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maze performance after intraperitoneal administration in rats. PHARMAC. BIOCHEM. BEHAV. 5(6) 691695, 1976. —
Met-enkephalin and its analog [D-Ala’]-Met-enkephalin-NH, were administered intraperitoneally (IP) at a dose of 80
ug/kg body weight to hungry rats which were tested over 3 days for their ability to run a complex, 12 choice Warden maze
for a reward of food. Animals receiving either peptide negotiated the maze significantly (p < 0.01) faster (74.1 and 73.5 vs.
128.8 sec) and made significantly (p < 0.01) fewer errors (5.5 and 5.4 vs. 9.1) than animals receiving the diluent vehicle.
These findings did not seem to be explained by differences in appetite, thirst, olfaction, or general activity. Rats injected in
a preliminary study with an analog, [D-Phe* ] - Met-enkephalin, which has essentially no opiate activity appeared to run the
maze as fast as rats injected with [D-Ala® | -Met-enkephalin-NH, and with just as few errors. Injection of morphine seemed to
result in slower running times and more errors in the maze. These results demonstrate that enkephalin and some of its
analogs can exert significant behavioral changes after IP administration and that these behavioral effects probably can be

dissociated from the opiate effects.
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OUR CONCEPT ([8,12] that hypothalamic peptides may
have a dual effect, acting on the pituitary as well as directly
on the brain, led us to expect that the brain peptide
enkephalin [5] might have other effects in addition to its
opiate activity. Early work indicated that the opiate
activity of enkephalin could be demonstrated only after
direct injection into the brain. However, we found direct
evidence suggesting that enkephalin crosses the blood-brain
barrier [7]. Moreover, the great potency of enkephalin in
the DOPA-potentiation test after intraperitoneal (IP) injec-
tion [13] was consistent with the idea of its passage into
the brain. Since morphine also has some activity in this
neuropharmacological test [13], it was not completely
clear whether the DOPA-potentiating activity of enkephalin
given IP involved opiate receptors.

Accordingly, hungry rats were tested in the appetitive
task of running to a reward of food in a complex 12 choice
maze. If the rats ran the maze either significantly faster or
slower after IP enkephalin than after diluent, then this
would be the first demonstration of a behavioral action of
enkephalin in a learning situation after systemic adminis-
tration. If the rats ran the maze faster after enkephalin, as
we have found for a-melanocyte-stimulating hormone

(«-MSH) [14], then this also would be the first demon-
stration of an action of enkephalin opposite in direction to
that which would be expected with opiates.

METHOD
Apparatus

A series of galvanized metal straightaways and branched
cul-de-sacs obtained from Lafayette Instruments Co.,
Lafayette, IN were assembled into a complex maze
composed of 12 choice points leading toward a single goal
box (12.5 x 12.5 x 46 cm) or into a blind alley. Each unit,
about 10 x 12.5 x 36 cm in size, was arranged in a general
U-shape with the following pattern of turns: right (R), left
(L), L, R, L, L, R,L,L, R, L, R. The reward consisted of a
wet mash prepared daily from ground food pellets (Purina
Laboratory Chow), powdered milk, and dextrose in a 4:4:1
ratio mixed with water. The maze was located in an
isolated, sound-attenuated room at the VA Hospital
connected to a separate room in which the rats were housed
and injected. Constant, indirect illumination and back-
ground white noise were present in both rooms.

' Reprint requests to: Dr. Abba J. Kastin, VA Hospital, 1601 Perdido St., New Orleans, LA 70146 USA.
2 Visiting Professor on leave from the University of Newcastle, Newcastle, Australia.
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Animals

More than a hundred male, albino Sprague-Dawley rats
purchased from Blue Spruce Farms, Altamont, NY were
used in these experiments. The rats were obtained se-
parately in groups of 18 every week or two and weighed
150-200 g before deprivation of food. Upon arrival, each
rat was assigned a number from a computerized table of
random numbers. The numbers were then arranged in order
and consecutively assigned to one of 3 treatments.

Treatment

For the 4 main experiments, A, B, C, and D, treatment
consisted of the IP injection of Met®-enkephalin (80 pg/kg
body weight), {D-Ala?]-Met5-enkephalin-NH, (80 ug/kg),
and diluent vehicle as a control (0.9% saline acidified with
acetic acid to 0.01 M, pH 4.1). Separate studies involved
two different concentrations of Met®-enkephalin (80 ug/kg
and 800 ug/kg), [D-Phe® |-Met*® -enkephalin (80 wg/kg), or
morphine sulfate (80, 800, and 8000 ug/kg), as well as
diluent. In addition, several control studies were performed.
The pentapeptides were synthesized by solid phase methods
as described previously [2,13}. Solutions were coded so
that the experimenter, the only one handling the rats, did
not know the contents of the solutions which were made
fresh each week and kept at 4°C at all times.

