
nesia was substantially reversed after 
DDAVP treatment, as indicated by a 
threefold increase in recall of items sus- 
ceptible to disruption-those presented 
closest in time to ECT administration 
(Fischer exact probability test, P < .01). 

These findings demonstrate a 
DDAVP-related enhancement of learn- 
ing and memory. The determinants of 
this enhancement include effects on con- 
solidation processes, organization of 
memories, and "strengthened" trace 
events in memory (as measured by in- 
creased consistency in recall). We have 
begun to examine whether this synthetic 
vasopressin might attenuate the cogni- 
tive impairments evident in progressive 
idiopathic dementia (Alzheimer's dis- 
ease, senile dementia). Some of the six 
patients we have tested so far have dem- 
onstrated reliable increases in learning 
and recall following DDAVP treatment 
(15). These cognitive changes appear to 
be determined by increased accessibility 
to knowledge structures necessary for ef- 
fective and complete encoding of recall- 
able information. The psychobiological 
mechanisms that determine the role of 
vasopressin in influencing memory and 
learning remain undefined but a contin- 
uing challenge to neuroscientists at- 
tempting to explore cognition. 

HERBERT WEINGARTNER 
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Metkephamid, a Systemically Active Analog of Methionine 
Enkephalin with Potent Opioid &Receptor Activity 

Abstract. Metkephamid is an analog of methionine enkephalin that retains high 
afinity for the 6 receptor and is a systemically active analgesic. Since it is at least 
100 times more potent than morphine as  an  analgesic when placed directly into the 
lateral ventricles, and is 30 to  100 times more potent on the 6 receptor and yet is 
roughly equipotent on the p receptor in vitro, it is concluded that it probably pro- 
duces analgesia by a n  action on 6 receptors as well as ,  or rather than, on p recep- 
tors. It has less tendency t o  produce respiratory depression, tolerance, and physical 
dependence than standard analgesics, and it is presently undergoing clinical trial. 

There is evidence that methi- 
onine enkephalin (I) is an inhibitory neu- 
rotransmitter in the brain (2) and could 
therefore provide the basis for develop- 
ment of specialized therapeutic entities. 
The potential utility of such compounds 
is manyfold. In addition to the role in 
modulation of nociception, opioid pep- 
tides may also have a role in the hypo- 
thalamic control of pituitary function (3, 
4) and may play a part in sexual matura- 
tion and function (5-7). Furthermore, 
dysfunction in these systems may be re- 
lated to various forms of psychiatric ill- 
ness (8, 9). Two different opioid receptor 
types, the p receptor and the 6 receptor, 
have been demonstrated (10) and there 
may be more. The natural enkephalins 
prefer the 6 receptor, whereas morphine 
preferentially utilizes the p receptor, and 
it appears that the potent methionine en- 
kephalin analog FK33824 does also (10- 
12). Questions arise as to whether one or 
both receptors mediate analgesia, wheth- 
er one or both mediate tolerance and 
physical dependence, and whether one 
or both, or some other receptor, medi- 

CI 0 Normorphine 
7 Met-enkephalin 
I 

Metkephamid 2 2 -  
m 
L 

-8 -7.5 -7.0 -6.5 -6.0 
Log (naloxone concentration) 

Fig. 1 .  Schild plots (14) for naloxone versus 
(0) normorphine, (13) methionine enkephalin, 
and (0) metkephamid. The intercepts of the 
lines with the abscissa give thepAz values for 
naloxone versus these opioid agonists. The 
pA, value with 95 percent confidence limits 
(20) for normorphine is 8.32 (8.06 to 8.69); for 
methionine enkephalin, 7.54 (7.38 to 7.74); 
and for metkephamid, 7.60 (7.43 to 7.80). The 
pA, values for metkephamid and methionine 
enkephalin are not different and presumably 
reflect action on the 6 receptor. These values 
are significantly different from the PA, value 
for normorphine, however, which presumably 
reflects action on the p receptor. See (20) for 
definition of dose ratio. 

ates some of the other activities listed 
above. The natural peptide is enzymati- 
cally too labile to allow an evaluation of 
its potential therapeutic utility in the 
whole animal. If it does have a physio- 
logical role in the brain, however, then 
analogs modified to reach receptors in 
the brain, should have the appropriate 
pharmacology. A research challenge is 
to provide ' structural modifications of 
methionine enkephalin that confer enzy- 
matic protection without destroying af- 
finity and efficacy at the desired recep- 
tors. 

