
AN ABSTRACT OF THE THESIS OF

George Rex Thompson for the Ph. D.
(Name of student) (Degree)

in Pharmacology presented on
(Major) '(Date)

Title: STUDIES ON THE TOXICITY OF THE CARCINOSTATIC

COMPOUND 1, 3-BIS (2-CHLO)OETHYL)-1-NLTROSOUREA

Abstract Approved:
Redacted for Privacy

Robert E. Larson

Investigations were undertaken to characterize the toxicity in

animals treated with 1, 3-Bis(2-chloroethyl)-1-nitrosourea (BCNU).

Primary experimental interest in this compound had centered around

its antineoplastic activity; however, clinical application of the com-

pound resulted in the appearance of delayed toxicity symptoms. A

critical evaluation of the toxicity associated with BCNU has not been

reported, therefore, these studies were undertaken to fill this need.

That BCNU produced a latent toxicity was verified in acute

lethality studies. No deaths occurred prior to five days post treat-

ment even with doses three to five times the median lethal dose

(LD50). The LD50, determined by the administration of graded,

single oral doses of BCNU to rats, was found to be 30 mg/kg when

the observation time was 30 days. If the cut-off time was extended

to 70 days, 30 mg/kg resulted in mortality of all treated animals.



Furthermore, if the cut-off time was set at 90-100 days, a single dose

of 20 mg/kg killed all treated animals. Similar mortality patterns

were observed for another nitrosourea derivative, 1-(2-chloroethyl)

-3-cyclohexyl-l-nitrosourea (CCNU), but this congener was only half

as potent as BCNU on either a weight or molar basis.

Decreased body weight of the BCNU treated animals was one of

the most conspicuous features of the toxicity. The magnitude of this

effect was dose related and could be attributed to alterations in sever-

al metabolic systems. Parallel reductions of plasma volume and

body weight suggested that the decreased animal weight reflected loss

of body water. Decreased food consumption also contributed to weight

losses. In addition, increased blood urea nitrogen levels and dimin-

ished weights of liver, kidney and brain suggested that an increase

of catabolism may have complemented the body weight losses.

A prolonged and progressive bimodal hepatotoxicity was re-

vealed by a series of standard hepatic function techniques following

BCNU administration to rats. By one week post treatment, all doses

of BCNU resulted in prolonged pentobarbital hypnosis and enhanced

bromsulfalein (BSP) retention. Enzyme induction with phenobarbital

significantly decreased the prolongation of narcosis. Elevations of

serum bilirubin (SBr) appeared later, being delayed by as much as

63 days at the lowest dose. SBr was direct-reacting at early stages

but later shifted to indirect reacting coincidental with a reduction of



BSP retention. Histopathological evaluation revealed early peri-

cholangitis and necrosis of bile ductules. This pattern progressed

to one of focal necrosis of the hepatocytes, biliary cirrhosis and

proliferation of biliary epithelium.

Hematological examination disclosed an early leukopenia with

a later decrease in hematocrit and erythrocyte levels. Hemoglobin

levels, mean corpuscular hemoglobin, mean corpuscular hemo-

globin concentration, as well as mean corpuscular volume did not

deviate statistically from control levels. A diminished albumin-

globulin ratio was also detected. Plasma volume and total blood

volume were severely decreased at extended times. When expressed

as per cent of body weight however, both plasma and blood volume

did not deviate from control values. This was consistent with the

hypothesis that the lower body weights of treated animals reflected

losses of total body water.

High doses of BCNU were also found to decrease intestinal and

blood levels of serotonin. Brain levels of serotonin were significantly

elevated. These actions of BCNU may make the drug especially use-

ful as an investigative tool for evaluating the biological importance

of serotonin. In addition, some of the signs of BCNU toxicity may

be explained by the serotonin alterations.

The ability of BCNU to produce a severe and delayed toxicity

with a wide diversity of effects was verified in these studies. The



pattern of mortality induced by BCNU administration appeared to

result from a multiplicity of factors rather than a single toxic mani-

festation. The mechanism(s) by which the physiological systems

were compromised must await further investigations.
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I. STUDIES ON THE TOXICITY OF THE CARCINOSTATIC
COMPOUND 1, 3-BIS(2-CHLOROETHYL)

-1 - NITROSOUREA

GENERAL INTRODUCTION

A delayed toxicity resulting from administration of 1, 3-Bis(2-

chloroethyl)-1-nitrosourea (BCNU) to animals was revealed in early

screening studies. This toxicity was described as involving "liver,

kidney, lung and hematopoietic tissues" in dogs, monkeys and mice

(Southern Research Institute, 1964). The specific changes that oc-

curred in these organs were not reported. Introduction of BCNU into

the clinic produced a similar toxicity in humans (Rail et al., 1963;

De Vita et al., 1964; De Vita et al., 1965). Larson and Rall (1965)

first studied this toxicity over a 21 day time course. They reported

a marked loss of body weight by 24 hours post dosing. Serum bili-

rubin, glutamic-oxalate transaminase and glutamic-pyruvate trans-

aminase were all elevated by 48 hours post treatment. Histopatho-

logical alterations reportedly contributed to the pattern of hepato-

toxicity also. Delayed lethalities occurred as much as 100 days fol-

lowing BCNU administration. Their findings, therefore, suggested

that the toxicity resulting from administration of BCNU continued to

develop beyond the three week observation time employed in their

study. The factors underlying the reported delay in toxicity following

BCNU treatment have, as yet, not been reported.
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Historically, weak carcinostatic activity of 1-methyl-l-nitroso-

3-nitroguanidine (I, NSC-9369) against the murine leukemia L1210 was

observed in a routine screen carried out under the auspices of the

Cancer Chemotherapy National Service Center (CCNSC). These

observations led to a search for chemically related compounds which

might possess potential antineoplastic activity. The close chemical

relationship between 1-methyl-l-nitrosourea (II, NSC-23909) and (I)

suggested that nitrosourea derivatives be submitted to antineoplastic

NH
11

CH3-N-C-NH-NO2
1

NO

0
11

CH -N-C-NH2
3 1

NO

(I) NSC-9369 (II) NSC-23909

screening studies. Data from these tests warranted synthesis and

screening of additional nitrosourea congeners. The compounds, 1, 3-

Bis(2-chloroethyl)-1-nitrosourea (III, NSC-409962, BCNU) and 1-

(2-chloroethyl)-3-cyclohexy1-1-nitrosourea (IV, NSC-79037, CCNU),

were among the most active compounds tested, especially against

0
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intracerebrally inoculated L1210 leukemia in mice (Johnston et al.,

1963; Southern Research Institute, 1964; Johnston et al., 1966). 1 Re-

ports soon followed which verified that BCNU possessed activity

against systemic and intracranial L1210 leukemia (a neoplasm which

had been previously inaccessible to other chemotherapeutic agents)

as well as a broad spectrum of tumors (Goldin et al., 1964; Gale,

1965a; Reitemeier et al., 1966 Iriarte et al., 1966; Sugiura, 1967;

Horowitz and Groth, 1967; Ausmen et al., 1968).

The potency and diversity of the antineoplastic activity attri-

buted to BCNU stimulated considerable interest in delineating the

mechanism of its carcinostatic action. Gale (1965a) showed that

BCNU markedly reduced the rate of DNA synthesis while it increased

the rate of RNA synthesis and elevated NAD levels in Ehrlich ascites

tumor cells. Protein synthesis was slightly diminished. Supporting

evidence for some these observations was presented by Wheeler and

Bowdon (1965, 1968). Green (1966) reported elevation of nicotinamide

1 The BCNU and CCNU employed in all of these studies were gra-
ciously supplied by Dr. Harry B. Wood, Jr. , of the Drug Development
Branch of the Cancer Chemotherapy National Service Center, Bethesda,
Maryland.
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adenine dinucleotide glycohydrolase (NADase) activity by BCNU treat-

ment in all tumors tested. The activity of this enzyme was not ele-

vated in any of the non-neoplastic tissues he tested. No correlation

of this observation with that of Gale (above) has been made. Tumor

levels of NADase similar to those reported by Green (1966) have been

reported (Tsukagoski, 1968). Tsukagoski, however, found a 50-60

per cent reduction of NADase. in mice brains eight days after the ani-

mals were treated with 30 mg/kg BCNU. Apparently, Green missed

this delayed effect since his analyses were done on tissues from mice

treated with BCNU only one day previously. In addition, several

workers have reported data suggesting that BCNU may act by an

alkylating mechanism (Pittilo et al., 1964; Gale, 1965b; Wheeler and

Bowdon, 1965; Green, 1966; Loo et al., 1966; Montgomery et al.,

1967; Wheeler and Chumley, 1967). The initial suggestion that BCNU

exerted an alkylating ability arose in the early screening studies

(Schabel et al., 1963). In none of these reports was any attempt made

to correlate the biological actions and effects of BCNU to the latent

physiological alterations which resulted in the delayed deaths.

BCNU has shown actions other than its pronounced antineo-

plastic activity, however, which place it in a unique category of chemi-

cal agents. Delayed deaths were reported to occur as much as 100

days following a single oral dose of BCNU. In addition, four to five

days elapsed before the earliest deaths occurred, even at maximal
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drug levels (Larson and Rall, 1965). The reported in vitro plasma

half-life for BCNU of less than 20 minutes (Loo et al., 1966) and the

reported duration of effective antitumor levels for BCNU of less than

one hour (Chirigos et al., 1965) certainly contrast with the delayed

appearance of deaths. However, De Vita et al., (1965) could not

account for 30 per cent of their administered dose in man and monkey

over an eight day period. Harrod and Cortner (1968) presented the

first data which emphasized the tremendous persistence of the toxi-

cological manifestations of this agent. They reported lymphocytic

defects lasting for nearly one year in children treated with BCNU.

Certainly a compound possessing a biological half-life of less than

twenty minutes which can produce deaths 100 days post treatment and

induce cellular changes persisting for nearly one year must be classi-

fied as unique!

The present studies were, therefore, undertaken to character-

ize the persistent biological alteration(s) which resulted in the delayed

toxicity associated with BCNU. Since basic toxicological data had not

been reported for any of the nitrosourea derivatives, the initial ob-

jective was to obtain this information and make it available. A com-

parison of the prototype, BCNU, with another potential therapeutic

nitrosourea derivative with regard to toxicity seemed appropriate

since a reduced toxic potential of the latter compound would ultimately

lead to its greater therapeutic efficacy. A final objective of these
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studies was to delineate the functional mechanisms of the toxicity

associated with BCNU. If these mechanisms could be established,

perhaps an avenue would be suggested by which the toxicity, and

therefore lethality, of this agent could be circumvented, and its clini-

cal application more extensively applied.
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GENERAL METHODS

The main portions of these studies utilized rats as the experi-

mental animal. All rats were of the Sprague-Dawley strain raised

in our animal quarters from stock animals obtained from Simonsen

Laboratories, Inc. Six to eight week old rats weighting 180 to 220

gm. were given single doses of BCNU or CCNU by oral intubation ex-

cept where otherwise noted. The drugs were dissolved in corn oil

so that 2.5 ml /kg body weight was administered. Control animals

received an equivalent volume of vehicle. Dose levels were chosen

from the results obtained in the initial lethality and dose-range deter-

mining studies. Subsequent studies employed an LD99 (75 mg/kg

BCNU; 150 mg/kg CCNU), an LD50 (30 mg/kg BCNU; 70 mg/kg

CCNU), an LD10 (20 mg/kg BCNU; 30 mg/kg CCNU), and an LD1

(10 mg/kg BCNU; 15 mg/kg CCNU). Except for the weight-diet ex-

periment, rats were routinely housed five per cage (16" x 10" x 7")

and given free access to food and water. Ambient temperature in the

animal room was maintained at 70-72°F. Sampling times were se-

lected to correspond to the time when the majority of animals in a

given treatment exhibited the most severe toxic manifestations in the

lethality and early hepatotoxicity studies. Therefore, days 3, 7 and

14, 28, 63and 84 corresponded to major toxicity manifestations from

150, 75, 30 and 20 mg/kg BCNU respectively. Day 119 (17 weeks post
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treatment) was chosen as the cut-off time for all experiments. Some

evidence suggested that the 10 mg/kg group may have developed signs

of toxicity at periods beyond 119 days post treatment. Even though

a particular sampling time represented a peak for only one treatment,

surviving rats at all dosage levels were sacrificed at each period. In

this manner temporal physiological changes could be compared for the

different levels of treatment.

Statistical evaluation of the data was accomplished by either of

two methods. For some parameters (i. e. serum bilirubin, pento-

barbital hypnosis, bromsulfalein retention, etc.) cut-off values were

established at three standard deviations above the mean of a large

group (i. e. more than 50) of untreated rats of comparable age from

our animal colony. Greater values in experimental animals (treated

or control) were considered to be significantly elevated. The ratio

of animals in each group that exhibited significant values to the total

number of animals in the group was determined. Group differences

were then tested by casting this quantal data on a 2 x 2 contingency

table and applying the Fisher exact probability test (Siegel, 1956).

In other experiments (i.e. hematological and serotonin studies), the

data was evaluated statistically by the use of Student's t-test

(Snedecor, 1962). For both statistical tests, a probability of P<0.05

was chosen as the level required for rejection of the null hypothesis.
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II. A COMPARISON OF THE GROSS TOXICITIES OF 1, 3-
BIS(2-CHLOROETHYL)-1-NITROSOUREA (BCNU)
AND 1-(2-CHLOROETHYL)-3-CYCLOHEXYL-1-

NITROSOUREA (CCNU) IN RATS AND MICE

INTRODUCTION

The antineoplastic activity of BCNU and CCNU in experimental

tumors and clinical trials was previously documented in this treatise.

The similarity in activity and effectiveness of these two compounds

has been reported (Johnston et al., 1963; Schabel et al., 1963;

Wheeler and Bowdon, 1965; Wheeler and Chumley, 1967). However,

CCNU appears to be somewhat less potent (Wheeler and Chumley,

1967). Significant differences in potency could be suggestive of dif-

ferences in mechanism of action. This possibility could only be re-

solved in a comparative study.

Clinical evaluation of congeners other than BCNU has not been

reported, and little of the data reported for BCNU has pertained to

its toxicity. Only descriptive data is available (Rall et al., 1963;

Larson and Rall, 1965; Reitemeier et al., 1966). The present report

compares the gross toxicity of CCNU to that of BCNU in mice and rats

following single oral doses. In addition, data is presented which

quantify some of the gross manifestations of these compounds.
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METHODS

Lethality, Weight-Diet

Dose-response studies were carried out in rats and mice. All

rats employed in this study were housed two per cage (10" x 7" x7")

with free access to food and water. The weight of each animal and

the food and water consumption for each pair of rats were determined

at approximately the same time daily for the duration of the study,

or until the animal died. Treated and control groups contained five

to ten animals each.

Mice were of the CF.1 strain obtained from Carworth Farms,

Inc., and were housed ten per cage (10" x 6" x 5") with both food

and water provided ad libitum.. Mice weighing 20 to 30 gm were

dosed by the oral (P.O. ) subcutaneous (S.C.), and intraperitoneal

(I. P.) routes. Sufficient drug was dissolved so that a final volume

of 0.1 ml per 20 gm body weight was administered. In all cases.

lethality observations were terminated at 30 days post dosing.

Median lethal doses (LD50) and median lethal times (LT50) were dal=

htilated2by -the itiethod,of Litchfield and Wilco. on (1949) fromthe cum-

ulative mortalities observed. This statistical method incorporates

the accuracy of linear regression but is much more rapid than the

formal linear regression analysis. In addition, 95% confidence limits



can be obtained and potency ratio comparisons can be made be-

tween compounds.

Tissue Samples

11

Tissues were quickly removed from control and treated rats

previously anesthetized with ether and killed by exsanguination. Wet

weights of whole liver, the left lung and kidney (unless contaminated

or damaged), and brain withas little extraneous spinal cord, optic

and olfactory nerves as possible were measured on a single beam

Dial-O-Gram balance (Ohaus, Van Waters and Rodgers). Body

weights had previously been recorded. These tissues were then

stored in neutral buffered formalin for later histopathological exam-

ination.

Determination of D-xylose

Rats employed in this study were fasted for 18 hours prior to

an oral administration of 0.5 g/kg D(+)-xylose in 0.5 ml water

(Butterworth, 1959). The fast continued for the duration of the ex-

periment, but water was provided ad libitum. Feces and urine were

removed by manipulation prior to administration of the pentose. The

xylose dose was immediately followed by two ml water with an ad-

ditional 2.5 ml water given approximately three hours later. Each

rat was housed individually in an eight inch diameter by four inch
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high metabolism cage suspended over a pyrex collecting funnel. A

urine sample was collected for the first five hours following adminis-

tration of the xylose in a pyrex graduated cylinder under 1-2 mltolu-

ene to prevent evaporation. The entire small intestine from the

anterior duodenum to the caudal caecum was removed for analysis

of remaining xylose. All determinations for D(+)-xylose were ac-

complished by the photometric method of Roe and Rice (1948).

Blood Urea Nitrogen (BUN)

The plasma content of BUN was determined by a colorimetric

diacetyl monoxime method (Natelson, 1961). Blood was obtained by

cardiac puncture from ether anesthetized rats. Plasma was separ-

ated by centrifugation in oxalated tubes and frozen until analyzed.

Body Temperature

Rectal temperature of treated and control rats was recorded

at approximately the same time each day using a Telethermometer

(Yellow Springs Instruments, Inc., Model 44TD) and rectal probe

thermistor. Care was taken to insure proper insertion of the

thermistor probe for the period necessary to obtain a steady reading.
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RESULTS

Gross Observations

The onset of toxicity may be roughly estimated from observa-

tion of the treated animals. Toxic manifestations always followed

the same pattern of development in those rats treated with a single

dose at 20, 30 and 75 mg/kg. The primary difference was only in

the time required for development of these symptoms. The first

observable effect on about day two following 75 mg/kg treatment was

a mottled appearing fur which resulted primarily from lack of clean-

liness. This condition progressed to the point that the fur and tail

were heavily coated with urinary and fecal material from other rats.

On day three, the urine developed a deep golden color. The animals

also showed obvious weight loss which continued until death. By the

fourth day post treatment the normal pink coloration of the ears and

feet had changed to a lemon yellow suggesting a severe jaundice.

