term habituation or to the different levels
of activation required to excite short-
term memory traces (/6).

The short recovery cycle of P; may al-
so be characteristic of other endogenous
components associated with human in-
formation processing (/7). If so, studies
of refractory properties may provide a
basic criterion for linking ERP com-
ponents to specific perceptual and cogni-
tive processes.

DaviD L. Woobs
STEVEN A. HILLYARD
Eric COURCHESNE
ROBERT GALAMBOS
Department of Neurosciences,
University of California, San Diego,
La Jolla 92093

References and Notes

1. For arecent review, see E. Donchin, W. Ritter,
W. C. McCallum, in Event-Related Brain Poten-
tials in Man, E. Callaway, P. Tueting, S. Kos-
low, Eds. (Academic Press, New York, 1978),
pp- 349-411.

2. Reviewed by S. Hillyard, T. W. Picton, D. Re-
gan ibid., pp. 223-321.

3. H. Davis and S. Zerlin, J. Acoust. Soc. Am. 39,
109 (1965).

4. H. Davis, T. Mast, N. Yoshie, S. Zerlin, Elec-
troencephalogr. Clin. Neurophysiol. 21, 105
(1966); G. Long, Acta Psychol. 39, 377 (1975).

. J. Boddy Q. J. Exp. Psychol. 25, 327 (1973).

. Tones and low-level (30-dB sound level) mask-
ing noise were presented binaurally through ear-
phones. All stimuli were delivered under the
control of a tape-recorded sequence of trigger
pulses, so that each subject received an identical
pattern of stimulation.

7. Two different groups of subjects were run in the
near-threshold condition. Subjects in group 1
(three female and two male, ages 18 to 25) each
participated in two successive test periods (600
trials). The EEG data from these subjects were
amplified by chopper-stabilized d-c amplifiers
(bandpass 0 to 40 Hz), and averaged and quan-
tified by computer (PDP 11/45). Subjects in
group 2 (five female and three male, ages 18 to
34) participated in a single test period. Their
EEG’s were amplified by low-frequency-sensi-
tive a-c amplifiers (bandpass, 0.15 to 150 Hz),
averaged on a signal averager and quantified
from x-y plots with a ruler. In the suprathreshold
experiment, five subjects (all female, 19 to 32
years old) reported the number of tones present-
ed on each trial, as in the near-threshold experi-
ment; stimulus delivery was controlled by the
same tape-recorded sequence of trigger pulses.
Procedures for data recording, analysis, and
quantification were identical to those for group 1
subjects.

8. The P; was measured with respect to a baseline
connecting the mean voltage during the 200
msec before stimulus delivery with the mean
voltage from 450 to 600 msec after the stimulus.
This baseline was chosen to minimize the pos-
sible influence of slow potential shifts on P; am-
plitude. Other measures (including prestimulus
baseline-peak and P; area) provided results con-
sistent with those reported here.

9. For reasons of brevity only data from the triplet
(three-tone) trials are presented here.

10. D. A. Nelson and F. M. Lassman J. Speech
Hear. Res. 16, 297 (1973).

11. Recovery cycle calculations for near-threshold
Py’s were complicated by the fact that Py’s to
unpreceded tones at S, were slightly smaller (20
to 25 percent) than Py’s to unpreceded tones at
other positions [F(1,16) = 5.914, P < .05].
Hence, while near-threshold P;’s following 300-
msec ISI’s were as large as those at S,, they
were slightly smaller than P,’s following unpre-
ceded stimuli at the S, and S. positions
[F(1,16) = 5.49, P < .05 combined over S, and
S. positions]. However, near-threshold P;’s to
tones preceded by 900 msec ISI's were not only
much larger than those at S,, but were also
larger than those following unpreceded stimuli
at other positions (P < .05 for all comparisons).
Although unpreceded suprathreshold Py’s did
not differ in amplitude as a function of position,
suprathreshold P; recovery cycles were com-

SCIENCE, VOL. 207, 8 FEBRUARY 1980

AW

plicated by the possible influence of the quan-
tification procedure on the small P; component.
In particular, with 300-msec ISI's the sloping
baseline included portions of the preceding P,-
P; complex. Hence, at these intervals, the base-
line may have been shifted positively, thereby
reducing the measured suprathreshold P; ampli-
tudes. Thus, the data in Fig. 2 may underesti-
mate the extent of suprathreshold P; recovery
at 300-msec ISI’s.