We now report the synthesis and phar- 
macological testing of a minimally modi- 
fied analog of methionine enkephalin that 
is a systemically active analgesic and 
that has high affinity for the 6 receptor. 
We first determined the relation between 
the structure of methionine enkephalin 
and its activity. This was conducted in 
vitro to eliminate pharmacokinetic prob- 
lems. Having deduced the essential 
structural requirements for receptor acti- 
vation (2, 12, 13), we modified methi- 
onine enkephalin in order to achieve en- 
zymatic protection and increase blood- 
brain barrier permeation. The affinity of 
an antagonist for a receptor utilized by a 
given agonist can be estimated by calcu- 
lation of its pA, value (14); that is, the 
negative logarithm of the concentration 
of the antagonist that necessitates a dou- 
bling of the agonist concentration to 
achieve a given effect. The PA, values 
for naloxone versus some enkephalin an- 
alogs were used to determine whether 
the analogs were interacting with the 
same receptors (6 receptors) as the natu- 
ral peptide. Metkephamid (L-tyrosyl-D- 
alanylglycyl-L-phenylalanyl-N,-methyl- 
L-methioninamide monoacetate) was de- 
veloped in this manner and proved to 
have analgesic potency in rodents similar 
to the potencies of analgesic standards 
such as morphine and meperidine, but 
less tendency to produce respiratory de- 
pression, tolerance, and physical depen- 
dence. It is now undergoing initial clini- 
cal trials in human subjects. 

Peptides were prepared by solution 
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Fig. 2. (A) Comparative dose- 
response curves of morphine 
and metkephamid in the hot 
plate test in mice. The drugs 
were administered into the lat- 
eral ventricles. The ordinate is 
the latency in seconds of the 
hind paw lick. The horizontal 
lines give the mean control 
(saline-treated mice) latency k 
standard error. Latencies 
were determined 30 minutes 
after injection of morphine and 
15 minutes after metkepha- 
mid. Naloxone (0.2 mgikg, 
subcutaneously) was given 15 
minutes before testing. As in- 
dicated on abscissa, 1.0 pg is 
equivalent to 3.0 nanomoles of 
morphine free base or 1.5 
nanomoles of metkephamid 
free base. (B) Naloxone-pre- 
cipitated withdrawal scores af- 
ter chronic treatment of rats 
with morphine, meperidine, 
pentazocine, metkephamid, or 
saline. Withdrawal was pre- 
cipitated at days 4, 7,  10, and 
14 by the injection of naloxone 
(10 mgikg, subcutaneously). 
Withdrawal signs were scored 
for 15 minutes after injection 

; L 1  I I 1 

m 0.001 0.01 0.1 1 .o 10.0 
-I Dose OJg, intracerebroventriculariy) 

Morphine 

'0 
Meperidine 

f 2 0  Pentazocine 
Metkephamid 

10 
Saline 

0 4 7 10 14 Days 

230  750 1890 3590 Total dose 
(mglkg) of naloxone. The numbkrs be- 

low the abscissa give the total dose of compound in milligrams per kilogram administered by 
each time of testing. There are no data for meperidine or pentazocine after day 10 because the 
rats died after further treatment with these drugs. 

methodology. The general approach re- 
quired the dicyclohexylcarbodiimide hy- 
droxybenzotriazole-mediated coupling 
of an Na-Boc-protected amino terminal 
tripeptide with the desired carboxyl ter- 
minal dipeptide amide or ester (3, 13, 
15). The peptides were tested in vitro (3, 
12, 15) on single vas deferens from ma- 
ture mice (Cox, 30 to 40 g). The hot plate 
test for analgesia was conducted by 
means of an apparatus with an electrical- 
ly heated, thermostatically controlled 
(52°C) metal plate (3, 12, 15). The time in 
seconds from contact with the plate until 
a hind paw was licked was recorded as a 
response latency. The latency until an 
escape jump occurred was also record- 
ed. A tail heat test in rats and a writhing 
test in mice were also used to assess 
analgesia (16, 17). Drugs were adminis- 
tered subcutaneously, intravenously, or 
intracerebroventricularly. For intra- 
cerebroventricular administration, Ham- 
ilton microsyringes bearing 27-gauge 
needles with stops at 2.5 mm from the 
needle tip were used (12). 

