
artifact of normal culturing procedures is 
dubious. If a cell population stabilized in 
the immortal state, the proportion of un- 
committed cells would s,_,l be extremely 
small. Thus, if function depends on the 
presence of healthy cells (20), then se- 
nescence could be a result of the increas- 
ing fraction of old and terminally com- 
mitted cells (21). The idea that the repli- 
cative limit is related to terminal dif- 
ferentiation (1, 2, 22) is in accord with 
the more general hypothesis of pro- 
grammed aging (23), and the culture of 
human fibroblasts provides the best 
model for experimentation. 
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We recently reported that some com- 
mon California dorid nudibranchs con- 
tain several pharmacologically active 
substances (1). We now report the isola- 
tion, chemical characterization, and 
pharmacological properties of one of 
these, a new N-methylpurine riboside 
named doridosine, isolated from aque- 
ous extracts of the digestive glands of 
Anisodoris nobilis. 

Specimens of Anisodoris nobilis were 
collected subtidally and intertidally in 
Monterey Bay, California. The progress 
of purification was assayed on spontane- 
ously beating guinea pig atria (1). The ac- 
tivity was determined from the ampli- 
tude of contraction after 1 minute as a 

percentage of the control. The logarith- 
mic dose-response relationship was lin- 
ear over a 15-fold range. 

Pooled digestive glands (128 g, wet 
weight) were homogenized and dialyzed 
(Spectrapor 1 tubing; molecular weight 
cutoff, 6000 to 8000) at 5?C against one 
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volume of distilled water changed five to 
eight times. The combined dialyzates 
were concentrated and lyophilized, and 
the residue was extracted with methanol. 
The syrup resulting from vacuum evapo- 
ration of the methanol was chromato- 
graphed on a column (Bio-Gel P-2) by 
elution with distilled water. The lyophi- 
lized combined active fractions were ex- 
tracted with methanol, and the concen- 
trate was chromatographed on silica gel 
(Woelm, 0.03 to 0.06 mm, 2.2 by 22 cm) 
with a mixture of tertiary butyl alcohol, 
ethyl acetate, water, and acetic acid 
(40:10:2:1). The active fractions (400 
through 700 ml) were concentrated, and 
the residue was crystallized from a mix- 
ture of tertiary butyl alcohol, methanol, 
and water (2:1:1) to give 31 mg (about 1 
mg of doridosine per gram of dry diges- 
tive gland). These crystals were further 
crystallized from a mixture of methanol 
and tertiary butyl alcohol and twice 
washed with 0.25 and 0.10 ml of acetic acid 
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Fig. 1. Arterial pressure (upper tracing) and electrocardiogram (lower tracing) of a rat anesthe- 
tized with sodium pentobarbital. Arterial pressure was recorded from one carotid artery on a 
Grass polygraph by means of a Statham model P23 AC transducer. Electrocardiograms from 
lead 2 were recorded simultaneously on a separate polygraph at higher chart speed. Doridosine 
(2 mg/kg) was injected into the saphenous vein beginning at the arrow; the injection (0.52 ml) 
lasted 140 seconds. Figures below the electrocardiograms are heart rates per minute. 
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rate and the amplitude of contraction of guinea pig atria in vitro, and causes the 
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to give 28 mg [melting point, 250? to 
255?C, the specific rotation relative to 
the sodium D line at 20?C, [a]20D = 66.2? 
(concentration = 0.42 g per 100 ml, 
methanol); values of the wavelength 
at the maximum molar absorptivity, 
Xmax(e), atpH 6.5 are 292 nm (8500), 248 
nm (6500); atpH 1.5, 282 nm (9000); and 
atpH 12, 286 nm (7500), 254 nm (6000)]. 