Procedure

The main stages of training involved gentling, de-
privation of food, formation of an association between
food and the goal box, exploration of the novel maze, and
testing of acquisition. Upon arrival from the vendor,
animals were housed individually with free access to food
pellets and water for 7 days, being weighed and handled to
achieve gentling on the last two days of the first week.
Deprivation of food began on the seventh day when the rats
were given only 6 g of food pellets. This ration was found
to result in a drop of body weight of the rats to about 90%
of their previous weight by the following day. Thereafter
they were given 12 g of food pellets daily to maintain their
weight at about this level of mild deprivation. On the first,
second, third and sixth days of the second week after
arrival, the rats were placed in the goal box for | min
during which time they could eat the mash.

Each rat was injected 1P once a day 15 min before being
placed in the start box on the first 4 days of the third week.
Exploration of the maze for 2 trials took place on Day 14
and testing was performed for 2 trials on each of the next 3
days designated as Days 1-3 of acquisition. The time
elapsed between the rat leaving the start box and reaching
the food with the door of the goal box closed was
considered running time. An entry into a cul-de-sac was
designated as an error. During the day of exploration as
well as the 3 days of acquisition, the rat was allowed to eat
the mash for 1 min upon reaching the goal box and was
then transferred immediately to the start box for the
second trial. After eating for 1 min in the goal box at the
end of the second trial, the rat was returned to the home
cage where he was given his daily ration of 12 g food
pellets. If a rat did not enter the goal box by 900 sec, he
was removed from the maze and placed in the goal box; the
remainder of the test then proceeded as usual. A rat with
two 900 sec scores on the day of exploration or a 900 sec
score on any of the 3 days of acquisition was eliminated
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from the experiment. The calculations for running time and
number of errors were based on the mean of 2 trials for
each day.

Statistics

Differences among groups were determined from the raw
data by analysis of variance with repeated measures on the
factor of days, followed for the interaction terms by F tests
for simple effects and Scheffé tests, and for the main effect
of treatment by Duncan’s new multiple range test. The
occasional exclusion of a rat from the study because of
illness or failure to reach the criteria just described was
decided before the code was broken. Because the inter-
action between treatment and replication was not sig-
nificant, data from the 4 replications (Experiments A, B, C,
and D - Tables 1 and 2) were pooled so that the groups
consisted of 18 rats receiving Met-enkephalin, 17 rats
receiving [D-Ala? |-Met-enkephalin-NH,, and 19 rats re-
ceiving diluent.

RESULTS

Analysis of variance of running times revealed a signi-
ficant main effect of treatment, F(2,51) = 4.02, p<0.025,
and days, F(2,102) = 22.29, p<0.01. The interaction of
treatment x days also was significant, F(4,102) = 3.44,
p<0.025. Analysis of this interaction showed that the
running times after either Met-enkephalin (98.2 sec) or
[D-Ala? ] -Met-enkephalin-NH, (110.1 sec) were signifi-
cantly, (p<0.01) faster than after the diluent (216.2 sec) on
Day 1, almost significantly, F(2,51) = 3.01, p = 0.058,
faster on Day 2 (64.9 and 60.4 vs. 98.0 sec), but not
significantly faster on Day 3 (59.1 and 50.2 vs. 72.4 sec).
Further analysis of the main effect of treatment revealed

TABLE 1
MEAN RUNNING TIME (SEC) OF RATS IN A COMPLEX APPETI-

TIVE MAZE DURING 3 DAYS OF ACQUISITION AFTER IP INJEC-
TION OF ENKEPHALIN OR ITS ANALOG

[D-Ala?)
Met-enkephalin -~ Met-enkephalin-NH: Diluent

Experiment A:

Day 1 118.8 96.7 229.3

Day 2 86.6 69.3 137.0

Day 3 77.0 50.6 87.4
Experiment B:

Day | 88.0 221.2 260.5

Day 2 78.0 69.3 122.8

Day 3 121.2 55.1 145.0
Experiment C:

Day 1 105.6 124.5 262.1

Day 2 73.1 84.7 101.9

Day 3 453 69.5 49.9
Experiment D:

