
cate that 6-MA has two minimum 
energy conformations corresponding to 
configurations in which the amino 
group is coplanar with the purine 
moiety and the methyl substituent is 
directed either toward, or away from, 
the imidazole ring of the base (4). 
When directed toward the imidazole 
moiety, the methyl group would not 
prevent Watson-Crick pairing between 
6-MA and thymine. However, in the 
alternate conformation, 6-MA would 
interfere with normal Watson-Crick 
base pairing, because the methyl group 
blocks the N(6)-H site that is used for 
hydrogen bonding between adenine and 
thymine. In agreement with our crys- 
tallographic results, the molecular or- 
bital calculations predict that the most 
stable conformation for 6-MA is the 
one that would disrupt normal Watson- 
Crick pairing. A Corey-Pauling-Koltun 
space-filling molecular model of 6-MA 
indicates that there is steric hindrance 
between the methyl group and atom 
N(7) when the N(6)-C(MET) bond 
is cis relative to the C(5)-C(6) bond, 
whereas no analogous interaction oc- 
curs when C(6)-C(MET) is trans to 
C(5) -C(6). 

Since the conformation we have 
observed for 6-MA is sufficiently stable 
to persist through various crystalline 
environments, it is possible that 6-MA 
assumes the same conformation within 
double-helical DNA. If so, this modi- 
fied base would probably exert appre- 
ciable effects on DNA secondary struc- 
ture. By interfering with Watson-Crick 
pairing within modified DNA, 6-MA 
could effectively denature those double- 
helical regions which in the unmodi- 
fied state would be recognized and 
cleaved by site-specific restriction en- 
zymes. It is reasonable to assume that 
such effects on the secondary structure 
could interfere with the binding of re- 
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striction enzymes to DNA, which might 
explain the role 6-MA plays in pro- 
tecting DNA from scission. However, 
if 6-MA were incapable of participat- 
ing in Watson-Crick pairing, then it 
would be difficult to rationalize how 
modified DNA's can replicate and be 
transcribed with high fidelity. Possibly 
a less stable conformation which per- 
mits Watson-Crick pairing is imposed 
on 6-MA by replication and transcrip- 
tion enzymes, thereby permitting modi- 
fied DNA's to function adequately. 
However, it is also quite possible that 
the preferred conformation of 6-MA 
within double-helical DNA is different 
from that of the free base, since the 
stabilization provided by Watson-Crick 
pairing between 6-MA and thymine 
may be sufficient to maintain the orien- 
tation in which N(6)-C(MET) is cis 
to C(5)-C(6). 
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electrical derangement in heart rhythm 
believed to be ventricular fibrillation 
(VF). If the afflicted patient is 
promptly resuscitated, survival is pos- 
sible for many years. Thus, this ar- 

electrical derangement in heart rhythm 
believed to be ventricular fibrillation 
(VF). If the afflicted patient is 
promptly resuscitated, survival is pos- 
sible for many years. Thus, this ar- 

rhythmia represents a reversible elec- 
trical accident. It has been postulated 
that the susceptible patient has an 
electrically unstable heart characterized 
by a reduced threshold for ventricu- 
lar fibrillation (1). The present report 
indicates that psychologic factors can 
predispose to electrical instability of the 
heart. 

In the normal as well as the infarcted 
heart, markedly suprathreshold pulses 
are required to trigger VF when they 
are delivered during the brief interval 
of the ventricular vulnerable period. 
However, when three early sequential 
pulses are administered, the current re- 
quired for VF is markedly reduced; 
and in the animal with infarction, cur- 
rents at threshold level for diastolic 
depolarization suffice to precipitate VF 
(2). This technique, designated as se- 
quential R/T pulsing (3), was em- 
ployed in dogs to measure the thresh- 
old for repetitive ventricular response 
in stressful and nonstressful environ- 
ments. A repetitive ventricular response 
rather than VF was selected as the end 
point. The animal does not perceive a 
repetitive response and therefore can 
be retested frequently, whereas VF 
with the attendant traumatic resuscita- 
tive procedures precludes psychologic 
studies. We have found that repetitive 
firing evoked by sequential R/T puls- 
ing consistently anticipates the devel- 
opment of VF (4); the repetitive re- 
sponse occurs when 66 ? 4 percent of 
the VF threshold current is adminis- 
tered. 

