removed from the stock aquaria and placed in individual 12 x 17
cm polystyrene containers containing approximately 400 ml of

artificial pond water ten days before each experiment. One day

before each experiment, each newt was carefully dried with paper
towels and weighed on a torsion balance.

Ingredients of the artificial pond water:
Grams/liter of distilled water
Constituent
NaCl
KC1

CaC1 2 2112 0
NaHCO 3

0. 058
0. 009
0. 070
0. 020
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After the newts were subjected to irradiation, and/or DMSO

or saline injection, they were replaced in their respective containers
and returned to the cold room. The water in these containers was
changed weekly. Since many Urodeles (tailed amphibians) have been

shown to be governed by a strong biological rhythm, characterized
by a bi-phasic circadian cycle (Chiakulas and Scheving, 1966), the
newts were maintained under a regimen of a 12 hour light period

(6 am - 6 pm) and a 12 hour dark period (6 pm - 6 am) using timercontrolled 40 watt Warm White fluorescent lamps. All newts were
maintained in a uniform unfed state throughout this entire study,

since previous experience indicated that some newts do not eat
consistently, and others not at all, while in captivity. The newts were
observed daily for behavior and mortality.
Toxicity of DMSO

Determination of the Lethal Threshold of DMSO

In order to determine the highest sublethal concentration, which
it was assumed would provide maximum reduction in radiosensitivity,

270 male newts were injected, intraperitoneally, with 0,

1, 5,

10,

15, 20, 25, 35, and 40 g DMSO/kg newt immediately after their ten
o
days of acclimation at 10 C. The injection volume was 0.18 to 0.27

ml for the 15 g/kg concentration. The injections were made with one
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ml disposable tuberculin syringes with 27 gauge needles. Subsequently, 180 female newts were injected (I. P.) with only 0,
10,

1, 5,

15, and 20 g DMSO/kg.

Determination of the Effect of Excreted and
Reabsorbed DMSO on Lethality

In order to be assured that neither the injected DMSO nor any
excreted and reabsorbed DMSO from newts having received the
maximum sublethal concentration (15 g /kg) would cause lethality, an
additional 350 male and female newts were immersed in various DMSO
concentrations. This immersion, simulating excretion and reabsorption of DMSO by the injected newt, consisted of placing newts in 0,
0, 1, 1. 0, 2. 0, 3.

of survivors 3,

0, 4. 0, 6. 0, 8. 0, or 9. 0% DMSO*. The numbers

6, 12,

18,

and 24 hours after the initiation of the

experiment were recorded.
Toxic Manifestations Displayed by
Taricha granulosa to DMSO

Visible evidence of changes in activity and the excretion of

neurotoxin was recorded for the 270 male newts of the first experiment in which concentrations of 0,

1, 5, 10,

15, 25, 35, or 40 g

DMSO/kg newt were injected intraperitoneally and for the 350 newts
Proper concentration of DMSO was made by diluting the 100% DMSO
with distilled water.
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of the second experiment in which the animals were immersed in a
0, 0. 1, 1. 0, 2. 0,

3. 0, 4. 0, 6. 0, 8. 0, or 9. 0% concentration of DMSO.

Observations of movement within the water and on the sides of the

containers were graded as ++, +, 0, and - in response to hyperactivity, increased activity, normal activity and reduced activity,
respectively. These observations as well as those concerned with the
excretion of neurotoxin, graded as -E, 0, and - were made every five

minutes for the first 30 minutes. Additional records of behavior and
excretion were made 3,

6, 12,

18, 24, 48, and 72 hours following the

initiation of the two experiments.
Subsequently, changes in the hydration of 140 additional fasting

newts, as measured by fluctuation in total body weight, were recorded. One half of the newts were injected (I. P. ) with 15 g DMSO/

kg, the maximum sublethal concentration, while the remaining 70

animals were administered (I. P. ) 15 g isotonic saline/kg to establish
equivalent injected volumes and weights. These newts were weighed

on a torsion balance 0,

1,

3, 5, 8,

10, 20, and 43 days after

injection.

Effect of DMSO on Radiosensitivity

Besides the determination of the degree of radioprotection

afforded by DMSO to various doses of irradiation, other factors, such
as DMSO concentration, time of administration, temperature, seasonal
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differences in survival, and differences in radiosensitivity due to sex,
were investigated. Since the determination of each of these factors
required the same methodology except for the one variable being

investigated, the standard methodology for treatment prior to

exposure, radiation exposure, and post-irradiation care is discussed
at this point in order to reduce repetition. Any deviations from this
typical procedure are so stated in the description of the particular
experiment.

Treatment Prior to Exposure
Immediately prior to exposure the newts were randomly
classified into one of the following four groups:
(I)

Controls - newts receiving neither DMSO nor irradiation;

(II) Irradiated newts - newts not treated with Dmao, but
irradiated;
(III) DMSO-treated newts - newts administered DMSO, but not

subjected to irradiation;
(IV) DMSO-treated, irradiated newts - newts administered DMSO
and subjected to radiation exposure.
Newts receiving DMSO were administered 15 g DMSO/kg by I. P.

injection between 15 and 20 minutes prior to exposure. These animals

were returned to their respective containers of artificial pond water
until the time of exposure.

16

Radiation Exposure

Gamma Irradiation
A Nuclear Systems Model R-60124

60

Co source, located at

the Radiation Center, Oregon State University, was used to expose
the newts to 0. 25, 0. 50, 1. 0, 2. 5, 5. 0, 7. 5, 10. 0, 15. 0, and 30. 0

kR. A calibration curve, prepared under the direction of Dr. C. H.
Wang, was used to estimate the rate of exposure of this 1865 Ci
source (June 1, 1967). Since the physical half life of

60

60

Co

Co is 63. 12

months, the continuous exposure rate dropped from approximately
191 R/min to 171 R/min during the duration of this experiment. In

order to secure a more consistent exposure to all newts, irradiation
was conducted with the 12

60

Co rods in the down position at the base

of the apparatus, while the newts were placed in the high flux zone
(Figures 1 and 2).

All newts exposed to gamma irradiation were transferred to a

small, dry lucite container, six centimeters in diameter and five
centimeters in height approximately one minute prior to the beginning
of the exposure. Usually, only five animals were exposed at any one
time. Holes were provided in the top of the container to allow for
ventilation. Since newts are known to possess a highly fluctuating

mitotic rate (circadian cycle), the exposures were consistently made
during the mid-morning hours, rather than randomly throughout the

17

Figure 1.

60

Co source used for
gamma radiation.

Figure 2. Photograph of the low flux
zone (upper shelf) and high
flux zone (lower shelf) of the
60Co source.
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day. All animals were irradiated at room temperature (21-22°C).

The controls and the DMSO-treated newts were also placed in

the same lucite irradiation container, which was again void of any
moisture. These animals were then sham-irradiated by being placed
in the high flux zone for approximately 30 minutes, but were shielded
from the

60

Co source by a lead door. An additional set of controls

and DMSO-treated newts were also taken to the Center but were not

sham-irradiated in the

60

Co irradiator, since the sham-irradiated

controls and DMSO-treated newts actually were exposed to 25 mr,
due to insufficient shielding and leakage of the

60

Co source.

X-Irradiation
A General Electric Maxitron 300 unit, located at the Radiation

Center, was used to expose the newts to hard X-rays (Figures 3 and
4)

Newts were subjected to 100, 200, 300, 400, 600, and 700 R

exposures at 35 R/min under the following conditions:

(1) A current of 20 mA was used to provide a large thermionic
emission of electrons from the cathode,
(2) A tube voltage gradient of 300 kVp was applied between the

cathode and the anode in order to obtain a large quantity

of high energy X-rays from the tungsten target,

(3) An internal filter of 2 mm Cu was used to reduce the number

of low energy X-rays. No external filters were utilized in
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Figure 3.

X-ray source.

Figure 4. Control center for G. E.
Maxitron 300 unit.
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this study,

(4) A target-to-source distance of 110 cm was used in order to
allow for isodose exposures to all animals, even at the
periphery of the exposure chambers.

The dose rate was predetermined immediately prior to the
irradiation of the animals by exposing a Victoreen R-meter (Victoreen
Instrument Company). Since more than one group of animals were

irradiated on a given morning, the dose rate was again determined
immediately after the last exposure.

Newts, subjected to X-rays, were placed in a rotating lucite
apparatus containing 20 compartments (Figure 5). The compartments

were specifically constructed to conform to a predetermined isodose
chart to secure a uniform exposure (Kimeldorf, Lappenbusch, and
Estes, 1967). Each compartment was provided with ten holes in the
top and two open windows at each end to allow for proper ventilation

and prevent hyperthermia in the animals during exposure. All

animals were irradiated at room temperature (21-22°C) and all
compartments were void of moisture.

The irradiated newts and the DMSO-treated, irradiated newts

were taken from their respective containers approximately three
minutes prior to the initiation of the exposure. The controls and the
DMSO-treated newts were sham-irradiated for 11 minutes 30

seconds in exactly the same condition as the irradiated animals,
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,1464.1°

Figure 5. Lucite animal container with the chambers
constructed on a slant, the angle conforming
to an isodose chart to secure a uniform
exposure.
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except for the absence of the exposure, itself.

Post-Irradiation Care
Newts subjected to treatment and/or to irradiation, as well as
the controls, were quickly returned to their individual containers.
They were then transported to the cold room, where daily observations were.made on their behavior and mortality (Figure 6).
Specific Factors Relating to the
Reduction in Radiosensitivity
DMSO Concentration

At the time of the initiation of this experiment, it had already
been determined that 15 g DMSO/kg was the maximum sublethal
concentration and , furthermore, that this concentration definitely

reduced radiosensitivity in the newt. Certain other questions now
remained to be answered:

(1)

What is the relationship between the

quantity of DMSO administered to the animal and its corresponding

degree of radioprotection for a particular exposure?

(2)

Is the

radioprotection dependent upon the DMSO being present in such large

quantities as to produce severe toxicity or is there a linear relationship between concentration and radioprotection? If a linear relation-

ship was found for a particular radiation exposure, two other
questions would have to be answered: (1) Are there similar linear
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Figure 6. Photograph of the cold room, held at 10°C.
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relationships between the DMSO concentration and the degree of

radioprotection for other radiation exposures in which mortality may

be due primarily from damage to different target system(s)? (2) If

there are similar linear relationships for a large spectrum of
exposures, what are the relative degrees of reduced radiosensitivity
among the different radiation exposures?
In order to answer these questions 250 male and female newts
were injected (I. P. ) with 5, 10, or 15 g DMSO/kg between 15 and 20

minutes prior to 0.5, 5. 0, or 15 kR exposure by the

60

Co source.

The concentrations of 5, 10, and 15 g DMSO/kg were chosen because

they were regular fractions of the maximum sublethal concentration.
The exposures of 0.5, 5. 0, and 15. 0 kR were chosen because they

represented three strategic exposures (Figure 16) in which one might
expect mortality to be primarily the result of functional failure(s) of

different target system(s). The relative degrees of reduced radiosensitivity were determined by calculating the regression lines of

mortality for each radiation exposure, using the mortality data
recorded for 0,

5,

10, and 15 g DMSO/kg as the points of reference

and then comparing the slopes of these lines.
Time of Administration

More than 500 newts were used in this experiment to determine

the degree of radiosensitivity of newts injected (I. P.) with 15 g
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DMSO/kg before and after exposure.

To make such a determination, the newts were divided into
three groups: (1) DMSO-treated prior to exposure, (2) Irradiated

only, and (3) DMSO-treated after exposure. Each group was divided
into six subgroups, each receiving one of the following doses of

irradiation:

0,

2. 5, 5. 0, 7. 5, 10. 0, or 15. 0 kR of

60

Co gamma rays.

Newts treated prior to exposure were injected between 15 and

20 minutes before irradiation while newts injected after exposure
were administered the same concentration of DMSO within five
minutes after exposure.
Temperature
Since newts exposed to irradiation and maintained at 10°C lived

for several months to a year afterwards, it seemed advisable to
attempt to maintain the animals at a higher temperature in order to
reduce the period of post-irradiation care. The only other space
available for holding the large numbers of experimental animals was

kept at a temperature of 25

oC,

which was uncomfortably close to the

critical thermal maximum for this species. At this point, interest
also centered in exploring the effect of an injection of isotonic saline

on the radiosensitivity of these animals.