Day 1 83.8 58.4 145.3

Day 2 36.9 36.2 46.2

Day 3 27.7 37.7 26.5
Pooled (A, B, C, Dj:

Day 1 98.2 110.1 216.2

Day 2 64.9 60.3 98.0

Day 3 59.1 50.2 72.4
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TABLE 2

MEAN NUMBER OF ERRORS OF RATS IN A COMPLEX APPETI-
TIVE MAZE DURING 3 DAYS OF ACQUISITION AFTER IP INJEC-
TION OF ENKEPHALIN OR ITS ANALOG

[D-Ala?]
Met-enkephalin  Met-enkephalin-NH: Diluent

Experiment A:

Day 1 6.1 6.2 14.8

Day 2 5.2 6.3 9.7

Day 3 5.6 4.0 7.2
Experiment B:

Day 1 6.3 11.5 15.6

Day 2 7.3 6.3 10.1

Day 3 11.5 4.7 9.1
Experiment C:

Day 1 5.4 6.5 16.2

Day 2 43 5.0 6.4

Day 3 34 3.8 4.1
Experiment D:

Day 1 7.2 5.6 11.0

Day 2 3.8 3.6 4.7

Day 3 32 3.9 3.7
Pooled (A, B, C, D):

Day 1 6.3 7.0 14.1

Day 2 4.8 51 7.5

Day 3 5.2 4.1 5.8

that the mean running time over 3 days for the group
receiving Met-enkephalin (222.2 sec) as well as that for the
group receiving [D-Ala? ]-Met-enkephalin-NH, [220.6 sec)
was significantly (p<0.01) different from that for diluent
(386.6 sec) but not from each other. The rate of acquisition
as determined by F tests for simple effects over days
differed among the groups (p<0.05). Rats receiving the
enkephalins initially acquired the task faster (p<0.05,
Scheffé test with specific error variances for days) than rats
receiving diluent (Table 1 and Fig. 1). A possible loss in
potency of the peptides kept in solution for 4 days was not
found in a preliminary experiment but the development of
tolerance or the presence of an asymptotic minimum for
running time was not ruled out.

A similar analysis of variance was performed on the
number of errors made by the rats while running the maze.
There was a main effect of treatment, F(2,51) = 5.83,p <
0.01, and days, F(2,102) = 16.32, p < 0.01, as well as the
interaction between them, F(4,102)=4.33, p < 0.05. Each
of the groups receiving Met-enkephalin and [D-Ala® ]-Met-
enkephalin-NH? made significantly fewer errors than the
group receiving diluent on the first day (6.3 and 7.0 vs. 14.1
p<0.01) as well as on the second day of acquisition (4.8
and 5.1 vs. 7.5, p < 0.05). As with the running times, the
differences on Day 3 were not statistically significant
(Table 2 and Fig. 2). Analysis of the main effect of
treatment for 3 days showed that significantly (p < 0.01)
fewer errors were made by rats receiving either Met-
enkephalin (16.4) or [D-Ala? ] -Met-enkephalin-NH? (16.2)
as compared with rats receiving diluent (27 .4).

Another study was performed in the same way to
examine the effects of a larger dose of Met-enkephalin. Rats
injected IP with 80 ug/kg and 800 ug/kg Met-enkephalin
appeared to acquire the task quicker than rats injected with
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FIG. 1. Daily pooled mean number of sec to run a 12 choice Warden

maze after injection of Metenkephalin, [D-Ala’}-Met-
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FIG. 2. Daily pooled mean number of errors made in running a 12
choice Warden maze after injection of Met-enkephalin, [D-Ala®]-
Met-enkephalin-NH, , or diluent.

diluent. The animals receiving the 800 wug/kg dose of
Met-enkephalin ran slightly but not significantly faster
(60.6 sec) than the rats receiving the usual dose (80 pg/kg)
of the same material (71.5 sec).

[D-Phe* ] -Met-enkephalin, an analog with essentially no
opiate activity in the systems studied [2], was tested with
[D-Ala? |-Met-enkephalin-NH? and diluent in the same
paradigm used for the experiments already described.
Although analysis of variance with repeated measures on
days failed to reveal a statistically significant effect on the
overall data from the small number (5/group) of rats
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involved, on the first day of acquisition the 2 analogs
seemed equally effective in causing faster running speeds
(105.1 and 106.4 vs. 126.5 sec) and fewer errors (6.0 and
6.7 vs. 9.1) than diluent; neither analog caused greater
speed or reduced errors on the next 2 days. There was no
substantial difference in the amount of mash eaten by the
hungry rats injected with [D-Phe®|-Met-enkephalin,
[D-Ala? ]-Met-enkephalin-NH, or diluent (2.3 and 2.6 vs.
2.5 g) during the 2 min in the goal box on Day | or in the
overall consumption of food for the entire 3 days.