12. For near-threshold P;’s, this latency difference
averaged 26 msec [F(1,16) = 13.57, P < .01];
for suprathreshold Py’s, it was 20 msec
[F(1,16) = 4.49, P < .05].

13. T. Allison, Electroencephalogr. Clin. Neuro-
physiol. 14, 331 (1962).

14. M. Smith, Psychol. Bull. 67, 202 (1967).

15. D. L. Woods, E. Courchesne, S. A. Hillyard, R
Galambos, Prog. Brain Res., in press.

16. E. Callaway, in Habituation, H. Peeke and M.
Herz, Eds. (Academic Press, New York, 1973),
vol. 2, p. 153; T. W. Picton, S. A. Hillyard, R.
Galambos, in Handbook of Sensory Physiology,
vol. S, Auditory System, W. D. Keidel and W.
D. Neff, Eds. (Springer-Verlag, Berlin, 1976),
pp. 343-389; T. W. Picton, K. B. Campbell, J.
Baribeau-Braun, G. B. Proulx, in Attention and
Performance, J. Requin, Ed. (Academic Press,
New York, 1978), vol. 7, pp. 429-467.

17. For example, the attentional modulation of the
N;-P. during selective attention tasks has a re-
covery cycle much shorter than that of the N,-
P, itself. In fact, attention-related ERP enhance-
ment is largest at ISI’s below 500 msec [V.
Schwent, S. A. Hillyard, R. Galambos, Electro-
encephalogr. Clin. Neurophysiol. 40, 604 (1976)].

16 April 1979; revised 10 October 1979

Buprenorphine Suppresses Heroin Use by Heroin Addicts

Abstract. Heroin-dependent men were given buprenorphine (a partial opiate agon-
ist-antagonist) or a placebo under double-blind conditions on a clinical research
ward where they could acquire heroin (21 to 40.5 milligrams per day, intravenously).
Buprenorphine significantly (P < .001) suppressed the self~administration of heroin
over 10 days. Control subjects took between 93 and 100 percent of the available
heroin. The effects of buprenorphine were dose-dependent; a dose of 8 milligrams
per day reduced heroin use by 69 to 98 percent; a dose of 4 milligrams per day reduced
heroin use by 45 percent. Termination of buprenorphine maintenance did not result
in opiate withdrawal signs or symptoms. The subjects liked buprenorphine and in-
dicated that it was preferable to methadone or naltrexone. Buprenorphine should be
a safe and effective new pharmacotherapy for heroin dependence.

Buprenorphine is a new oripavine de-
rivative (/) with 25 to 40 times the anal-
gesic potency of morphine and an equiv-
alent duration of action (2). The sub-
jective effects of buprenorphine also
resemble those of morphine, and former
heroin addicts report that they like mor-
phine and buprenorphine equally well
(3). In addition to its morphinelike ago-
nistic properties, buprenorphine is also
an opiate antagonist that effectively an-
tagonizes high doses of morphine for 24
to 36 hours (3). Since buprenorphine is a
partial opiate agonist-antagonist, it com-
bines in one drug the characteristics of

Table 1. Sequence and duration of experimen-
tal conditions.

Drug condition

Dura-
tion
Bughrienrlor Placebo (days)
Baseline Baseline 5
(drug-free) (drug-free)
Buprenorphine Placebo 14
0.5t0 8
mg/day)
Buprenorphine Placebo and 10
and heroin heroin
Buprenorphine Methadone
detoxifica- detoxifica- 5
tion (7 to 1 tion 25to 5
mg/day) mg/day)
Baseline Baseline 3
(drug-free) (drug-free)
Naltrexone Naltrexone 3
(10to 50 (10 to 50
mg/day) mg/day)

0036-8075/80/0208-0657$00.50/0

two of the leading pharmacotherapies for
heroin addiction. It is equivalent to the
antagonist naltrexone in potency and du-
ration of narcotic blockade (), and its
opiate agonist properties resemble those
of methadone in terms of reported posi-
tive subjective effects. However, termi-
nation of maintenance with high doses of
buprenorphine does not result in the se-
vere and protracted withdrawal signs
and symptoms (3) that occur when meth-
adone treatment is ended. A mild, almost
negligible withdrawal syndrome was de-
tected about 2 weeks after abrupt cessa-
tion of maintenance on buprenorphine
3.