In order to investigate these features, 180 newts were divided
into three groups:(1)Non-treated, (2) Saline-injected, and (3) DMSO-
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injected. Each group was divided into two additional subgroups de-

pending upon the temperature (10°C or 25°C) at which they were

maintained after exposure (Figure 7).
One-half of each subgroup was exposed to 15 kR from

60Co

gamma rays, while the remaining newts in each subgroup were kept

as controls.
Seasonal and Sex Differences in Survival

Since the size, metabolic activity, degree of vascularity,
lipid accumulation, and reproductive activity of the newts differed

considerably, not only between the summer- and the spring-collected
animals but between the sexes, as well, it appeared likely that there

might be seasonal and/or sex differences in the survival of fasting
newts in captivity. In order to evaluate this hypothesis, 120 male

and female newts were collected during the months of April (spring)
and July (summer). One-half of the animals of each sex were

administered DMSO intraperitoneally, the others were not. All
animals were held at 10 oC and were not irradiated.
Seasonal and Sex Differences in Radiosensitivity

Assuming that there were seasonal and sex differences in

survival for the reasons just described, it further appeared likely
that there might be obvious differences in radiosensitivity not only
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Figure 7. Photograph of the animal maintenance
area, held at 25°C.
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between the sexes, but also between the animals collected at various
times throughout the year. To evaluate this hypothesis, an additional
140 male and female newts were collected during the summer (July)
and spring (April). One-half of the animals were administered DMSO

by intraperitoneal injection 15 minutes before radiation exposure.

The others were irradiated without treatment. The spring-collected
newts were subjected to 3, 000 R, while the summer-collected newts
were exposed to 5, 000 R of

60Co

gamma rays.

Radioprotection Afforded by DMSO as a Function of Radiation
Exposure

In order to obtain a more complete picture of the radioprotective
potential of DMSO for these animals, more than 850 summer-collected

newts, the majority (685) of which were males, were divided into
two groups: (1) irradiated only and (2) DMSO-treated, irradiated.

These newts were exposed to various doses of irradiation ranging
from 100 R to 30. 0 kR.

An additional 180 newts were administered (I. P. ) isotonic saline

between 15 and 20 minutes prior to exposure to 0.5, 1.0, 2.5, 5,
or 30 kR of

60

10,

Co gamma rays in order to explore whether the injec-

tion process, the added injection volume, and the isotonic saline
would alter the radiosensitivity of these animals.

Control groups were also sham-irradiated as described earlier
in the radiation exposure section.
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Biological Effects of DMSO Which
May Affect Radiosensitivity

Changes in the Hematopoietic System

In order to determine if DMSO would alter the hematopoietic

system and possibly prevent the primary acute anemic reaction, 240
male newts were collected during the summer and divided into four
groups: (I) controls; (II) irradiated only; (III) DMSO-treated only;

and (IV) DMSO-treated, irradiated.
Groups II and IV were exposed to 650 R of X-rays. The weights

of the spleen and liver and the number of circulating red blood cells/
mm3 blood were recorded for approximately ten different animals on

several of the following days after exposure: 1,

3,

5, 8,

10,

14, 20,

40, 43.
Blood

Blood was involuntarily donated by decapitation. Blood was

pooled on a piece of cellophane, prevented from clotting by the
addition of a negligible amount of sodium heparinate solution, and
diluted by Hayem's solution. The red blood cells were counted

manually using a hemacytometer.
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Spleen and Liver

After the animals were weighed and decapitated, several of the
organs, including the spleen and liver, were removed and weighed
on a Mettler (Model H-16) balance exactly 15 minutes after the

dissection began. An equality ratio (percent of initial body weight)
was calculated for the spleen and liver taken from each newt.
Visible evidences of organ damage were photographed.
Changes in Metabolism

Effect of DMSO on the Respiratory Rate of Newts During the Time
Normally Required for Radiation Exposure

Observations made during the toxicity study, showed that newts
injected (I. R) with 15 g DMSO/kg became extremely sluggish within

15 minutes, suggesting a decreased metabolic rate. Since a reduction in metabolism is commonly associated with a reduction in

radiosensitivity, it appeared worthwhile to investigate this possible
reduction in metabolism by measuring the respiratory rate of newts

during that time normally required to expose the animals to irradiation. This time period was selected since it was presumed that

radioprotective action occurs actually during and/or immediately
following a radiation exposure.

As seen in Figure 8, a continuous flow system was constructed
in order to monitor the CO2 expired by the newts. Examining this
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Figure 8. Respirometric system used for measuring
the rate of respiration in the newt during
the time normally required for radiation
exposure.
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photograph from left to right, the following sequence can be traced:

Compressed air was first passed through a CO2 trap filled with
Ascarite to remove all the initial CO2, then through the animal
chamber where expired CO2 was added. The air stream containing
expired CO2 then passed through a Drierite (anhydrous CaSO4)

column to remove any moisture. The CO2 was finally detected by a
Beckman IR-215 Infrared CO2 Analyzer after passing through a flow

meter, used for determining the rate of air flowing through the system.
A Bausch and Lomb VOM-5 recorder was used to record the CO2

concentration over the period of each experiment (five hours).

Male newts were collected during the summer. Forty of these
newts, weighing 9-11 g (3c = 10.3 g) were placed in the lucite, animal

chamber, whose internal temperature was held at 22°C. A constant
air flow of approximately 400 ml/min was maintained through the
system. The recorder was operated at 0.05 inch/min. From the

recorder data, the percent of CO2 in the air stream by volume was

calculated, using a prepared calibration curve.
These newts were returned to the cold-room and held at 10 °C.

Exactly 24 hours later, the same experiment was repeated except
that now the newts were injected with 15 g DMSO/kg between 15 and

20 minutes prior to placement within the animal chamber.
Previous investigations with non-treated newts had demonstrated

that a 24 hour period of recuperation in water held at 10°C was
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sufficient to reestablish identical respiratory rates, as measured by
this system.
Accumulation or Redistribution of Fat

Several investigators (Brown, 1964) have established the fact

that newts store lipid during the summer for catabolism later on

during the winter months. Furthermore, it has been claimed that
DMSO promotes lipid accumulation.

It appeared that any forced lipid

accumulation by DMSO could possible be related to a reduction in

mortality following irradiation. Consequently, the same 240 male

newts utilized for the hematopoietic study, previously described,
were also examined for their fluctuation in abdominal fat on days 1,
3, 5, 8,

10, 20, 40, and 43. The abdominal fat mass of each newt

was weighed on an analytical balance and expressed in terms of percent of the initial body weight. Visible evidences of differences in

the abdominal fat loads for the four groups of animals were photographed.

Changes in the Skin

During the first few preliminary studies it was observed that
newts exposed to 15 kR suffered from lesions and "light patch"

formation, as described by Brunst (1958a). On the other hand, newts
injected with 15 g DMSO/kg prior to the same exposure seemed to
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escape any visible evidence of skin damage. Since Brunst (1965)

attributed lethality, in part, to these lesions in the adult axolotl, the
author decided to observe the same 850 newts used to determine the
degree of radioprotection afforded by DMSO for a series of exposures

for visible skin damage, as well. Records were made of the occurrence

of the following skin changes: (1) primary lesions; (2) secondary
lesions; and (3) "light patch" formation. The amount of neurotoxin
excreted by these newts following an injection (I. P. ) of DMSO,

irradiation, or both, was also recorded as excessitre, normal, or
none.

These visible changes in the skin were photographed.
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RESULTS

Toxicity of DMSO

Toxic Manifestations Displayed by Taricha granulosa to DMSO
Newts given an intraperitoneal injection of 15 g DMSO/kg

promptly became extremely active as a result of the internal,
exothermic reaction commonly caused by DMSO. The extent of

hyperactivity increased with larger injections of DMSO. Animals
receiving doses greater than 15 g/kg often appeared to experience
severe abdominal cramps.
The vast majority of newts stayed in the water and made no

special effort to escape from their containers following injection of
DMSO. However, newts immersed in water containing concentrations of DMSO greater than three percent by volume, immediately
made continuous efforts to climb above the DMSO solution.

Within five minutes animals receiving more than 5 g DMSO/kg

(I. P.) became sluggish, less motile, slimy, and excreted a white
neurotoxin through the skin over their entire body (see Figure 9).
Within 15 minutes these animals became almost motionless, although

stimulation with a probe initiated a sluggish response. As a result
of this observed decrease in motility, a subsequent investigation of
the effects of DMSO on the metabolism of newts (see section on

metabolic studies) was made.
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Figure 9. Comparison of an untreated newt (lower)
and a newt given 25 g DMSO/kg (I. P. )
(upper). The DMSO-treated newt has
excreted a white neurotoxin and has become

hyperhydrated due to an internal water
imbalance.
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Newts receiving the highest sublethal concentration (15 g DMSO/
kg) experienced hydration predominantly within the abdominal cavity.

This hydration, measured by an increase in total body weight (Figure
10), reached a maximum one day after injection and returned to
normalcy within five days.

Virtually all of the newts receiving less than 20 g DMSO/kg

(I. P.) or three percent by volume via immersion recovered within
24-72 hours and were thereafter indistinguishable from the controls.
However, newts receiving lethal quantities of DMSO exhibited marked

hyperhydration, a change in skin color from dark to light brown, and
died within 24 hours (Figure 9).
Determination of the Lethal Threshold of DMSO

Experimentation with more than 350 newts showed that the lethal

threshold for male and female newts, taken from the lake during the
summer and given intraperitoneal injections of various quantities of
DMSO, was just over 15 g/kg (Figure 11). Many of the newts

receiving more than this concentration exhibited severe toxic manifestations (Figure 9) and often died within 24 hours. Sublethal

concentrations did not alter the life span of either male or female
newts (Table 5 and Figure 11) as compared to controls. In fact,
those newts which survived the initial insult of the exposure to DMSO

during the first 24 hours, almost always lived at least 300 days
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Figure 10. Effect of DMSO treatment on the body weight of fasting
newts. Standard deviation value designated for each
point. Concentration of DMSO was 15 g/kg. Sample
size was ten different animals per point.
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Figure 11. Survival of summer-collected newts following intraperitoneal DMSO administration.
Sample size ranged from 20-30 per treatment group.
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thereafter. This was true even for newts receiving doses of DMSO
well above the lethal threshold. In other words, the toxic effects of

DMSO were expressed promptly, with little residual effect resulting

for survivors of the initial toxicity.
Newts collected and utilized during the spring breeding season
demonstrated no lethality at a 15 g DMSO/kg concentration ( antici-

pated to provide the greatest degree of radioprotection), since the
DMSO-treated newts lived 148. 0 ± 16. 8 days, while the non-treated
newts lived 146. 0 ± 19. 0 days. It thus appeared evident that this

concentration was below the lethal threshold dose for the spring-

collected newts as well as those collected during the summer and
could be safely used in subsequent studies of radioprotection.
Even though it was now evident that an intraperitoneal injection
of up to 15 g DMSO/kg would not result in lethality, the question
arose as to whether the DMSO excreted by the newt into the

surrounding water might, in turn, result in lethality. The effect of
this cyclic reabsorption of excreted DMSO and possible chronic

exposure on lethality remained to be determined.
Determination of the Effect of Excreted
and Reabsorbed. DMSO on Lethality

In order to be assured that any cyclic reabsorption of excreted
DMSO would not cause lethality, newts were immersed in various
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concentrations of DMSO. A lethal threshold of just over 2% DMSO was

determined for both summer- and spring-collected newts of both
sexes (Figure 12 and 13). Even though all the DMSO injected (at 15

g /kg) were excreted, it would only result in a concentration of

0. 1%

DMSO in the volume of water in which the newts were immersed.