Male Sprague-Dawley rats (90 to 100 g 
at start of experiment, Harlan Industries) 
were used to assess primary dependence 
liability of the opioids. The rats were giv- 
en subcutaneous injections of saline or 
an opioid drug (morphine, meperidine, 
pentazocine, or metkephamid) four 
times daily for 14 days, with doses in- 
creasing gradually from 10 to 160 mgikg 

per injection. Development of depen- 
dence was assessed at days 4 ,7 ,  10, and 
14 by challenge with naloxone (10 mgikg, 
subcutaneously) and scoring of the re- 
sulting withdrawal signs (16, 18, 19). 

Metkephamid produced a potent nal- 
oxone-reversible depression of the elec- 
trically induced twitch of the mouse vas 
deferens. The median effective doses 
(ED,,'s) on the vas deferens for met- 
kephamid, methionine enkephalin, and 
normorphine were 1.2 x 2.0 x 

and 3.9 x 10-7M, respectively. 
Clearly, the structural modifications of 
methionine enkephalin that led to met- 
kephamid did not interfere with binding 
to the opioid receptor. Metkephamid and 
methionine enkephalin were at least 20 
times more potent than normorphine on 
this preparation. Analysis ofpA, values 
(20), furthermore, suggested that met- 
kephamid and methionine enkephalin 
both utilized the 6 receptor, whereas 
normorphine utilized the p receptor (Fig. 
1). 

To assess activity of metkephamid on 
receptors in brain, which mediate anal- 
gesia, we first tested it after administra- 
tion directly into the lateral ventricles to 
bypass pharmacokinetic barriers. When 
the analgesic effects of administration by 
this route were compared by the hot 
plate test in mice, metkephamid proved 
to be at least 100 times more potent on a 
molar basis than morphine and at least 

30,000 times more potent than methi- 
onine enkephalin (Fig. 2). 

Metkephamid was also an effective an- 
algesic after subcutaneous or intra- 
venous administration, as shown by the 
hot plate and writhing tests in mice and 
the tail heat test in rats. The comparative 
intravenous ED,,'s with 95 percent con- 
fidence limits of metkephamid and me- 
peridine on the jump response were 0.21 
(0.03 to 0.57) and 3.1 (1.4 to 5.7) pmolel 
kg, respectively, and on the hind paw 
lick response were 0.36 (0.08 to 0.85) and 
1.7 (0.89 to 2.7) pmolelkg, respectively. 
The ED,, of metkephamid was thus 
about 1115 that of meperidine on the 
jump response. The dose-response curve 
for metkephamid on the jump response, 
however, was shallower than that of me- 
peridine; thus the difference in potency 
between metkephamid and meperidine 
was even greater than 15: 1 at doses 
lower than the ED,,, and both com- 
pounds produced maximum analgesia at 
about the same dose (-3 mgikg, intra- 
venously). In tests by the subcutaneous 
route of administration, metkephamid 
was more potent on a molar basis than 
morphine, meperidine, pentazocine, and 
codeine in the writhing and hot plate 
jump tests for analgesia in mice; it was 
about one-half as potent as meperidine 
and one-third as potent as morphine on a 
molar basis in the hot plate hind paw lick 
test in mice. In the tail heat test in rats, it 
was about one-third as potent on a molar 
basis as morphine. Time courses of mor- 
phine, meperidine, and metkephamid 
were compared by using doses of each 
compound that had approximately equal 
analgesic effects. The duration of activi- 
ty of metkephamid was intermediate be- 
tween meperidine and morphine in the 
writhing test in mice and similar to mor- 
phine in the tail heat test in rats. 

Physical dependence after chronic 
treatment was tested in rats showed that 
morphine produced a high level of de- 
pendence, meperidine and pentazocine 
produced an intermediate level of depen- 
dence, and metkephamid produced only 
slightly more dependence than saline 
(Fig. 2B). Similar results were obtained 
in mice in a withdrawal jumping test. 
Metkephamid also proved to have a 
much smaller depressant effect on respi- 
ration than morphine, as determined 
from blood gas measurements (partial 
pressures of O2 and CO,, andpH) in rats; 
morphine depressed respiratory function 
at doses as low as 1 mgikg, whereas met- 
kephamid had no significant effect on 
respiratory measurements at doses be- 
low 64 mgikg. 