In these experiments two bipolar 
catheters, with platinum electrodes 
having an interelectrode distance of 
1.5 cm, were placed at the apex of the 
right ventricle via a jugular vein. Both 
catheters were exteriorized at the nape 
of the neck and the dogs were per- 
mitted to recover for 1 week. Electrical 
pulsing of the awake animal was 
achieved with square wave cathodal 
pulses of 2-msec duration. The timing 
of each pulse could be varied with an 
accuracy of ? 3 msec. The current 
intensity ranged from 0 to 100 ma 
(constant current, accuracy + 3 per- 
cent). The amplitude of the first stim- 
ulus (S1) was set at twice the mid- 
diastolic threshold for a single propa- 
gated response. The pulse was dis- 
charged progressively earlier in the 
cycle, in 10-msec steps, until a response 
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ulus (S1) was set at twice the mid- 
diastolic threshold for a single propa- 
gated response. The pulse was dis- 
charged progressively earlier in the 
cycle, in 10-msec steps, until a response 
no longer occurred. This defined the 
boundary of the effective refractory 
period for a stimulus of twice thresh- 
old intensity (5). The delay of S1 was 
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Psychologic Stress and Threshold for Repetitive 
Ventricular Response 

Abstract. A psychologically stressful environment reduced the threshold of the 

dog's ventricle for repetitive response. Elicitation of such a response indicates the 

presence of electrical instability and a predisposition to ventricular fibrillation, 
the mechanism of sudden death. 
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then set at 10 msec beyond the effective 
refractory period boundary. The ampli- 
tude and delay of the second (S2) and 
third (S3) pulses were similarly deter- 
mined. The three pulses resulted in a 
sequence of three early extrasystoles. 
The current of S3 was then increased 

progressively by 5-ma increments until 
a repetitive ventricular response re- 
sulted. The response to each current 
level was tested twice. Repetitive ven- 
tricular response threshold was defined 
as the S3 current necessary to induce 
more than three propagated responses 
in two out of three trials. While se- 

quential R/T pulsing was carried out 
the heart rate was paced at 200 beats 

per minute. 
Five dogs were tested in two differ- 

ent environments. The first was de- 
signed to minimize discomfort and dis- 
turbance to the animal and consisted 
of a cage in a sound-attenuated room 
with a one-way mirror. Cables con- 

necting to the cardiac catheters, se- 
cured 'at the nape of the neck, were 
suspended from the ceiling of the cage, 
thus permitting freedom of movement. 
The investigators and electronic equip- 
ment were situated in an adjacent 
room. An acclimatization period of at 
least 1 hour was allowed before testing. 
When the dog appeared to be in a 
resting state, as indicated by a low 
heart rate and absence of activity, test- 
ing for a repetitive response was initi- 
ated. Pacing was begun at a rate of 
200 beats per minute followed by se- 
quential R/T pulsing. Five determina- 
tions were made of the S3 current 
required for a repetitive ventricular 
response. A minimum time of 2 min- 
utes was allowed to elapse between 
trials. After each determination, cardi- 
ac pacing was interrupted for 30 sec- 
onds in order to indicate the nonpaced 
heart rate. In this environment, the 
heart rate was low, 100 ? 5 (standard 
error of the mean) beats per minute, 
and usually the dogs were recumbent 
with eyes closed. Sequential pulsing 
did not result in any adverse behavioral 
effects. 

Testing was also conducted in a 
stressful environment. The dog was 
placed in a Pavlovian sling; cables were 
connected to the cardiac catheters in 
precisely the same manner as in the 
cage, and sequential R/T pulsing was 
carried out at a paced rate of 200 per 
minute. The S3 current for inducing a 
repetitive ventricular response was de- 
termined five times and the nonpaced 
heart rate was recorded between these 

23 NOVEMBER 1973 

O 

0 

c. 

c 
Q 
'* 

St SES3 

I?K+ 

R4$ RR 
l I, I-4p --r 1 -I 

,\ I I-n-bit1-4- 41 1't . -4 

ii- -p 

t--ll 1-17 ^1 5t- 

-- -------- 35 ^ h J'~~~ \ % 5~ F 

tests. The stress consisted of a low en- 
ergy shock of 5 joules delivered trans- 
thoracically and synchronized to the 
R wave to prevent the occurrence of 
VF. The shock was applied at the end 
of R/T testing. This procedure was 
repeated on three successive days. On 
subsequent days electrical shock was 
no longer administered. The data re- 
ported were obtained on days 4 and 5 
of experimentation. At this time, when 
the dogs were placed in the sling, they 
were restless, frequently salivated ex- 
cessively, exhibited somatic tremor, and 
had a nonpaced heart rate of 136 ? 7 
beats per minute. 