These rats also displayed a severe diarrhea. The fecal mass first

appeared dark brown or black but often progressed to a tan or gold

color. A considerable quantity of clear mucoidal or jelly-like ma-

terial was passed with the feces at the later times and contributed to

the lighter coloration. From day four or five and later, 75 mg/kg

treated animals appeared to walk tip-toe with their abdomens drawn

in. By one week to ten days post treatment they became inactive
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and huddled in groups. Handling of them revealed a highly irritable

nature. These animals, when sacrificed, had soft pliable bones sug-

gesting a diminished calcium content. If not sacrificed, these rats

usually died within a few days. No rats dosed with 75 mg/kg sur-

vived longer than 14 days post treatment, and deaths never occurred

prior to four days post dosing.

Rats treated at 20 and 30 mg/kg displayed this same sympto-

matic pattern, but it was extended over longer time periods. The 30

mg/kg groups usually did not show notable symptoms until day four,

but these progressed in severity until approximately week four post

treatment when death usually occurred. The 20 mg/kg groups did not

show observable effects until about one week post treatment. The

toxic syndrome in these animals then progressed to a peak in 9 - 12

weeks when most of the animals died. Rats treated at 10 mg/kg and

followed for 120 days showed only a slightly yellow skin discoloration

about week nine post treatment. Sacrificing some of these animals at

week 12 did reveal "hobbed-nailed" and "nutmeg" appearing livers in

occasional rats (Figure 4-7).

Treatment of rats with equally toxic doses of CCNU seldom

produced symptoms as severe as those seen with doses of BCNU. A

similar but less severe pattern of weight loss, golden urine, yellow

ears and paws, and some diarrhea were also seen, however.. Alopecia

occurred at a higher incidence from CCNU treatment. One animal
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became completely nude except for its head. BCNU treatment did

cause random loss of hair, but never balding,as seen with CCNU treat-

ment. The less severe symptomatology from CCNU administration

coupled with its equivalent antineoplastic activity might warrant its

introduction into the clinic.

The lethal effects of BCNU and CCNU in mice and rats fol-

lowing single oral injections are compared in Table 2-1. BCNU ap-

peared to be equally potent in male and female rats and mice. CCNU

showed equal potency in male and female rats, and in male mice and

rats, but it was significantly more lethal to female mice than to fe-

male rats. Due to the inherent variability in any lethality study, the

effect on female mice may not have been typical.

The difference in potency of three routes of injection (oral,

P. O. ; intraperitoneal, I. P. , and subcutaneous, S. C.) for both BCNU

and CCNU in mice is compared in Table 2-2. BCNU was again found

to be significantly more potent than CCNU for all three routes. No

differences in lethality occurred with either agent as a result of vari-

ations of the injection route.

A comparison of times required for 50% mortality, (LT50) fol-

lowing the administration of a 30-day 99% lethal dose level (LD99)

of CCNU and BCNU in rats and mice showed no significant drug dif-

ferences in either species for the equitoxic drug levels (Table 2-3).



Drug dissolved in corn oil for all routes, S=slope function=S 1/S2
amg/kg (mM/kg) dP.R. =Potency ratio =LD50

1
/LD50

2b95% confidence limits eAnimals per dose/number of doses
XGroups significantly different in potency



Table 2-1. Comparison of 30-Day LD50 Data For BCNU and CCNU in Mice and Rats.

Drugs
Species

95% C. L. b
Scand ,sex LD50a Group Compared to P.R.d

BCNU rat male 29.7 21. 5-41.0 1. 450 CCNU rat ---- male 2. 373x
(14/5)e (138. 8) BCNU rat -- -female 1.138

BCNU mice--- male 1. 531

rat - - -female 33.8 22. 5-50.7 1.390 CCNU rat- - -female 2.242x
(5/4) BCNU mice- female 1. 362

mice- male 19.4 1 5. 2-24. 8 1.635 CCNU mice-- -male 2.628x
(12/4) BCNU mice-female 1.279

mice- -female 24.8 21.6 -28.5 1.400 CCNU mice-female 2.1 57x
(15/4) (11 5.9)

CCNU rat male 70. 5 59.8-84.2 1.423 CCNU rat-- -female 1.035
(14/5) (303.9) CCNU mice- --male 1.381

rat- - - female 72.5 53.2-101.4 1.690 CCNU mice-female 1.917 x

(5/4) (312. 5)

mice - male 51.0 29.2-89.3 2.000 CCNU mice-female 1. 348
(10/3) (219.8)

mice-female 37. 8 27. 8-51.4 1. 527
(14/4) (162.9)

s Drugs given orally in cornamg/kg (mM/kg)
b95% confidence limits
cS=slope function=Si /S2

oil dSlopes of all lines compared did not deviate significantly
from parallelism, P.R. = potency ratio =LD501 /LD502

eAnimals per dose/number of dosesxGroups significantly different in potency



Table 2-2. Comparison of Potencies for Different Routes of Injection of BCNU and CCNU in Male and
Female Mice.

Drugrugs
Injection Route

sex LD50
a b9 5% C. L. Sc Group Compared to dP.R.

BCNU P.O. --female 24. 8 21. 6-28. 5 1. 400 I. P. --female 1. 290
(15/4)e (115. 8) S. C. --female 1. 360

P.O. -- -male( Table 2-1) 1. 279
P.O. --female (CCNU) 1. 523x

I. P. --female 25.5 21.0 -31.0 1. 367 S. C. --female 1. 053
(10/4) (119.1) I. P. --female (CCNU) 2.098x

S. C. --female 24.2 19. 8-29. 6 1. 385 S. C. --female (CCNU) 2. 208x
(10/4) (113.0)

CCNU P.O. --female 37. 8 27. 8- 51.4 1. 527 I. P. --female 1.41 5
(14/4 (162.9) S. C. --female 1.41 5

P.O. ----male 1. 348

I. P. --female 53.5 39. 6-72. 2 1. 413 S. C. --female 1.070
(12/4) (230.4) I. P. ----male 1.052

S. C. --female 53.5 35. 0-81. 8 1. 558 S. C. ----male 1.134
(10/4) (230.4)

P. O. - - -male 51.0 29. 2-89. 3 2. 000 I. P. ----male 1.104
(10/3) (219.8) S. C. ----male 1. 190

I.P.---male 56.4 44. 1-72. 2 1. 328 S. C. ----male 1.077
(10/4) (243.0)

S.C.---male 60.7 48. 5 -75.8 1. 288
(10/3) (261.8)
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Table 2-3. Comparison of LT50 Values for BCNU and CCNU in Rats
and Mice.

Drug Species-Sex LT50b 95% C. L. c

BCNU Rat-male 8.0 6.9-9.6
Mice-female 3.0 2.2-4.3

CCNU Rat-male 8.9 6.7-11.7
Mice-female 4.1 3.9-4.4

a Drugs administered orally in corn oil at LD99 levels.
bIn days.
c 9 5% confidence limits.

Administration of CCNU in 95% ethyl alcohol, which should be rapidly

absorbed compared to corn oil absorption, showed no significant dif-

ference in lethality for CCNU in the two vehicles (Table 2-4).

The lethality studies revealed a lag of four to six days before

appearance of the first deaths following treatment with both BCNU

and CCNU, even at LD100 levels. To verify this delay in appearance

of death, five rats were given five times the LD50 of BCNU (150 mg/

kg) and a similar group was treated with five times the LD50 of CCNU

(350 mg/kg); both drugs were dissolved in corn oil. Even at these

extreme dose levels, no deaths were seen in either group prior to

four days post treatment.

The time course of per cent weight change for 28 days following

BCNU administration to male rats is contrasted with control animals

in Table 2-5. A similar comparison is made for CCNU in Table 2-6.

The dose relationship is apparent. Indeed, equitoxic doses of the two



Table 2-4. Comparison of Potencies for CCNU in Different Vehicles Administered to Mice.

Vehicle Route Sex LD50a 95% C. L.
b c

S. Group Comparedto P. R, d

95% Ethyl P.O. male 59.3 43.3-81.2 1.894 corn oil- -P. O., 1.162
Alcohol (12/4)e (251.5) male (Table 1)

95% Ethyl S. C. female 53.9 35.8-81.1 1.631 corn oil- -S. C., 1.007
Alcohol (10/4) (232.2) female (Table 2)

amg/kg (mM/kg) dP.R. =Potency Ratio =LD501/LD509
b95% confidence limits Slopes of all lines compared did not deviate

significantly from parallelism.cS=Slope function=Si /52
eAnimals per dose/number of doses.



Table 2-5. Dose Effects of BCNU upon the Temporal Changes in Body Weight of Male Rats.

BCNU
Dose
mg/kg

0

10

20

30

75

Days Post Treatment
0 7 14 21 28

mean weight (gms) ± S. E.

203.7±6.5 258.3±5.7 299.3±7.3 327.4±10.4 340.6±13.6

(-)ab (+26.8) (+46.9) (+60.7) (+67.2)
(10) (10) (10) (5) (5)

200.4±6.1 219.4±14.5 248.4±24.5 262.0±21.4 283.0±21.4
( -) (+9.5) (+24.0) (+30.7) (+41.2)
(5) (5) (5) (5) (5)

205.0±6.9 207.4±4.8 223.4±6.4 238.2±11.7 264.0±17.0
(-) (+1.2) (+9.0) (+16.2) 1+28.8)
(5) (5) (5) (5) (5)

209.0±3.8 194.2±8.0 200.8±19.0 195.0±19.7 198.2±25.9
(-) (-7.1) (-7.6) (-6.7) (-5.2)
(5) (5) (5) (5) (5)

361.3±15.9 246.0±15.2 233.0±32.3c
(-) (-31.9) (-35.5)
(8) (7) (3)

a Per cent change from day 0
b Number per group
cData for day 9

S.)0



Table 2-6. Effects of CCNU on Temporal Changes in Body Weight of Male Rats.
CCNU
Dose
mg/kg

0

30

60

150

Days Post Treatment
0 7 14 21 28

mean weight (gms) ± S. E.

203.7+6.5 258.3+5.7
(+26.8)

299.3+7.3 327.4+10.4 340.6+13.6
( +46.9) (+60.7)(-)ab (+67.2)

(10) (10) (10)

28

(5)

+(225.5+5.0 244.6+5.3 259.4+6.9 290.3+11.3.27)+.89. )9

(-) (+8.6) (+15.0) (+28.7)
(10) (10) (10) (10) (10)

215.7+5.2 198.8+4.5 193.4+7.9 202.3+11.0 199.7+10.0
(-) (-7.8) (-10.3) (-6.2) (-7.4)
(20) (20) (17) (9) (6)

188.3+3.1 128.2+7.1 114.0+9.0
(-) (-31.9) (-39.5)
(10) (5) (2)

a Per cent change from day 0
b Number per group
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agents produced similar effects on body weight of the animals

(Figure 2-1). Female rats treated with the same doses of BCNU

showed a similar decrease in the rate of weight gained except that all

groups of treated female rats were slightly more affected. Weight

changes were not followed for CCNU-treated female rats.

Since the parallelism between the action of equitoxic doses of

CCNU and BCNU on body weight and lethality is in such close agree-

ment with other reports which showed that these two compounds ex-

hibited similar activity (Johnson et al., 1963; Schabel et al., 1963;

Wheeler and Bowdon, 1965; Wheeler and Chumley, 1967), the remain-

der of the data presented in this report was measured for BCNU only.

It was assumed that equitoxic doses of CCNU would exhibit effects

similar to those of BCNU on subsequent parameters. It must be con-

ceded, however, that significant error might arise from such an

assumption, especially knowing that overt symptoms did not appear

as severe following CCNU treatment.

Decreases in the mass and per cent of body weight for brain,

liver, lung and kidney are presented in the next four tables respec-

tively (Tables 2-7, 8, 9, 10). Table 2-7 shows that changes in actual

brain weight occurred only in rats treated with 30 or 75 mg/kg.

Liver weights were decreased by 20, 30, and 75 mg/kg (Table 2-8).

Lung and kidney masses were diminished only at 20 and 30 mg/kg

(Table 2-9 and Table 2-10 respectively).
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Figure 2-1. A comparison of dose effects of BCNU and CCNU upon the temporal changes in
body weight of male rats.
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Table 2-7. Effect of BCNU Treatment on Brain Mass.

BCNU
Dose

Days Post Treatment
7 28 84

mg/kg mean brain weight (gms.) ± S. E.

0 1.87±0.05 1.99±0.05 1 . 98±0.04
(7)a

(8) (6)

20 1.95±0.02
(12)

30 1.86±0.03
(8)

75 1.75±0.05
(6)

brain per cent of body weight
0 0.62±0.01 0.50±0.01 0.42±0.02

20 0.62±0.04

30 0.91±0.06

75 1.19±0.03

aNumber per group

Expression of the organ sizes as per cent body weight yields

data showing increases in percentage, a result easily misconstrued.

The severe alterations in body weight following BCNU treatment

(Figure 2-1)contributeda major influence to the per cent of body

weight represented by the various organs. Statistical analysis of

these data were not attempted since the contribution of diminished

body weight to the decreased organ sizes could not be assessed and

since organ function is not necessarily related to organ size.

The animals observed for changes in body weight were given

food and water ad libitum. Daily consumption of these items was



Table 2-8. Effect of BCNU Treatment on Liver Mass.

BCNU Days Post Treatment
Dose 7 14 28 63 84 119
mg/kg mean liver weight (gms) ± S. E.

0 8.7±0.6 10.2±0.4 10.7±0.5 13.1±0.5 12.1±1.5 12.5±0.8(3)a
(5) (13) (16) (4) (6)

10 10.1±0.3 11.3±0.5 10.9±0.5 13.0±0.5 13.1±0.6 12.7±0.5
(4) (5) 113) (21) (4) (26)

20 9. 3±0.4 10.1±0.5 10.5±0.4 11.4±0. 6 11.4±0.4
(5) (8) (13) (11) (6)

30 9.2±0.7 9.1±0.3 8.6±0.3 8.4±1.8
(5) (5) (9) (4)

75 6.0±0.5 8.2+0.4
liver per cent of body weight

0 3.5±0.2 3.8±0. 1 3.3±0.1 3.2±0.1 2.9±0.2 3.0±0.1
10 4.3+0.1 4.6±0.2 4.1±0.1 3. 5±0.1 3.0±0.1 2.9±1.1

20 4. 8±0. 2 4.8±0.2 4. 5±0.2 3.6± 0.. 1 3.4±0.2

30 4.7±0.2 5.1±0.2 5.2±0.2 3.4±0.6
75 5.0±0.4 5.6±0.2

aNumber per group



Table 2-9. Effect of BCNU Treatment on Lung Mass.

BCNU Days Post Treatment
Dose 7 14 28 63 84 119
mg/kg mean lung weight (gms) ± S. E.

0 1.13+0.06 1.44+0.07 1.97+0.17 2.60+0.14 2.04+0.14 2.19+0.10
(3)a

(5) (13) (16) (4) (5)

10 1.31+0.04 1.45+0.06 1.67+0.11 2.61+0.22 2.15+0.13 3.05+0.25
(4) (5) (13) (21) (4) (25)

20 1.19+0.04 1.78+0.22 1.79+0.11 3.19+0.50 1.66+0.09
(5) (9) (10) (11) (6)

30 1.19+0.03 1.41+0.09 1.59+0.15 1.92+0.28
(5) (5) (9) (3)

75 1.01+0.04 1.46+0.15
(7) (11)

lung per cent of body weight

0 0.51+0.02 0.54+0.03 0.61+0.06 0.64+0.03 0.50+0.02 0.51+0.04

10 0.55+0.02 0.59+0.02 0.62+0.03 0.69+0.05 0.49+0.03 0.70+0.05

20 0.61+0.02 0.86+0.11 0.75+0.05 0.97+0.12 0.49+0.02

30 0.61+0.02 0.84+0.06 0.93 +0.07 0.72+0.02

75 0.84+0.06 0.90+0.17

aNumber per group



Table 2-10. Effect of BCNU Treatment on Kidney Mass.

BCNU Days Post Treatment
Dose 7 14 28 63 84 119
mg/kg mean kidney mass (gms) ± S. E.

0 0.64±0.03 0.88±0.03 1.02±0.04 1.69±0.11 .1.94±.0.18 1.29±0.11
(3)a

(5) (13) (16) (4) (6)

10 0.85±0.00 1.03±0.04 0.94±0.05 1.59±0.12 1.76±0.10 1.75±0.08
(4) (5) (13) (21) (4) (26)

?.0 0.73±0.06 0.98±0.08 0.93±0.03 1.60±0.17 1.45±0.04
(4) (9) (11) (10) (6)

30 0.80±0.05 0.90±0.07 0.81±0.05 1.10±0.12
(5) (5) (9) (3)

75 0.81±0.03 0.93±0.09
(7) (11)

kidney per cent of body weight
0 0.28±0.01 0.33±0.01 0.31±0.01 0.41±0.02 0.47±0.02 0.31±0.02

10 0.35±0.00 0.42±0.01 0.35±0.01 0.42±0.03 0.40±0.02 0.40±0.02

20 0.37±0.02 0.46±0.03 0.40±0.01 0.49±0.03 0.43±0.02

30 0.41±0.03 0.52±0.03 0.47±0.02 0.47±0.08

75 0.43±0.03 0.68±0.06 0.65±0.07

aNumber per group
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determined. Table 2-11 presents food intake for selected 24 hour

periods. These data closely parallel per cent weight changes

(Figure 2-1); those groups showing the most severe losses of weight

consumed the least food. Female rats showed a similar pattern of

food consumption except that each female group consumed slightly

less than the corresponding male group. None of the treated rats

deviated significantly from control rats in the amount of water con-

sumed. This is somewhat surprising since the treated rats appeared

to have lost considerable body water, especially at times when body

weight was greatly decreased. The primary source for the water loss

was probably the persistent and prolonged diarrhea. Urinary ex-

cretion apparently decreased in treated rats (Table 2-12). No com-

pensation was made for water loss by increased drinking.

It can be seen from Table 2-11 that many rats treated at the

highest dose completely discontinued eating. These animals either

simply did not want to eat or they were suffering from a malabsorp-

tion difficulty which allowed food to lay dormant in their digestive

tracts. When these animals were sacrificed it was found that, even

though they had not consumed food for several days, undigested

material was still present in their intestines--usually the caecum; the

anterior portions of the gastrointestinal tract were completely empty.

Butterworth (1957) recommended utilization of the pentose, D(+)-

xylose, in determinations of malabsorption. He defined malabsorption



Table 2-11. Temporal Alterations of Food Consumption in Male Rats Following Oral Administration
of BCNU.