High-resolution mass spectrometry (2) 
establishes the molecular formula as 
C1H15sN505 (mass-to-charge ratio mle 
-297.1075). The base peak, C6H7N5O 
(mle 165.0651) corresponds to a methyl- 
guanine (-H) fragment or isomer there- 
of. The proton nuclear magnetic reso- 
nance (NMR) spectrum of doridosine is 
as follows: 100 MHz, 8, parts per million 
downfield from external tetramethylsi- 
lane (signal multiplicity, signal area), 
3.50 (singlet, 3 H), 3.88 (doublet, 1 H), 
4.29 (multiplet, 1 H), 4.35 (multiplet, 1 
H), 4.51 (triplet, 1 H), 5.87 (doublet, 1 
H), 8.00 (singlet, 1 H). Comparison of 
the low-resolution mass spectra, NMR, 
and ultraviolet spectra of doridosine with 
published data (3) establishes that do- 
ridosine is not N1-, N2-, N3-, or N7- 
methylguanosine. Direct comparison of 
the NMR spectra of doridosine with 
those of isoguanosine (4) and N6-methyl- 
isoguanosine (5) reveals a remarkable 
correspondence except for the methyl 
signal. In these known compounds and 
doridosine the signals for the /3-D-ribose 
moiety are essentially superposable. 
Two-dimensional, thin-layer chromatog- 
raphy demonstrated that doridosine is 
different from the known common 
methylpurines so far reported from the 
hydrolysis of transfer RNA (6). These 
properties, the stability at pH 12 (7) 
(eliminating the N3-methyl possibility), 
and the unperturbed 3-D-ribose NMR 
signals (making the N3-methyl possibility 
unlikely) lead us to the tentative con- 
clusion that doridosine is the previously 
unreported N1-methylisoguanosine (1): 

NH 

CH3-SN 51 N 

H 
5, 

HOCH2 0 
4' 1' 

3 2' 
OH OH 
1 

Doridosine reduces the rate and ampli- 
tude of contraction of spontaneously 
beating guinea pig atria in vitro. A new 
stable level was reached 1 to 3 minutes 
after administration, and no recovery oc- 
curred during 10 minutes of recording. 
The amplitude of contraction was re- 
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Fig. 2. Electrocardiogram of a mouse anesthe- 
tized with sodium pentobarbital recorded 
from lead 1 on a Grass polygraph. Doridosine 
(10 mg/kg) was injected intraperitoneally im- 
mediately after the control record was taken. 

duced 50 percent at a concentration of 
3.75 mg/liter. This effect was completely 
reversed when the atria were washed 
with fresh medium. 

The negative inotropic effect of do- 
ridosine is dependent upon the Ca2+ con- 
centration of the medium. At a dorido- 
sine concentration of 1.25 mg/liter, the 
amplitude (as a percentage of the con- 
trol) in ten experiments was 58.4 ? 4.2 
percent at 1.5 mM Ca2+, 65 - 0.7 per- 
cent at 3 mM Ca2' (standard), and 78.9 
? 2.7 percent at 6 mM Ca2+. At both 
high and low calcium concentrations 
the differences from the 3 mM concen- 
tration were significant (P < .001 and < 
.01, respectively). 

Adenosine deaminase (calf intestinal 
mucosa enzyme, Sigma) did not inacti- 
vate doridosine in experiments that did 
inactivate adenosine after a few minutes. 
Doridosine still was not inactivated at a 
tenfold increase in enzyme concentra- 
tion and after 12 hours of incubation. 

Purified doridosine produced hypoten- 
sion and bradycardia in rats (Fig. 1). The 
effects became apparent almost immedi- 
ately. After only 1 minute, the heart rate 
fell from 370 to 150 beats per minute and 
the arterial pressure fell by about 50 per- 
cent. The arterial pressure and heart rate 
remained at very low levels for the full 2 
hours and 45 minutes of the experiment. 
This prolonged action is in sharp con- 
trast to the brief hypotensive action of 
adenosine and its analogs (8), hista- 

mine, and hypotensive peptides (9). The 
changes in the electrocardiograms are 
minor and indicate little or no inter- 
ference with conduction of the impulse 
within the heart. 

Administration of doridosine to mice 
established the duration of bradycardia 
as at least 5 hours, with complete recov- 
ery after 24 hours (Fig. 2). 