In other words, the maximum concentration possible due to excretion
by the DMSO-injected newts was far less (< 5%) than the lethal

immersion threshold. Consequently, deaths in further radiosensitivity studies should not be attributed to toxic effects of DMSO, but to

a radiation syndrome(s) or some unrelated cause.
All newts immersed in DMSO concentrations ranging between

3% and 10% died within 24 hours, deaths occurring more rapidly at

the higher concentrations. Animals immersed in lower concentrations survived for the duration of this study (300 days).
Effect of DMSO on Radiosensitivity

After determining the sublethal DMSO threshold, 90 male newts
were exposed to 15 kR of

60

Co gamma rays and maintained at 10 oC

to determine the radioprotective potential of DMSO, if any. Even

though all the irradiated animals died in this pilot study, newts given
DMSO prior to exposure had a mean survival time of 80. 8 days,

living significantly longer than the untreated and saline-injected
animals given the same dose. The mean survival times for these

42

0, 0.1,1.0, 2.0%
100

1 1.

0

80
__,

a

5
ix 60
m
u)

Iz

10% 8%

6%

4%

3%

w

0cc 40
w
a
20

g

10

15

20

HOURS OF TREATMENT

Figure 12. Survival of summer-collected newts immersed in
various concentrations (v/v) of DMSO. Sample size
was 30 per treatment group.

25

'

_,

300

DAYS

43

0

100

0, 0.1,1.0,2.0%

80

cc

3%

60

z
w

0 40
w

20

00

5

10

15

20

HOURS OF TREATMENT

Figure 13. Survival of spring-collected newts immersed in various
concentrations (v/v) of DMSO. Sample size was ten per
treatment group (five males and five females).

25'

300
DAYS

44

latter two groups were 45.0 and 40.5 days, respectively, and were
not significantly different (0. 24 < 1.67 at t. 950). Thus, administration of DMSO nearly doubled the mean survival time (Figure 14 and
Table 5).

Observing this dose reduction factor of approximately two,

further investigation seemed warranted. Consequently, several

factors concerned with the reduction in radiosensitivity, such as
DMSO concentration, time of administration, temperature, seasonal
differences in survival, and differences in radiosensitivity due to sex,
were investigated.
DMSO Concentration

Four different concentrations (0, 5, 10, and 15 g/kg) of DMSO

were tested at four strategic radiation exposures (0, 0.5,5.0, and
15.0 kR) to determine the relationship between the concentration of

DMSO administered to the animal and its corresponding degree, of
radioprotection. These results of this study are shown in Figure 15
and Table 1.

There appears to be a linear relationship between the concentration of DMSO administered and its radioprotective capacity for all

three levels of exposure. The mean survival times of newts
See Figure 16, page 57, indicating the exposure ranges of the hematopoietic, gastrointestinal, and nervous system syndromes.
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Figure 14. Effect of DMSO treatment on the survival of Taricha granulosa after
exposure to 15 kR of "Co gamma rays.
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exposed to 15 kR were 45. 0, 58. 0, 65. 8, and 80. 8 days following an
injection of 0, 5,10, and 15 g DMSO/kg, respectively.

The mean

survival times of newts exposed to 5 kR were 130.6, 134. 0, 138. 2,
and 149. 6 days, while newts subjected to 500 R survived 159. 3, 247. 4,

277.2 and 370.0 days for the same respective concentrations of
DMSO. The last mean survival time of 370. 0 days was not signifi-

cantly different from the non-irradiated controls.
Table 1. Radioprotection afforded newts exposed to 0, 0.5, 5. 0, and
15 kR of 60Co gamma rays following an intraperitoneal
injection of 0, 5, 10, or 15 g DMSO/kg. Mean survival
tirrie s ± one standard deviation are stated in days. Values

are based on 30 animals per point.
Radiation
None
dose (kR)
368.9 1 13.4
0.0

5.0

159.3± 9. 9
130. CI 7.0

15.0

45.01 2.5

0. 5

Concentration of DMSO (g/kg)
5

10

15

*

*

247.41:13.0
134.0± 7.17
58.0± 5. 8

277.2 1 13.0

367.2±16.7
370.0± 15. 8
149.6± 5.2
80. 81 3.4

138.2± 7.7
65. 8 4: 5. 8

Not tested since values would not essentially contribute to the
purpose and analysis of the experiment.

These results demonstrated that the degree of radioprotection
afforded by the various sublethal concentrations of DMSO could be

ranked according to radiation exposures, such that 0. 5 kR > 15 kR>

5 kR, since the slope values (13.77, 2. 38, and 1.23, respectively)
for the calculated regression lines were significantly different at the
one percent level. This suggested that the effectiveness of DMSO was
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dependent upon the extent to which DMSO influenced the biological

damage produced by the different radiation exposures (see Discussion).
Time of Administration
Since DMSO is rapidly distributed throughout the body and

readily penetrates tissues, intraperitoneal injections were given
between 15 and 20 minutes prior to exposure, not one-half to one hour

beforehand, as is the case for most other radioprotective agents. The
mortality data showed that these newts lived significantly longer (at
the 0. 005 level) than those which were irradiated at 2. 5, 5. 0, 7. 5,
10. 0, and 15. 0 kR, but not injected with DMSO (Tables 2 and 5, and
Appendix).

Table 2. Mean survival of newts given DMSO before irradiation,
after irradiation, and irradiated but untreated. Animals
maintained at 10°C post-irradiation. Mean survival time
± one standard deviation stated in days. Values are based
on 20-30 animals per group.
Treatment
DMSO
after
DMSO before
Radiation dose (kR)
Non-treated
irradiation
irradiation
0

2,5
5.0
7. 5

10.0
15.0

368.9 ± 13.4
112. 2 ± 33.9
107.2
6.6
78. 8 ± 26. 6
51, 2 ± 26.2

367.2 ± 16.7
139. 9 ± 4.9

± 8.7

36. 6

368.9 ± 13. 4
154. 0 ±

5. 8

5.2
3.4
2.9

130. 6

±

7.0

149. 6

±

99.2

±

4. 3

138.4

±

74. 6

±-

3.7

118.2

±

45. 0f 2.5

80. 8

± 3.4

Dimethyl sulfoxide was also administered intraperitoneally
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following exposure. These results, listed above, demonstrate a

significant decrease in survival time when compared to the results
from newts given DMSO prior to irradiation and even to those given
no DMSO treatment. Thus, treatment with DMSO following irradia-

tion apparently acts as an additive insult to this organism, even
though a sublethal dose was given. These results eliminate considera-

tion of certain mechanisms of protective action (see Discussion).
Animals given DMSO prior to exposure demonstrated a single
mode of death while newts treated with DMSO after irradiation showed

no consistent mode of death, causing a considerable increase in
standard deviation values.

Temperature

Previous studies on the effect of temperature on the radiosensitivity of the Rough-Skinned Newt by Willis and Prince (1967)

demonstrated that animals stored at 10°C, simulating winter conditions, provided results which have reasonable standard deviations,
imperative to an analysis of a comparative study in radioprotection.
Consequently, during the first nine months of this study only a 10oC

temperature was used for animal maintenance.

The results of these initial experiments (Figure 14) were
excellent, but it appeared desirable to investigate the possibility of

using a warmer temperature in order to reduce the mean survival
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times of the irradiated animals (Table 3).
The results of this further experiment, recorded below in MST
± one SD', show that use of the higher temperature selected (25oC)

was not feasible because this temperature was above the critical
thermal maximum for this species. Consequently, even the controls
showed very short survival times, resulting in deviations at the higher
temperature which were much greater proportionately than those at
the lower temperature (10 o C). Since significant differences in radio-

protection were demonstrated at the lower temperature, it was
decided to iestrict further experimentation to 10°C. Animals were
not maintained at temperatures ranging between 10

oC

and 25

oC

since

holding facilities at these temperatures were not available.
Seasonal and Sex Differences in Survival

Since it was desired to utilize newts of both sexes taken from
the lake during both the summer and spring, survival determinations
were made for both summer- and spring-collected newts of both
sexes. All animals were maintained unfed at 10°C. These results

are shown in Table 4 under the 0 R dose designation.
Groups of male and female newts which were taken from the

lake during April (the period in which these newts reach their
maximum reproductive activity) and not subjected to irradiation lived
See Appendix for tabulated data.

Table 3. Effect of temperature on mean survival times* of Taricha granulosa exposed to 15 kR with
and without treatment. Mean survival time ± one standard deviation stated in days.
Treatment
None
Saline-injected
DMSO-injected
Radiation dose (kR)

10°C

0

368.9 1 13.5

8,9 ±3.8

(a)

15

45.0 1 2.5

6.8 ±2.5

40.5 1 3.3

(c)

(b)

25°C

10°C

See Appendix I for tabulated data.
(a) Not tested.
(b)No significant difference since 0. 62 < 1.70 at t.950.
(c) Significant difference since 12.20> 2. 66 at t. 995.

10 °C

25°C

9.2-1 3.5

367.2 -116.6

8.7 ±4.3

6.1±2.5

80. 8 - 3.-4
(c)

8. 0 - 6. 1

25 °C

(b)

Table 4. Comparison of mean survival times of newts taken from the lake during the summer and

spring, treated, and maintained at 10°C. Mean survival time ± one standard deviation
stated in days. Values are based on 20-30 animals per group.
Period of collection
Radiation
Treatment
and irradiation
None
dose (R)
DMSO
146.0 -I 19. 0
0

Spring
3000

Female
148. 1. ± 19. 1
143.9 ± 19.7
124.2 ± 17.2 (a)
Male
Female
Male

0

Summer

116.7

12. 1

368.9 ± 13.4
Male
Female
370.4 ± 10. 4 367.4 ± 16. 1
130. 6 ± 7. 0 (d)

5000

Male
129. 2 ±

6.5

(a) Significant difference since 7. 32 > 2. 66 at t. 995.
(b) Significant difference since 3.51> 2.70 at t. 995.

(c) Significant difference since 2.51> 2.42 at t.990.
(d) Significant difference since 5.00> 3. 70 at t. 995.

147. 6 ± 16.9

Female
132. 4 If 7.4

148.7 ± 17. 6

155.7 ± 21.2 (a)
Male
Female
(c)

(b)

(b)

131. 8 ± 18.4

148. 1 ± 16. 8
Male
Female

(c)

163.5 ± 22.9

147.9 ± 16. 5

367.2 ± 16.7
Male
Female
366. 0 ± 18. 4

368. 4 ± 15. 4

149. 6 ± 5. 2 (d)

Male
149. 2 ± 5. 1

Female
150. 0 ± 5.3
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equally as long. Likewise, newts injected with DMSO showed no

significant difference in survival between the sexes. In fact, there
was no significant difference between the mean survival times of any
of these four groups.

The mean survival times of male and female newts, taken from
the lake during July (period of post-reproductive development) and

not subjected to irradiation were not significantly different, but their
mean survival time (368.9 ± 13.4 days) greatly exceeded that of the
spring-collected newts (146.0 ± 19.0 days). Newts administered DMSO

lived 367.2 ± 16.7 days or just as long as the non-treated animals.
Again, there was no difference in survival times due to sex.
The mean survival time of the summer-collected newts was two
and one-half times* that of those collected in the spring. This

drastic difference in mean survival times was not too surprising, since
by summer the newts had very much larger fat reserves than in early
spring. These reserves were capable of sustaining them much

longer during their fasting ordeal. It should also be noted that the
relative standard deviations for the survival of spring-collected newts

were much larger than for the summer-collected animals. For these
reasons, further studies of radioprotection involved only summercollected newts.

*Significant

differences since 44. 6 > 2. 68 at t. 995.
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Seasonal and Sex Differences in Radiosensitivity

From Table 4, the results clearly show that male newts,
collected in the spring at the height of their reproductive development,

were less radiosensitive to 3,000 R than were the females. The mean
survival time for males was 131.8 days, while females lived 116. 7

days, providing a clear statistical difference. Animals administered
DMSO and irradiated survived 155.7 days, significantly longer than
the newts which were irradiated only (124.2 days). Furthermore,
male newts injected with DMSO prior to exposure lived 163.5 days, as

opposed to the females' 147.9 days, again demonstrating a
significant difference in radiosensitivity between the sexes.

