
PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 159,374-379 (1978) 
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02,2'-cyclocytidine was synthesized to pro- 
vide a useful depot form of the antineoplastic 
agent, arabinofuranosylcytosine (ara-C). Al- 
though one of the primary antileukemic drugs 
currently available (l), ara-C must be admin- 
istered by frequent intermittent or continuous 
intravenous infusion to maintain effective 
plasma levels because it is rapidly inactivated 
by deamination in the body (2). Cyclocyti- 
dine, an anhydride analogue of ara-C, is hy- 
drolyzed to ara-C in vivo and requires only 
once daily intravenous administration to 
maintain adequate ara-C plasma levels (3). 
In doses of 300-600 mg/m2, cyclocytidine has 
shown promise in the treatment of acute mye- 
logenous leukemia in man (4). Unfortunately, 
cyclocytidine produces unusual side effects 
which limit its clinical use (5) .  The most 
pronounced undesirable side effects are sial- 
orrhea, parotid pain and, especially, acute 
cardiovascular effects characterized by pos- 
tural hypotension leading to syncope. Al- 
though cyclocytidine is considered overall to 
afford a more favorable therapeutic index 
than ara-C, the postural hypotension and 
other side effects produce sufficient patient 
discomfort to hamper its acceptability. The 
present investigation was initiated to deter- 
mine the mechanism by which cyclocytidine 
affects function of the mammalian cardiovas- 
cular system. 

Materials and methods. Experiments were 
conducted with anesthetized dogs, cats and 
rats. Beagle dogs of either sex (supplied by 
the Laboratory of Toxicology, National Can- 
cer Institute), weighing 9-1 1 kg, were anes- 
thetized with barbital sodium (250 mg/kg) 
and thiopental sodium ( 15 mg/kg) adminis- 
tered intravenously. Cats of either sex, weigh- 
ing 2.3-3.5 kg, were anesthetized with the 
barbital-thiopental mixture given either in- 
travenously or intraperitoneally. Male 
Sprague-Dawley rats, weighing 150-200 g, 
were anesthetized with pentobarbital sodium 

(45 mg/kg) given intraperitoneally. Animals 
were allowed to breathe spontaneously 
through endotracheal tubes (dogs and cats) 
or through polyethylene tracheal cannulae 
(rats). Femoral arteries (dogs and cats) or 
carotid arteries (dogs and rats) were cannu- 
lated with heparin-saline filled polyethylene 
catheters. Systemic arterial blood pressure 
was measured by a Statham P23Db pressure 
transducer connected to a Beckman type RM 
oscillographic recorder. Drugs, dissolved in 
0.9% sodium chloride solution, were admin- 
istered into a cannulated femoral vein (dogs 
and cats) or jugular vein (rats) in volumes of 
0.1-1 ml/kg. Blood pressure responses were 
measured as maximum changes in systolic 
pressure. 

Postural hypotension was evaluated by tol- 
erance of dogs to head-up tilt. In the tilt 
studies, blood pressure was measured from 
carotid arteries. Dogs were fastened securely 
to a conventional metal surgical board and 
one end of the board was elevated to a pre- 
determined height for 60 sec; the angle of tilt 
was 20" from horizontal. The time required 
for restoration of systolic blood pressure to 
one-half of the change from pretilt values was 
taken as the index of tolerance to tilt. 