The occurrence of unusual purine 
bases and ribosides in marine inverte- 
brates is uncommon but not unprec- 
edented. Most have been reported in 
sponges (10) and none in nudibranchs. 
The hypotension, bradycardia, coronary 
dilation, and relaxation of smooth mus- 
cle in mammals produced by adenosine 
and its analogs are well known (11), but 
the action lasts only a few minutes be- 
cause the compounds are either taken 
up by tissues or are deaminated by 
adenosine deaminase (8). In contrast, 
doridosine acts for many hours. It is not 
deaminated by adenosine deaminase and 
is even effective after intraperitoneal in- 
jection in mice. The structure of dorido- 
sine is consistent with the conclusions of 
others (8, 12) that maximum activity re- 
quires the presence of a sugar moiety at 
C-9 and an imino group at C-6. Evidently 
the N'-methyl group of doridosine is re- 
sponsible for its prolonged action, per- 
haps through a blocking of deamination 
by adenosine deaminase. Experiments 
with this long-acting analog of adenosine 
may help to explain the mechanism of 
hypotensive action of this group of sub- 
stances. 

Note added in proof: After this report 
was accepted for publication, an abstract 
of a German patent appeared (13) de- 
scribing the isolation of a 1-methylisogua- 
nosine from an Australian sponge (Te- 
dania) and its synthesis. 
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action on central neurons. 

Racemic mixtures of barbiturates are 
used clinically as hypnotics and gen- 
eral anesthetics. However, subhypnotic 
doses are sometimes associated with 
stimulation of the central nervous sys- 
tem (CNS) (1) and preanesthetic ex- 
citation (2) as well as a hyperalgesic state 
(3). The (+) isomer of the anesthetic bar- 
biturate pentobarbital (PB) causes a tran- 
sient period of extreme hyperexcitability 
before depressing excitability in the 
CNS, whereas the (-) isomer produces a 
relatively smooth and progressively 
deeper hypnotic state (4). Similar dif- 
ferences in effects on excitability have 
been observed with other asymmetrical- 
ly substituted barbiturates that can be re- 
solved into stereoisomers (2, 5). At the 
cellular level racemic mixtures of clini- 
cally important barbiturates have mul- 
tiple depressant actions on the ex- 
citability of vertebrate central and pe- 
ripheral neurons in vivo (6) and in vi- 
tro (7-9). We have studied the cellular 
mechanisms underlying the stimulant 
and depressant effects of the barbiturate 
isomers by applying them to cultured 
mouse spinal neurons and report here 
evidence of cellular actions that corre- 
late well with the clinical effects of the 
isomers. The results provide electro- 
physiological evidence for stereo- 
selective requirements for the pharma- 
cological effects of PB. 

Neurons were dissociated from em- 
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bryonic spinal cords and grown in tissue 
culture according to methods described 
(10, 11). Using conventional recording 
techniques we obtained intracellular mi- 
croelectrode recordings from spinal cord 
cells on the modified stage of an inverted 
phase microscope. Prior to the experi- 
ment, growth medium was replaced with 
recording medium consisting of Hanks 
solution buffered to pH 7.4 with 25 mM 
Hepes [4-(2-hydroxyethyl)- -piperazine- 
ethanesulfonic acid]. We added 10 mM 
MgC12 in many experiments to suppress 
synaptic activity and allow clearer exam- 
ination of membrane events. The (+) and 
(-) isomers of PB were dissolved in the 
recording medium and then applied to in- 
dividual neurons by pressure from pi- 
pettes containing I to 200 ,uM barbiturate 
that were positioned within 50 /um of the 
cell surface. The final concentration of 
drug bathing the neuron is unknown but 
is likely to be close to that present in the 
pipettes. Gamma-ammobutyric acid 
(GABA) (1M;pH 3.5) (Sigma, St. Louis), 
was applied by iontophoresis from pi- 
pettes positioned within 5 /im of the 
cell surface. 