This

difference in radiosensitivity due to sex during the spring emphasized

the importance of keeping separate records for male and female

irradiation studies.
It will be seen from Table 4 that there was no significant
difference in mean survival times of summer-collected newts between

males and females receiving 5,000 R, contrary to the results with
spring-collected newts (see Discussion). These results assured that
if any female were placed in the male group by mistake during the

summer and irradiated for survival determinations, it would not
interfere with the reliability or reproducibility of the results.
Since there was a clear distinction in the degree of radiosensitivity between male and female newts taken from the lake during
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the spring, but not between newts taken from the lake during the
summer, the following main study concerning the effect of DMSO on

the survival of Taricha granulosa following various doses of

irradiation was carried out using only summer-collected newts, the
vast majority of which were males (see Appendix for the tabulated

data of male and female survival determinations).
There was no significant difference in radiosensitivity between
the spring- and summer-collected newts when the data of both sexes
were pooled together for each season. However, the results for the

spring-collected newts showed much larger standard deviations than
did those for the summer-collected newts.
Radioprotection Afforded by DMSO as a
Function of Radiation Exposure

A comparison of the mean survival times of more than 750

newts, subjected to exposures of 300 kVp X-rays or

60

Co gamma rays

ranging from 100 R to 30 kR, was made between newts administered

dimethyl sulfoxide (intraperitoneally) prior to exposure and newts

irradiated without treatment (Table 5 and Figure 16). All newts were

collected from the same lake during the summer, acclimated in the

laboratory for ten days, irradiated, and maintained at 10 o C.
The mean survival time-exposure curves for both the newts administered

15 g DMSO/kg (sublethal threshold dose) and those merely irradiated,
were typically sigmoid. Radioprotection was clearly demonstrated for

Table 5. Survival data (MST ± one SD) of newts subjected to various exposures of radiation by X-rays
and 60Co gamma rays and maintained at 10°C. Mean survival time stated in days.
Radiation
Treatment prior to irradiation
Significant difference
None
exposure
DMSO
via. "t"-test
(R)
No. animals Survival data
No. animals Survival data
DMSO> non-treated
0
28
368.9 1." 13.4
30
367.2 ± 16.6
No at t. 950
100*
20
357. 3 ± 18. 1
20
354.9 ± 12. 3
No at t. 950
200*
20
339.6 ± 12.8
20
365.9 ± 16.6
Yes at t.995
250
20
309.4 ± 13. 6
20
362. 8 ± 18.7
Yes at t. 995
±
30020
220. 2
7. 5
20
362. 6 i 19. 1
Yes at t. 995
400*
20
174. 6 ± 9. 8
20
367.3 ± 16.6
Yes at t. 995
500
30
159. 3 + 9. 9
30
370. 0 ± 15. 8
Yes at t. 995
600*
20
161.2 + 8. 7
20
257.4 ± 7. 0
Yes at t. 995
*
700
20
145. 5 + 5. 9
20
223. 8
7. 5
Yes at t. 995
1. 0 k
30
139.5 ± 4. 8
30
183. 6 ± 6. 1
Yes at t. 995
2. 5 k
30
30
154. 0 ± 5. 8
139. 9 ± 4.9
Yes at t. 995
5. 0 k
30
130. 6 ± 7. 0
30
149. 6 ± 5. 2
Yes at t. 995
7. 5 k
20
99. 2 ± 4. 3
20
138. 4 ± 3.4
Yes at t. 995
±
10.0 k
20
74. 6
3. 7
20
118.2 ± 3. 0
Yes at t. 995
15. 0 k
30
45. 0 ± 2. 5
30
80. 8 ± 3. 4
Yes at t. 995
30. 0 k
30
30
29. 1 i 1.7
28.9 + 2. 1
No at t. 950
1--
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Figure 16.

Effect of dimethyl sulfoxide treatment on the survival of the newt, Taricha granulosa, after exposure to various
doses of radiation. Sample size ranged from 20-30 animals per point. Control survival range indicated by parallel
dotted lines.
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all radiation exposures ranging from 200 R to 15 kR since the "t"
values were significant at the 0.005 level. The lethal threshold dose
for the unprotected newts was 200 R, while an exposure of 600 R was

required before the DMSO-treated newts died significantly earlier than
the fasting controls, which had a mean survival time of 370 days.

Newts, administered DMSO prior to exposure, presented mean
survival times which not only moved the mean survival time-

exposure curve upward but also toward the right, thus allowing for a

drastic increase in the lethal threshold exposure. Marked changes in
the physiological status of the newts treated with DMSO may partially

account for this reduction in radiosensitivity and will be discussed in
length in the next section (Biological Alterations).
The degree of radioprotection afforded by DMSO varied according
to the radiation exposure and depended upon the extent to which DMSO

could alter the biological disturbances caused by radiation (see
Discussion). In order to clarify this point only mortality data are

reported in this section according to the various radiation exposures

and the next section is reserved for specifically presenting data
concerned with the biological alterations resulting from irradiation as
these may relate to radioprotection by DMSO.
100-200 R

Newts exposed to 100 R, whether they had received DMSO or
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not, lived just as long as the controls. The deaths of these animals

were probably due strictly to starvation. From Figure 16, it appears
that the lethal radiation threshold was between 100-200 R for the

newts which were not treated with DMSO. The mean survival time
of the untreated animals subjected to 200 R was 339.6 days or 26.3

days less than the DMSO-treated, irradiated newts (see Table 5 and
Figure 16). These means were significantly different (at the 0.005
level).

No gross abnormalities were observable in these exposure
groups, but the "invisible injury", described by Brunst (1958a),
evidently took its toll in the irradiated newts.
250-500 R

The most drastic results in radioprotection were demonstrated
within this exposure range. Newts administered DMSO lived just as

long as the controls, even after receiving doses up to 500 R (Figure
17).

Irradiated animals injected with saline lived just as long as the

newts which were not injected, indicating that neither the saline nor

the injection itself increased lethality at these low radiation exposures.
Newts irradiated at 500 R had a mean survival time of only 159.3 days,
213.7 days less than the mean survival time of DMSO-treated,

irradiated newts (370.0 days).
The lethal threshold exposure for the DMSO-treated newts was

DMSO-treated,

irradiated

150

200

250

300

350

DAYS AFTER EXPOSURE

Figure 17. Effect of DMSO on the survival of unfed Taricha granulosa after exposure to 500 R of
60Co gamma rays. Sample size was 20 animals per group.
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between 500-600 R or approximately 3. 6 times the lethal radiation

threshold of the unprotected animals. The dose reduction factor,
calculated near the center of the hematopoietic death region (about
200 days) was 2. 45.

The dose reduction factor is calculated here as

the ratio of the radiation exposure of the DMSO-treated, irradiated

newts to the radiation exposure of the untreated, irradiated animals.
600-1, 000 R

The mean survival times of the irradiated newts, exposed to
J.

600, 700, and 1, 000 R were significantly* less than for the DMSO-

treated, irradiated newts. Animals treated with DMSO and exposed
to 600 R lived an average of 91. 2 days longer than those animals which

had not received pre-treatment. Newts subjected to 700 R, without
DMSO, lived an average of 78. 3 days less than the treated animals,

while exposures at 1, 000 R demonstrated the same trend.
2, 500-5, 000 R

The mean survival times of the non-treated and DMSO-treated
J.

newts exposed to 2, 500 R and 5, 000 R were significantly different in

this range. Newts subjected to the former dose without treatment died
an average of 14. 1 days earlier than those newts administered

*See

Table 5 and Appendix.

DMSO.
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A positive "t"-test was demonstrated at the 0.005 level. Newts subjected to the latter dose demonstrated a 19.0 day mean difference in

survival times which also provided a positive "t"-test analysis at the
0.005 level.

Saline-injected, irradiated newts demonstrated mean survival
times that were not significantly different from the irradiated newts
which were not pre-treated with DMSO. The mean survival times
were 134.2 and 130.9 days for 2,500 R exposures and 139.9 and 130.6

days, respectively, for the 5,000 R exposures.
7,500-15,000 R

The mean survival times of the irradiated newts in this
exposure range were from 35-59 days less than DMSO-treated newts
J.

subjected to the same doses. Significant' differences between the two

experimental groups were demonstrated by positive "t"-test analyses
at the 0.005 level.
30,000 R

This massive exposure was so great that radioprotection was
not shown.

This was not surprising since most radioprotective agents

do not afford protection for all doses. The severely damaging effect of

Ji

See Table 5 and Appendix.
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this exposure is seen in the fact that two DMSO-treated, three unprotected, and five saline-treated newts actually died during exposure.

Animals, killed during the radiation exposure, readily emitted
their neurotoxin and expelled blood from their oral cavities,
especially through the mouth. Those newts which temporarily

survived the initial exposure appeared to have lost their sense of

balance, were sluggish in their movements, and often spent their last
few days lying on their sides in a cramped position or lying on their

dorsal surface moving their legs sporadically.
Biological Effects of DMSO Which
May Affect Radiosensitivity

Changes in the Hematopoietic System
Blood

Periodic determination of the red blood cell (RBC) count of

sacrificed newts showed that control newts (saline-injected, but not
irradiated) averaged 62, 400

±

5, 900 RBC/mm3 (one standard devia-

tion) during the entire 43-day study of the hematopoietic system
(Figure 18 and Table 6).

Newts administered DMSO, but not irradiated, immediately

showed an increase in the number of circulating red blood cells. One
day after the experiment was initiated, the RBC count increased to
70, 600 cells, followed by additional advances to 76, 000 (day 3),

Table 6. Effect of DMSO on the number of circulating red blood cells following a 650 R X-ray exposure. Each mean is based on values from ten
different animals and expressed in units of 103 cells/mm3 ± one standard deviation.
Days after exposure

Treatment

5

10

19

20

1

3

Control

61.5±3.7

60.3± 6.6

64.6±7.8

DMSO-treated

70.6±5.0

76.0± 5.5

85. 9±6. 5

Irradiated

61.1±7.0

74.0± 7.9

41.7± 6.0

66.0± 4.7

41.9± 4.6

DMSO-treated
& irradiated

99. 5±6.4 118.6±11.0

101.7111.2

138.2±10.1

125.2±10. 4

8

2S

40

67.2±4. 9

62. 0 ±6. 6

92.7± 4.3

43

59.0±5. 8

87. 9±7.4

41.0±8.5

128. 0±9. 6
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Figure 18. Effect of DMSO treatment on the number of circulating
red blood cells in Taricha granulosa following a 650 R
X-ray exposure. Sample size was ten different animals
per point.
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85, 000 (day 8), 92, 000 (day 20), and 87, 000 (day 40).

Newts that received a 650 R X-ray exposure but were not
treated with DMSO exhibited an initial rise on day 3, followed by a
significant depression on day 5. An abortive rise was recorded on day
10, which was followed by a continuous depression from which no

recovery was observed.
Newts administered DMSO prior to a 650 R exposure promptly

displayed an increase in the number of circulating red blood cells of
approximately 40, 000 cells/mm3. Other than the general elevation,

obvious in Figure 18, these treated animals responded to irradiation
in a very similar pattern to that observed for newts which were merely
irradiated without any prior treatment. They experienced an initial
increase on day 1, a depression on day 3, followed by an abortive

rise on day 10, which then levelled off to a constant, but elevated level
above the controls.
Spleen

The average spleen weight of the control animals was approximately 0. 36% of the initial body weight. From Figure 19, it is

readily observed that this percentage remained quite constant throughout the period of this study.
The effect of a 650 R exposure on the newts which had not received DMSO was to produce an initial decrease on day 3, followed by

Table 7. Effect of DMSO on the weight of newt spleens following a 650 R X-ray exposure. Each mean is based on values from at least five
different animals and is expressed in percent of initial body weight ± one standard deviation.
Days after exposure

Treatment

1

3

5

8

Control

. 37±. 02

37+. 02

.37±.02

DMSO-treated

. 81±. 03

. 88±. 03

. 97± 04

Irradiated

. 36±. 06

. 31±. 02

. 53±. 02

DMSO-treated
& irradiated

. 86 ±. 07

. 41±. 05

55±. 04

10

14

20

.