BCNU
Dose
mg/kg

0

10

20

30

75

Days Post Treatment
3 7 14 21 28

food intake per 24 hours (gms) ±S. E.
22.5+2.41 29.7+2.64 31.2+4.38 30.8+3.77 33.7+2.61

(6)a (6) (6) (5) (5)

28.2+1.10 27.4+3.26 34.0+4.28 27.6+3.11 29.8+2.70
(5) (5) 5) (5) (5)

23.2+0.98 23.8+1.20 21.4+2.10 23.2+1.22 26.0+2.56
(5) (5) (5) (5) (5)

12.8+1.55 19.0+2.24 15.8+1.58 16.8+0.83 12.4+0.25
(5) (5) (5) (5) (5)

2.25+0.51 0.60+0.19 0.33+0.07
(8) (5) (3)

aNumber per group



Table 2-12. Effect of BCNU Pretreatment on Gastrointestinal Absorption and Urinary Excretion of
D( +) -Xylose.

Urinary Xylose Intestinal Recovery
BCNU
Dose
mg/kg

Rats
per

group
Urine Volume Total Xylose Recovered

(m1/5 hr. ) mg % of Admin. Total % of Admin.

0

75

4

5

5.5
2.4x

21.83

33. 11x

18.5
43. Ox

277.7

15.4

240.00

20.0

xSignificant from controls (P <0.05) Student's t-test.

U.)
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as existing when less than ten per cent of an administered dose of the

sugar was not excreted in the urine within five hours. Table 2-12

presents the data from a single determination for xylose absorption

in control and treated rats. Treated rats excreted nearly 3.8 times

as much xylose per milliliter of urine and 2.4 times as much of the

administered dose in the five hour collection period than did control

animals. Since the treated rats had lost considerable weight, they

were initially given less total xylose. Therefore, even though the

total amounts of xylose excreted by the treated and control groups

were relatively similar, the per cent of the administered dose re-

covered in the urine of the treated rats was considerably greater than

for control animals. An indirect check on the urinary xylose

values was accomplished by analyzing each intestine for xylose re-

tention. Intestines of all treated animals were completely empty at the

time of xylose administration. For these animals, intestinal xylose

levels were consistent with expectation on the basis of urinary con-

centration. Intestines from control rats contained a considerable

food mass despite the 18 hour fast. Two of these animals had intesti-

nal pentose levels of approximately 80 per cent while the other two

had intestinal levels approaching 500 per cent of the administered

dose. Since the colorimetric method employed in this study extracted

any pentose, other pentoses were obviously detected in addition to

the xylose retained in the intestines of control rats.
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Blood urea nitrogen (BUN) levels following BCNU treatment are

contrasted with control values for various times in Table 2-13. It

can be seen that elevated levels appear only at the three highest doses

of BCNU. All increases occurred at delayed times. No treatment

produced severe serum levels of BUN. Any of several compromised

body systems could produce a slight imbalance in nitrogen metabo-

lism and the resultant mild and slow developing elevations in BUN.

A severe increased rate of tissue catabolism is not indicated how-

ever.

When rectal temperatures were regularly monitored, it was

found that BCNU pretreatment induced significant decreases (Table

2-14). Again only the three highest doses of BCNU affected temper-

ature levels. The effect was progressive in all cases.



Table 2-13. Elevations of Blood Urea Nitrogen Following BCNU Administration.

BCNU
Dose

Days Post Treatment
3 7 14 28 63 84 119

mg/kg blood urea nitrogen (mg %) ± S. E.
0 25.3±0.6 26.3+3.4 23.9±1.0 21.012.4 17.7±1.9 26.2±3.5 28.7±3.8

(6)a (5) (9) (12) (5) (7) (8)

10 19.7 ±4.0 19.4±1.4 31.6±2.4x 26.5±2.2 24.3 ±2.8 23.6±1.8 30.1 ±2.0
(6) (6) (9) (11) (9) (8) (7)

20 20.3 ±2.3 18.7±1.3 29.5±3.1 36.7±1.5x 36.5±2.5x 27.0±2.6
(5) (5) (8) (10) (7) (8)

30 28.9±2.5 22.5±4.8 27.3±2.0 29.4+2. Ox 40.1±6. Ox
(6) (4) (10) (5) (8)

75 28.4±2.1 40.0±5. lx 52.8±9.5x
(6) (6) (4)

aNumber per group
XMean significant from controls (P<0.05), Student' s t-test.



Table 2-14. Decreases in Body Temperature of Male Rats Following BCNU Treatment.

BCNU Days Post Treatment
Dose 1 4 7 14 28 63

mg /kg mean body temperature

0 38.4±0.2 38.0±0.2 37.9±0.2 38.6±0.2 38.0±0.0 38.6±0.3
(0/6)a (0/6) (0/6) (0/12) (0/6) (0/11)

10 37.6±0.2 37.8±0.2 38.5±0.2 37.7±0.2 38.3±0.5

(0/6) (0/6) (0/13) (0/7) (3/16)

20 37.6±0.5 37.7±0.02 37.6±0.2 37.6±0.3 37.4±0.6
(0/5) (0/6) (2/13) (1/7) (3/10)x

30 37.7±0.1 37.7±0.2 37.0±0.3 36.9±0.2 37.1±0.3 37.0±0.4

(0/6) (0/6) (2/6) (5/18)x (3/10)x (5/13)x

75 37.4±0.2 36.2±0.2 35.2±0.3 32.5±
(0/4) (3/4)x (4/4)X (1/1)

a
Number significantly affected/number in group

XGroup significant from controls (P<0. 05), Fisher exact probability test
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DISCUSSION

The pattern of deaths following BCNU intoxication offers clues

as to the mechanism by which this drastic endpoint is achieved. The

four to five day lag period following administration of the drug is

similar to that seen following treatment with alkylating agents and

severe irradiation. Radiation damage and alkylation by agents like

nitrogen mustard are known to induce alterations in the structure

of deoxyribonucleic acid (DNA) which result in an effect delayed in

onset. Since BCNU has shown other traits similar to alkylating

agents (Schabel et al., 1963; Pittilo et al., 1966; Green, 1966;

Wheeler and Chumley, 1967), this lag in the earliest appearance of

deaths suggestedthat BCNUexertedan action on the level of the genetic

code. BCNU has been shown to markedly effect DNA in certain sys-

tems (Gale, 1965b; Wheeler and Bowdon, 1965, 1968). Correlation

of this action with the resultant animal deaths has not been made.

However, "it has been estimated that half of the total proteins in

liver are replaced after only ten days in man and within five days in

the rat (Maximow and Bloom, 1957)." As will be seen later (chapter

three), BCNU exerts considerable hepatotoxicity. Undoubtedly many

other systems could also correlate with the five day lag period.

The delayed deaths (those occurring 1, 2, 4 and 12 weeks after

administration of 75, 30 and 20 mg/kg BCNU respectively) suggest
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that this agent caused death by a second, and possibly, different

mechanism than those occurring much earlier (four to five days post

treatment). The fact that deaths in rats dosed with 20 and 30 mg/kg

took six and two times longer to occur respectively than those dosed

at 75 mg/kg implied that the effects from these smaller doses accum-

ulated over repeated cycles of some essential system affected by 75

mg/kg BCNU on the first turnover. However, considerations of

lethality mechanisms were complicated by the fact that BCNU is re-

ported to have a biological half-life of less than 20 minutes (Loo et

al., 1966; De Vita et al., 1967) and an effective antitumor level duration

following 50 mg/kg of less than one hour (Chirigos et al., 1965).

However, De Vita et al., (1967) could not account for 30 per cent of

their administered dose after eight days. It is conceivable, there-

fore, that the delayed toxic manifestations and deaths may have re-

sulted from one or more of three possibilities. First, sufficient

BCNU may have recirculated in the enterohepatic system to maintain

plasma levels below effective antitumor levels but high enough for toxi-

city to accumulate (De Vita et al., 1967). Secondly, since BCNU is rapid-

ly degraded, some long-lived metabolite( s) may have exerted the bio-

logical activity rather than the parent compound. At present, no

applicable methods are available for determining biological products

of BCNU. Thirdly, BCNU itself, or a short-lived metabolite, may

have initiated a self-propagating effect consummating in death.
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For instance, induction of autoimrnune processes could account for

many of the symptoms following BCNU administration. At this time,

no definite solution to the perplexing phenomenon of delayed deaths is

evident.

The decrease in food consumption and the associated decrease

in body weight obviously do not occur as a result of inability to absorb

nutrients.. On the contrary, the significantly elevated levels of

urinary xylose from treated rats suggested an enhanced ability to

absorb this material. However, other contributing factors must be

considered. As previously mentioned, the stomach and small intes-

tine of treated rats was devoid of all food remnants. This was not

true for control animals despite a preceding 18 hour fast. Conse-

quently, xylose administered to treated animals would be less diluted

by intestinal contents and more exposed to absorptive surface. This

would facilitate a more rapid intestinal absorption. In addition,xylose

would be absorbed into a smaller plasma volume (see chapter five)

and at a faster rate. This would result in higher plasma levels. If

renal blood flow was adequate (this may be a faulty assumption), much

higher urinary levels could be achieved despite the meager urine vol-

ume. As indicated by Fishberg and Friedfeld (1932), "the urinary

output of this pentose [xylose] is proportional to the plasma concen-

tration and is independent of the volume of urine flow".

Gale (1965b) reported a factor possibly contributing to the
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weight loss of rats when he showed that anaerobic glycolysis was in-

hibited 18 and 49 per cent in microorganisms by BCNU concentrations

of 50 and 100p,g /ml respectively. Assuming equal distribution of

BCNU in total body water of a rat, and assigning a value of 70 per cent

to the body content of water, 50 pg/ml and 100 pg/ml are approxi-

mately equivalent to 30 mg/kg and 75 mg/kg in vivo respectively.

Consequently, part of the loss in body weight of treated animals may

be due to an in vivo inhibition of glycolysis. This would not, how-

ever, explain the failure of animals to consume available food.

Grollman (1963) reported six different mechanisms by which

BUN levels could be elevated: (1) starvation, (2) biliary obstruction,

(3) fluid loss through diarrhea, (4) a decreased urine flow, (5) ele-

vated protein catabolism and (6) renal insufficiency. Table 2-11

displayed a dose dependent, self-imposed starvation of treated rats.

Evidence will be presented showing that BCNU reduces biliary flow

(Table 4-1). Description of a severe and prolonged diarrhea as well

as data showing a diminished urine output was presented previously.

Observation and handling of rats treated at the higher dose levels

suggested that muscle mass was diminished. In addition, the intes-

tines of these animals had become transparent, also suggesting a loss

of tissue. Both observations could be explained by an increased pro-

tein catabolism. Wheeler and Bowden (1965) reported much faster

rates for incorporation of 3Hfrom 3H-leucine into amino acids and
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14C from 14C-leucine into RNA 16 hours following 20 mg/kg and 100

mg/kg BCNU than was seen for control mice. It is conceivable that

treated animals catabolize tissue proteins to provide material for the

stimulated RNA synthesis. The slight elevations in BUN levels are,

therefore, explainable by a variety of factors.

The decreased body temperature levels at extended times prob-

ably reflected a metabolic slowdown. Rectal temperature was most

often less in the treated animals just prior to death. This was also

the time when body weight was most severely compromised. Perhaps

all expendable tissue protein and stored fats and carbohydrates had

been metabolized thereby requiring the inactivity of the metabolic

machinery.
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III. THE HEPATOTOXICITY OF 1, 3-BIS(2-CHLOROETHYL)
-1-NITROSOUREA (BCNU) IN RATS

INTRODUCTION

Larson and Rall (1965) described the hepatotoxicity that oc-

curred in rats during the first 20 days following a single intraperi-

toneal dose of BCNU. They reported acute effects on the liver that

resulted in hype rbilirubinemia. These effects were found to be less

severe but more delayed as the dose was reduced. Their data sug-

gested that the toxicity continued to develop beyond the observation

time employed in their experiments. Jaundice was also a prominent

sign of toxicity observed in the preceding studies.

The present study was designed to more precisely define the

nature, sequence, and severity of the hepatotoxicity from a single,

oral dose of BCNU. To accomplish this, more hepatic function tests

and more prolonged periods of observation were employed than were

used by Larson and Rall.
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METHODS

Effects on Pentobarbital Hypnosis

The duration of pentobarbital induced hypnosis was determined

in order to provide a preliminary estimation of the time course of

BCNU effects. This test was utilized only as a general indication of

hepatic competence. Consequently, no attempt was made to correlate

hypnosis with in vitro hepatic drug metabolizing ability or with whole

body recoveries of pentobarbital. Groups of treated and control ani-

mals were tested simultaneously. The groups contained from 10 to

20 animals each. The dose of pentobarbital sodium was 45 mg/kg

i. p. in normal saline. That period during which an animal could

not right himself three times within one minute was defined as the

hypnosis duration. The influence of day to day variation in duration

of effect was minimized by using the mean sleep time duration plus

three standard deviations for the control group to designate signi-

ficantly prolonged narcosis.

Enzyme Induction

To assess the contribution of a depressed drug metabolizing

enzyme system to the prolonged levels of pentobarbital hypnosis,

microsomal enzymes were induced by administering 100 mg/kg

sodium phenobarbital for the five consecutive days prior to testing
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for elevated enzyme activity. Enhanced microsomal activity was de-

tected by comparing hypnosis duration of control and BCNU-treated

rats, both pretreated with phenoharbital,,to rats similarly treated with

BCNU but receiving no phenobarbital. Hypnosis was achieved by the

intravenous injection of 25 mg/kg pentobarbital sodium.

Specific Liver Function Tests

On the basis of the time course established in the narcosis and

lethality studies, liver function was assessed in groups of treated

and control rats at the following intervals after BCNU administration:

1. 5, 3, 7, 14, 28, 63, 84, and 119 days post treatment.

Bromosulfalein (Bsp) retention was measured by an adaptation

of the colorimetric method of Kutob and Plaa (1962). The Plasma

level of the dye was determined 30 minutes after the injection of 50

mg/kg into the tail vein. At the time of sampling the rats were an-

esthetized with ether and killed by exsanguination by cardiac punture.

The plasma was separated by centrifugation in oxalated tubes. The

BSP determination required 0.2 ml of the plasma and the remainder

was utilized in subsequent analyses. That the presence of BSP did

not interfere with the other analyses was established by the use of

individual blanks for each determination and by the fact that added

amounts of BSP did not alter the values of any of the other parameters

analyzed in a pooled plasma sample from non-treated rats.
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Total and direct-reacting plasma bilirubin were determined by

the photometric method of Natelson (1961). In addition, the plasma

samples were colorimetrically analyzed for the activities of serum

glutamic oxalacetic transaminase (SGOT) and serum glutamic pyruvic

transaminase (SGPT) (Reitman and Frankel, 1957), serum cholines-

terase (Natelson, 1961), and alkaline phosphatase (Klein et al., 1960).
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RESULTS

BCNU pretreatment led uniformily to a prolongation of pento-

barbital-induced hypnosis. Table 3-1 and Figure 3-1 illustrate the

dose dependence in terms of onset, degree and persistence of this

effect. Significant percentages of test animals which had received

75 or 30 mg/kg BCNU exhibited prolongation of pentobarbital hypnosis

by three days post treatment. However, 7 and 14 days were required

at the 20 and 10 mg/kg doses respectively. Doses larger than 10 mg/

kg resulted in 100% mortality beyond day 63 in this study. Deaths

were not observed through 119 days following the 10 mg/kg dose, but

the effect on pentobarbital hypnosis persisted to that time. At doses

of 10 and 20 mg/kg of BCNU, the percentages of animals significantly

affected assumed a bimodal pattern with a nadir at 28 days post treat-

ment. The tendency towards this pattern was also suggested by ani-

mals which had received 30 mg/kg, but it was not nearly as evident

at this dose. The prolongation of hypnosis was confirmed by the

data presented in the upper half of Table 3-2 for intravenous admin-

istration of pentobarbital (25 mg/kg). The bottom portion of this

table shows that hypnosis duration may be significantly shortened by

previous administration of five consecutive daily doses of phenobarbi-

tal (100 mg/kg I. P. ). However, enzyme activity was stimulated to

control level only for the 20 mg/kg group. These data wouldtherefore



Table 3-1. Prolongation of Pentobarbital Hypnosis Duration by BCNU Pretreatment.

BCNU
Dose
mg/kg

0

10

20

30

75

3

74.6±3.9
(25)a

102.0±10.8
(6)

Days Post Treatment
7 14 28 63

mean hypnosis duration (minutes) ± S. E.
79.0±4.6

(20)

83.0±6.4
(9)

9 5.7±5. 5 146. 3±10. 9
(11) (10)

94. 3±10. 9 165. 1±12. 0
(15) (14)

64.7±2. 4
(45)

92.3±11.2
(26)

145. 5±11.0
(28)

183. 2±17. 9
(12)

158. 7±5. 1 196.1±9. 2 242. 5±7. 5
(10) (15) (2)

79. 3±5. 0
(37)

83.3±4. 0
(19)

126. 6±10. 1
(1 5)

160.9±12.4
(9)

119

81.6±3.7
(27)

105. 8±15. 1
(17)

185.9±13. 1
(13)

76.1±5. 3
(7)

112. 2±5. 1
(6)

0

10

20

30

75

0
b

0

0

20

90

4. 8

0

50

71

100

0

27

75

83

100

2. 7

0

47

78

0

18

92

0

50

aNumber per group
bPer cent of group exhibiting hypnosis durations longer than the mean plus three standard devi-
ations of the control group after I. P. administration of 45 mg/kg pentobarbital.
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was given at the indicated times after an oral dose of
BCNU.

*The treated group significantly differed (P < 0. 05)
from controls, Fisher exact probability test.
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Table 3-2. Enzyme Induction in Rats Treated with BCNU.

BCNU
Dose

Phenobarb.
Dosea

Days Post Treatment
7 28 84I

mg/kg mean hypnosis duration (min.$).±S. E.