Drugs used were cyclocytidine HC1 (Drug 
Development Branch, Division of Cancer 
Treatment, National Cancer Institute), l-nor- 
epinephrine HC1 (Levophed, Winthrop), ty- 
ramine HC1 (Aldrich), hexamethonium chlo- 
ride (City Chemical Corp.), phentolamine 
HCl (Regitine, Ciba), propranolol HC1 (In- 
deral, Ayerst), guanethidine HC1 (Ismelin, 
Ciba), desmethylimipramine HC1 (Desipra- 
mine, Geigy Pharmaceuticals), and 6-hydrox- 
ydopamine HBr (Regis). All dosages were 
calculated as the salt forms. Statistical anal- 
yses were performed by use of the Student's 
t test, group comparisons or paired compari- 
sons; values of P equal to or less than 0.05 
were considered significant. 
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Results. Cyclocytidine, in bolus doses of 
5-100 mg/kg, increased blood pressure in 
dogs, cats and rats (Fig. 1). The pressor re- 
sponses, which consisted of increases in both 
systolic and diastolic pressures, were transient 
and, depending on the dose of cyclocytidine, 
generally returned to preinj ection values 
within 5-15 min. Responses to the highest 
doses of cyclocytidine often persisted for 
30-60 min. The magnitudes of the pressor 
responses depended both on dosage and or- 
der of administration. Responses to initial 
injections were dose-related in all three spe- 
cies up to 100 mg/kg, the largest dose tested. 
Repeated injections in the same animal, how- 
ever, revealed varying degrees of tachyphy- 
laxis to the pressor effects of cyclocytidine. In 
dogs, separate injections of 5 mg/kg of cyclo- 
cytidine produced equivalent increases in 
blood pressure (Fig. 2). After a cumulative 
dosage of 80 mg/kg, bolus injections of 80 
mg/kg raised blood pressure, but the magni- 
tude of the increase was reduced in compar- 
ison to a previous injection of 60 mg/kg. In 
rats, second doses of 25 mg/kg caused less 
increase in blood pressure than initial doses 
of 5 mg/kg (Fig. 2). After a cumulative dos- 
age of 30 or 130 mg/kg, bolus injections of 
100 mg/kg of cyclocytidine elicited less pres- 
sor effect than initial doses of 5 mg/kg. 
Six dogs were tested for tolerance to tilt 

before and after treatment with cumulative 
doses of 60 mg/kg of cyclocytidine. Before 
treatment, the dogs regained 50% of the pretilt 
carotid blood pressure within 17 f 9 sec. 
After treatment with cyclocytidine, the time 
required for 50% recovery of carotid systolic 
pressure was 41 * 9 sec. 

Experiments with a ganglionic blocker and 
antiadrenergic drugs were conducted to lo- 
calize anatomically the site of the pressor 
action of cyclocytidine and to determine the 
mechanism by which this vasopressor drug. 
causes postural hypotension. Administration 
of the ganglion blocking drug, hexametho- 
nium (20 mg/kg), did not reduce subsequent 
( 10-20 min) pressor responses to cyclocyti- 
dine in dogs (Fig. 3), cats or rats. Responses 
to cyclocytidine were, however, antagonized 
slightly by prior administration of proprano- 
lo1 (0.5 mg/kg) and were essentially abolished 
by the alpha adrenergic receptor antagonist, 
phentolamine (2 mg/kg) (Fig. 3). These re- 

sults suggested that cyclocytidine causes pres- 
sor responses either directly by acting upon 
cardiac and vascular adrenergic receptors or 
indirectly by promoting release of endoge- 
nous adrenergic amines. Acute administra- 
tion (10-30 min before cyclocytidine) of 
guanethidine (2 mg/kg) completely obliter- 
ated pressor responses to cyclocytidine (Fig. 
3). Desmethylimipramine (10 mg/kg) also 
blocked pressor responses to cyclocytidine in 
dogs and in rats (Fig. 3 and Table I). To 
establish conclusively that pressor responses 
to cyclocytidine result from release of nor- 
epinephrine from adrenergic neurons, rats 
were injected with 6-hydroxydopamine ( 100 
mg/kg) 24 hr in advance to disrupt function 
of adrenergic fibers. Pressor responses to cy- 
clocytidine and to tyramine were compared 
in control and in 6-hydroxydopamine-treated 
animals. Prior treatment with 6-hydroxydo- 
pamine nearly abolished pressor responses to 
tyramine and to cyclocytidine (Table 11). 

Pressor responses to norepinephrine and to 
tyramine were measured before and after 
acute administration of 100 mg/kg of cyclo- 
cytidine. Responses to norepinephrine were 
not altered by cyclocytidine treatment, but 
responses to tyramine were significantly re- 
duced (Fig. 4). Pressor responses to tyramine 
and to cyclocytidine were not altered in ani- 
mals injected 24 or 48 hr previously with 100 
mg/kg of cyclocytidine. 