36±. 02

1. 00

. 36±. 02

. 34±. 03

.

40

.

03

43

. 351, 03

. 92±. 04

28±. 01

22 ±.03

57± . 33

34±.03
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an abortive rise which overshot the control values. There was a return
to the control level by day 10, followed by a continual, slow decline in
spleen weight.

The spleen weights of DMSO-treated, non-irradiated newts

showed markedly increased values compared to the control group. By
day 1, their average spleen weight was over twice that of the controls.
This trend continued until day 20 where the spleens of the DMS0-

treated animals weighed well over two and one-half times those of
controls. Between days 20 and 40, there was a slight decline,

although the spleen weights still remained more than twice those of

the controls.
Newts, treated with DMSO before a 650 R X-ray exposure,

exhibited an initial increase in spleen weight on day 1, equivalent to

the non-irradiated, DMSO-treated animals. This two-fold increase in
weight declined sharply to the control level by day 3.

Two abortive

rises were observed on days 5 and 20, followed by a decline to the
control level by day 40.

The appearance of the spleens, taken from irradiated newts
with and without DMSO-treatment (see Figures 20 and 21) gave visible

evidence that the untreated newts were definitely anemic 20 days after
the radiation exposure. These newts exhibited this physiological

state, not only by a reduced number of circulating red blood cells, but
also by a great reduction in the number of red blood cells in the spleen.
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Figure 20. Photograph taken 20 days after irradiation
demonstrating the difference between a
spleen taken from an anemic newt (upper)
subjected to 650 R without treatment and a
newt (lower) treated with DMSO prior to
exposure.
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Figure 21. View of four newts dissected on day 20
showing differences observed in the liver,
spleen, and abdominal fat load of controls,
DMSO-treated, non-treated and irradiated
(650 R), and DMSO-treated and irradiated
(650 R) animals.
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On the other hand, the number of circulating red blood cells of DMS0treated newts subjected to 650 R remained much higher than even the

non-irradiated, DMSO-treated animals. Their spleen weights remained elevated and their appearance healthy. This may partially
account for the high degree of radioprotection demonstrated within

the hematopoietic region of the survival curve (see Discussion).
From Figures 18 and 19, it is readily observed that the numbers

of circulating red blood cells in DMSO-treated, irradiated newts are
somewhat inversely related to the weights of their spleens. On day 3,
the average weight sharply declined while the cell counts increased;

on day 5, the spleen weights increased while the cell counts decreased;
on day 10, the spleen weights decreased while the cell counts definitely

increased; on day 20, the spleen weights increased while the cell
counts declined slightly; on day 43, the spleen weights dropped to the
control level but the blood count remained elevated.

This same pattern was found for the irradiated newts through

day 10. From that point onward, however, gradually decreasing
spleen weights and RBC counts indicated a progressive state of
anemia (see Discussion).
Liver

Liver weights of the four different groups of animals were not
as noticeably different as those of the blood and spleen over the period
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of study. Nevertheless, a significant difference (at the 005 level) in
.

liver weights, between the untreated and the DMSO-treated newts

exposed to 650 R, was recorded on days 10 and 20 ("t"-test values of
8. 50 > 0. 87 and 5. 85 > 3. 16, respectively).(Table 8).

Besides this reduction in liver size of the non-treated,
irradiated newts, there was a definite change in the color of these

livers. On day 20, the unprotected newts had light, brownish-orange
livers while irradiated newts previously injected with DMSO had

normal, dark brown or nearly black livers.
Livers of the controls weighed an average of 5. 7% of their total

body weight ten days after the newts were taken from the lake. This
average weight gradually declined to 5. 2% on day 43, since these
animals were not fed. On the other hand, newts, injected with DMSO,

but not irradiated, demonstrated a definite increase (an average of
33 %) in weight within 24 hours (Figure 22).

These animals also

experienced a continuous decline so that the average weight of their

livers on day 40 was essentially the same as that on day 0.
The average weight of the livers taken from irradiated newts
previously administered DMSO did not fluctuate to any extent. Within

24 hours the livers of these particular newts experienced a small gain
in weight which gradually declined with time.

Newts subjected to 650 R without DMSO-treatment, demonstrated

an increase in the average weight of their livers on day 3, followed by

Table 8. Effect of DMSO on the weight of newt livers following a 650 R X-ray exposure. Each mean is based on values from five different animals
and expressed in percent of initial body weight ± one standard deviation.
Days after exposure

Treatment

1

3

5

5. 50 ± . 49

8

10

Control

5. 72 ±. 49

5. 46 ± . 42

DMSO-treated

7.67±.48

7. 41±..35

Irradiated

5. 27±. 36

6. 70±. 33

6. 06 ±. 33

3. 74 ± . 45

DMSO-treated
& irradiated

6. 08±. 30

6. 13±. 48

6. 22 ±. 27

6. 12 ±. 43

14

19

20

4. 96±. 32

6.67 ±. 32

40

43

5. 15±. 34

6. 45±. 40

6. 52 ± . 30

5. 74t. 28

5. 19±. 35

4.06 ±. 52

4. 98±. 50

5. 64±. 28

5.30±. 28
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Figure 22. Effect of DMSO treatment on the liver weight of Taricha
granulosa following an exposure to 650 R via X-rays.
Sample size was five different animals per point.

76

a definite drop on day 10. An abortive rise was observed on day

14

which was followed by a second decline, then a continuous , steady

climb to the control level by day 43.

From Figure 22, it is apparent that the exposure to 650 R
stressed the non-treated newts, while animals administered DMSO
and subjected to irradiation showed neither signs of destruction nor
weight loss. The normal appearance and small increase in weight,

demonstrated by these DMSO-treated, irradiated newts suggested
that DMSO might have altered their metabolism (see following section).
Changes in Metabolism
Effect of DMSO on the Respiratory Rate of Newts During the
Time Normally Required for Radiation Exposure

Since alterations of the metabolic rate may result in profound

differences in the radiosensitivity of animals, an attempt was made
to see if DMSO affected respiratory metabolism significantly during

the immediate post-administration period, i. e., during the period in
which radiation exposures were normally given.

Respirometric measurements were first made for several
groups of control animals every 24 hours to determine the range of

variation in respiratory rate that might be encountered in untreated
newts. Only slight variation (approximately 3%) in rate was found from

group to group, or with one group on successive days.
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Secondly, respirometric measurements were made for a
selected group of 40 male newts collected during the summer (Figure
23). At the time irradiation would normally have started (15-20 min-

utes post-administration) the non-treated newts had a peak respiratory
rate of 152.0 ml CO 2/min. These same newts were administered 15

g DMSO/kg newt (I. P.) 24 hours later and demonstrated a peak

respiratory rate of 108.4 ml CO2/min., or only 70% that of the
untreated animals.

As time progressed, the respiratory rate of the DMSO-treated
newts declined continuously, but more slowly than for the non-treated
animals. However, the respiratory rate of the DMSO-treated animals

was still only 80% that of the untreated animals 84 minutes after the

injection of DMSO, or that time normally required to expose the
animals to 15 kR by

60

Co gamma rays. The two curves did not

coincide with each other for the duration of this study (5 hours), but a
continuous decline toward a common respiratory rate was observed,
indicating that the effect of DMSO on respiration was diminishing,

perhaps due to excretory loss of DMSO. At any rate, this reduction
in respiration may partially account for the observed reduction in
radiosensitivity (see Discussion).

The initial peaks, noted in Figure 23, result from the nature of
the instrumental system (lag time and turnover time in the various
components) and the initial responses of the newts to their
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Taricha granulosa at 22°C during the immediate postadministration period.
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environmental conditions. The slow decline from the peak values to

lower, more stable respiratory rates indicates initially the achievement of an equilibrium in the instrumental system and, of greater
importance, the gradual behavioral adjustment of the animals to their
new environment. Gradual dehydration of the animals may also play

a role in this decline.
Accumulation or Redistribution of Fat
The abdominal fat mass of control newts was determined to be
approximately 1. 07% of their initial body weight (Figure 24). This

average weight was retained throughout the entire experiment (43
days)( Table 9).

Newts exposed to 650 R gradually reduced their abdominal fat
percentage from 1. 09% on day 1 to 0. 86% on day 43, but this value was

not significantly different from that of the control group.
Newts, administered DMSO but not irradiated, showed a marked

increase in their abdominal fat load by day 8. Within 20 days newts in
this group increased their load from 1. 07% on day 1 to 2. 58%, a
significant increase of 150% (12. 30 > 3. 16 at t. 995). The appearance

of the orange colored fat mass located posterior to the liver is shown
in Figure 21. This fat load was retained in this group throughout the
experiment.

There was no significant difference in the abdominal fat loads of

Table 9. Effect of DMSO on the accumulation or redistribution of fat in newts following a 650 R X-ray exposure. Each mean is based
on values from five different animals and expressed in percent of initial body weight ± one standard deviation.
Days after exposure

Treatment

1

3

5

10

8

Control

1.07±.16

1.02±. 12

1.00±.

DMSO- treated

0.98 ± . 14

1.02 ± . 09

1. 77±. 09

Irradiated

1.09±. 14

1.03±.14

DMSO- treated
& irradiated

1.01±. 15

1.06±.

13

20

0.98±.

40

43

17

1.01± . 07

2.58±. 22

2. 55±. 13

0.96±.26

O. 89±. 20

0. 86±. 16

1,00±. 14

2.41±. 33

11

2.36±. 23
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Figure 24. Effect of DMSO treatment on the accumulation of fat in
Taricha granulosa following a 650 R X-ray exposure.
Sample size was five animals per point.
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DMSO-treated newts and DMSO-treated animals exposed to 650 R.

The DMSO-treated, irradiated newts showed a delay in the initial
period of fat storage and a lower total amount of fat accumulated

compared to the unirradiated, DMSO-treated animals. Irradiated
newts, pre-treated with DMSO, had abdominal fat loads which were

significantly greater than those of both untreated groups.
This enormous accumulation of fat by newts injected with DMSO,

regardless of the 650 R exposure, may partially account for the
reduction in radiosensitivity observed (see Discussion).
Changes in the Skin

Primary Lesions
Primary lesions were observed only in newts exposed to a dose
of 7.5 kR or greater which did not receive DMSO. Ten percent of the

newts, subjected to 7.5-10.0 kR, experienced primary lesions by
about 45 days after exposure, while 35% of the newts exposed to 15 kR

expressed the same type of damage by about seven days earlier.
Newts, subjected to 30.0 kR, had no observable lesions before death
(Table 10), but had a very much shorter mean survival time than the
previous groups.
Newts treated with DMSO did not show skin lesions at any time

following doses ranging from 100 R to 30.0 kR.

The lesions, visible as white spots, were found on the sides and

Table 10. Observable changes in the skin of newts exposed to various doses of irradiation with and
without DMSO administration. Approximate median time of occurrence expressed in days.

The percentage of animals in each group exhibiting the respective skin changes at the
median time of occurrence is indicated.
Changes in the Skin
Primary
Secondary
Light patch
Excretion
lesions
lesions
formation
of
Time
Radiation dose
Time
Time
Treatment
%
%
%
(days)

(R)

0-200

None

7, 500-10, 000
15, 000

30, 000

Neurotoxin

0
0

0
0

0
0

0
0

0
0

0
0

0
0

25

100
0

2
0

40

0

0

++

0
0

25

90

DMSO

0
0

0

0

8
0

15
0

++

None

10

45

40

0

0

0

10
0

+

0

None

35

38

15
0
*

60

DMSO

50

10

DMSO

0

0

0

++
++

None
DMSO

None
DMSO

2, 500-5, 000

(days)

0
0

DMSO

250-1, 000

(days)

None

*

0

0
0

0
0

0*

0*

0*

0*

70

10

0

0

0

0

0

0

Apparent death before expression of damage.
+ Excretion of neurotoxin.
- No excretion of neurotoxin.

++

++

++
++
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dorsal surfaces including the tail, but never on the legs, head, or
ventral surfaces (Figure 25). These lesions, surrounded by rough
boundaries, were round, deep, and filled with numerous types of
algae.