In order to test for an effect of the enkephalins on
olfaction, the hungry rats from the experiment just
discussed were placed overnight in individual containers in
which 3 pellets (3 g each) of aromatic food (Tekland
Hypophysectomized Rat Test Diet) were partially buried
but visible in 1—2 cm of processed fine chips of essentially
odorless wood. The next day 15 min after injection the rats
were placed in the start box, the floor of which was covered
with the same material. Fifteen sec later, the guillotine door
separating the start box from the goal box was lifted.
Accustomed to the novelty of the wood chips from the
previous 24 hr, the rats spent little time in exploration. The
time taken for the hungry rat to find the single pellet of
food hidden just beneath the surface of the processed wood
chips lining the floor of the goal box was recorded for 1
trial. Considerable sniffing was evident. There was no
statistically significant difference in latencies among the
groups; the times for the rats injected with [D-Ala* |-Met-
enkephalin-NH, and diluent were almost identical (40.6. vs.
40.4 sec) and slightly longer for the [D-Phe?® |-analog.

After the last of the 4 main experiments (D), its 17 rats
were allowed free access to food for a week while the daily
injections continued. Pellets of food were ground into a
fine powder and access to the powder was restricted to a
small opening in the container of food. This greatly reduced
the amount of food dropped through the mesh floors of the
cages and thus facilitated accurate measurements. During
the last 4 days, food and water intakes were measured. No
significant differences were found in the ingestion of food
(23.8 vs. 23.4 vs. 24 4 g), intake of water (31.6 vs. 32.8 vs.
31.4 ml), or the body weights (194 vs. 193 vs. 199 g) of the
rats injected with Met-enkephalin. [ D-Ala® | -Met-enkephalin-
NH, , or diluent respectively.

A preliminary assessment of the effect of [D-Ala* ]-Met-
enkephalin-NH, on general activity was made for 4 days in
another small group of rats. Body weights, ingestion of
food, and intake of water were again similar as was fecal
excretion in a familiar as well as novel environment. No
consistent changes in activity sufficient to explain the faster
running speed in the maze were found for animals in their
home cages, activity wheels, or on the platform of an
electronic activity monitor (Stoelting Co.).

The effects of the administration of morphine sulfate to
rats were tested in a separate study in which a total of 16
rats were injected IP with diluent, 80 ug/kg morphine, 800
ug/kg morphine, or 8 mg/kg morphine. The rats receiving
diluent ran the maze faster (71.9 sec) than did the rats
receiving 80 ug/kg morphine (133.6 sec), 800 ug/kg
morphine (231.0 sec), or 8 mg/kg morphine (158.7 sec).
Rats receiving diluent also made fewer errors (5.7) than did
the rats receiving 80 wpg/kg morphine (7.8), 800 pg/kg
morphine (11.4), or 8 mg/kg morphine (7.0). These overall
means reflected relatively constant differences during the 3
days of acquisition. A maximum of 500 sec was allowed
each rat in the maze; 1 rat in each of the morphine groups
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had not reached the goal box by that time but was included
in the results. The variability and small number of animals
made interpretation difficult, particularly of the greatest
effect at the 800 pg/kg dose. Regardless, it is clear that rats
injected IP with morphine did not run the maze faster than
controls, in contrast to the findings after injection of
enkephalin.

DISCUSSION

The results demonstrate a highly significant behavioral
effect of enkephalin after administration by the [P route.
This is consistent with the activity of enkephalin in the
DOPA-potentiation test after IP injection [13]. It may also
be considered partial support for our findings suggesting
that enkephalin crosses the blood-brain barrier [7], in
contrast to the presumption of others that enkephalin and
even |[D-Ala®]-Met-enkephalin-NH, do not penetrate the
brain [1,10].