0 no 24.9±1b. 8 23.1±0.8 28.2±4.6
(16) (12) (9)

20 no 62.8±6.6
(12)

30 no 64.3±7.6
(8)

75 no 86.9±1.9
(11)

0 yes 4.9±1.4x 4.9±0.5x 14.8±1.9x
(11) (9) (9)

20 yes 15.21±1.12x

(14)

30 yes 15.6±2.2x
(10)

75 yes 36.3±7.3x
(6)

aPretreated for five consecutive days prior to hypnosis test with
100 mg/kg phenobarbital sodium I.P. Narcosis induced by I. V.
injection of 25 mg/kg pentobarbital sodium.

bNumber per group
xMean significantly differs from corresponding mean in upper
table (P<0.01), Student' s t-test.
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suggest that only part of the prolongation of hypnosis is due to dimin-

ished levels of microsomal enzyme activity.

Bromosulfalein Retention

The data presented in Table 3-3 show that BCNU produced an

early and marked effect on BSP retention. Again the effect was re-

lated temporally and in magnitude to the dose of BCNU employed.

Animals which had received 75 mg/kg BCNU were severely affected

by 36 hours following administration of the drug. Other data, not

presented here, revealed that this dose of BCNU caused no significant

BSP retention at 24 hours post treatment. Maximal retention for rats

treated with 75 mg/kg was achieved by day three. None of these ani-

mals survived beyond day 14. A similar retention pattern was seen

at the three lower doses used in these studies, but the onset was

slower and the peak effect more delayed as the dose was reduced.

Animals dosed with 30 mg/kg or less exhibited retention values which

returned towards normal at extended periods. These results then sug-

gested an impairment of hepatic secretory capacity that somewhat

preceded the potentiation of pentobarbital-induced hypnosis noted

above.

Serum Bilirubin

Elevations in serum bilirubin levels developed at a much lower



Table 3-3. Temporal Effect of Single Doses of BCNU on BSP Retention in Rats.

BSNU
Dose

Day After BCNU Administration
1.5 7 14 28 63 84 119

mg/kg

0 0.4±0.0 0.4±0.1

mean plasma BSP conc.. (mg/100 ml) ± S. E.

0.9±0.3 0.9±0.1 0.5±0.0 0.5±0.1 1.1±0.1
(0/5)a (0/8) (0/10) (0/14) (0/9) (0/5) (8)

10 4.2±1.3 2.8±0.7 2.7±1.0 4.7±1.1 1.2±0.7 1.0±0.2
(5/8)x (3/5)x (5/13)x (11/12)x (2/6) (7)

20 2.1±0.9 5.2±1.5 7.2±2.4 11.6±1.9 4.4±1.8 4.9±2.4
(4/5)x (5/5)x (5/5)x (10/10)x (5/5)x (4/5)x

30 3.9±1.4 8.1±3.1 20.9±4.2 14.7 ±1.9(5/5)x (5/5)x (5/5)x (8/8)x

75 10.6±2.9 16.2±4.1 16.8±1.8(5/5)x (5/5)x (5/5)x

aNumber in group significantly affected /total number in group
xSignificantly more animals affected (P<0. 05) than in the corresponding control group, Fisher exact
probability test.
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rate than did BSP retention for all drug doses. Table 3-4 presents

the temporal pattern for this effect. Extreme hyperbilirubinemia

appeared only at the 75 mg/kg dose. Seven days were required to

produce the maximum bilirubin elevation at this dose level compared

to three days for maximal BSP retention. Furthermore, the condi-

tion appeared to become somewhat ameliorated by 14 days after

dosing. Even so, the animals did not survive. At doses less than 75

mg/kg, the times required to produce significant hyperbilirubinemia

and to reach the maximum elevation again varied inversely with the

dose.

When the time course for the development of hyperbilirubinemia

and BSP retention were compared, it was seen that serum bilirubin

continued to rise in the face of diminishing BSP retention. This

phenomenon is illustrated for the 30 mg/kg dose in Figure 3-2. While

this intermediate dose was chosen for illustration, examination of the

data in Tables 3-3 and 3-4 reveals a similar pattern for the other

doses. This observation suggested that bilirubin accumulation in

the plasma was due only in part to an impaired secretory mechanism.

Examination of the distribution of free and conjugated bilirubin

in the plasma of BCNU-treated rats revealed a shift in the pattern

of these components. This effect is illustrated in Figure 3-3, again

for the 30 mg/kg dose. Animals given this drug level showed no

deviation from a normal distribution of the two components at 36



Table 3-4. BCNU-induced Hyperbilirubinemia in Rats.

BCNU
Dose

mg/kg

Days after BCNU Administration
1.5 3 7 14 28 63

mean plasma total bilirubin (mg/100 ml) ± S. E.
84 119

0 0.1±0.1 0.2±0. 1 0.4±0. 1 0.1±0.0 0.2±0.1 0.2±0.1 0.1±0.1 0.2±0.1
(0/5)a (0/5) (0/5) (0/18) (0/19) (0/18) (0/5) (0/6)

10 0.1±0.1 0.2±0.0 0.6±0.2x 0.6±0.3 0.9 ±0.3x 0.1±0.1 0.1±0.1
(0/5) (0/5) (3/13) (2/12) (5/12) (0/5) (0/8)

20 0.3±0.1 0.4±0.1 O. 9±0.2x 0.8±0.4 1.3±0.8x 0.4±0. 1
(0/5) (0/5) (6/9) (3/11) (4/6) (1/5)

30 0.2±0.1 0.3±0.1 0.5±0.3x 1.1±0.3x 1.8±0.3x 1.2 ±0.4x
(0/5) (0/5) (2/5) (5/9) (13/15) (3/6)

75 1.6±0.3x 2.8±0.6x 6.0±1.4x 3.3±0.7x
(5/5) (5/5) (S /3) (7/7)

a
Number in group significantly affected/total number in group.

x
Significantly more animals affected (P <0.05) than in the corresponding control group, Fisher exact probability test.
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hours post dosing. Also, there was no elevation in total bilirubin at

this time (Table 3-4). As the animals began to show elevated total'

bilirubin levels however, (days three and seven) the major bilirubin

component shifted to a predominance of the conjugated or direct-

reacting form. This supported the observation of an early impair-

ment of hepatic secretory capacity as indicated by the BSP retention.

With time, the distribution began to reverse once again so that when

total bilirubin was maximal, the free (unconjugated) form was pre-

dominant. This pattern was evident at all dose levels of BCNU em-

ployed in this study.

Hepatic Enzymes

BCNU treatment produced only minor, transient effects on four

hepatic enzymes (Tables 3-5 and 3-6). SCOT and SGPT were some-

what elevated by day seven for all doses employed, but with time, the

activity of these enzymes continually decreased towards normal until

the animals died. Serum cholinesterase also showed early elevations.

Again however, the activity of this enzyme returned toward control

levels at extended times. Alkaline phosphatase was unaffected by

BCNU treatment except at four and twelve weeks following 20 mg/kg

and one week after 75 mg/kg. In general, none of the enzymes em-

ployed as monitors of hepatic function give evidence of a severe

hepatic injury.
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Table 3-5. SGOT and SGPT Activitya in Rats Treated with BCNU.

BCNU Days Post Treatment
Dose 3 7 14 28 84
mg/kg mean SGOT activity ± S. E.

0 29.5±5.6 33.0±7.4 32.2±3.2 29.3±2.7 19.5±2.4
(6) (8) (14) (14) (4)

10 - 62.7±5.8x 52.0±5.9x 40.5±4.8x 29.0±3.6
(4) (5) (8) (3)

20 68.3±7.8
x

58.2±8.6 52.8±8.0 33.4±1.7x
(5) (5) (6) (5)

30 46.8±6.6 66.1±7.3x 49.4±8.6x 38.4±4.8
(5) (5) (5) (8)

75 54.0±4.5x 49.0±7.6 23.7±2.8
(3) (7) (4)

mean SGPT activity ± S. E.

0 12.2±1 9 21.1±2.3 11.5±1.1 9.3±1.3 11.2±2.4
(15)13 (5) (14) (13) (4)

10 - 41.5±7.0x 24.4±4.8x 17.7±3.0x 7.7±4.5
(4) (5) (8) (3)

20 - 35.2±2.5x 26.7±5.0x 29.1±3.7x 14.4±1.8
(4) (5) (6) (5)

30 29.0±9.6 43.4±4.4x 24.1±3.6x 20.6±3.5x
(5) (5) (5) (8)

75 34.2±3.5x 33.1±0.9x 12.1±3..9
(3) (2) (5)

aOne unit of (either) enzyme activity is defined as that amount of
enzyme required to decrease the optical density of the reaction

b
mixture 0.001 /min. /ml serum at 25°C and a wave length of 505mp,
Number per group

XMean significant from controls (P<0.05), Student' s t-test.
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Table 3-6. Alkaline Phosphatase and Serum Cholinesterase Activity
of Rats Treated with BCNU.

BCNU Days Post Treatment
Dose 7 14 28 63 84

m mean alkaline phosphatase activity ± S. E. a

0 19. 9±(?:). 0 16.412.8 21.813.6 32. 816. 8 5. 712. 6
(8) (14) (14) (4) (4)

10 30.111.9 17.312.5 29.513.4 29.816.0 12.311.0
(4) (9) (9) (9) (3)

x
20 25.813. 5 18.612.6 53.8±4.2x 13. 7314. 0 47. 4713. 7

(4) (5) (6) (5) (4)

30 1 5. 313.2 18. 8/2. 2 1 5. 015. 0
(3) (4) (8)

75 0.810.4x
(4)

mean serum cholinesterase activity ± S. E.°

0 31. 1±t. 2 32. 514. 1 58. 414.9 46. 4112. 3 38. 019. 1
(8) (13) (16) (7) (7)

10 58.4113.2 37.817.0 96.6±14.5x 78.1117.1 52.818.8
(4) (5) (6) (7) (3)

20 69. 5113.0x 94.4118. 8x 73.3110.1 19.915.0
(5) (4) (5) (4)

30 76. 5113. 2x 7 5. 2120. 6x 52. 7±8. 7
(5) (5) (13)

75 74.8111.0x 66.4126. 5
(5) (7)

aOne unit will liberate 1 mg. of phenophthalein in 30 min. at 37oC.
b Number per group
°One unit represents the number of micromoles of acetylcholine bro-

mide hydrolyzed by 1 ml serum in one hour at 37°C.

xMean was significant from controls (P<0. 05), Student's t-test.
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DISCUSSION

The progressive, chronic signs of liver toxicity and delayed

deaths produced by single doses of BCNU place this compound (and

perhaps other nitrosourea derivatives) in a unique category of intoxi-

cants. Delayed toxicities are commonly seen following exposure of

experimental animals to alkylating agents such as nitrogen mustard

and to ionizing radiation (Krakoff and Karnofsky, 1965). However,

the time course involved in the evolution of toxicity from comparable

doses of these agents is approximately 14 days in contrast to the 14

to 119 day time course observed for BCNU. Furthermore, alteration

of dosage more dramatically affects the severity of response to nitro-

gen mustard or radiation than the time of appearance of maximum

effect. BCNU displayed a shift in both severity and time of peak

effect as the dose was altered. Finally, hepatic damage of the type

produced by BCNU is not prevalent following exposure to nitrogen

mustard or ionizing radiation.

Heretofore, intrahepatic cholestasis produced by BCNU in this

study has been induced in rats and mice only by a-naphthylisothio-

cyanate (ANIT) and certain of its congeners (Becker, 1963, Rouiller,

1964). The time-course for ANIT-induced cholestasis after single

doses is much shorter than was observed here for BCNU (Becker

and Plaa, 1965b). However, comparable biliary cirrhosis is
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produced by chronic treatment of experimental animals with ANIT

and single doses of BCNU. Roberts and Plaa (1967) felt that the time

course required to produce hyperbilirubinemia after ANIT treatment

did not correspond well with the time course during which cholestasis

developed. In the present study the impaired capacity to secrete BSP

and the first elevations in serum bilirubin after BCNU treatment ap-

peared to match rather closely the development of the inflammatory

response. Still, the overall picture (i.e. hyperbilirubinemia, in-

creased BSP retention, pericholangitis and biliary cirrhosis) follow-

ing BCNU treatment was remarkably similar to that produced by ANIT

intoxication.

The profound effects of BCNU pretreatment on the hypnotic

action of pentobarbital would seem to be complex and require further

elucidation. An increased duration of pentobarbital-induced hypnosis,

as was observed, would immediately suggest an impaired drug me-

tabolizing system. This, indeed, may be the case as supported by the

enzyme induction data. However, BCNU exerted rather widespread

effects. Observations of our animals suggested that shifts in hemo-

dynamics, in the blood compartment, and in water and nitrogen bal-

ance may also have occurred at the higher dose levels. Therefore,

altered distribution patterns for the pentobarbital must also be con-

sidered in the interpretation of these data. Nevertheless, at doses

and at times when the condition of the animals did not reflect severe
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alterations in body fluid compartments, the hypnotic effects of pento-

barbital were prolonged in significant numbers of BCNU-treated rats.

Further investigations need to be undertaken to delineate the relative

contributions of impaired hepatic drug metabolism and shifts in bar-

biturate distribution involved in the prolongation of pentobarbital hyp-

nosis by BCNU.

While BSP retention is a very sensitive measure of hepatic sec-

retory competency, blood concentrations of this agent are subject to

many of the same vicissitudes as indicated for pentobarbital. How-

ever, at doses and at times when the animals were not overtly af-

fected by BCNU, significant dye retention was observed. Further-

more, even though the overall health state of the animals deterior-

ated in a time course dependent on the dose of BCNU, retention of

BSP decreased after reaching a point of maximum effect (Figure 3-2).

Additional evidence of impaired secretory activity of the liver

came from the more slowly rising serum bilirubin concentrations.

In the early stages these elevations for all treatments were due

largely to the presence of conjugated forms of bilirubin (Figure 3-3).

These results are in agreement with those of Larson and Rall (1965).

Although the BSP retention patterns began to decrease with

time, it was observed that the serum bilirubin levels continued to in-

crease (Figure 3-2). Investigation revealed that at times beyond the

maximum effect on BSP retention the serum bilirubin was largely
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of the "free" or unconjugated variety (Figure 3-3). A number of

factors could be implicated in this elevation of unconjugated serum

bilirubin. The hepatic conjugating system may have been interfered

with either through an effect on glucuronyl transferase or through an

effect which produced a deficiency of its substrate, uridine diphospho-

glucuronic acid, a pyrimidine derivative. Wheeler and Bowden (1965)

have described a decreased incorporation of formate into pyrimidines

in the presence of BCNU in an in vitro system. Alternatively an in-

creased production of bilirubin due to a foreshortened life span of

circulating erythrocytes could account for rising serum levels of this

material in the unconjugated form. Pilot studies in our laboratory

suggest that the osmotic fragility of erythrocytes from BCNU-treated

rats is somewhat increased (Thompson and Larson, unpublished

data). Finally, Roberts and Plaa (1968) have demonstrated the in-

creased production of bilirubin from extra-erythrocytic sources fol-

lowing the administration of ANIT in mice. Such a mechanism could

have been involved here in the case of BCNU. Each of these potential

mechanisms need to be investigated before their contributions to the

prolonged elevation of unconjugated serum bilirubin can be meaning-

fully assessed.
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IV. INTRAHEPATIC CHOLESTASIS INDUCED BY 1, 3-
BIS(2-CHLOROETHYL) -1 -NITROSOUREA

(BCNU) IN THE RAT

INTRODUCTION

In 1963, Rail et al., described a much delayed mortality among

experimental animals which had been treated with the antineoplastic

agent, BCNU. One aspect of this delayed toxicity involved apparent

liver dysfunction as evidenced by hyperbilirubinemia in the treated

animals. Subsequently, Larson and Rall (1965) reported that the

hyperbilirubinemia which occurred during the first 21 days following

the administration of single doses of BCNU to rats was associated

with cholestasis and inflammation of the intrahepatic biliary tree.

No detailed description of the morphological changes in the liver fol-

lowing BCNU intoxication have as yet appeared in the literature.

This report describes the results of experiments which were

designed to correlate functional changes and histopathologic alter-

ations in the livers of BCNU-intoxicated rats over a 120 day time

course.
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METHODS

At the desired interval, rats were anesthetized with ether and

killed by exsanguination via cardiac puncture followed by cervical

dislocation. The blood removed by cardiac puncture was utilized for

the colorimetric determination of total serum bilirubin and serum

cholinesterase (Natelson, 1961), SGOT and SGPT (Reitman and

Frankel, 1957), and alkaline phosphatase (Klein et al., 1960). Sec-

tions were rapidly taken from the large median lobe of the liver and

fixed in cold neutral-buffered formalin and stored under refrigeration.

Twenty-four hours later the original formalin solution was rinsed off

and replaced with fresh buffered formalin. The tissues were then

blocked in paraffin, sliced, and stained with haemotoxylin and eosin

(H and E) stains for examination under the light microscope. 2 Tis-

sues were taken at 3, 7, 14, 28, 63, 84 and 119 days after BCNU

administration.

Bile flow measurements were made utilizing other groups of

rats which had received equivalent doses of BCNU. At the times

indicated above, these animals were anesthetized with pentobarbital

sodium (60 mg/kg, I. P. ). A midline incision was made in the ab-

domen; the common bile duct isolated near the ampulla of Vater, in-

cised, and an eight-inch P. E. -10 polyethylene catheter was inserted

2The tissues were blocked, mounted and stained by Mr. C. Dale
Hays of the Department of Veterinary Medicine, OregonState Univer-
sity.
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to within about 1/4 inch of the hilum of the liver. The abdominal in-

cision was closed around the catheter with wound clips and the ani-

mals were placed recumbent on a table under a warm air stream from

a circulating electric heater. Body temperatures of the rats were

monitored regularly by the use of a Yellow Springs telethermometer

and rectal probes. The core temperatures were maintained between

36° and 38° C. Bile was collected in calibrated Wintrobe tubes and

flow was measured under these conditions for one hour. The appear-

ance of bile at the tip of the catheter was considered evidence of bile

flow.
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RESULTS

The histopathological changes observed after BCNU intoxication

included: necrosis of biliary epithelium, inflammation of the intra-

parenchymal ductules and small bile ducts, focal hepatocytic necro-

sis, a disruption of the normal lobular architecture, the formation of

new tracts of connective tissue with much fibroblastic activity, and

finally proliferation of biliary epithelium. These changes occurred

at all doses of BCNU with the exception of the 75 mg/kg dose. At

this dose level the rats did not survive long enough to begin laying

down new connective tissue or exhibit proliferative changes.

The most striking difference between dose effects was the time

course for the onset and development of the alterations. As the dose

was reduced, the time of appearance of either histological or func-

tional change was more delayed and the rate of development of the

changes was slower. At the 75, 30 and 20 mg/kg treatment levels,

the severity of effect eventually developed to the same magnitude.