The existence of these lesions seemed directly related to
mortality for newts exposed to 15.0 kR without prior treatment with
DMSO, because once the lesions were expressed they seldom disappeared before death. Newts, subjected to doses ranging from 7.5
kR to 10.0 kR commonly died with visible lesions, but not all of these

lesions were primary ones, since it was not uncommon to observe
both primary and secondary lesions at these exposures.

The

primary lesions were often transient, although some remained on the
animals until death. Several of the newts which recovered from the

primary lesions 45 days after exposure, as well as those which did
not experience visible injury initially, suffered secondary lesions
approximately 60 days after exposure, which were retained until
death (see Discussion).
Secondary Lesions

Secondary lesions were described by Brunst (1958a) for the
amphibian, Siredon. These followed the initial lesions, which often
disappeared. These lesions in Taricha (seen in Figure 26) were more

severe than the primary lesions and often were retained until death
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Figure 25. View of primary lesions observed on an
irradiated newt 38 days after exposure to
15 kR of 60Co gamma rays.
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Figure 26. View of secondary lesions observed on an
irradiated newt 90 days after exposure to
5 kR of 60Co gamma rays.
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(see Discussion). Secondary lesions were larger in diameter, deeper

than the primary lesions, and located on all dorsal surfaces including

the head. No secondary lesions were observed on the ventral surfaces
of the irradiated newts nor on any body surfaces of the DMSO-treated
newts.

Secondary lesions expressed themselves 60-100 days after
exposure (Table 10). Exposure of 100 R and 200 R did not result in

primary or secondary lesions, but 25% of the newts exposed to 2505,000 R experienced both transient and permanent skin damage at 90100 days after exposure. Fifteen percent of the newts subjected to

7.5-10.0 kR were affected by these lesions 60 days after irradiation,
but newts exposed to higher doses died without any observable evi-

dence of secondary skin ulceration.

"Light Patch" Formation

The visible evidence of "light patch" formation, described

briefly by Brunst (1958b) and seen in Figure 27, included large, bare
areas of skin running dorsally (never ventrally) along the entire length
of the body including the tail. In some newts a general lightening and

reddening of the dorsal color appeared with the lighter area located

dorsally, never ventrally.
Forty to 70% of the irradiated newts displayed light patches ten

days after exposure to doses ranging from 7.5 kR to 30.0 kR (Table
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Figure 27. Photograph comparing the "light patch"
formation demonstrated by the two nontreated newts (lower right) ten days after
exposure and the normal appearing newts
(upper left) administered DMSO. Both
groups were exposed to the same 10. 0 kR
dose of 60Co gamma rays.
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10).

Newts not administered DMSO, but exposed to 5 kR or less,

seldom demonstrated "light patch" formation.
Newts administered DMSO did not experience "light patch"

formation at any radiation exposure.
Excretion of Neurotoxin

A graded response of neurotoxin excretion was observed in
irradiated newts not treated with DMSO. No excretion was shown by

the controls or irradiated groups up to 1. 0 kR, but exposures greater
than 2. 5 kR resulted in excretions which became excessive, especially
at 15.0 kR and 30. 0 kR.

Newts administered DMSO, whether irradiated or not, excreted
massive quantities of the neurotoxin (Figure 9).
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DISCUSSION

Toxicity of Di/1SO to Taricha Granulosa

Intraperitoneal injections of 15 g DMSO/kg or immersion in 2%
DMSO were determined to be the maximum sublethal doses of DMSO

for Taricha granulosa. Even if all the DMSO injected (at 15 g/kg) were
excreted, it would result in a concentration of only 0. 1% DMSO in the

volume of water in which the newts were immersed. Therefore, it

was clear that neither injected DMSO (at this dosage) nor any cyclic
reabsorption of excreted DMSO would be expected to cause lethality.

Consequently, deaths in the following radiosensitivity studies should

not be attributed to the toxicity of DMSO, but to the irradiation itself,

or in some instances to unrelated causes.
Newts, receiving concentrations of DMSO greater than the
maximum sublethal dose, died within 24 hours.

This lethality was

attributed to water imbalance and hyperhydration as a result of an
alteration of the skin. This assumption is supported by: (1) the
observation of Franz and Van Bruggen (1967) that a significant altera-

tion in the permeability of the skin of frogs occurs in the presence of
only 2. 5% DMSO; (2) the statement of Jorgensen, Lev, and Ussing

(1946) that the exchange of water between the continuous extracellular
fluid and the external environment in the axolotl (Amblystoma mexi-

canum) occurs to some extent in the kidneys, gastrointestinal and
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urinary tracts, and lungs, but primarily in the skin; (3) the report of
Jakowska, Nigrelli, and Sparrow (1958) that osmoregulatory dysfunc-

tion of damaged skin caused hyperhydration and death of irradiated
Notophthalmus viridescens; and (4) the observations in this study that
the skin changed color during the period of hyperhydration, which

immediately preceeded the death of these animals, and that high water
loads were found in the abdominal cavity, as described by Parsons and
van Rossum (1961) and Deyrup (1964).

Factors Associated With
Radiosensitivity and Radioprotection
A linear relationship between the concentration of DMSO ad-

ministered intraperitoneally and the degree of radioprotection was
demonstrated.. The greatest degree of radioprotection was observed
with the maximum sublethal concentration, although smaller concen-

trations did provide some protection. The data supported the general
hypothesis that the effectiveness of DMSO as a radioprotective agent

depended on its ability to alter the physiological status of the irradiated
animals.

Experiments concerned with the time of administration of the

chemical agent, also helped to clarify this point. Here, it was found
that DMSO could not only be administerd 15 minutes prior to exposure,

but that administration of this agent must occur prior to exposure. The
degree of radioprotection for previously injected, untreated, and post-
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injected, irradiated newts, respectively, was as follows: pretreatment > untreated > post-treated. The data, therefore, support the
hypothesis that DMSO influenced the extent of biological damage result-

ing from the irradiation, expressed in greater mean survival times,
and lead to rejection of any hypothesis concerning an enhancement of

repair processes after exposure. In the latter case, DMSO either
impeded the repair processes and/or caused some type of additional
insult which retarded recovery. Additional and more specific
changes in the physiological status of the newts will be discussed in

considerable detail later, when specific biological alterations which
may partially account for the reduction in radiosensitivity are
described.

The mean survival times of irradiated newts, stored at 10 °C,
provided quite adequate results, having rather small standard deviations for this type of study (an essential requirement for a good
comparative study in radio sensitivity). This temperature is well

below the "critical thermal maximum" described by Willis and Prince
(1967) for this same population of newts and, thus, allowed for extended periods of survival.
According to Fromm and Johnson (1955), the metabolism of

frogs, measured by the oxygen consumption of these animals stored
under winter conditions (10°C), was 55% less than that of frogs

recorded under spring conditions (25°C). This Q 10 effect on
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metabolism and greater dependency upon lipid catabolism (Brown,

1965) at the lower temperatures, partially accounts for the extended
survival times noted in this study.

On the other hand, seasonal differences in survival were not

entirely due to temperature. In this study, newts taken from the lake
during the summer lived approximately two and one-half times longer
than spring-collected newts. The reason for these differences in

survival times may be due to seasonal variation in the size of the
newts, metabolic activity, degree of vascularity, lipid accumulation,
and reproductive activity. During the spring an increase in metabolic

activity in response to the maximum reproductive period causes the

fat reserves to be utilized more rapidly than in newts collected during
the summer. In addition to the faster utilization of the stored fat,

newts collected in the spring have smaller quantities of fat reserves
due to their reduced food intake during the late fall and winter months.

Therefore, it is not surprising that well-fed, summer-collected newts
lived longer than the spring-collected newts under experimental
conditions in which the animals were held unfed at 10°C.

Differences in radiosensitivity due to sex were observed for the
spring-collected,newts, but not for those animals collected during the

summer. Contrary to what is often observed in mammals (Casarett,
1968), male newts lived significantly longer than the females after

being irradiated during the spring. The reason(s) for these differences
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in mean survival times may be due to hormonal differences in the
impregnated female newts, which were described by Pimentel

(1952),

as compared to males during the spring. On the other hand, such

hormonal differences may not be so prevalent or critical during the
summer, thus allowing for the insignificant differences observed in
mean survival times of newts collected and irradiated during that
season.

One item is clear: a comparative study of the effect of DMSO or

any other agent on the survival of Taricha granulosa must be carried
out using only summer-collected newts or spring-collected newts, not

both; and the animals must be classified according to sex if springcollected newts are to be utilized.

After investigating the above factors, it appeared that a complete
comparative study of the effect of DMSO on the radiosensitivity could

be successfully undertaken.
Degree of Radioprotection

The effect of radiation on Taricha granulosa can be more readily
understood by comparison with radiation effects on other vertebrates.
While man has an LD 50/30 days of approximately 700 R, amphibians
which is considerably higher [1486 R for
have an LD50/30
days

Notophthalmus viridescens at 22-23°C (Jakowska, Nigrelli, and
Sparrow,

1958); 6,000

R for Siredon mexicanum at

22-23°C

(Brunst,
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1958a); and 30, 000 R for Taricha granulosa at 10°C], depending upon
the experimental conditions. This difference in mortality rate has

been suggested to be the resultant of the more active metabolism in

mammals, expressed in an earlier "primary acute reaction" (Brunst,
Barnett, and Figge, 1951); ability of the cells of newt tissue to recover
more rapidly via regeneration, even though irradiation partially inhibits repair (Pietsch, 1963); more active phagocytosis of damaged
cells by macrophages in amphibians than in mammals (Brunst, 1950a,

c); and the longer and more viable "stable state" of amphibians

(Brunst, Sheremetieva-Brunst, and Figge, 1953). However, this does
not necessarily mean that amphibians have a higher tolerance level to
irradiation than do mammals, because amphibians eventually die

after receiving rather low radiation exposures, often lower than many
mammals which survive (Sparrow et al., 1969). It is their survival

time that is greatly prolonged.

In this study, the mean survival time-exposure curve of the

untreated, irradiated newts was typically sigmoid, as previously
reported by Willis and Prince (1967). The threshold lethal dose for
the nontreated newts was 200 R. Newts receiving exposures less than

this lived just as long as the controls, dying merely from starvation
at a mean time of 370 days post-irradiation. All animals, regardless

of their irradiation exposure, died in a single mode of death.

Furthermore, it was clearly demonstrated that the natural
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radioresistance of these animals can be significantly improved by pretreatment with DMSO. The DMSO-treated, irradiated newts also
exhibited a typical sigmoid curve over the range of exposures and died
in a single mode at each exposure. They experienced absolute pro-

tection from lethality until they had received over 500 R. A dosereduction factor of 2.45 was calculated for the time presumed to
represent the predominant phase of the hematopoietic syndrome (200
days).