Since buprenorphine has some desir-
able properties as an opiate agonist, does
not induce physical dependence, and an-
tagonizes the effects of other opiate
agonists, it could be an effective pharma-
cotherapy for heroin addiction. This re-
port describes the effect of buprenor-
phine (or placebo) maintenance on self-
administration of heroin by male opiate
addicts studied on a clinical research
ward under double-blind conditions. Ten
volunteers 24 to 32 years of age (mean,
28.6 years) and with a 1- to 19-year his-
tory of heroin use (mean, 10.4 years)
gave informed consent for their partici-
pation in these studies. Each subject had
been treated for heroin addiction in con-
ventional programs but had failed to
maintain abstinence from opiates. Each
volunteer was in good physical health, as
determined by appropriate medical, psy-
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Table 2. Effects of buprenorphine and placebo on intravenous heroin self-administration by
heroin addicts. Amounts are in milligrams per day.

Da Avail-
Sub- Y able heroin
. actually
ject used
1 2 3 4 S 6 7 8 9 10 (%)
Placebo
1 21 21 21 21 21 40.5  40.5 40.5 40.5 40.5 100
2 21 21 21 21 21 40.5 40.5 40.5 40.5 40.5 100
3 21 21 21 21 21 40.5 40.5 40.5 40.5 40.5 100
4* 21 21 21 21 21 40.5 40.5 40.5 40.5 40.5 100
S* 21 21 21 21 21 40.5  40.5 40.5 40.5 40.5 100
6* 21 21 21 14 21 40.5 27 40.5 40.5 40.5 93
7* 21 14 21 21 7 40.5 40.5 40.5 405 40.5 93
Buprenorphine (4 mgl/day subcutaneously)
5* 14 7 7 7 0 40.5 13.5 27 27 27 55
Buprenorphine (8 mgiday subcutaneously)
4* 14 0 0 0 14 27 0 0 13.5 27 31
6* 14 0 0 0 0 0 0 0 0 0 5
7* 14 0 0 0 7 27 0 0 0 0 16
8 0 0 0 0 0 0 0 0 13.5 0 4
9 0 0 0 0 0 13.5 0 0 0 0 4
10 0 0 0 0 7 0 0 0 0 0 2

*This subject was studied under both buprenorphine and placebo conditions in successive 40-day studies run

in a counterbalanced order.

chiatric, and laboratory screening exami-
nations. Each of four subjects served as
his own control in two consecutive 40-
day inpatient studies in which buprenor-
phine or a placebo was given in a coun-
terbalanced order. Six other subjects
were given either buprenorphine (N = 3)
or a placebo (N = 3) in a single double-
blind study (5).

The sequence and duration of each ex-
perimental condition is shown in Table 1.
After a baseline period during which no
drugs were given, increasingly large
doses of a placebo or buprenorphine
were given to assess the effects of the
drug and to evaluate its safety at high
doses. An initial dose of buprenorphine
(0.5 mg/day subcutaneously) was gradu-
ally increased by increments of 0.5 mg
until a final, maintenance dose (8 mg/
day) was reached over 14 days. The sub-
jects were maintained on this dose of
buprenorphine (or placebo) for 10 days,
during which heroin was made available.
Subjects could work at a simple operant
task to earn heroin during the last 2 days
of the buprenorphine baseline period and
the 10 days during which heroin was
available, or to earn money throughout
the study. They could earn $1.50 or one
injection of heroin in approximately 90
minutes of sustained operant perform-
ance on an F1 1-second schedule of rein-
forcement, in which only the first re-
sponse after 1 second has elapsed is re-
corded as an effective response. Details
of this operant paradigm have been re-
ported previously (6).

Since medical and ethical considera-
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tions preclude spontaneous self-adminis-
tration of unlimited quantities of heroin,
subjects were allowed only three doses
of heroin each day (once every 8 hours).
The efficacy of buprenorphine was ex-
amined at both low and high doses of
heroin. Subjects could earn heroin (up to
21 mg/day) during the first 5 days of its
availability, and more (up to 40.5 mg/
day) during the second 5 days. The her-
oin, provided by the National Institute of
Drug Abuse, was 98 to 99 percent pure.
Subjects administered themselves sterile
heroin intravenously under medical su-
pervision. After the period of heroin
availability, the buprenorphine dosage
was gradually reduced over 5 days. The
subjects given placebo, who used heroin,
were offered the long-acting antagonist
naltrexone and were told that naltrexone
would be available after discharge.