These doses were lethal to all rats by 14, 63, and 84 days respec-

tively after BCNU. At only the 10 mg/kg dose level did animals sur-

vive beyond 119 days and then the effects from BCNU were noticeably

less severe. Nevertheless, the same pattern of hepatic damage was

in evidence at this low dose.

The earliest effect noted was inflammation and necrosis of the
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intraparenchymal biliary epithelium (Figure 4-1). Flattening and

necrosis of the epithelium of the bile ducts in the portal tracts was

also evident but this was usually aseptic in nature. Necrosis was

evident by three days after 75 mg/kg of BCNU, but it did not appear

for seven days in livers of rats which had received 30 mg/kg. Rats

which had received 20 mg/kg exhibited only mild, acute, periductular

inflammation and hydropic degeneration of tubular epithelial cells.

By 14 days the pericholangiolitis was well evidenced at the 20 mg/kg

dose and many ductules and small ducts of the biliary tree were ne-

crotic. These changes did not become apparent at the 10 mg/kg

dose, however, until 63 days after intoxication and then they were not

as severe.

The next major change to appear was a scattering of focal,

aseptic coagulative necrosis of the parenchymal cells (Figure 4-2).

These foci appeared to generally involve between 25 and 50 hepato-

cytes. Several such foci were developed by seven days following the

75 mg/kg dose, whereas they were not evident until 28, 63 and 84 days

after the 30, 20 and 10 mg/kg doses respectively. The foci did not

involve as many cells at the lowest dose.

As focal necrosis developed, a loss of the usuallobular arrange-

ment of the hepatocytes became noticeable. Instead, tracts of hepato-

cytes appeared to be changing in character and tended to isolate

nodules of unaffected cells. In these tracts the parenchymal cells
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Figure 4-1. Inflammatory "cuffing" of the intraparenchymal
bile ductules and necrosis of the biliary epithelial
cells seen in a liver taken from a rat 7 days after
intoxication by a single oral dose of BCNU (30
mg/kg). H and E stain (490 X).

Figure 4-2. Foci of coagulative necrosis as they occurred in
the livers of rats 28 days after BCNU intoxication
(30 mg/kg p. o. ). H and E stain (200 X).
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became flattened and elongated. Their nuclei were smaller but not

necrotic. These cells (5-8 deep) were oriented with their long axes

along the "stream" of the tract (Figure 4-3). This change was

marked by 28 days at the 30 mg/kg dose. The time course was de-

layed similarly to that described above for the other two doses. Soon

(28 days in one 30 mg/kg rat) these tracts were occupied by much new

collagenous tissue and many young fibroblasts (Figure 4-4). It ap-

peared as though the hepatocytes had been transformed into fibro-

blastic cells.

Following or accompanying the formation of the connective

tissue septa was a greatly increased proliferative activity of biliary

epithelium (Figure 4-5). In many instances entire low-power fields

were occupied by newly-formed bile ducts and connective tissue.

Again the time required for this change was longer as the dose of

BCNU was made smaller and the 10 mg/kg dose produced less severe

alterations. Many of the livers which showed these proliferative

microscopic alterations had become very rough and "hobnailed" in

gross appearance (Figure 4-7).

The changes described above occurred in at least four out of

five livers from rats at each of the dose levels. Control rats (Figures

4-6 and4-7) showed no significant pathological change at any of the

examination periods. Occasionally, mild focal hepatitis of a chronic

nature, not associated with the biliary tree, appeared however.



Figure 4-3. Tracts of elongated hepatocytes were evident in the
livers of rats intoxicated 28 days previously by
BCNU (30 mg/ kg p. o. ). Lobular architecture was
disrupted by these tracts. H and E Stain (490 X).

Figure 4-4. Connective tissue Septa pervade the parenchyma
with a distribution similar to the tracts illustrated
in Figure 4,3. Many young fibroblasts are present
and much new collagen has been laid down. This
liver was taken from a rat 28 days after intoxica-
tion by BCNU (20 mg/kg p. o. ). H and E stain
(200 X).
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Figure 4-5. Proliferation of biliary epithelium and new bile ducts
are seen in the connective tissue septa in this liver
taken from a rat which had received 30 mg/kg BCNU
p. o. 63 days previously. Many new intraparenchymal
bile ductules are also evident. H and E stain (200 X).

Figure 4-6. Liver section taken from a control rat for compari-
son. H and E stain (200 X).
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Figure.4-7. Top. Liver taken from a control rat 84 days after
a single oral dose of 2.5 ml/ kg of corn oil.
Bottom. Liver taken from a rat showing the severe
"hob-nailed" appearance 84 days after a single oral
dose of 20 mg/ kg BCNU in corn oil.
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When the functional parameters were examined, it was seen that

their changes reflected the time course for the development of the

hepatic lesion. Table 3-4 presented the mean serum bilirubin levels

as found in the rats from which liver sections were taken. In the

group which received 75 mg/kg, it was seen that significant elevations

in serum bilirubin were evident by 1.5 days after BCNU (unfortunately

samples were not taken from this group for microscopic examination).

The above observations describedthe condition of intrahepatic

cholestasis. When bile flow measurements were made on separate

groups of rats, it was found that a corresponding reduction of bile

flow occurred (Table 4-1). Furthermore, it appeared that as the

biliary cirrhosis developed and new bile ducts were formed, bile

flow returned to normal values (20 mg/kg dose, Table 4-1). At the

10 mg/kg dose, bile flow reduction was not evident; the histological

effects had not been as severe.

Bile flow data is frequently reported in terms of ml/kg/hr.

That this may be somewhat misleading is illustrated by the data in

Table 4-2. From Table 4-1, it appeared that control bile flow (in

ml/kg/hr) was diminishing as the experiment progressed. However,

when total bile production (in ml) over a one hour period was exam-

ined for these same animals, it was seen to remain relatively constant

Apparently, once adulthood is reached, bile production is no longer

a function of the weight of the rat. Expressed either way the bile



Table 4-1. Bile Flow Rates From BCNU Intoxicated Rats.

BCNU Days After BCNU Administration
Dose 3 7 14 28 63 84 119
mg/kg

0 5.9±0.5 5.1±0.8

mean bile flow (mllkg /hr) ± S. E.
4.1±0.7 3.8±0.7 3.6±0.4 2.6±0.4 3.4±0.5

(6)a (7) (4) (5) (6) (6) (7)

10 7.1±0.3 4.8 ±1.1 3.1 ±0.6 3.1±0.3 3.2±0.2 3.3±0.2
(6) (5) (5) (6) (8) (6)

20 5.5±0.6 3.8±1.3 O. 4±0. lx 2.8±0.5 3.5±0.3
(5) (5) (6) (6) (8)

30 2.7±0.5x 3.9±0.9 2.5±0.6 1.3±0.7x O. 75±0.5x
(6) (6) (5) (6) (5)

75 Ox Ox Ox
(8) {6) (5)

a Number per group
xSignificantly less flow than controls, (P<0.05), Student' s t-test.
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Table 4-2. Bile Production in Control Ratsa as a Function of Age
and Weight.

Days
Post Average Body Mean bile Mean bile
Treat- age weight production flow rate
ment (weeks) gms ±S. E.. ml /hr *S. E. naL/kg/hr ± S.E.

3 7 233±5 1.4±0.1 5.9±0.5

7 8 209±8 1.1 ±0.2 5.1±0.8

14 9 266 ±3 1.1±0.2 4.1±0.7

28 11 325±7 1.2±0.2 3.8±0.7
x

63 16 452±20 1.6±0.2 3.6±0.4x

84 19 446±9 1.1±0.2 2.6±0.4x

119 24 466±13 1.5±0.2 3.4±0.5x

aFor the data presented in Table 4-1.
xSignificantly different from period 1 (P<0.05), Student's t-test.
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flow from the treated rats was severely curtailed.

Table 3-6 presented the alkaline phosphatase levels found in the

sera of the experimental rats. Mild alterations were observed over

the time course of the study and significant deviations occurred only

at 20 and 75 mg/kg. In fact, at the two highest doses, there appeared

to be a tendency for reduced levels of this enzyme. The reason for

this could reside in a reduction of osteoblastic activity under the in-

fluence of BCNU. It was observed that at the high doses, bone struc-

ture had apparently deteriorated to the point that the long bones and

ribs became very thin and pliable in comparison to controls. Alkaline

phosphatase then, did not reflect accurately the cholestatic response

in BCNU-treated rats.

Serum transaminase activities were similarly only mildly

affected as illustrated in Table 3-5. The degree of effect,amounting

to only a doubling of control activity at most, might be a reflection of

the relatively small number of hepatocytes involved in the necrotic

foci, or it might be a reflection of a stimulated capacity for protein

synthesis in the liver. Enhanced hepatic synthesis of protein is

also suggested by the cholinesterase activities found in the BCNU-

treated rats (Table 3-6).
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DISCUSSION

Previous to the synthesis of BCNU, hepatic lesions and chole-

stasis of the type herein reported had been produced in rats by only

one other agent, a-naphthylisothiocyanate (ANIT) (Eliakim et al.,

1959, Goldfarb et al., 1962, Ungar, et al., 1962, Becker and Plaa,

1965a, b). In the overall pattern of hepatotoxicity, these two agents

appear to be quite similar. The most striking feature of the hepatic

response to BCNU was its dose-related progressive development over

an extended time course (up to four months) after only single doses

of the drug. Thus, BCNU becomes another tool for the study of

intrahepatic cholestasis.

Intact BCNU disappeared quite rapidly from the body of man

and experimental animals with a half-life of less than one hour, de-

pending upon the species (Loo, et al., 1966, De Vita et al., 1967).

For this reason the prolonged time course required for the develop-

ment of hepatotoxocity seems rather anomolous. However, De Vita

et al. (1967) reported that at least a portion of the parent molecule

may not leave the body for extended periods.

BCNU is known to break down non-enzymatically quite rapidly

under physiological conditions. Provocatively, one of the breakdown

products was reportedly 2-chloroethylisocyanate (Loo et al., 1966,

Montgomery et al., 1967). If this is true in vivo, the analogy to
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ANIT may be more striking. The isothiocyanates should be rapidly

converted in vivo to isocyanates (Loo, T. L. , personal communi

cation). Interestingly, in a structure-activity study, Becker (1963)

found that the isocyanates he studied did not produce cholestasis in

mice as did ANIT. Furthermore, Becker felt that a planar ring

structure on the nitrogen atom was essential for activity. If the 2-

chloroethylisocyanate derivative is responsible for the hepatotoxic

response observed for BCNU, then the structural requirement for

this toxocity will have to be viewed in a new light. Whatever is re-

sponsible for the hepatotoxicity from BCNU, the drug may find utility

in the study of intrahepatic cholestasis. In addition, it provides a

warning related to the time course that may be required for the eval-

uation of acute drug toxicity for some agents.
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V. HEMATOLOGICAL CHANGES INDUCED IN RATS BY
THE ADMINISTRATION OF 1, 3 -BIS

(2-CHLOROETHYL)-1-
NITROSOUREA (13CNU)

INTRODUCTION

Hematological manifestations of BCNU toxicity were recognized

in the early screening studies and clinical trials (Rail et al., 1963;

De Vita et al., 1964; Southern Research Institute, 1964). These in-

vestigators alludedto a general response of a severe and prolonged

bone marrow depression. Other workers reported specific reductions

in thrombocyte and leukocyte levels (De Vita et al., 1965; Iriarte

et al., 1966; Reitemeier et al., 1966). Horwitz and Groth (1967)

reported that incubation of BCNU with human white cells stimulated

14C-formate, 14CH
3
-methionine, and serine-3- 14C incorporation

into the nucleic acid purines of these cells by as much as 100 fold.

Histidine-2- 14C incorporation into the purines and DNA thymine was

strongly inhibited by BCNU. No data has been reported, however,

which quantifies in vivo alterations of hematologic parameters.

This study presents data for the temporal effect of single oral

doses of BCNU on various blood parameters. Samples were analyzed

at intervals for as much as 119 days post treatment. Early obser-

vations and data discussed in previous chapters suggested that the

hematological parameters be monitored. Blood and plasma volumes
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were determined to test for correlations with body weight losses.

Enhanced hepatic protein synthesis previously suggested by elevated

serum cholinesterase levels warranted determinations of total serum

protein, albumin and globulins. And finally, the elevations in serum

bilirubin and their unusual temporal pattern suggested that determin-

ations of red cell counts, hemoglobin and hematocrit levels could

possibly offer some explanation for the hyperbilirubinemia. White

blood cells were counted to assess any possible leukopenia following

BCNU administration (Reitemeier et al., 1966).
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METHODS

Blood and Plasma Volumes

Plasma volume was measured by the Evans Blue (T-1824) dye

technique. The dye was diluted to a concentration of 0.05% with

normal saline. Three-tenths milliliter of the diluted dye was injected

into the tail vein of each rat. Ten minutes later blood was removed

by cardiac puncture. A small portion of this blood was used to de-

termine the hematocrit, the remainder was placed in an oxalated

tube and centrifuged to separate cells and plasma. A plasma aliquot

was diluted 1:4 with normal saline and read in a Bausch and Lomb

Spectronic 20 colorimeter at 620mp.. Sample values were quantified

by comparison of optical density to that of a standard solution con-

taining 0.3 ml diluted dye in 30 ml normal saline. Blood volume was

calculated by dividing the plasma volume by the quantity (1-Ht) where

Ht was the individual hematocrit. It was assumed that the blood re-

moved by cardiac puncture gave true body hematocrit values and,

therefore, required no correction factor before utilization in blood

volume calculations. The body weight of each rat was recorded so

that plasma and blood volume could be expressed as per cent of body

weight.
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Leukocyte and Erythrocyte Counts

Free-flowing blood appearing on the clipped rat tail was drawn

to the appropriate mark in standard red and white cell diluting pi-

pettes respectively. Hayem's solution was used to dilute red cells

while Turk's reagent was used for white cell dilutions. After filling

with the diluting fluid, the pipettes were placed on an automatic pipet

shaker (Technilab Instruments, Model 30) and shaken for at least

three minutes. Duplicate counting chambers were filled by capillary

action and counted for either the number of red or white cells.

Hematocrit and Hemoglobin Analysis

Hematocrit and hemoglobin determinations were also run for

each rat from which cell counts had been obtained. From these data,

calculations of mean corpuscular volume, mean corpuscular hemo-

globin and mean corpuscular hemoglobin concentration were obtained

where:
Ht x 10mean corpuscular volume = RBC Count (x106) (cu. W

mean corpuscular hemoglobin - Hb x 10
6 ,RBC Count(x10 ) tpgm)

mean corpuscular hemoglobin
concentration = Hb x 100

Ht (%)

(Ht = hematocrit, per cent; Hb = hemoglobin concentration, gm/100 ml).

A microtechnique was employed to determine hematocrit values. Red
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tip capillary tubes (Van Waters and Rodgers, Cat. No. 14478) were

filled with blood removed by cardiac puncture, sealed by insertion

into CritosealR (Van Waters and Rodger, Cat. No. 14478-5), and

centrifuged on an International Clinical centrifuge (Model CL) with a

microhematocrit head. Hemoglobin levels were estimated by a color-

imetric cyanmethemoglobin method (Frankel and Reitman, 1963).

Serum Proteins

Total serum proteins and albumin were analyzed by the photo-

metric biuret method of Kingsley (1942). Differences in these two

protein determinations were assumed to result from the presence of

globulins.
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RESULTS

The data showing a severe and prolonged decrease in plasma

volume following BCNU treatment is presented in the upper half of

Table 5-1. Plasma volume displayed a bimodal depression with the

initial decrease appearing on day three for all BCNU dose levels. At

10, 20, and 30 mg/kg, plasma volume returned to control values at

intermediate times. A final depression occurred in rats treated at

these three low doses at more extended periods. The appearance of

delayed deaths was closely associated with this final decrease in

plasma volume. When expressed as per cent of body weight, plasma

volume was significantly depressed at only three points for 27 meas-

ured periods. All three occurred in animals treated at 10 mg/kg.

This low dose affected the least reduction in body weight (see Figure

2-1). These data suggest that abnormalities in body water regulation

may account for much of the losses in body weight.

Evaluation of changes in total blood volume (Table 5-2) necessi-

tated a simultaneous evaluation of hematocrit alterations (Table 5-3)

since the latter was involved in calculation of the former. Table 5-3

showed all but one of the significant hematocrit changes were ele-

vations in cell percentage. Total blood volume calculations would

also normally reflect these elevations of hematocrit. However, all

significant alterations in blood volume were decreases. Therefore,



Table 5.1. Plasma Volume in Rats Pretreated with BCNU.

BCNU
Dose

mg/kg

Days Post Treatment
3 7 14 28

ml ± S. E.
63 84 119

0

10

20

22.3±0.9
(9)a

19.6 ±0.7x
(6)

19.3±0.7x

20.5±1.1
(11)

19.0±0.6
(11)

18.7±0.6

16.4±0.8 19.5±1.9
(17) (9)

15.7±1.4 13.8±1.7
(12) (5)

13.6±1.5 13.1 ±2.2X

21.0±0.8
(9)

20.3±1.0
(10)

14.0±0.7x

27.2±2.0
(7)

26.8±1.4
(8)

24.0±1.5

35.5±0.9
(8)

30.5±1.2x
(9)

(7) (11) (11) (10) (7) (8)

30 16.9± 1.0x 15.7±0.7x 15.1±1.4 14.8±1.8 12.2±0.9x
(6) (11) (11) (10) (8)

75 13.8±0.9x 15.1±0.9x 9.3±0.6x
(5) (11) (9)

per cent of body weight ± S. E.

0 10.6±0.5 9.8±0.4 6.4±0.3 6.1±0.5 6.1±0.1 6.1±0.5 7.5±0.1

10 9.2±0.4 8.5±0.3x 6.7±0.5 4.1±0.4x 6.8±0.8 5.9±0.3 6.7±0.2x

20 9.2±0.5 9.0±0.3 6.9±0.2 4.3±0.7 5.7±0.1 6.1±0.3

30 9.6±0.5 8.9±0.4 7.4±0.6 6.8±0.8 6.6±0.2

75 8. 5±0.7 11.4±0.9 6.6±0.3

aNumber per group.

Mean significant from corresponding control group (P < 0.05), Student's t- test.



Table 5-2, Total Blood Volume in Rats Pretreated with BCNU.