In addition to our demonstration of a behavioral effect
of enkephalin after IP injection, the results indicate that
enkephalin exerts effects which may be separate from its
opiate activity. It generally has been observed that opiates
produce drowsiness and reduced motor activity. This would
lead to a slower running rate in the maze, as we found with
morphine, rather than the significantly faster rate observed
in the rats injected with enkephalin. Since the rats were
hungry, it seemed possible that the main action of
enkephalin was to increase appetite even though morphine
exerts the opposite effect. This was ruled out by our
findings in several experiments that rats injected with
enkephalin or its potent analog ate no more than control
rats. Similarly, the possibility that enkephalin increases the
ability of the rat to follow olfactory cues seemed to be
eliminated by a direct test of the ability of a few rats to
find buried aromatic food. A general augmentation of
activity also was unlikely to explain the faster running
times of the rats injected with the enkephalins since these
rats made fewer errors in the maze and in preliminary
studies were no more active than controls in several
nmeasures of activity. This lack of change in activity and in
fecal excretion of rats receiving enkephalin also reduced the
likelihood that altered arousal could explain why the
greatest differences among groups occurred during the first
days of acquisition.

[ D-Ala? |-Met-enkephalin is apparently more potent
than Met-enkephalin in the DOPA-potentiation test after IP
injection [13] and in the tail-flick test of analgesia after
intracerebroventricular injection [15]. This analog also has
been found to have a greater affinity for brain opiate
receptors and to be more active than Met-enkephalin in inhib-
iting electrically evoked contractions of the mouse vas de-
ferens [2]. The activity of [D-Ala? |-Met-enkephalin-NH,
in the analgesic tests is similar to that of [D-Ala®]-Met-
enkephalin [2,10]. Rats injected IP with 80 pug/kg
[D-Ala? ] -Met-enkephalin-NH, ran the maze faster for a
reward of food than did the rats injected IP with diluent.

No reliable differences in mean running times for 3 days
(220.6 vs. 222.2 sec) or number of errors (16.2 vs. 16.4)
between the groups receiving [D-Ala® |-Met-enkephalin-
NH, and Met-enkephalin itself were found. Yet it has been
observed that [ D-Ala? | -Met-enkephalin-NH, is about 900%
more potent than Met-enkephalin in the mouse vas deferens
bioassay for morphine-like activity [2], has a 50% greater
affinity for opiate receptors from the particulate fractions
of homogenates of rat brain [2], and exerts a considerably
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greater analgesic action when micro-injected into the rat
brain [10]. Although it is tempting to construe these
finding as additional evidence for a dissociation of behav-
ioral and opiate activites, a 10-times greater dose of
enkephalin improved running time in a single experiment
only by about 15%. However, the [D-Phe*] analog of
enkephalin, which is practically devoid of opiate activity
[Z], seemed in a preliminary study to be just as active as
the [D-Ala?-NH, ]J-analog in acquisition of the Warden
maze by rats. Furthermore, even a large dose of [D-Ala®]-
Met-enkephalin-NH, failed to elicit analgesia after systemic
injection [10]. In addition, IP injection of morphine
apparently caused the rats to run the maze slower and with
more errors than rats injected with diluent, findings exactly
opposite to those observed after injection of the natural
opiate Met-enkephalin or some of its analogs. Taken
together, all these results indicate that the behavioral and
opiate effects of enkephalin can be dissociated. A role of
enkephalin in neurotransmission and a reevaluation of
opiate actions could be considered.

The half-time disappearance of radioactivity after the
injection of labeled Met-enkephalin appears to be about a
minute [7]. The half life of [D-Ala? ]-Met-enkephalin in rat
plasma in vitro has been preliminarily reported to be at
least 20 times longer ({4]. The rapid breakdown of
Met-enkephalin in plasma and brain has contributed to the
skepticism that any action of Met-enkephalin would be
found after systemic injection. Just as the behavioral and
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EEG effects of «-MSH persist far longer than its half-time
disappearance from plasma [6], so it seems that the
behavioral effects of Met-enkephalin do not require per-
sistence of the peptide in blood. Decreased resistance to
enzymatic degradation in rat blood contributes to the
greater potency of at least one analog of «-MSH but may
not fully explain it [9]. Similarly, it is possible that the
activity of [D-Ala? ]-Met-enkephalin-NH, cannot be fully
explained only by its continued presence in the circulation,
particularly in view of the actions of Met- enkephalin more
than an hour after IP administration in the DOPA-
potentiation test {13] and more than 15 min later in the
complex maze used in these experiments.

There is some direct evidence that enkephalin [7], like
a-MSH [6] and MSH-release inhibiting factor-I (Pro-Leu-
Gly-NH, = MIF-I) [3}, can cross the blood-brain barrier.
These 3 compounds represent peptides mainly found in the
cerebrum, pituitary, and hypothalamus. The brain peptide
enkephalin resembles the hypothalamic peptides and
perhaps pituitary peptides in that all these compounds may
be able to exert dual effects.
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