The degree of radioprotection afforded by DMSO is dependent

upon the time of administration, concentration of DMSO administered,

and the radiation exposure. Newts receiving an injection of DMSO

prior to, but not after, irradiation had mean survival times which were
significantly longer than those of untreated, irradiated newts for all
exposures between 200 R and 15 kR. Furthermore, a linear relation-

ship was found between the concentration of DMSO and the degree of

radioprotection, with the maximum sublethal concentration providing
the maximum reduction in radiosensitivity. The degree of radioprotection afforded by DMSO was also found to be dependent upon the

radiation exposure. This was clearly demonstrated when the degree of
radioprotection afforded the DMSO-treated newts, exposed to 15, 000

R was found to be greater than that of newts exposed to 5, 000 R, but

yet, much less than that of animals exposed to 500 R (Figure 15).
Protection was not observed for exposures below 200 R since
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the irradiated newts, whether they were administered DMSO or not,

lived just as long as the controls. Likewise, DMSO-treated newts
exposed to 30 kR were not protected. This is not surprising since

most radioprotective agents do not afford protection for all doses,
especially those as massive as 30 kR. Nevertheless, absolute radioprotection did occur between 200 R and 500 R, while mean survival

times were extended after exposures up to 15 kR. This reduction in

radiosensitivity resulted in a displacement of the mean survival

time-exposure curve, representing the DMSO-treated, irradiated
newts, both upward and to the right (Figure 16). Several observed
changes in the physiological status of the newts administered DMSO

may account for this reduction in radiosensitivity.
Mechanism(s) of Action

The reduction in radiosensitivity for doses ranging between 200
R and 15 kR (Figure 16) may be partially accounted for by changes

observed in the hematopoietic system and in the respiratory rate of
these newts. In addition to these two physiological changes, DMSO

also prevented the formation of visible skin ulcerations, commonly

noted in the nontreated, irradiated animals.
Changes in the Hematopoietic System

According to Brunst (1958b), the cause of death for newts
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receiving doses of irradiation up to 12.0 kR is due to the functional

failure of the blood, spleen, and peripheral portion of the liver. It
seemed appropriate then to compare the damage observed in the
hematopoietic system of nontreated and DMSO-treated newts after an
exposure of 650 R. Here it was found that the spleens of the DMSO-

treated animals weighed considerably more than those of the controls,

while the spleens of the nontreated, irradiated newts experienced a
continuous weight loss (atrophy) beginning ten days after exposure,

strongly suggesting hematopoietic failure. Furthermore, the un-

treated, irradiated newts suffered from anemia, while the DMSOtreated, irradiated newts experienced an elevation of red blood cell
concentration in the circulating blood of more than two and one-half

times that of the controls. Thus it appears that Taricha granulosa,
like Siredon mexicanum (Brunst, 1958b), dies from the hematopoietic
syndrome, especially at the lower radiation doses and that DMSO

reduces radiosensitivity by preventing the "primary acute reaction"

observed in the untreated, irradiated newts.
This prevention of the "primary acute reaction" in the DMSOtreated animals seems to stem from the physiological changes
produced in the animal after an injection of DMSO. For example,
newts merely injected with DMSO exhibited drastic increases in the
weight of the spleen and the number of circulating red blood cells
within 24 hours, This elevated state was maintained for the duration
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of the study (43 days). In other words, it appears that DMSO brings

about those physiological changes which oppose the pathological

changes associated with the hematopoietic syndrome, such as atrophy
of the lymphatic organs and anemia.

The increase of red blood cells in the circulating blood may be
due to an emptying of the sinusoids or to a decrease in the blood
volume. A reduction in the blood volume might have occurred since
many of the organ systems exhibited hyperhydration which might have

indicated a net transfer of fluid from the blood to the other tissues.
On the other hand, a marked net increase in body weight (hyperhydration) occurred coincidentally with the RBC count increase suggesting

a general hydration of all tissues, including blood. Furthermore, no
gross reductions in blood volume were noted at the time of decapitation. Thus, the reason for the increase in the number of circulating

red blood cells remains uncertain and needs further investigation.
Changes in the Respiratory Rate

Since several investigators (Bacq and Alexander, 1961) in the

past have demonstrated that a reduction in metabolic rate during
radiation exposure will afford radioprotection, an investigation was
made to determine the effect of DMSO on the rate of respiration during

the time normally required for irradiation.
The results clearly demonstrated that the respiratory rate of the
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DMSO-treated newts was only 70-80% that of the untreated group

during that time normally required to expose the animals to 15 kR by
60Co

gamma rays. This simple feature, then, that DMSO causes a

reduction in the respiratory activity of the newts during the time of

exposure, could, in itself, partially or largely explain the reduced
radiosensitivity of the DMSO-treated newts, because reducing the

metabolic activity of animals perhaps renders protection by allowing

cells a longer time to recover from radiation injury.
Prevention of Skin Ulcerations

Unlike the untreated, irradiated newts which were plagued with

primary and secondary lesions, as well as "light patch" formation,
the DMSO-treated, irradiated newts never evidenced skin damage,

regardless of the dose of radiation administered.
The lesions noted in the untreated newts appeared to be a major

factor in causing lethality, especially at the higher doses (7. 5-15. 0
kR).

This conclusion is not new, but is supported by (1) Jakowska,

Nigrelli, and Sparrow (1958), when they demonstrated that skin damage

in Notophthalmus viridescens resulted in death via osmo-regulatory
problems; (2) Czopek (1959), when he noted that skin, itself, is vital

since it accounts for 74% of the respiration in Triton vulgaris; and (3)
Brunst (1965), when he observed that radiation necrosis of the skin of

the adult axolotl, Siredon mexicanum, was the primary cause of
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lethality for doses of approximately 12. 0 kR. At any rate, the

prevention of these lesions may account for some of the observed

reduction in radiosensitivity, especially at the higher doses.
In conclusion, it should be emphasized that the reduced radiosensitivity brought about by DMSO is probably due to (1) long term

physiological changes produced in the hematopoietic system; (2) a

reduction in the respiratory rate at the time of irradiation; (3) the
prevention of skin damage; or (4) any combination of these factors.

Furthermore, the degree of reduced radiosensitivity probably is due to
the effectiveness of the mechanism(s) of DMSO action upon that

particular organ or system most responsible for the lethality of
newts at that particular dose. Finally, DMSO must act, at least in
part, if not almost entirely, upon the hematopoietic system, since all

available evidence to date indicates that the death of newts from

irradiation is due primarily to that syndrome, even after exposures
as high as 12-15 kR.
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SUMMARY

Within the last decade, dimethyl sulfoxide (DMSO), first
synthesized in 1867 by Saytzeff, but essentially overlooked since then,

has been demonstrated to be an outstanding solvent, penetrant-

carrier, cryoprotective agent, bacteriocidal agent, and a sporicidal
agent.

This compound has also been shown to penetrate and distribute

itself throughout the entire organism rapidly and nondiscriminately, to
have a low order of toxicity, and to be detoxified quickly--many of the

prerequisites of a good radioprotective agent. With this in mind,
together with the knowledge that Ashwood-Smith (1962) had reported

that DMSO afforded radioprotection to mice after receiving lethal

exposures of X-irradiation, the author first investigated the degree of
radioprotection afforded the Rough-Skinned Newt by DMSO; and

secondly, its possible mechanism(s) of radioprotective action. This

study was warranted since the search for a simple, non-toxic agent
which would protect from radiation injury is far from complete.
Before such an investigation could be made, the toxicity of DMSO
to the Rough-Skinned Newt had to be determined. Intraperitoneal

injection and immersion studies revealed maximum sublethal doses of
15 g DMSO/kg and 2% DMSO, respectively. Although the toxicity

experiments were extended for one year, the vast majority of the
deaths, resulting from lethal doses of DMSO, occurred within 24 hours.
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Thus, the toxic effects were shown to be acute rather than chronic
under the conditions of the experiment.

Several factors associated with radiosensitivity and radioprotection were also investigated including DMSO concentration, time

of administration, maintenance temperature, seasonal differences,
and sex differences.

A linear relationship was revealed between the concentration of
DMSO administered and the degree of radioprotection. An injection of
15 g DMSO/kg (I. P.) proved to be both the maximum sublethal con-

centration and the concentration producing the greatest reduction in
radiosensitivity. Dimethyl sulfoxide was found to be protective only

if administered prior to exposure.
More than 2, 000 newts, predominantly males, were collected
and maintained unfed at 10

oC

for this comparative survival study.

Only newts collected during the summer were used, since it was found
that: (1) Summer-collected newts lived two and one-half times as

long as spring-collected animals when unfed, and (2) the latter group
was shown to have sex differences in radiosensitivity (males living
longer than females).
Exposures were made with 300 kVp X-rays and

60

Co gamma

rays and mean survival time-exposure curves for both the DMSOtreated and untreated newts were determined to be typically sigmoid.

However, the mean survival times of the DMSO-treated newts were
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significantly longer for all exposures between 200 R and 15 kR. The

reduction in radiosensitivity was definitely dose-dependent, since the
degree of radioprotection afforded by DMSO was ranked as follows:
500 R > 15, 000 R > 5, 000 R. The lethal threshold dose of the untreated

newts was 200 R, while at exposures up to 500 R the DMSO-treated

animals showed a mean survival time that was not significantly
different from the fasting controls (370 days). Thus, for exposures
up to 500 R, DMSO-treatment provided absolute radioprotection.

A dose reduction factor of 2.45 was calculated for the time presumed
to represent the predominant phase of the hematopoietic syndrome
(200 days).

The mechanism(s) of action which resulted in a reduced

radiosensitivity is not entirely clear, but it is most likely due to the
effect of DMSO on the biological damage resulting from irradiation.

The evidence from this study supporting this point of view is as
follows: (1) There is a linear relationship between the DMSO and the

degree of radioprotection afforded. (2) DMSO must be administered

prior to exposure to increase the mean survival time of irradiated
newts. Animals injected with DMSO post-exposure demonstrated

shorter mean survival times than even untreated newts, indicating
that DMSO may not only influence the initial biological damage pro-

duced by irradiation, but might even inhibit subsequent recovery

processes.

(3) Marked changes in the physiological status of the DMSO-
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treated newts were observed, including a decreased respiratory

rate during the early post-injection period, a dramatic increase in
the number of circulating red blood cells, an increase in the weight

of such organs as the spleen and liver, the secretion of massive
amounts of neurotoxin, and the prevention of skin ulcerations,

commonly observed in the untreated, irradiated newts. One or a
combination of these physiological changes may be largely responsible

for the radioprotection observed.
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Appendix Table 1. "T"-test values and results comparing mean
survival times (MST) of newts subjected to various radiation exposures with and without a prior
intraperitoneal injection of 15 g DMSO/kg newt
(I. P.) and maintained at 10°C.

Radiation dose
(R)
0

100

*

MST of DMSO-treated >
MST of non-treated newts

"t"-test values and
significance levels

No

0.42 < 1.671 at t. 950
0.48 < 1.684 at t. 950
5.50 > 2.704 at t. 995
11.70 > 2.704 at t.995
31.60 > 2.704 at t. 995
42.80 > 2.704 at t. 995
62.00 > 2.660 at t. 995
38.90 > 2.704 at t. 995
37.20 >2.704 at t. 995
22.50 > 2.660 at t. 995
10.00 > 2.660 at t. 995
11.90 > 2.660 at t. 995
32.60 > 2.704 at t. 995
38.00 > 2.704 at t. 995
62.60 >2.660 at t. 995
0.94 < 1.671 at t. 950

No

200"

Yes

250

Yes

300*

Yes

400'

Yes

500

Yes

600*

Yes

700*

Yes

1.0 k
2.5 k
5.0 k

Yes

7.5 k

Yes

10.0 k
15.0 k
30.0 k

Yes

X-ray exposure.