BCNU

Dose
mg/kg

Days Post Treatment
3 7 14 28

ml S. E.

63 84 119

0 38.1±1.5 36.9±2.1 29.2 11.7 29.4±2.6 33.9±1.2 50.6±3,6 63.7±2.1

(9)a (11) (17) (9) (9) (7) (8)

10 33.7±1.2 36,0±1.2 26.4± 2.5 21.6±2.4 33.8±1.4 50.2±3.0 56.3±1.8x
(6) (11) (12) (5) (8) (8) (9)

20 34.6±1.5 34.6 ±1.2 24.6±1.5 20,3±2. 4x 23.7±1.7x 45.8±3.0
(7) (11) (11) (10) (7) (8)

30 29.9±1.7x 31.7±1.1x 23.8±1.5x 20.9 ±2.6X 23.6±1.5x
(6) (11) (11) (10) (8)

75 23.4±1.6x 29.8±1.4x 16.1±1.0x
(5) (11) (9)

per cent of body weight ± S. E.

0 18.1±0.9 17. 5 ±0.7 11.3±0.6 9.2±0.7 9.8±0.2 11.3±0.8 13.7±0.3

10 15.8±0.7 16.2±0.5 11.2±0.9 6.4±0. 6
x 8.9±0.4 11.1±0.7 12.6±0.2

20 16.50. 9 16.7 ±0.6 11.4±0.6 7.6±1.4 9.9±0.5 11.6±0.7

30 17.0 ±0. 8 17.9±0.7 11.6 ±0.6 9,2±0.8 12.1±0.9x

75 14.5±1.1x 22.5±1.2x 11. 5 ±0.6

aNumber per group.

XMean significant from corresponding control group (P < 0.05), Student's t- test.



Table 5-3, Temporal Changes in Hernatocrit of BCNU Treated Rats.

BCNU

Dose
mg/kg

Days Post Treatment
3 7 14 28 63

percent ± S. E.
84 119

0 41.2±0.7 40.4±1.9 42.2±1.3 39.3±1.5 40.4±1.5 44.6±0.9 43.9±1.2
(13)a (16) (25) (18) (18) (11) (17)

10 41.7±0.3 47.7±0.8x 39.4±2.4 39.5±1.1 42.5±0.9 43.5±2.1 43.6±1.2
(6) (9) (17) (15) (24) (12) (17)

20 44.1±1.0x 46.3±0.7x 41.6±1.4 36.5±2.2 56.0±1.2x 41.9±2.7
(7) (10) (16) (14) (12) (14)

30 41.3±1.2 50.9±1.4x 41.0±2.4 30.1±2.8x 44.1±3.5
(11) (11) (17) (16) (12)

75 41.3±1.4 44.8±3.9 40.2±2.1
(10) (12) (19)

aNumber per group.

xMean significant from corresponding control (P <0.05), Student's t- test.
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one may logically conclude that depressed levels of total blood volume

reflected decreases in plasma volume. Comparison of doses and times

of significant variation in plasma and blood volumes substantiated

this hypothesis. The elevated hematocrit levels generally appeared

to have resulted from a combination of elevated red cell counts and

depressed plasma levels. Expression of blood volume as per cent

body weight once again eliminated nearly all points of statistically

significant deviation from control values. However, those signifi-

cant values remaining occurred more randomly among the treat-

ment levels than did those remaining in the plasma volume data.

Temporal changes in erythrocyte counts following single doses

of BCNU (Table 5-4) revealed that determinations taken prior to day

28 resulted in either no effect or elevations of red cell counts for all

doses of the drug. Cell counts for day 28 and later were either de-

pressed or not affected for any of the treatment levels. This pattern

was duplicated by the hematocrit data (Table 5-3). The initial rise

in red cell counts probably resulted from hemoconcentration due to

reduction of plasma levels. However, at most doses, plasma vol-

umes continued to decrease with time. Red cell counts, contrary to

expectation, did not continue to rise in the face of the diminishing

plasma volumes. Instead red cell levels for the 20 and 30 mg/kg

groups remained constantly elevated at 7 and 14 days post treatment.

By the next sampling period (day 28) however, both of these groups



Table 5. 4. Red Blood Cell Counts for Rats Pretreated with BCNU.

BCNU

Dose
mg/kg

Days Post Treatment
3 7 14 28 63

million/cu. mm. ± S. E.
84 119

0 7. 5±0. 2 8. 2±0. 3 8. 3±0. 3 9. 8±0. 6 8. 7±0. 4 9. 5±0. 3 9.6 ±0.4
(9 )a (15) (16) (15) (20) (11) (12)

10 6.7±0.3 8.9 ±0. 5 7. 8±0. 2 8. 4±0. 3 8. 6±0. 2 9. 7±0. 7 8. 9t0. 4
(5) (8) (5)P (13) (12)P (10) (15)

20 7. 3±0. 3 9. 3±0, 3 8. 9±0. 3 8. 1 ±0. 3x 7. 5±0. 5 9. 8±0. 5
(5) (5) (5)P (10)P (13) (13)

30 8. 3±0.6 10. 2±0. 6x 10. 3±0. 5
x

6. 7±0.5x 8. 8±0. 8
(5) (5)P (5)P (9)P (16)P

75 8.0 ±0. 5 10.0 ±0. 5x 7. 8±0.9
(5)P (11)P (9)P

a
Number per group,

XMean significant from corresponding control (P <0.05) Student's t-test.

PTime and dose of significant bilirubin elevation (from Table 3-4).



88

had significantly depressed red cell counts. The 10 and 75 mg/kg

groups also displayed elevated red cell counts by day seven post

dosing. Unlike the 20 and 30 mg/kg groups however, the red cell

levels for the 10 and 75 mg/kg rats had decreased to control levels

by day 14. Obviously, the red cell counts for none of the treated rats

reflected plasma volume reductions at any sampling time beyond day

seven post treatment. Table 5-5 indicated that changes in mean cor-

puscular volume could not account for the hematocrit or erythrocyte

patterns. A close correlation, however, existed between red cell

counts and serum bilirubin levels for all doses of BCNU. In Table

5-4, an elevated red cell count preceded significant bilirubin ele-

vations by at least one week for all groups. When red cell counts

diminished, the serum content of bilirubin increased to significant

concentrations. Exceptions to this pattern could be attributed to

shifts in plasma volume. Some of the elevated erythrocyte levels

were not significantly higher than corresponding control values. How-

ever, it can be shown that red cell counts may be maintained at con-

trol levels by a normal turnover rate and simultaneously produce

significant elevations in serum bilirubin (Appendix 2). This may be

accomplished by a severe reduction of hepatic bilirubin excretion

thereby accumulating serum levels of the pigment even though it is

synthesized at a normal rate. The hemoglobin data (Tables 5-6, 7,

8) showed only scattered significant alterations in hemoglobin



Table 5-5. Mean Corpuscular Volume Following BCNU Administration to Rats.

BCNU Days Post Treatment
Dose 3 7 14 28 63 84 119
mg/kg cu. u ± S. E.

55. 1±2. 46. 7±2. 9 50. 7±2. 8 45. 8±2. 9 47. 8±3. 4 47. 3±1. 5 45. 2±1. 5

(7)a (7) (11) (9) (18) (11) (12)

10 12.9 ±2.7X 55.6±1.0 47. 8±3. 2 49. 1±2. 3 50.2±2.0 56. 8±4. 8 50.9±3.3
(5) (3) (5) (9) (12) (10) (4)

20 59. 9±2. 8 50. 8±2. 2 49. 4±1. 4 50. 9±3. 8 58. 5±6. 5 42. 5±2. 4
(4) (5) (5) (4) (11) (13)

30 48. 3±5. 5 51.6±3.6 45. 7±3. 4 37. 8±9. 7 54.2±4.8
(5) (5) (5) (5) (12)

75 52.4±1.4 45.2±8.4 47. 0±3. 6

(5) (5) (6)

a
Number per group.

Mean significant from corresponding control (P <0.05), Student's t-test.



Table 5-6. Hemoglobin Levels in BCNU- Treated Rats.

BCNU Days Post Treatment
Dose 3 7 14 28 63 84 119

mg/kg gm/100 ml f S. E.

0 13.1±0.6 15.2±1.0 13.6 ±0.4 13.00.8 12.30.6 10.910.8 14.70.9
(13)a (8) (13) (9) (9) (7) (15)

10 13.30.1 14. 5±1.1 14.60.6 13.10.7 13. 4±0.3 12. 4±0. 7 13, 2±0. 5
(5) (8) (5)P (8) (16)P (8) (13)

20 14.20. 5 14.6±0.1 14. 40.3 13. 7±0. 7 13. 5±0. 5 12. 2±0. 5
(4) (5) (5)P (6F (9P (7)

30 11. 4±0. 5 14. 2±0. 9 10.1±1.9x 9. 2±2. 3 13. 2±0. 9
(5) (s? (S? (5? (8}P

75 13. 8±1. 0 14.1±1.0 14.60. 5
(5? (7? (7?

a
Number per group.

XMean significant from corresponding control (P <0. 05), Student's t-test.

PTime and dose of significant bilirubin elevation (from Table 3-4).



Table 5-7. Mean Corpuscular Hemoglobin Concentration in Rats Treated with BCNU.

BCNU
Dose

mg/kg

Days Post Treatment
3 7 14 28

percent ± S. E.
63 84 119

0 32.1±1.5 26. 3±2. 3 33. 4±1. 7 33. 5±1. 4 26.6±1.2 23.7±1.6 33.2±3.2
(7)a (3) (11) (8) (8) (7) (12)

10 31.9 ±0.4 29. 0±0. 7 39.6±1.8 33. 7±2. 2 29.8 ±2.3 26.6±1.3 30.4±1.3
(5) (3) (5)P (8) (16)P (8) (13)

20 32.0 ±0. 8 31. 4±1. 0 32. 0±0. 5 36.7 ±3.0 28. 5 ±0.9 29.3±3.6
(4) (5) (5)P (4)P (7)P (8)

30 29. 5 ±0.4 27.3±1.3 21.4±3.7X 35. 8 ±7.0 27.4 ±1, 8
(5) (5)P (5)P (5)P (5)P

75 33. 8±3. 8 41. 1±8. 3 36. 8±2. 5

(5)P (5)P (6)P

a
Number per group.

XMean significant from corresponding control (P <0.05), Student's t-test.

PTime and dose of significant bilirubin elevation (from Table 3-4),



Table 5-8. Mean Corpuscular Hemoglobin in Rats Treated with BCNU.

BCNU Days Post Treatment
Dose

mg/kg
3 7 14 28

lig gm ± S. E.
63 84 119

0

10

17.6±0.8
(7)2.

20.1±1. 1
(5)

18.2±1.5
(8)

18. 4±0.9
(7)

16. 7±0. 9
(11)

18. 8±1.0
(5)P

15.0±1.2
(8)

16. 1±0. 8

(8)

14. 0±0. 6

(9)

15.4 ±0. 5

(7)P

10. 9±0. 9 15.6±1.4
(7) (10)

14.0±1.9 15. 2±0. 7
(6) (14)

20 19.2±1.0 15. 9±0. 5 16. 3±0. 5 19.1f1.0x 17.3±1.1x 13.0 ±1.7
(4) (5) (5)P (5)P (9)P (7)

30 14. 2±1. 5 14.2±1.4 9. 8±1. 2x 13.2 ±3.7 14. 8 ±0.8

(5) (5)P (5)P (5)P (8)P

75 17.7 ±2. 1 16.0 ±0. 5 17.8±1.3
(5)P (5)P (7)P

a
Ntunber per group.

Mean significant from corresponding control (P <0.05), Student's t-test.

PTim*e and dose of significant bilirubin elevation (from Table 3-4).
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(gm/100 ml), mean corpuscular hemoglobin concentration, and mean

corpuscular hemoglobin. The relevance of these points seemed minor.

However, it is interesting to note that 8 of the 12 significant bilirubin

elevations corresponded to statistically insignificant, nevertheless,

elevated hemoglobin levels and mean corpuscular hemoglobin con-

centrations. Judgment of this correlation could not be evaluated since

here, as in the correlation between red cell counts and serum bili-

rubin levels, errors inherent in the methods greatly exceeded mean-

ingful statistical error limits.

White cell counts for rats (Table 5-9) revealed an early inci-

dence of leukopenia that was related to the dose of BCNU. However,

the three highest treatment groups all showed an upward trend of

white cell counts as time progressed. The 20 and 30 mg/kg groups

actually achieved significantly elevated levels at extended periods.

This upward trend continued in these two groups until death. The 10

mg/kg treatment white cell levels were practically coincidental with

control values.

Total serum proteins were significantly elevated at extended

periods for the 20 mg/kg group and at the initial determination for

75 mg/kg (Table 5-10). Protein levels for the highest treatment

rapidly decreased to a signficantly depressed level by day 14. Di-

vision of total protein into albumin and globulin fractions and ex-

pressing these values as a ratio (albumin/globulin, A/G) provided the



Table 5-9. White Blood Cell Counts for Rats Pretreated with BCNU.

BCNU Days Post Treatment
Dose 3 7 14 28 63 84 119

mg/kg thousands/cu. mm ± S. E.

0 17.9±1. 8 23. 1±2. 5 20. 9±1. 7 17. 7±2.1 32.0±3.3 18.4±2.6 18.9±3. 1
(4)a (12) (16) (13) (17) (7) (6)

10 17. 9±1. 5 21. 5±1.9 17.6 ±1.9 19. 8±2.2 21. 7±1.6x 21.2 ±4. 1 17.0 ±2.0
(5) (7) (5) (12) (12) (9) (9)

20 15.2±1.6 24.0±1.9 30. 0±3. lx 28.9±4. lx 24.0±4.9 30. 9±2. lx

(5) (5) (5) (10) (6) (6)

30 8. 5±2. 4
x

15. 0±2.3 21.0±1.8 27.2 ±4.2X 32.2±7.2
(5) (5) (5) (8) (11)

75 5. 3±0. Sx 6.2±1.4x 9.2±1. 8x
(5) (7) (7)

a
Number per group.

XMean significant from corresponding control (P< 0.05), Student's t-test.



Table 5-10. Alterations of Total Serum Protein by BCNU Treatment in Rats.

BCNU Days Post Treatment
Dose 7 14 28 63 84 119

mg/kg gm per 100 ml± S. E.

0 5, 2±0, 1 5, 3±0, 1 5.90.2 6.10.3 4.10.3 6, 5±0.6 5.70. 2
(6)a (9) (5) (13) (9) (5) (8)

10 6.10.1 6.1 tO. 2 3, 7±0, 3 5, 8±0.1 6.10.1
(6) (11) (6) (11) (13) (7) (7)

20 5, 4±0. 1 5.80.2 7.4±0.6x
7, 5±0. 3x 5.10. 2x 6, 0±0. 2

(5) (10) (5) (11) (12) (5)

30 5.30.2 5.40.2 5, 80. 3 6,7±0,3 4.7±0,3
(5) (6) (5) (12) (10)

75 6. 2±0.1x 4. 9 ±0. 3 3. 7±0. 4x

(5) (6) (4)

a
Number per group.

xMean significant from corresponding controls (P <0.05), Student's t-test.



96

data presented in Table 5-11. The A/G ratio progressively decreased

for all treatment levels of BCNU except 75 mg/kg. This group had

a significantly depressed ratio at the earliest determination. Albumin

values never significantly differed from controls for any level of

BCNU treatment.



Table 5-11. Changes Induced in the A/G Ratio by BCNU Treatment in Rats.

BCNU Days Post Treatment
Dose 3 7 14 28 63 84 119

mg/kg mean ratio ± S. E.

0 1,11±0.03 0.96±0.09 0.99±0.04 0.95±0.05 0.95±0.13 0.77±0.11 0.45±0.03
)a. (11) (5) (13) (8) (4) (8)

10 1. 10 ±0.09 0.92±0.06 0.93±0.07 0.81 ±0.05 0.98±0.06 0.79 ±0.04 0.90±0.05
(6) (10) (6) (11) (13) (7) (7)

20 1. 17±0.05 0.95±0.06 0.870. 08 0.62 ±0.05X 0.56±0.05x 0.93±0. 13
(5) (10) (5) (11) (12) (5)

30 0.88 ±0.08x 0.83±0.09 0.840. 08 0.54±0.03x 0.36 ± 0.04
(5) (6) (5) (12) (9)

75 0.67 ±0.03x 0.810.06 0.83 ±0.07
(5) (6) (4)

aNumber per group.

XMean significant from corresponding controls (P <0. 05), Student's t- test.
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DISCUSSION

The bimodal depression of plasma volume possibly resulted

from compartmental shifts of total body water. An initial effect of

BCNU administration could have been a loss of water by excretion

from the most available source--plasma. This could have produced

the initial decrease in plasma volume seen at day three for all doses

(Table 5-1). Compensatory mechanisms could subsequently have

sequestered water from the extracellular compartment and eventually

the cellular compart, if necessary, to re-establish osmotic equilibri-

um in the plasma. If these events occurred at a slow but continuous

rate, they could have accounted for the decreased body and organ

weights shown previously. Eventually extracellular and cellular com-

partments would have been maximally decreased in water content so

that plasma volume would by necessity have diminished once again.

If this stage of development were reached, death would soon follow.

It was observed that essentially all animals dying from BCNU intoxi-

cation suffered tremendous losses in body weight just prior to suc-

cumbing.

The temporal pattern of erythrocyte levels (Table 5-4) sug-

gested the presence of a chronic hemolytic anemia. Through day 14,

red cell levels were maintained at either constant or increased levels.

The initial elevated cell levels probably resulted from
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hemoconcentration. However, since the erythrocyte levels were

either unchanged or remained elevated at a constant level for a short

period (two determinations in the 20 and 30 mg/kg groups) rather than

continuously rising in response to the diminishing levels of plasma,

a low level of hemolysis was indicated. From day 28 and later, how-

ever, erythrocyte counts were either depressed or unaffected for all

levels of treatment. Plasma volumes were diminished by as much as

30 percent. The lack of red cell elevation at these times, therefore,

suggested that either cellular destruction occurred at an excessive

rate or red cell replacement was inadequate for normal maintenance

of cell levels. Preliminary results from a 59 Fe and 51Cr dual label-

ing study of rat erythrocytes indicated that the 30 and 75 mg/kg BCNU

treated groups lost 59Fe more slowly from the plasma following I. V.

injection than did control rats, more slowly incorporated 59 Fe into

new red cells than controls and lost 51Cr from red cells incubated

with this isotope at the same rate as control rats. Rats treated at 10

and 20 mg/kg were not included in these experiments. The 51Cr data

suggested that mature erythrocytes were not hemolyzed any faster in

treated than in control rats. However, since 59 Fe was less rapidly

incorporated into red cells of rats previously treated with BCNU,

these red cells were synthesized less rapidly than those of controls.