In 62 percent of the cells studied (18 of 
29 neurons) brief application of (+)-PB 
depolarized the membrane potential in a 
dose-dependent, reversible manner. The 
depolarizing response was usually pro- 
longed and outlasted the drug application 
period (Fig. lA). The amplitude of the 
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response increased as the membrane was 
hyperpolarized with the "null potential" 
for the response extrapolating to a poten- 
tial more depolarized than the threshold 
for action potential generation. In ten 
cells (+)-PB also evoked excitatory syn- 
aptic activity, as evidenced by the ap- 
pearance of synaptic potentials. These 
are shown superimposed on the depola- 
rizing excitatory responses in Fig. 1, A2. 
The presence of increased Mg2+ was 
clearly not sufficient to block the evoked 
synaptic activity. The evoked synaptic 
activity could result from either direct 
stimulation of transmitter release from 
innervating terminals or from indirect 
stimulation of transmitter release due to 
excitation of neurons presynaptic to the 
recorded cell. Sustained application of 
100 to 200 ,M (+)-PB produced complex 
membrane effects in four cells. The re- 
sponses consisted of a transient depolar- 
ization followed by a hyperpolarization 
and increase in membrane conductance 
that persisted for the duration of the ap- 
plication (Fig. 1, B3). After termination 
of the (+)-PB application, the membrane 
potential first depolarized and then re- 
polarized to the control level. The drug 
did not produce any effect on eight cells 
whose membrane properties resembled 
those of cells responsive to (+)-PB. 
Since the cultures contain a hetero- 
genous mixture of cells, it is likely that 
different types of neurons with apparent- 
ly similar electrical properties may dis- 
play different drug sensitivities. 

The (-) isomer of PB depressed ex- 
citability in 11 of 30 cells studied, caus- 
ing an increase in membrane potential 
and conductance (Fig. 1A). The null po- 
tential of the inhibitory response shifted 
in a depolarizing direction when KCI re- 
cording pipettes were used and was simi- 
lar to that of inhibitory GABA responses. 
These results suggest that (-)-PB, like 
GABA (11) and racemic PB (9) may acti- 
vate a C1- conductance, although further 
research is required to prove this. When 
100 ,aM (+)-PB and (-)-PB were applied 
simultaneously, (-)-PB markedly atten- 
uated excitatory responses to (+)-PB 
and blocked (+)-PB-evoked transmitter 
release (Fig. 1, A2). Since 100 tAM ap- 
proximates the concentration of racemic 
PB necessary to induce general anes- 
thesia (12), the depressant effects of the 
(-) isomer correlate well with the de- 
pression of the CNS seen clinically. 
Whether (-)-PB antagonizes (+)-PB ex- 
citation directly at excitatory sites or in- 
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citation directly at excitatory sites or in- 
directly through its effective shunting of 
membrane resistance remains to be es- 
tablished. In three of the cells respond- 
ing to (-)-PB a transient weak excita- 
tory response was observed followed by 
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Pentobarbital: Stereospecific Actions of (+) and (-) Isomers 

Revealed on Cultured Mammalian Neurons 

Abstract. Stereoisomers of the barbiturate anesthetic pentobarbital were applied 
to mouse spinal neurons growing in tissue culture. Intracellular recordings of neu- 
ronal membrane properties revealed that the (+) and (-) isomers caused direct 
changes in membrane potential and conductance on some but not all of the cells 
tested. The action of the (+) isomer was predominantly excitatory, whereas the (-) 
isomer produced predominantly inhibitory responses. The (-) isomer was consid- 
erably more effective in potentiating inhibitory responses to the transmitter gamma- 
aminobutyric acid. The results show that pentobarbital has multiple effects on neu- 
ronal excitability and demonstrate the presence of stereospecific sites of barbiturate 

Pentobarbital: Stereospecific Actions of (+) and (-) Isomers 

Revealed on Cultured Mammalian Neurons 

Abstract. Stereoisomers of the barbiturate anesthetic pentobarbital were applied 
to mouse spinal neurons growing in tissue culture. Intracellular recordings of neu- 
ronal membrane properties revealed that the (+) and (-) isomers caused direct 
changes in membrane potential and conductance on some but not all of the cells 
tested. The action of the (+) isomer was predominantly excitatory, whereas the (-) 
isomer produced predominantly inhibitory responses. The (-) isomer was consid- 
erably more effective in potentiating inhibitory responses to the transmitter gamma- 
aminobutyric acid. The results show that pentobarbital has multiple effects on neu- 
ronal excitability and demonstrate the presence of stereospecific sites of barbiturate 

0036-8075/80/0111-0195$00.50/0 Copyright ? 1980 AAAS 0036-8075/80/0111-0195$00.50/0 Copyright ? 1980 AAAS 195 195 