The first few doses of buprenorphine
(0.5 to 1.5 mg/day subcutaneously) pro-
duced transient morphinelike side ef-
fects, including nausea, occasional vom-
iting, some initial sedation and anxiety,
and mild to moderate constipation. Tol-
erance to most of these effects developed
within 3 to 4 days; constipation usually
decreased within 19 to 21 days. Mild
hypotension was occasionally observed.
One subject (No. 5) developed persistent
hypotension, and was maintained at half
the standard 8-mg dose of buprenorphine
(4 mg/day). Buprenorphine caused pupil-
lary constriction, a typical effect of
opiate agonists, for as long as 24 hours
after an 8-mg dose.

All subjects reported that buprenor-

phine had opiatelike effects. In contrast
to the “‘rush’’ or rapid ‘‘high’’ that fol-
lows the intravenous administration of
heroin, a generalized feeling of con-
tentment was reported. These findings
are consistent with previous reports of
morphinelike euphoria after short- and
long-term administration of buprenor-
phine (3). Subjects reported a preference
for maintenance on buprenorphine over
maintenance on methadone or naltrex-
one, and asked that they be contacted
when buprenorphine becomes available
for outpatient treatment.

The effect of buprenorphine and pla-
cebo maintenance on daily heroin intake
is shown in Table 2. Five of the subjects
given the placebo took all the available
heroin every day; two took all the avail-
able heroin on 8 of the 10 days. In con-
trast, the seven subjects maintained on
buprenorphine took significantly less
heroin than the subjects given the pla-
cebo (P < .001). Buprenorphine sup-
pressed the self-administration of heroin
69 to 98 percent.

On the first day of heroin availability,
three of the subjects maintained on bu-
prenorphine took two 7-mg doses of her-
oin; however, buprenorphine completely
antagonized the short-term heroin ef-
fects. Each subject reported that he felt
no sensation from the intravenous heroin
injection. One subject (No. 6) did not
take heroin again during buprenorphine
maintenance. Two subjects (Nos. 4 and
7) sampled heroin occasionally, and each
took two injections when the amount of
heroin available each day was increased
from 21 to 40.5 mg on day 6. Buprenor-
phine (8 mg/day) effectively antagonized
the effects of 13.5 mg of heroin, and sub-
ject 7 did not use heroin subsequently.
Although subject 4 used more heroin
than any other subject maintained on the
standard (8 mg/day) dose of buprenor-
phine, he used less than one-third of the
amount available.

Three of the subjects (Nos. 8, 9, and
10) maintained on buprenorphine did not
take any heroin during the first few days
of heroin availability. (All subjects knew
when they were given buprenorphine
rather than the placebo because of the
morphinelike angonistic effects of the
former.) Subjects 8, 9, and 10 each took
a single dose of heroin on one occasion,
but the effects were antagonized by
buprenorphine. These subjects did not
take heroin subsequently.

One subject (No. 5) was maintained on
a low dose of buprenorphine (4 mg/day)
because of its hypotensive side effects.
Although he used significantly less her-
oin during buprenorphine maintenance
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than during placebo maintenance
(P < .02), he used heroin almost every
day. The degree to which buprenorphine
suppresses the self-administration of
heroin appears to be related to the main-
tenance dose of buprenorphine, since 4
mg/day produced a 45 percent suppres-
sion whereas 8 mg/day produced a 69 to
98 percent suppression. Since these data
are based on a direct behavioral measure
of heroin self-administration over 10
days, rather than on retrospective recall
or an anticipatory self-report, it appears
that buprenorphine maintenance effec-
tively suppresses heroin use by heroin
addicts.

After buprenorphine was discontin-
ued, no subject complained of opiate
withdrawal symptoms and no with-
drawal signs were observed. After dis-
charge from the clinical research ward,
we maintained contact with most sub-
jects. No subject reported any with-
drawal signs or symptoms over a period
of 30 days after the termination of bupre-
norphine maintenance. This indicates
that buprenorphine, unlike methadone,
does not induce a significant degree of
physical dependence. The finding con-
firms previous observations of the ef-
fects of long-term buprenorphine ad-
ministration to five former heroin addicts
3).