The temporal red cell count pattern in rats treated with BCNU could,

therefore, be attributed to a combination of a diminished rate of
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erythrocyte production and an excessive hemolysis rate for newly

synthesized red cells. Rapid hemolysis of new erythrocytes would

increase the plasma "pool" of iron available for utilization in more

red cell synthesis. In addition, the elevated plasma iron concen-

tration was accentuated by the decreased plasma volume. There-

fore, one would expect plasma iron to turnover less rapidly if the

rate of erythrocyte hemolysis exceeded the rate of synthesis.

Decreasing red cell counts of treated rats suggested that, indeed,

hemolysis exceeded erythrocyte synthesis. The reduced rate of

59 Fe disappearance from the plasma was, therefore, consistent

with other data. The data indicated that the erythrocyte lesion in-

duced by BCNU did not result from a direct interaction between the

chemical and the red cell, but, instead, resulted from a drug action

directed at the erythrocyte- synthesizing system in the bone marrow.

The resultant effect was the synthesis of red cells which were more

subject to hemolysis. Since the average lifespan of rat erythrocytes

is approximately 60 days, it is interesting that day 28, the period

first indicating an acceleration in the rate of red cell hemolysis

following BCNU treatment, corresponded very closely to the half-

life for rat red cells.

A leukopenia in humans delayed in onset until day 21 and per-

sisting for about three weeks was previously reported (De Vita et al.,

1964; Reitemeier et al., 1966). The data presented for rats
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(Table 5-9) are apparently in contrast to the observations in humans.

Treated rats showed an early leukopenia that was short-lived. The

rat leukopenia rapidly, but progressively reversed until white cell

levels were significantly elevated at extended periods in the 20 and

30 mg/kg groups. The elevated white cell levels may have repre-

sented compensatory action taken to alleviate and reverse the hepa-

totoxicity or other inflammatory injury resulting from BCNU admin-

istration. Harrod and Cortner (0968) reported a prolongation of

lymphocyte survival induced by the administration of BCNU. An

action of this type could also contribute to the general leukocyte ele-

vations at prolonged periods as seen in these data.

Evaluation of the depressed A/G ratios in BCNU treated rats

revealed effects on both albumin and globulin synthesis. Since serum

albumin concentrations for the treated rats never differed significantly

from control values despite their decreased plasma volumes, hepatic

production of albumin must have been reduced at a rate parallel to

the rate at which plasma volume was decreased. BCNU had previ-

ously been shown to depress protein synthesis both in vitro and in

vivo (Green, 1965; Wheeler and Bowdon, 1965). The apparent

elevated serum level of globulins, suggested by the diminished A/G

ratio in the face of constant albumin levels, may have resulted from

either of two possibilities. First, synthesis of globulins may have

proceeded at a rate similar to control rats so that the depressed
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plasma volumes produced the apparent elevation of serum globulin

levels. On the otherhand, globulin synthesis may actually have been

stimulated. Serum globulins routinely rise in stress due to inflam-

mation. Determination of the actual mechanism by which serum

globulins were elevated must await additional experimentation. No

specific correlation with enhanced serum cholinesterase was apparent

from these data.
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VI. LONG-TERM ALTERATIONS OF 5-HYDROXYTRYPTAMINE
(SEROTONIN) LEVELS IN INTESTINE, BLOOD, AND

BRAIN FOLLOWING BCNU ADMINISTRATION
TO RATS

INTRODUCTION

5-Hydroxytrypta'mine (5-HT) has been attributed physiological

mechanisms of action related to the intestinal tract, blood clotting,

and neural transmission of impulses. High concentrations of sero-

tonin in the gastrointestinal tract suggested that this compound may

have a role in intestinal motility. The intestinal sites of 5-HT syn-

thesis and storage are believed to be in the mucosal enterochromaffin

cells (Ehrspamer and Asero, 1952). Evidence has accumulated which

suggestedthat release of 5-HT from these cells facilitates the peri-

staltic reflex and may thereby contribute to the regulation of peri-

stalsis (Bilhlbring and Crema, 1959: Boullin, 1964). It has been re-

ported that a rise of the intra-intestinal pressure releases endogenous

5-HT. In addition, 5-HT output is elevated during peristalsis

(13thlbring, 1961). Contraction of the gastrointestinal tract following

intravenous injection of 5-HT is well-known. All of these data com-

bine to implicate 5-HT with gastric motility and activity.

Observation of stagnant food masses in the intestines of BCNU

treated animals suggestedthat a possible cause for their lack of appetite

may be linked to reduced gastric motility. Since 5-HT seems closely
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associated with peristaltic activity and since it is more concentrated

in intestinal enterochromaffin tissue than in any other single tissue,

measurement of intestinal 5-HT levels in BCNU-treated rats seemed

essential. In addition, rats intoxicated with BCNU appeared to show

slower blood clotting times. Despite the fact that Haverback et al.,

(1957) reported no correlation between clotting times and 5-HT de-

pletion, sufficient conclusive evidence has not yet accumulated to

settle this issue (Ehrspamer, 1966). Therefore, the presence of

5-HT in mast cells and platelets of rats warranted analysis of

serotonin blood levels. And finally, since BCNU is known to rapidly

cross the blood-brain barrier (Loo et al., 1966; De Vita et al., 1967)

and since 5-HT has been implicated as a transmitter in the central

nervous system (Goodman and Gilman, 1965), brain levels of 5-HT

were also monitored.
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METHODS

The levels of 5-HT in intestine, blood and brain were deter-

mined by an adaptation of a butanol extraction technique (Udenfriend

et al., 1955). Anesthetized rats were killed by exsanguination from

the dorsal aorta. A 2.0 ml whole blood sample was added to 9.0 ml

water in a 15 ml centrifuge tube. Protein was precipitated by the

addition of 2.0 ml of 5% ZnSO4. The samples were centrifuged and

the separated serum decanted into a vial, acidified with 0.1 N HC1

and frozen until analyzed. Approximately one gram (15-30cm) of

wet intestine was next removed, flushed of debris using normal saline,

weighed (wet weight) and homogenized in distilled water acidified

with 0.1 N HC1 (30 ml total volume). A Tri-R Stir-R (Model 563)

variable speed homogenizer and teflon pestle were employed in all

homogenizations. All tissue suspensions were frozen until analyzed.

The entire rat brain was removed intact, weighed (wet weight), ho-

mogenized in a total volume of 10-12 ml acidified water and frozen

until analyzed.

The entire serum and brain samples were extracted for 5-HT,

but only 5.0 ml of the intestinal homogenate was utilized. The re-

agents used were those of Udenfriend et al., (1955) except that the

borate buffer pH was 9. 6 instead of 10.0 and the final extraction was

done with 3 N HC1 instead of 0.1 N HC1.. (Dalgliesh and Dutton, 1957;
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Crawford and Rudd, 1962). The tissue homogenate was added to 5.0

ml borate buffer, pH 9.6, in a 50 ml centrifuge tube containing 3-5

gm NaCl. The pH of this mixture was always maintained between 9

and 10. Butanol (1 5 ml) was added, the samples were shaken for 10

minutes and then centrifuged at 1000 RPM for 10 minutes. The

butanol phase was transferred to another 50 ml centrifuge tube and

washed once with an equal volume of the borate buffer. The buffer

was removed and discarded. Precisely 5.0 ml of 3 N HC1 were

next added to the washed butanol followed by 1 5 ml heptane. The

samples were then shaken for 1 5 minutes before 3.0 ml of the acid

were withdrawn. Fluorescence of the 3 ml acid aliquot was read at

55Omp fromactivation at 295mp, on a Turner fluorometer (Model 111)

using lamp 110-855, primary filter 110-810, secondary filters 110-

81 8 and Corning 4-97, and quartz cuvettes (Turner 110-802). Sample

readings were quantified by comparison with standards of known con-

centration extracted by the same technique.
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RESULTS

Data from this preliminary study are shown in Table 6-1. It

can be seen that the lowest dose (20 mg/kg) produced no significant

alterations of 5-HT concentrations in intestine, blood or brain. Slight

elevations of intestinal and blood levels were apparent however. The

two highest doses produced parallel significant alterations in 5-HT

levels of all three tissues. Single oral doses of BCNU at 30 and 75

mg/kg significantly decreased intestinal and blood 5-HT levels 28

and 7 days post treatment respectively, and significantly elevated

brain levels of the amine. Prior to this study, no agent was known to

produce such persistent alterations of tissue 5-HT levels from a

single treatment.
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Table 6-1. Dose-Time Relationship of Various Tissue Serotonin
Levels Following BCNU Administration.

BCNU Days Post Treatment
Dose 7 28 84
mg/kg mean intestinal 5-Ht (p. gigm) ± S. E.

0 6.18±0.55 4.06±0.41 4.76±0.32
(7)a

(7) (6)

20 5.60±0.31
(10)

30 2.80±0.22x
(5)

75 4.266
)

±0.57x
(

mean blood 5-Ht (la g /ml whole blood) ± S. E.

0 0.69±0.3 0.49±0.04 0.68±0.08
(7)a

(8) (6)

20 0.79±0.08
(10)

30 O. 2?:)0.07x

75 0.12±0.03x
(6)

mean brain 5-Ht g /gm) ± S. E.

0 0.58±0.04 0.63±0.03 0.68±0.04
(7)a (8) (6)

20 0.68±0.03
(10)

30 0.77±0.02x
(8)

75 O. 72±0.04x
(6)

aNumber per group
XMean significant from corresponding control (P<0.05), Student' s
t-test.
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DISCUSSION

The effects of BCNU on intestinal and blood levels as opposed

to the effects on brain levels of 5-HT at first seem anomalous.

However, Woolley and Shaw (1954) reported evidence indicating 5-HT

could not cross the blood-brain barrier. Although others provided

contradictory data (McIsaac and Page, 1959), Mantegazzini (1966) in

his discussion of the topic of 5-HT passing the blood-brain barrier

concluded that "the proof that 5-HT can get through the blood-brain

barrier is lacking". Table 6-1 not only indicated that central and

peripheral 5-HT compartments were independent, but it also sug-

gested either different synthesis or storage mechanisms in the two

compartments, or different types of drug action in the two areas.

Perhaps intact BCNU affected intestinal and blood 5-HT levels there-

by blocking its synthesis and/or storage while a metabolite stimulated

synthesis and/or storage within the brain. Differences in 5-HT

turnover times in the three areas (brain t1/2= minutes, intestine

t 1/2 = hours, blood t1/2 = days or weeks; from Goodman and Gilman,

1965) suggested differences in mechanism of storage in the different

tissues for this amine.

Rats treated with BCNU passed a mucoidal material in their

feces at those times when the signs of toxicity were most severe.

Observation of the intestines of these animals revealed a marked
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loss of tissue. (To obtain a piece of intestine that weighed the same

from control and treated rats, two times the length of intestine removed

from control animals had to be removed from the treated rats.) The

lost tissue may have included the enterochromaffin tissue which nor-

mally synthesizes 5-HT. Sloughing of the epithelial lining of the in-

testine could indirectly reduce intestinal and blood levels of 5-HT.

Investigations of histopathological alterations in the gastrointestinal

tissue must be completed before a meaningful evaluation of the type

and extent of tissue damage in this organ can be meaningfully as-

sessed.

The low blood levels of 5-HT following BCNU treatment prob-

ably reflected the decreased gastrointestinal content. Blood sero-

tonin is carried within the platelets which obtain it from the intestinal

supply, and in the mast cells of rats. Consequently, the reported

thrombocytopenia following BCNU administration is also a factor con-

tributing to reduced blood levels of 5-HT (De Vita et al., 1964, 1965).

Ehrspamer (1966) compiled data indicating that the anterior

hypothalamus contained three to eight times more 5-HT than other

brain areas. It is this portion of the brain with which control of

several of the "vegetative" body functions is closely associated. The

whole brain elevations of 5-HT following BCNU administration to rats

may have reflected massive elevations of 5-HT in localized areas of

the brain. The normally high concentrations of 5-HT in the
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hypothalamus suggest that perhaps this portion of the brain would be

most likely to elicit localized elevations of 5-HT. Determination and

comparison of serotonin levels in various areas of the brains of rats

treated with BCNU would provide data by which this hypothesis could

be judged.

Elevated 5-HT levels in the hypothalamus could contribute to

the decreased body temperatures, prolonged hypnosis times, dimin-

ished food intake, hydroadipsia in the face of a severe dehydration,

and body weight losses. A decrease in the rectal temperature of goat

and ox was reported to occur from the intravenous administration of

5-HT (Anderson et al., 1966; Findley and Robertshaw, 1967). Since

body temperature regulation is controlled by the hypothalamus, these

reports indicated that the 5-HT was exerting a depressant action on

the hypothalamic centers. Therefore, perhaps the depressed rectal

temperatures in rats treated with BCNU also resulted from the ele-

vated brain levels of 5-HT.

Fornaroli and Koller (1954, 1955) first reported prolongation of

barbiturate-induced hypnosis by 5-HT. This action is probably re-

lated to the hypothermic and vasoconstrictor actions of 5-HT, but it

may also involve the uncoupled oxidative phosphorylation in brain

mitochondria and reduced brain levels of ATP induced by 5-HT ad-

ministration (Krawczynski, 1961; Mahler and Humoller, 1968).

BCNU treated rats were previously shown to exhibit prolonged
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hypnosis induced by pentobarbital sodium. Separation of the 5-HT

contribution to this narcosis effect from redistribution of the barbi-

turate suggested by the diminished plasma volume, and a comprom-

ised drug metabolizing system indicated by the enzyme induction

studies would be difficult, indeed. However, further investigation

into the possibilities of drug redistribution and diminished levels of

drug metabolizing enzymes, at this point, would seem to offer the

greatest potential for determining the mechanisms involved in the

prolongation of hypnosis following BCNU intoxication.

Soulairacand Soulairac (1960) found that 5-HT injected subcu-

taneously diminished the food and caloric intake of rats. Perhaps the

elevated brain levels of serotonin in rats treated with BCNU were

depressing the hypothalamic feeding centers in a manner similar to

its depression of the thermoregulatory centers in the hypothalamus.

In addition, if 5-HT manifests a general inhibitory action in the hypo-

thalamus, the hydroadipsia in the face of severe body water losses

could also be explained. If brain concentrations of 5-HT could be

chronically induced or maintained at levels similar to those in rats

which had received BCNU, the effect on food consumption could be

evaluated.

Adrenalectomy has been reported to decrease serum 5-HT and

increase brain 5-HT (De Maio, 1959; Sofer and Gubler, 1962). This

surgical affect was surprisingly duplicated by chemical treatment of
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animals with BCNU. These findings both implicated adrenal hormones

as regulators of brain 5-HT levels. In addition, Telford and West

(1961) concluded following consistent alteration of skin, intestinal

and stomach levels of 5-HT by daily intramuscular injections of

several adrenal steroids that tissue reserves of 5-HT are at least

partially regulated by the secretion of the adrenal cortex. Investi-

gations of the functional competence of the adrenal cortex in animals

intoxicated with BCNU are warranted by these observations.

If adrenal steroid levels are found to be insufficient, the mecha-

nism for several of the signs of toxicity following BCNU adminis-

tration may be explained. Aldosterone is known to play an important

role in the electrolyte and water balance of animals and man by its

control of sodium and potassium excretion. Inadequate amounts of

this hormone lead to sodium depletion accompanied by the loss of

large amounts of body water. The diminished plasma volumes and

body weights of rats treated with BCNU are probably both related to

losses of body water stores.

Carbohydrate and fat metabolism are influenced by corticoster-

one secretion in the rat. Corticosteroids have been shown to regulate

every phase of fat metabolism: oxidation, synthesis, mobilization and

storage. Carbohydrate reserves are rapidly depleted following a

brief period of starvation in adrenalectomized animals. Observation

of rats severely intoxicated with BCNU revealed the complete absence
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of body fat. Although carbohydrate levels were not directly deter-

mined, the poor physical condition of the animals and their refusal to

eat suggested that body carbohydrate stores must also have been se-

verely reduced.

Glucocorticoids (cortisol in humans, but primarily corticoster-

one in rats) also affect formed elements of the blood. Adrenocortical

insufficiency is accompanied by an increase in the mass of lymphoidal

tissue and a mild anemia. Eventually lymphocytosis develops as a

result of the lymphoidal hyperplasia. Undifferentiated white blood

cells were shown to be significantly elevated at prolong periods fol-

lowing BCNU administration (Table 5-9). Erythrocyte levels in

treated rats indicated a progressively severe anemia. Correlation

of the temporal white and red cell patterns with that of corticosterone

must await additional investigations.

The significance of 5-HT in the blood is not well delineated. In

rats, 5-HT is carried in the platelets and mast cells. Intestinal sero-

tonin entering the blood stream is sequestered by the platelets. Mast

cells, on the otherhand, can independently synthesize 5-HT. The

localization of blood 5-HT in cells protects it against metabolic degra-

dation by monamine oxidase. This enzyme is present in several tis-

sues but is of greatest concentration in the liver. BCNU may prove

to be a useful tool in establishing the physiological necessity for the

presence of 5-HT in the blood.
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High levels of 5-HT, achieved by injection, produced physio-

logical elevations which corresponded to physiological reductions pro-

duced by low blood levels of 5-HT in rats treated with BCNU. Ui

(1962) reported that 5-HT in in vitro tests on rat diaphragm was a

physiological "accelerator" of insulin secretion. If one can infer from

this that the blood levels of 5-HT may have a role in the regulation of

insulin secretion from the pancreas, then one could reason that the

reduced serum levels of 5-HT following BCNU treatment may in-

directly prevent glucose utilization by cells. An action of this type

would correlate with the findings that, although malabsorption is not

present, BCNU-treated rats do not benefit from their food consump-

tion in terms of rate of weight gain as much as do control rats. In

addition, Correll et al., (1952) reported elevations of plasma glucose

following 5-HT injection intravenously. This suggested that perhaps

sustained low plasma levels of 5-HT as seen following BCNU treat-

ment could result in low serum glucose and, therefore, malnutrition.