There was a marked difference in 
threshold of S3 current for eliciting a 
repetitive response in the two environ- 
ments. In the cage, where dogs were 
never stressed, the mean current in 
milliamperes for a repetitive response 
was 43 ? 5 S.E.M. in five animals. 
However, in the sling, where dogs had 
experienced discomfort, the mean 
threshold in the same animals was 
14 ?- 6 ma. An illustrative example of 
repetitive ventricular responses to se- 
quential R/T pulsing under the two 
experimental conditions is illustrated in 
Fig. 1. There appeared to be a quali- 
tative relation between the S3 current 
threshold and the nonpaced heart rate 
(Table 1). In dogs 2, 3, and 5, heart 

Fig. 1. Sequential R/T puls- 
ing in the conscious dog. In 
the cage, where dogs were 
never stressed, 35 ma in S3 
elicits but a single repetitive 
response indicated by letter 
R. However, in the sling 
where animals had received 
an electrical shock on the 
previous day, the threshold 
is reduced to 5 ma and now 
a dual repetitive response is 
elicited (RR). The heart 
rate was maintained constant 
at 200 beats per minute by 
ventricular pacing. 

rate was 30 beats per minute higher 
in the sling than in the cage, and S3 
threshold was decreased by 25 ma. In 
dogs 1 and 4, in which the change in 
heart rate was greater (50 and 40 beats 
per minute), there was a correspond- 
ingly greater reduction in S3 threshold 
(30 and 35 ma, respectively). 

These findings suggest that psycho- 
logic stress can exert a profound effect 
on the threshold for VF. In the present 
study, threshold was lowered to only 
one-third of its control value; reduc- 
tions of such magnitude are observed 
during acute myocardial infarction 
following experimental coronary artery 
ligation (6). The changed threshold 
while the animal was in the stressful 
environment probably resulted from 
increased sympathetic activity as ex- 
emplified by the rapid heart rate and 
somatic tremor. The potency of sym- 
pathetic discharge in predisposing to 
VF has been shown in two recent 
studies. In the first, stimulation of the 
posterior hypothalamus, which was 
without arrhythmogenic effect in the 
normal animal, precipitated VF in dogs 
with occlusion of the left anterior 
descending coronary artery (7). In the 
second study, stimulation of the stel- 
late ganglia markedly increased suscep- 
tibility to VF during sequential R/T 
pulsing (8). This response was unre- 

Table 1. Comparison of stress (sling) to nonstress (cage) on S, current threshold and non- 
paced heart rate (HR) during sequential R/T pulsing. Five determinations were carried out 
in each animal. Abbreviation: bpm, beats per minute. The mean is given ? standard error 
of the mean. 

Cage Sling 
Dog 

(No.) S3 HR S8 HR 
(ma) (bpm) (ma) (bpm) 

1 35 110 5 160 
2 30 90 5 120 
3 40 90 15 120 
4 45 100 10 140 
5 60 110 35 140 

Mean + S.E.M. 43 ? 5 100 t 5 14 + 6 136 7 
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lated to acceleration of heart rate or 
increase in blood pressure. 

From ancient to modern times, medi- 
cal thinking and folklore shared the 
notion that sudden death may be pro- 
voked by psychological factors (9). 
The present study suggests a model for 
analyzing the neurophysiologic path- 
ways by which stress may alter electri- 
cal stability of the heart. 
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Harvard School of Public Health, 
Boston, Massachusetts 02115 

lated to acceleration of heart rate or 
increase in blood pressure. 

From ancient to modern times, medi- 
cal thinking and folklore shared the 
notion that sudden death may be pro- 
voked by psychological factors (9). 
The present study suggests a model for 
analyzing the neurophysiologic path- 
ways by which stress may alter electri- 
cal stability of the heart. 

BERNARD LOWN 
RICHARD VERRIER 

RAMON CORBALAN 
Cardiovascular Laboratory, 
Department of Nutrition, 
Harvard School of Public Health, 
Boston, Massachusetts 02115 

Study of the purine salvage path- 
ways of mammalian cells has shown 
that the action of the two enzymes 
adenosine kinase and adenosine de- 
aminase must be precisely balanced. 
Excessive deamination of adenosine sets 
in motion the adenosine cycle (1), 
and leads to loss of purines from the 
cell (2). Excessive phosphorylation of 
adenosine by the kinase results in a 
lethal interruption of pyrimidine syn- 
thesis at a late stage of the biosynthetic 
pathway (3). Ordinarily the adenosine 
concentration in the cell must be suffi- 
ciently low and the activity of each 
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enzyme so regulated as to prevent both 
of these effects. 