Discussion. In humans, cyclocytidine 
causes profound changes in cardiovascular 
function in the usual therapeutic dose of 8-16 
mg/kg ( 5 ) .  In this same general range of 
dosage, cyclocytidine causes increases in sys- 
temic blood pressure in dogs, cats and rats 
and, in dogs, induces cardiovascular intoler- 
ance to head-up tilt. Possible sites of cardio- 
vascular action of cyclocytidine included 
baroreceptor and chemoreceptor reflex mech- 
anisms, the central nervous system, sympa- 
thetic ganglia, adrenergic nerve terminals, ad- 
renergic receptors and vascular smooth mus- 
cle. 

The failure of hexamethonium to alter 
pressor responses to cyclocytidine eliminated 
the baroreceptor and chemoreceptor reflexes, 
the central nervous system, and sympathetic 
ganglia as potential sites of action. The pres- 
sor effects of cyclocytidine were blocked by 
phentolamine, indicating that it acts directly 
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or indirectly upon vascular alpha adrenergic 
receptors and not upon nonadrenergic vas- 
cular elements. The rapid tachyphylaxis to its 
pressor effects suggested that cyclocytidine 
could act indirectly by promoting release of 
norepinephrine from labile neuronal sites. 
Blockade of the pressor effects of cyclocyti- 
dine by guanethidine, which interferes with 
the adrenergic nerve uptake system and has 
norepinephr‘ne antirelease properties, con- 

RAT 

5 5 10 $0 i o  i i5 160 1bO Bolus dose (mgikg) . .  
5 10 20 80 160 5 30 130 230 Cumulative dose 

( m g W  

FIG. 2. Pressor responses to repeated doses of cyclo- 
cytidine in dogs (N = 6) and rats (N = 6). Each bar is 
the mean f SEM of the increases in systolic blood 
pressure. 

100 

a 

200 

FIG. 

CONTROL 

firmed the adrenergic nerve as the site of 
cyclocytidine pressor effects. Blockade of cy- 
clocytidine pressor effects by desmethylimi- 
pramine, which has little antirelease activity, 
could be explahed by prevention of cyclo- 
cytidine entry into the adrenergic neurons 
(6). Finally, depletion of neuronal norepi- 
nephrine by 6-hydroxydopamine (7) demon- 
strated that once cyclocytidine enters adre- 
nergic nerves, it acts by release of endogenous 
norepinephrine. Similar mechanisms may ex- 
plain the actions of cyclocytidine on rat sali- 
vary glands, where salivation is blocked by 
propranolol, but not by acute sympathetic 
ganglionectomy (8, 9). 

Cyclocytidine reduced cardiovascular tol- 
erance to tilt, the correlate in dogs of postural 
hypotension in humans. The postural hypo- 
tension induced by cyclocytidine does not 
result from blockade of adrenergic receptors, 
but rather from interference with adrenergic 
neurons. This was shown by loss of respon- 
siveness to tyramine, but not to norepineph- 
rine, after acute administration of cyclocyti- 
dine. The effects of cyclocytidine on adrener- 

HEXAMETHONIUM 

PROPRANOLOL PHENTOLAMINE 

,2 MIN, 2 MIN 
H A A 

CYC l0mgIkg CYC 60mg/kg 

GUANETHIDINE DESMETHYLIMIPRAMINE 
2 MIN - 2004 

A A 
o 1 CYC 60mglkg 10 SEC 

’ CYC 80mglkg I 

3. Blood pressure responses to cyclocytidine (CYC) in dogs under control conditions and 10-20 min after 
administration of hexamethonium (20 mg/kg), propranolol (0.5 mg/kg), phentolamine (2 mg/kg), guanethidine (2 
mg/kg) or desmethylimipramine (10 mg/kg). Reflex cardiac slowing is evident during the height of the control 
pressor response to cyclocytidine, but not in the animal treated with hexamethonium. Treatment with phentolamine, 
guanethidine or desmethylimipramine virtually abolished pressor effects of cyclocytidine. Blood pressure was 
recorded from femoral arteries. 
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TABLE I. EFFECTS OF DESMETHYLIMIPRAMINE (DMI) ON PRESSOR RESPONSES TO CYCLOCYTIDINE. 
Animals treated with 