The pentapeptide enkephalins have 
significant advantages over the larger 
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endorphins from the point of view of 
drug development since pharmacological 
activity resides in the smaller fragment 
which is easier and more economical to 
synthesize. We have described the prep- 
aration and pharmacological assessment 
of metkephamid, an analog derived from 
methionine enkephalin by slight structur- 
al modification that provides enzymatic 
protection and bioavailability without 
loss of desired receptor activity. Met- 
kephamid is more active on the mouse 
vas deferens preparation than methi- 
onine enkephalin, which in turn is 20 to 
30 times more potent than normorphine. 
The observation that naloxone had the 
same PA, value versus metkephamid as 
it had versus methionine enkephalin is 
evidence that they bind to the same re- 
ceptor, the 8 receptor, rather than the p 
receptor preferred by normorphine. 
Studies with guinea pig ileum and inhibi- 
tion of binding in brain tissue, however, 
suggest that metkephamid may be more 
/3-endorphin-like than methionine en- 
kephalin-like (11); that is, it is quite ac- 
tive on both the p and the 8 receptors. 
Studies in vivo indicate that metkepha- 
mid acts on receptors in brain, which 
mediate analgesia, since it is more than 
100 times as potent an analgesic as mor- 
phine after direct injection into the later- 
al ventricles. Since metkephamid is only 
one to three times as potent as mor- 
phine at inhibiting normorphine binding 
in brain (11) and yet is more than 100 
times as potent at producing analgesia, it 
is likely that metkephamid utilizes a dif- 
ferent receptor, such as the 8 receptor, 
to mediate this activity. Indeed, met- 
kephamid is more active than morphine 
on the 8 receptor as indicated by the data 
from mouse vas deferens presented 
above and also the inhibition of [D-Ala2, 
D-Leu5]enkephalin (Ala, alanine; Leu, 
leucine) binding to brain membranes 
(11). In both 8-receptor systems, met- 
kephamid is at least 30 times more potent 
than morphine. 

Metkephamid is a more potent analge- 
sic than meperidine when given intraven- 
ously, as measured by the hot plate test 
in mice. By the subcutaneous route, the 
analgesic potency of metkephamid is of 
the same order of magnitude as that of 
the standard drugs morphine, meperi- 
dine, and pentazocine, and the duration 
of its analgesic activity is similar to that 
of meperidine or pentazocine, but met- 
kephamid produces less primary depen- 
dence than morphine, meperidine, or 
pentazocine. Since meperidine and pen- 
tazocine have similar analgesic activity 
and duration of action, the lesser depen- 
dence produced by metkephamid re- 
flects more than mere pharmacokinetic 
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differences. Metkephamid is also less po- 
tent than the standard drugs in suppress- 
ing withdrawal phenomena in morphine- 
dependent mice, rats, and monkeys and 
produces less respiratory depression 
than momhine. 

The preclinical pharmacological pro- 
file of metkephamid suggests that it 
should be a parenteral analgesic in hu- 
mans, with potential advantages over 
existing drugs, and it has therefore been 
submitted to clinical testing (15). The on- 
ly other enkephalin analog studied in 
man (21) is FK33824, which appears to 
have a greater preference for the p re- 
ceptor. Preliminary data indicate that 
metkephamid does have analgesic activi- 
ty, but it is too early to judge its efficacy 
and acceptability relative to other anal- 
gesics at this time. 
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Endogenous Late Positive Component of the Evoked Potential in 
Cats Corresponding to P300 in Humans 

Abstract. A long-latency component of the averaged evoked potential recorded 
from cats was present only when the evoking stimulus was relevant to the task. The 
amplitude of this component varied inversely with stimulus probability and was inde- 
pendent of  stimulus modality. 

The late positive component of the hu- 
man averaged evoked potential (AEP), 
P300, has been studied extensively since 
its discovery by Sutton (I). It is consid- 
ered an endogenous component of the 
AEP as its appearance and amplitude de- 
pend upon the circumstances under 
which stimuli are presented rather than 
upon their physical parameters. Several 
investigators have shown P300 to be re- 
lated to human information processing 
(2). Essentially nothing, however, is 
known regarding the neural processes 
giving rise to P300. The requisite intra- 
cranial recording and lesion experiments 
are very difficult to achieve using human 

clinical material. We report here on a 
long-latency evoked potential compo- 
nent in cats that meets experimental cri- 
teria for classification as an endogenous 
component analogous to P300. Possible 
endogenous components have been re- 
ported previously in cats and monkeys 
(3);  however, these evoked potential 
components were not comparable to the 
human P300. 

In humans, the P300 component (i) can 
be elicited by stimuli of different modali- 
ties, (ii) occurs only if the stimulus is 
task-relevant, and (iii) varies inversely in 
amplitude with stimulus probability (4). 
In addition, it is generally maintained 
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