Buprenorphine appears to offer signifi-
cant advantages over an antagonist such
as naltrexone, which blocks opiate ef-
fects without concomitant agonistic ac-
tions. Moreover, buprenorphine sup-
presses heroin self-administration by ad-
dicts as effectively as naltrexone, which
was studied under similar conditions on
a clinical research ward (7). Outpatient
acceptance of naltrexone has been disap-
pointing despite its effectiveness as a
long-acting narcotic antagonist. Each of
our ten subjects discontinued naltrexone
maintenance, and only one agreed to try
outpatient naltrexone at the end of the
study. Although naltrexone has been
helpful to a few well-motivated patients,
most fail to continue outpatient naltrex-
one maintenance (4, 7). Most heroin ad-
dicts appear to prefer methadone, which
produces some positive mood changes.

The agonistic properties of 8 mg of
buprenorphine are equivalent to those of
40 to 60 mg of methadone (3). Since
methadone has been used illicitly (pre-
sumably for its mood-elevating effects),
buprenorphine might also be subject to
abuse. Our preliminary findings indicate
that buprenorphine is reinforcing in a
model in which monkeys administered
themselves the drug. However, bupre-
norphine is safer than methadone in two
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ways: (i) it does not induce significant
physical dependence and (ii) the possi-
bility of overdose is remote due to its
opiate antagonistic properties. Deaths
attributed to methadone overdose are
occasionally reported (8), and with-
drawal from methadone is more protract-
ed than withdrawal from morphine (9).
Promising as this new partial agonist-
antagonist appears to be as a pharma-
cotherapy for heroin addiction, it is un-
likely that there will ever be a simple
chemical panacea for this complex and
multiply determined behavior disorder.
Despite the capacity of buprenorphine or
any other drug to antagonize heroin ef-
fects and improve mood, there is always
the possibility that the heroin addict may
engage in other forms of addictive drug
use. It is generally acknowledged that
patients maintained on methadone often
continue to use some heroin and various
other licit and illicit drugs (/0). Further
research will be required to determine
whether buprenorphine can be more ef-
fective in reducing illicit drug use. De-
spite those qualifications, our results,
which are based on direct measurement
of heroin use by addicts, lead us to be-
lieve that buprenorphine should be a safe
and highly effective mode of pharma-
cotherapy for heroin addiction.
NanNcy K. MELLO
JAack H. MENDELSON
Alcohol and Drug Abuse
Research Center,
Department of Psychiatry, Harvard
Medical School and McLean Hospital,
Belmont, Massachusetts 02178
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Amino Acid Acylation: A Mechanism of Nitrogen Excretion in

Inborn Errors of Urea Synthesis

Abstract. Treatment of a patient deficient in carbamyl phosphate synthetase with
benzoate or phenylacetic acid resulted in an increase in urinary nitrogen, which
could be accounted for by the respective amino acid acylation product, hippurate or
phenylacetylglutamine. Benzoate treatment of four hyperammonemic comatose pa-
tients led to clinical improvement and a return of plasma ammonium levels toward

normal.

Previous therapeutic approaches to
patients with urea cycle enzymopathies
have been designed to reduce the re-
quirements for urea synthesis by quan-
titative and qualitative manipulation of
dietary protein, amino acids, or their ni-
trogen-free analogs. Success of these
measures has been limited to increased
survival time, with death usually occur-
ring in the first year of life.

We recently suggested (/) a form of
therapy of these diseases wherein two

0036-8075/80/0208-0659$00.50/0 Copyright © 1980 AAAS

new pathways of waste nitrogen excre-
tion may substitute for the defective urea
pathway. That such alternative path-
ways exist was shown by Lewis (2), who
demonstrated that in man, after oral ad-
ministration of sodium benzoate, urinary
hippurate nitrogen substituted for uri-
nary urea nitrogen with little change in
total urinary nitrogen excretion. Sub-
sequently Sherwin and Shiple (3) showed
that in man urinary phenylacetylgluta-
mine nitrogen substituted for urinary
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