DMI (10 mg/kg) Control animals 

Increase in 
Dose of cyclocy- Increase in b.p. b.p. (mm 

Species tidine N (mm Hg)" N Hg)" P 

Dog 60 mg/kg 5 101 f 12 5 6 + 4  <o.o 1 
Rat 100 mg/kg 6 45 f 7 5 16 f 6 <o.o 1 

' I  Mean f SEM. 

TABLE I I .  EFFECTS OF 6-HYDROXYDOPAMINE (6-OHDA) ON PRESSOR RESPONSES TO TYRAMINE AND 
CYCLOCYTIDINE I N  RATS. 

Animals after 6- 
OHDA" Control animals 

Increase in 
Increase in b.p. b.p. (mm 

N (mm Hgf' N HgT P 
Tyramine 200 pg/kg 6 75 k I 1  3 6 f 3  <0.05 
Cyclocytidine 5 mg/kg 6 53 f 12 3 2 & 2  <0.05 

6-OHDA (100 mg/kg) administered 24 hr before experiment. 
Mean f SEM. 

0 Control 
Cyc 100 mg / kg 

NE 0.3ug/kg TYR 100ug/kg 

FIG. 4. Pressor responses in rats to norepinephrine 
(NE) and to tyramine (TYR) before (Control) and 10-30 
min after administration of cyclocytidine (CYC). *, de- 
creased significantly from control. 

gic vasoconstrictor neurons are temporary 
and disappear within 24 hr. 

Based on these observations, we propose 
that acutely administered cyclocytidine enters 
adrenergic nerve terminals and initially pro- 
motes release of norepinephrine from a labile 
functional pool (10). This action causes a 
transient, dose-related increase in blood pres- 
sure. After the most labile pool of norepi- 
nephrine has been mobilized, the intraneu- 
ronal cyclocytidine inhibits temporarily fur- 
ther secretion of norepinephrine from the 
nerves. Responses to subsequent doses of cy- 
clocytidine (or tyramine) are thereby in- 
hibited. Postural hypotension could be ex- 
plained by cyclocytidine-induced temporary 
failure of the adrenergic neuronal elements 

which participate in the reflex adjustments of 
the cardiovascular system required for main- 
tenance of blood pressure in response to grav- 
it at ional stress. 

Summary. The clinical usefulness of cyclo- 
cytidine, an otherwise potentially valuable 
antineoplastic agent, is limited because it may 
cause acute postural hypotension in man. In 
the laboratory, cyclocytidine (5- 100 mg/kg) 
transiently increased blood pressure in anes- 
thetized dogs, cats and rats. As the pressor 
responses to cyclocytidine were prevented by 
previous treatment with 6-hydroxydopamine 
or acutely by phentolamine, guanethidine 
and desmethylimipramine, but not by hexa- 
methonium, adrenergic nerve terminals ap- 
pear to be involved in its pressor actions. 
Cyclocytidine also blocked pressor responses 
to tyramine and caused intolerance to tilt 
stress in anesthetized dogs. Cyclocytidine 
thus appears to promote, then prevent, release 
of norepinephrine from adrenergic vasocon- 
strictor neurons. 

This project was supported in part by USPHS Grant 
No. DA 00877 and NCI Contract N01-CM-53773. The 
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periments were gifts from Charles A. Brownley, Jr., Ciba 
Pharmaceutical Co., Summit, New Jersey. Desipramine 
was a gift from Edgar Grunwaldt, Geigy Pharmaceuti- 
cals, Ardsley, New York. Propranolol was a gift from G .  
R. Goetchius, Ayerst Laboratories, New York, New 
York. 
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