The addition of exogenous adenosine 
to fibroblast cultures leads rapidly to 
nearly total depletion of the cellular 
pyrimidine nucleotide pool (Fig. 1). 
To one of two cultures of 3T6 cells 
growing exponentially in medium con- 
taining 10 percent horse serum [a serum 
free of adenosine deaminase (3)], 
adenosine was added to 10-4M. Three 
hours later, the medium was removed 
from both cultures, the cell layers were 
extracted with perchloric acid, and the 
proteins were removed by centrifuga- 
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Table 1. Nucleoside diphosphate and triphosphate pool in cells exposed to adenosine. 

3T6 MGL-5 

Absorbance at 254 nm Absorbance at 254 nm 
Nucleotide .......... 

Control Ar Change Control Ar Change 
(104M) (% ) (2 X 10-M) M(% 

ADP 57.9 93.5 + 61 5.6 8.5 52 

GDP 16.1 15.3 - 5 3.7 4.0 + 8 
UDP 32.2 6.8 -79 5.3 0.9 - 83 

ATP 94.8 131.5 + 39 26.1 53.0 + 103 

GTP 18.5 26.0 + 40 5.3 8.0 + 51 

UTP 22.2 2.0 -91 9.0 0.9 - 90 

CrP 18.4 1.5 -92 3.0 0.8 - 73 
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tion. The perchlorate was precipitated 
with dilute KOH, and the supernatant 
was analyzed quantitatively for nucleo- 
tides by high pressure liquid chroma- 
tography (Varian Aerograph LCS 1000), 
and the elution method of Brown (4), 
with minor modifications. Figure 1A 
shows the nucleotide pattern of the 
cell extract of control cultures, to which 
no adenosine was added. All the ribo- 
nucleoside diphosphates and triphos- 
phates except cytidine diphosphate 
(CDP) are readily identified. Figure 1B 
shows the pattern given by the adeno- 
sine-treated cells. The adenosine diphos- 
phate (ADP) and adenosine triphos- 
phate (ATP) peaks are obviously 
larger, and the uridine diphosphate 
(UDP), cytidine triphosphate (CTP), 
and uridine triphosphate (UTP) peaks 
are drastically reduced. 

Table 1 shows the amounts of the 
nucleoside diphosphates and triphos- 
phates obtained by measurement of the 
areas under the peaks. For the less 
abundant nucleotides, larger samples 
of extract were used so as to increase 
the accuracy of measurement. The 
presence of adenosine in the medium 
led to a 40 to 60 percent expansion 
of the pools of ADP and ATP; guano- 
sine triphosphate (GTP) was also in- 
creased, although guanosine diphos- 
phate (GDP) was not. UDP was re- 
duced by 79 percent, and UTP and 
CTP were reduced by more than 90 
percent. These results are in accord 
with the conclusion reached earlier 
that the addition of exogenous adeno- 
sine results in an interruption of pyrim- 
idine synthesis in the fibroblast; at 
adenosine concentrations below 2 X 
10-4M this was the only cause of cell 
death, since the lethality was prevented 
by the addition of a suitable pyrimidine 
source (3). 

The toxicity of adenosine depends on 
its direct conversion to adenosine mono- 
phosphate (AMP) by adenosine kinase 
(3). Adenosine deaminase should have 
a protective effect, since the deamina- 
tion reaction is not reversible, and the 
products-inosine and its free base, 
hypoxanthine-do not affect cell growth 
even when present in high concentra- 
tion (3). The recently reported associa- 
tion between absence of adenosine 
deaminase and a human disease of the 
lymphoid system manifested by a great- 
ly reduced number of lymphocytes and 
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Pyrimidine Starvation Induced by Adenosine in Fibroblasts 
and Lymphoid Cells: Role of Adenosine Deaminase 

Abstract. In the presence of 10-4 to 10-5 molar adenosine, established cell 
lines of fibroblastic or lymphoid origin die of pyrimidine starvation. Less than 
lethal concentrations inhibit cell growth. Over a broad concentration range, the 
effects of adenosine are prevented by providing a suitable pyrimidine source. We 
suggest that the recently described immune deficiency disease associated with 
absence of adenosine deaminase may be the result of pyrimidine starvation 
induced by adenosine nucleotides in cells of the lymphoid system. 
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