If blood levels of 5-HT are involved in regulation of insulin secretion

or serum glucose levels, the mechanism by which cellular bound

5-HT can elicit extracellular responses poses an intriguing problem.

Critical evaluation of the relationship between blood 5-HT levels and

glucose metabolism must await additional studies.

Consequences of excess 5-HT activity on the adrenal glands in-

cluded elevation of oxygen consumption (Rosenkrantz and Laferte,



116

1959, 1960) and enhanced synthesis and secretion of aldosterone with

a selective action on corticogenesis (Cormier and Jonan, 1962). Con-

ceivably, lowered levels of serum 5-HT by BCNU could produce op-

posite effects on these two parameters. Comparison of the temporal

patterns of adrenal oxygen consumption, aldosterone levels and serum

5-HT would provide a basis for assessing serotonin affects on the

osygen consumption and aldosterone. secretion in treated rats.

High brain levels of 5-HT reportedly produced additional physio-

logical alterations corresponding to manifestations of BCNU toxicity.

Bertelli et al., (1954) attributed the reduced ascorbic acid levels in

the adrenals to a stimulation of the anterior pituitary by high brain

levels of 5-HT with ensuing release of corticotropin (ACTH). Con-

ceivably, the chronically elevated brain levels of 5-HT following

BCNU administration could also accomplish the release of ACTH and

subsequent reduction of adrenal ascorbic acid levels. The failure of

rats treated with BCNU to eat would eventually make replacement of

the depleted ascorbic acid impossible. Since ascorbic acid has been

implicated as a catalyst involved in the hydroxylation of aromatic

compounds (White et al., 1968), eventual curtailment of adrenal ster-

oid synthesis could indirectly result from BCNU administration. The

results of such an action could correspond to adrenalectomy. The

possibility of BCNU exerting an action of this type could be tested by

comparing the temporal patterns of ACTH appearance in the blood
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with adrenal levels of ascorbic acid and steroids, in treated rats.

Kiva lo and co-workers (1958a, 1958b) concluded that 5-HT-

induced antidiuresis was due, at least partly, to an increased release

of antidiuretic hormone from the hypothalamus and subsequent ele-

vation of aldosterone secretion from the adrenal cortex. The stimu-

lated release of antidiuretic hormone could also conceivably result

from BCNU treatment. However, the loss of body water in rats in-

toxicated with BCNU indicated that, if antidiuretic hormone was re-

leased in these animals, its action did not prevail. Curtailment of

aldosterone synthesis by a lack of adrenal ascorbic acid would be

expected to override the beneficial effect of antidiuretic hormone re-

lease. The end result would, therefore, be a considerable loss of

body water.

The elevated brain levels of 5-HT following administration of

BCNU to rats could also possibly contribute to the hyperbilirubinemia.

Pickles (1955, 1956) demonstrated that pretreating human erythro-

cytes with 5-HT accelerated their hypotonic hemolysis. It is con-

ceivable that, in treated rats, localized brain areas that contained

excessive concentrations of 5-HT could continuously release sero-

tonin into surrounding capillaries. Since BCNU induced a prolonged

thrombocytopenia (De Vita et al., 1964, 1965), released 5-HT would

exist in these capillaries in a "cell-free" state. Erythrocytes that

passed through these areas could be "pretreated" by the 5-HT. As
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the blood from these areas descended the vascular system, the 5-HT

would be greatly diluted by the predominant return of venous blood

from areas lacking the high local concentrations of serotonin. Ele-

vations of the conjugated form of serum bilirubin certainly could not

solely be attributed to hemolysis of red cells by high brain levels of

5-HT. However, a mechanism of this type could contribute to the

elevations of free or unconjugated bilirubin, especially at those times

when the hepatotoxicity was reversed. This type of action would be

supported by verification of localized brain elevations of 5-HT and by

confirmation that venous levels of serotonin increased as the vascular

system was ascended toward the brain areas of localized 5-HT ele-

vation.
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VII. SUMMARY

Interrelations of the parameters underlying the delayed toxicity

of BCNU and their correlation with other published reports on this

compound could offer insight as to the mechanism(s) by which BCNU,

and perhaps other nitrosourea derivatives, initiate their toxic syn-

drome. In retrospect, it appeared that this syndrome consisted of

four characteristic components: (1) the unusually delayed death pat-

tern, (2) a manifestation of severe weight loss, (3) a compromised

hepatic drug metabolizing system, and (4) factors contributing to

elevations of serum bilirubin content. Any or all of these four may

inturn, prove to be related to the other three.

Both of the nitrosourea congeners (BCNU and CCNU) Produced

the same atypical pattern of delayed deaths. At five times the LD50,

no deaths occurred from either drug prior to four days post treat-

ment. This effect could be related to the reported reduction of DNA

synthesis by BCNU (Gale, 1965; Wheeler and Bowdon, 1965, 1968) in

some essential system, perhaps by an alkylating action (Schabel et

al., 1963; Loo et al., 1966; Montgomery et al., 1967; Wheeler and

Chumley, 1967). Such an action would result in a lag period pre-

ceding the occurence of fatalities. A short delayed onset of effect is

typical for alkylating agents. However, extensive delayed effects,

as seen with low BCNU doses, are not typical of alkylating agents.
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The toxicity symptoms that appeared on day 14 and later, must, there-

fore have resulted from another action of the drug or from a self-

propagating action. An autoimmune response or enterohepatic cir-

culation of BCNU or a metabolite are possibilities of this type. Drug-

induced starvation would also result in deaths at extended periods.

The dose-related reductions in food consumption and rate of body

weight gain (Tables 2 -11, 2 -sand 2-6) that were observed following

BCNU administration indicated a correlation with the appearance of

deaths at delayed intervals. However, an explanation as to why the

rats, which had food and water provided ad libitim did not benefit

from the nutriment was not readily apparent from the data. Water

consumption in the debilitated, apparently dehydrated, treated ani-

mals remained the same as for controls. This seemed anomalous

for the state of these animals.

From the parallel reductions of plasma volume, blood volume

and body weight, it was hypothesized that the decreased weight pri-

marily reflectedaloss of body water. The reduction of liver, lung,

kidney and brain masses, when expressed as per cent of body weight,

supported this hypothesis. Since urinary excretion was probably re-

duced (Table 2-12), the only observed factor possibly contributing to

the loss of water was the severe diarrhea. This would still, however,

not explain the failure of treated rats to compensate for the water

loss by increased drinking. Causative factors for this hydroadipsia
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remain to be elucidated.

The hypothalamus is the control center for such physiological

responses as thirst, sleep, appetite and normothermia. Intravenous

5-HT reportedly depressed rectal temperatures in the goat and ox

(Anderson et al., 1966; Findlay and Robertshaw, 1967) as well as

prolonged barbiturate-induced hypnosis (Fornaroli and Koller, 1954,

1955). From these reports it appeared that elevations of 5-HT de-

pressed hypothalamic-controlled functions. If this generalization is

valid, it is conceivable that the BCNU-induced elevation of brain

serotonin levels could have caused the depressed appetite, body

temperature and the hydroadipsia in the treated animals. Verification

of this possibility must await further investigation.

The mechanism by which BCNU induced the alterations in tissue

levels of 5-HT is unknown. It could be postulated, however, that an

action by BCNU on either the synthesizing or the storage mechanisms

involved in the maintenance of tissue 5-HT contributed to these dim-

inished levels in the intestine and blood. If BCNU blocked the uptake

of tryptophan by the intestinal enterochromaffin cells, serotonin syn-

thesis would be curtailed. In addition, an interference of BCNU with

either tryptophan hydroxylase or 5-hydroxytryptophan decarboxylase,

the enzymes involved in serotonin biosynthesis, would diminish 5-HT

production.

On the otherhand, if serotonin synthesis was not compromised,
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BCNU interference with the sites of 5-HT storage could result in re-

lease of bound serotonin and/or prevention of its storage. Decreased

5-HT levels would follow. Reduced oxidative phosphorylation could

also contribute to the depleted intestinal 5-HT concentration since

ATP is an essential component of the serotonin storage granule.

Judgment of the contribution each of these possibilities makes to

the decreased intestinal and blood serotonin concentrations requires

their individual investigation.

A loss of tissues involved in the synthesis and storage of 5-HT

was suggested by observation of rats treated with BCNU. The de-

creased intestinal masses in the treated animals and the appearance

of a mucoidal, jelly-like substance in their feces suggested that the

gastrointestinal epithelial tissue may have been sloughed. If this

actually occurred, a lack of enterochromaffin tissue would be ex-

pected. This would result in diminished 5-HT synthesis too. Histo-

pathological examination of the gastrointestinal tract would test this

hypothesis. In addition, De Vita et al., (1967) reporteda thrombo-

cytopenia following BCNU administration to humans. Since blood

5-HT is carried in platelets, a decreased number of these cell frag-

ments would leave much of the 5-HT in blood unprotected from me-

tabolism by monamine oxidase (MAO). Diminished blood concentra-

tions of serotonin would follow. The physiological significance of

lower blood concentrations of 5-HT cannot be presently assessed.
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The elevated levels of 5-HT in the rat brains could reflect

actions of BCNU, or a metabolite, that either stimulate serotonin

synthesis or block its degradation by interfering with MAO. In vitro

experiments testing the effect of BCNU on 5-HT synthesis and MAO

activity would provide a basis for appraisal of this proposition.

Prolongation of pentobarbital hypnosis is influenced not only by

possible inhibition of drug metabolizing enzymes, but also by alter-

ations in barbiturate distribution due to the debilitated state of the

treated animals. Enzyme induction by consecutive phenobarbital

injections, however, suggested that a compromised hepatic metabo-

lizing system, at least, partially contributed to the prolonged narco-

sis. Rats treated with BCNU were observed to be anesthetized by

ether more easily and for longer periods than non-treated animals.

Presumably this effect resulted from the attainment of greater ether

concentrations in the reduced blood volumes of the treated rats.

Pentobarbital may have exerted its affect by a similar mechanism.

Experiments determining the extent of barbiturate redistribution and

hepatic microsomal enzyme depression would provide a basis for

assessing the magnitude of contribution of each of these parameters.

Cytochrome P-450 is involved with the drug metabolizing sys-

tems in the liver and the steroid hydroxylating systems in the ad-

renal cortex (White et al., 1968). If cytochrome P-450 is deficient

in the liver, it may very well be lacking in the adrenal cortex too.
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Depressed adrenal synthesis of steroids could be related to a de-

creased cytochrome activity. The tremendous loss of body water,

and therefore body weight, indicated that aldosterone levels may have

been insufficient in treated rats for maintenance of normal water and

electrolyte balance. In addition, the similarity between blood and

brain 5-HT levels in adrenalectomized rats and rats intoxicated with

BCNU indicated that the treated animals may have been chemically

adrenalectomized. Determinations of cytochrome P-450, steroid

levels, and adrenal cortex function in rats treated with BCNU are

needed before the contribution of the adrenal cortex systems to the

signs of BCNU toxicity can be appraised.

The reversibility of the hepatotoxicity and the bimodal serum

bilirubin pattern indicated that the bilirubin levels were not solely

related to the hepatotoxicity. The early elevations of total serum

bilirubin that corresponded to periods of enhanced serum levels of

conjugated bilirubin implicated hepatic injury as the primary con-

tributing factor. However, at extended times when total serum bili-

rubin was still elevated, BSP retention was diminishing and unconju-

gated bilirubin predominated, cholestasis could not be established as

the major defect. Hepatica lly related enzymes and histopathological

examination of livers from treated rats also indicated the reversal

of hepatotoxicity at extended periods. Conceivably, the persistent

bilirubin elevations at the extended times (when liver function was
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improving) could have resulted from hemolysis of red cells. The

interrelationships between red cell counts, hematocrit values, eryth-

rocyte isotope studies and plasma volumes all implicated red cell

destruction with the persistent elevations of total serum bilirubin. It

has been observed that human red cells pretreated with 5-HT are

more easily hemolysed (Pickles, 1955, 1956). The elevated brain

serotonin levels could slowly be draining into cerebral blood vessels

and, thereby, "pretreat" red cells passing through that area. The

low blood levels of 5-HT could be maintained under these circum-

stances by dilution or by metabolism of the amine. Thrombocytopenia

following BCNU administration (De Vita et al., 1967) would leave most

5-HT in the blood free from platelet sequestration and, therefore,

susceptible to metabolism. Burnet (1962) reported that some symp-

toms and lesions produced in antoimmune disease resulted from an

indirect damage to cells by the liberation of such agents as lipases,

pyrogens and serotonin. Correlation of an action of this type with

the persistent hyperbilirubinemia cannot be made at this time. How-

ever, several aspects of BCNU toxicity resemble autoimmune re-

sponses. Elucidation of the actual mechanism(s) responsible for the

persistent hyperbilirubinemia must await further experimentation.

The toxic syndrome following CCNU treatment received only

token consideration in these studies. Evidence is accumulating, how-

ever, which suggests that effects from CCNU administration are the
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same as those resulting from BCNU treatment. Johnston et al.,

(1966) reported that CCNU and BCNU were equally effective against

L1210 leukemia when administered in equitoxic doses. Equitoxic

doses of the two agents were previously shown (Figure 2-1) to have

nearly identical affects on total body weight of rats. Bothnitrosoureas

reportedly show therapeutic potentiation by 1-p. -D-arabinofuranosyl-

cytosine hydrochloride (Tyrer et al.,, 1967; Schabel et al., 1968).

In addition, both congeners have been postulated to form an inter-

mediate isocyanate product (Loo et al., 1966; Montgomery et al.,

1967; Oliverio et al., 1968). Wheeler and Chumley (1967) measured

equivalent alkylating activity for the two derivatives. More than ten

times as much CCNU was required to attain the same level of activity

as BCNU. The similarity in median lethal times (LT50) for equitoxic

doses of these two congeners (Table 2-3) also suggested a similar

underlying mechanism of toxicity. All of these observations indicate

a similar mechanism of action for CCNU and BCNU. Direct proof

of this possibility must await identification of the active molecular

fragments from each congener and definition of their bio-molecular

actions.

When CCNU was selectively labeled with
14C in either the ethyl

arm or the cyclohexyl ring (Oliverio et al., 1968), in vivo distribution

was found to be altered. If the label was in the ethyl group, the

cerebrospinal fluid (CSF) attained three times the plasma level of
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14C. When the tag was part of the cyclohexyl group however, plasma

and CSF levels of 14C were equal. In addition, 14C-cyclohexyl was

60 per cent plasma protein bound while 14C-ethyl was unbound. Per-

haps one of the CCNU metabolites (at least two have been detected)

contributed the therapeutic effect and another initiated the toxic syn-

drome. Temporal determinations of these metabolites could offer

insight into the basic molecular mechanisms of action of both BCNU

and CCNU.
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APPENDIX I

Distribution of Conjugated Bilirubin (Direct) in Total Serum Bilirubin Following BCNU Administration
to Rats.
BCNU
Dose
mg /kg

Type
of Bilirubin

Day s Post Treatment

1.5 3 7 14 28 63

0 Total-mg %a 0.1±0.1 0.2±0.1 0.4±0.1 0.1±0.0 0.2±0.1 0.2+0.1
Direct-% of Total 50.0 16.8 25.9 60.1 32.4 55.1

10 Total-mg % 0.1±0.1 0.2±0.0 0.5±0.2 0.6±0.3 0.9±0.3
Direct-% of Total 0.0 71.2 29.0 48.2 35.3

20 Total-mg % 0.3±0.1 0.4±0.1 0.9±0.2 0.8±0.4 1.3±0.8
Direct-% of Total 50.5 53.8 33.7 77.6 33.4

30 Total-mg % 0.2±0.1 0.3±0.1 0.5±0.3 1.1±0.3 1.8±0.3 1.2±0.4
Direct- % of Total 11.4 72.7 74.3 58.6 26.5 55.1

75 Total-mg % 1.6±0.3 2.8±0.6 6.0±1.4 3.3±0.7
Direct-% of Total 21.4 75.6 35.1 62.6

aFrom Table 3-4
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APPENDIX II

CALCULATIONS OF SERUM BILIRUBIN (SBR) PRODUCTION
FROM HEMOGLOBIN (Hb) DESTRUCTION

A. Required red cell destruction to produce a significant elevation
of SBr.

Mean corpuscular Hb: 15.5 µµg /red cell

Hb molecular weight: 65, 000

Heme molecular weight: 616; 4 hemes/Hb = 2464

therefore: (2464/65, 000) (15. 5) = 0.5875 heme/red cell

Each molecule of heme forms one molecule of SBr.

SBr molecular weight: 584

therefore: (584/616) (0. 5875) = 0.5570 p.p.g SBr from each
red cell

If plasma volume is 20 ml, then 1. 0% (a significant level of SBr)
equals 0.2 mg total of SBr.

therefore: (0. 5570 x 10-12) (x) = 0.2 x 10-3 gms

x = 3. 590 x 108 = number of red cells required to be de-
stroyed to produce a significant elevation of SBr if there is
no biliary excretion.

B. Effects of variations in bile flow rates on producing elevations
of SBr.

Assumed total blood volume:
Assumed hematocrit:

40 ml
0. 4

16.0 ml red cells

Assumed red cell count: 8 x 106 cells/cu. mm.



139

Appendix II (continued).

therefore: (8 x 106 cells/cu.mm) (1000 cu. mm/ml) (16.0 ml
of red cells = 1.28 x 1011) = total number of red cells in
blood.

Assume normal daily red cell turnover: 2%

therefore: (2.0 x 10-2) (1.28 x 1011) = 2. 56 x 109 red cells
lysing normally every day,

1

and: (2.56 x 109) (0. 5570 x 10-12) = 1.43 mg SBr formed

If bile flow is reduced 100 per cent (75 mg/kg dose, see
Table 4-1), significant SBr levels will be achieved in 24
hours, even with no increase in rate of red cell lysis.

2) If bile flow is reduced 50 per cent, significant SBr could be
achieved in two to three days.

1.43 mg SBr formed in first 24 hours

0.713 mg (50%) excreted in first 24 hours

2.139 mg SBr available for excretion in second 24 hours

1.07 mg (50%) remaining after 48 hours

(These values assume SBr excretion is normally oc-
curring at a maximum rate so that a 50% decrease in
flow rate results in a 50% retention as SBr. This is
known to be in error. However, one may reasonably
assume from these calculations that by 72 hours a 50%
bile flow reduction will achieve significant elevation of
SBr).

3) (Lesser flow reductions cannot be calculated due to rounding
errors).