Yes

Yes

Yes
No

Appendix Table 2. This section is devoted to the tabulation of survival data according to radiation exposure, concentration of agent (DMSO or
saline), maintenance temperature, number of newts, season taken from the lake, and sex of animals. Days of mortalities
are recorded for each group, as well as the mean survival time ± one standard deviation.
Radiation
exposure (R)

0

Concentration
of agent (g/kg)

0

Temperature
( °C)

Number, season, and
sex of animals

0

349, 358, 362, 366, 367, 370, 371, 373, 376(2),
378, 381, 389

370.4± 10.4

13 Su F

327, 351, 356, 364, 367, 369, 370, 372, 374(2),
376, 385, 391

367. 4±16. 1

10

10

10 Sp F

13 Su M
0

0

0
0

100 (X)

15 (DMSO)

15 (DMSO)

0

15 (Saline)
0

MST ± 1 SD

13 Su M

10 Sp M
0

Days of mortalities

10

110, 129, 140, 147, 149, 151, 153, 162, 162,
180

99, 125, 143, 145, 147, 148, 151, 153, 155,
173

314, 351, 355, 364, 367, 370(2), 371, 375(2), 378,
382, 386

148. 1 ±19. 1
143. 9 ± 19. 7

366.0± 18, 4

14 Su F

335, 344, 358, 362, 364, 368(2), 373, 375(2), 380(2),
382, 394

368. 4±15. 4

10 Sp M

120, 124, 140, 148, 149, 151, 154(2), 156, 180

147. 6± 17. 0

10 Sp F

110, 133, 145, 147, 150, 151, 153, 158, 166, 174

148.7 ±17. 7

25

15 Su M

1(2), 3, 5, 6, 8, 10(4), 11, 12(3), 14

8.9± 3.8

25

13 Su M

2, 5(2), 7, 8, 10, 11(4), 13(3)

9.2± 3.5

10

18 Su F

322, 326, 338, 344, 349, 353, 355, 357, 358(2),
360, 362(2), 366, 370, 376, 381, 396

10

357. 3 ±18. 1

Appendix Table 2. (continued)
Radiation
exposure (R)
100 (X)

200 (X)

200 (X)

250 ("y)

250 (N)

300 (X)

300 (X)

400 (X)

400 (X)

500 (Y)

Number, season, and
sex of animals

Concentration
of agent (g/kg)

Temperature

15 (DMSO)

10

19 Su F

334, 335, 338, 341, 346, 349(2), 353, 354, 356, 359(2),
361, 363, 366(2), 368, 370, 377

354.9±12.3

10

19 Su M

310, 323, 326, 331, 334, 336(3), 339, 340, 342(3), 344,
346, 348, 351, 356, 367

339. 6 ±12. 8

10

18 Su M

323, 338, 351, 355, 350, 361, 363, 366, 368, 370, 373,
374, 376(2), 381, 384, 387, 389

365.9±16.6

10

18 Su M

281, 290, 296, 301(3), 306(2), 309, 310(2), 315(2),
318, 323, 325, 328, 355

309. 4± 13.6

10

19 Su M

315, 330, 346, 352(2), 355, 358, 361(2), 364, 366(2),
367, 369, 373, 379, 386(2), 392

362. 8 ±18. 7

10

20 Su M

206, 211(2), 212, 213, 216, 218, 219(2), 220(2), 221,
222, 223, 225, 226, 227, 229, 231, 236

220.2 ± 7. 5

10

18 Su M

315, 326, 345, 350, 355, 361, 363(2), 364, 368(2),
373(2), 375, 377(2), 384, 391

362. 6 ± 19, 2

10

20 Su F

158(2), 163, 165, 168, 169, 171, 173, 174, 175(2),
176, 177(2), 178, 181, 183, 185, 192, 195

174.6± 9.8

10

18 Su F

334, 338, 349, 353, 361(2), 365, 366, 368(2), 369,
372, 375, 380, 383, 385, 390, 395

367. 3 ±16. 6

10

30 Su M

131, 134, 146, 150, 151, 153, 155(2), 175, 158,
159(3), 160(3), 161(2), 162(2), 163, 164(4), 165,
166, 167, 169, 178, 183

159.3± 9.9

0

15 (DMSO)

0

15 (DMSO)

0

15 (DMSO)

0

15 (DMSO)

0

( °C)

Days of mortalities

MST ± 1 SD

Appendix Table 2. (continued)
Radiation
exposure (R)

Concentration
of agent (g/kg)

Temperature
( °C)

Number, season, and
sex of animals

Days of mortalities

MST ± 1 SD

500 (11)

5 (DMSO)

10

5SuM

230, 241, 246, 257, 263

247. 4± 13.0

500 (N)

10 (DMSO)

10

5SuM

257, 273, 281, 284, 291

277. 2 ± 13. 0

500 ('y)

15 (DMSO)

10

29 Su M

320, 337, 349, 356, 359, 362, 365(2), 367, 368,
369(2), 371(3), 373(2), 375(3), 377(2), 378, 381,
383(2), 389, 395, 399

370.0±15.8

500 (V)

15 (Saline)

10

30 Su M

132, 148, 152, 153, 157, 158(2), 159, 160, 161(2),
162(2), 163(3), 164(3), 165, 167(3), 168(2), 170, 172,
173, 177, 181

162.3 ± 9.6

600 (X)

0

10

20 Su M

135, 150, 155, 158, 159, 160(2), 161(3), 162(2), 163,
164(3), 166, 168, 172, 180

161.2± 8.7

10

20 Su M

242, 247, 252(2), 253, 254, 255(2), 256, 258(2),
259(3), 260, 262, 263(2), 268, 274

257.4± 7.0

10

20 Su M

133, 139, 140, 142(3), 143, 144(2), 145(2), 146(2),
147, 148, 149, 150(2), 154, 161

145.5± 5.9

10

20 Su M

206, 214, 217, 220, 221(2), 222, 223(3), 224(2),
225(2), 226(2), 228, 230, 235, 243

223. 8± 7. 5

10

30 Su M

131, 132, 133(2), 135(2), 136(2), 137(3), 138(2),
139(3), 140(1), 141(4), 142(1), 143(2), 145(2), 146,
147, 148, 149

139. 5± 4. 8

600 (X)

700 (X)

700 (X)

1.0 k

15 (DMSO)

0

15 (DMSO)

0

Appendix Table 2. (continued)

Radiation
exposure (R)

1.0 k

Concentration
of agent (g/kg)

Temperature
(°C)

15 (DMSO)

10

Number, season, and
sex of animals

30 Su M

Days of mortalities

MST ± 1 SD

166, 174, 176, 178, 179(2), 180, 181(4), 182(2), 183,
184(2), 185(3), 186(2), 187, 188(2), 189(2), 190, 191,

183.6± 6.1

193, 197

1.0 k

2. 5 k

15 (Saline)

0

10

30 Su M

121, 133(2), 134, 135, 136, 137(2), 138(2), 139(3),
140(2), 141(3), 142(3), 143(2), 144(2), 145, 146(2),
148, 150

139.9± 5. 5

10

30 Su M

120, 132, 134, 135(2), 137(3), 138(4), 139(3), 140(3),
141(2), 142(3), 143(2), 144, 146, 147, 149, 153

139.9± 4.9

2. 5 k

15 (DMSO)

10

30 Su M

139, 144, 146, 148(2), 150(2), 151, 152(3), 153(2),
154(3), 155(2), 156(3), 157, 158(2), 159(2), 160, 161,
163, 168

154.0± 5.8

2. 5 k

15 (Saline)

10

30 Su M

121, 124, 126(2), 128, 129, 131, 132(3), 133(3),
134(3), 135(2), 136(3), 137, 138(2), 140, 141(2),
142, 143, 148

134.2± 5.9

2. 5 k

15 (DMSO)*

10

9 Su M

68, 80, 96, 98, 101, 103, 139, 155, 156

112. 2±33. 9

21 Sp M

97, 100, 105, 113, 121, 125, 128(2), 130, 131, 132(2),
134(2), 135, 140, 142, 148, 154, 158, 170

131. 8 ±18.4

20 Sp F

91, 100, 102, 109, 112(2), 114, 115, 116(2), 117(3),
119, 123(2), 124, 126, 133, 149

116.7±12.2

20 Sp M

98,126, 140, 148, 156, 160, 163, 164(2), 166, 167,
169(2), 171, 173, 176, 179, 188, 192, 201

163. 5±22. 9

20 Sp F

107, 121, 127, 135, 140, 143, 146, 148(2), 149(2),
152, 155(3), 156, 159, 164, 168, 181

147. 4±16. 6

3.0 k

3.0 k

0

15 (DMSO)

10

10

Appendix Table 2. (continued)
Radiation
exposure (R)

5.0 k

Concentration
of agent (g/kg)

0

Temperature

(oc)

Number, season, and
sex of animals

Days of mortalities

MST ± 1 SD

15 Su M

111, 124, 125, 127, 128(2), 129, 130(2), 131,
132(2), 133, 137, 140

129.1 ± 6. 5

15 Su F

117, 127, 128(2), 129, 130(2), 131(2), 132, 133,
135, 137, 145, 148

132.1± 7.4

10

5.0k

5 (DMSO)

10

5 Su M

123, 132, 135, 138, 142

134.0± 7.2

5.0 k

10 (DMSO)

10

5 Su M

128, 135, 138, 141, 149

138.2± 7.2

15 Su M

138, 142, 145, 147, 148(2), 149(2), 150, 151,
152, 153, 154, 155, 158

149.2± 5.1

15 Su F

137, 143, 145, 148(2), 149, 150, 151(2), 152,
153(2), 154, 156, 160

150.0± 5.6

116, 123, 125, 126(2), 127(3), 128, 129, 130(4),
131(2), 132(3), 133(2), 134(3), 135(2), 136, 138,
141, 144

130.9± 5.4

98, 105, 107, 110, 116

107. 2 ± 6.6

5.0k

15 (DMSO)

10

5. 0 k

15 (Saline)

10

30 Su M

5.0 k

15 (DMSO)*

10

5 Su M

7. 5 k

0

10

20 Su F

92(2), 94, 96, 97(2), 98(3), 99(2), 100(3), 101(2),
102, 105, 107, 108

20 Su F

133, 134, 135(2), 136(3), 137(2), 138(2), 139, 140(3),
141(2), 143, 144, 146

7. 5 k

15 (DMSO)

10

7. 5 k

15 (DMSO)*

10

9 Su M

36, 49, 61, 65, 90, 93, 103, 105, 108

99. 2± 4.3

138.4± 3.4
78.9 ±26, 6

Appendix Table 2. (continued)

Radiation
exposure (R)

10.0 k

Concentration
of agent (g/kg)
0

Temperature
( °C)

Number, season, and
sex of animals

Days of mortalities

MST ± 1 SD

10

20 Su M

67, 70, 71, 72(2), 73(3), 74(2), 75(4), 76(2), 78,
79, 81, 83

74.6 ± 3. 7

118.2± 3.0

10.0 k

15 (DMSO)

10

20 Su M

113, 115(2), 116, 117(5), 118(4), 119(2), 120(2),
122, 123, 126

10.0 k

15 (DMSO)*

10

10 Su M

12, 15, 30, 38, 52, 63, 64, 76, 81(2)

51. 2 ±26. 2

10

30 Su M

40, 41(2), 42, 43(4), 44(3), 45(7), 46(5), 47(2),
48(3), 49(1), 51(1)

45, 0± 2, 5

15.0 k

0

15.0 k

5 (DMSO)

10

8 Su M

51, 52, 54, 56, 59, 62(2), 68

58, 0± 5. 8

15.0 k

10 (DMSO)

10

8 Su M

57, 60, 63, 65, 68, 69, 70, 75

65.9± 5. 8

15.0 k

15 (DMSO)

10

30 Su M

74, 76(3), 78(4), 79, 80(6), 81(3), 82(4), 83,
84(3), 85(2), 86, 90

80. 8± 3. 4

15.0 k

5 (Saline)

10

8 Su M

37, 39, 40, 42(2), 45, 48, 50

42. 9 ± 4.5

15.0 k

15 (Saline)

10

30 Su M

32, 33, 36, 37, 38(2), 39(3), 40(4), 41(6), 42(4),
43(3), 44, 45(2), 48

40.5± 3. 3

15.0 k

15 (DMSO )*

10

9 Su M

21, 29, 31, 32, 39, 43, 44, 45, 46

36. 7± 8. 8

25

14 Su M

2(2), 4, 6(2), 8(3), 9(6)

6, 9± 2.6

25

15 Su M

1, 2, 5(2), 6, 8(2), 9, 11(2), 12(4), 17

8. 7 ± 4.3

15.0 k
15.0 k

0
15 (DMSO)

Appendix Table 2.
Radiation
exposure (R)

15.0 k

30.0 k

(continued)

Number, season, and
sex of animals

Concentration
of agent (g/kg)

Temperature
(0C)

15 (Saline)

25

14 Su M

2(2), 3, 4(2), 7(3), 8(4), 9(2)

10

30 Su F

25, 26(3), 27(4), 28(5), 29(5), 30(7), 31(2), 32(2), 35

28.9± 2. 1

0

Days of mortalities

MST ± 1 SD

6. 1± 2.6

30.0 k

15 (DMSO)

10

30 Su F

26(2), 27(5), 28(3), 29(7), 30(5), 31(6), 32(2)

29. 1 ± 1.7

30.0 k

15 (Saline)

10

30 Su F

16, 17(3), 18(7), 19(8), 20(7), 21(4)

19. 0 ± 1.3

Su = Summer
Sp = Spring
M = Male

F =Female
(X) =X-ray
(y)= Gamma ray
* = DMSO injected after irradiation

