exposure to dieldrin. Additional mortali-
ty may occur away from roosts under
conditions that cause rapid fat utilization
and, consequently, residue mobilization
(2). Such conditions include migratory
stress (/6) and initiation of flight by juve-
niles (/7). Dieldrin mortality may also be
common in other parts of the species’
range where row crop agriculture is ex-
tensive, but it may be undetected be-
cause many maternity roosts are located
over water where dead bats probably
disappear rapidly.

Populations of the Indiana bat in the
MPL area also may have experienced
mortality caused by dieldrin. However,
because maternity roosts are probably
small and located in trees (only two have
ever been found) (I8), the impact of diel-
drin may never be known. Populations of
the Indiana bat in the MPL area declined
an estimated 48 percent between March
1975 and March 1976, but human distur-
bance of caves was thought responsible
u9).

Even though aldrin and dieldrin were
banned by the U.S. Environmental Pro-
tection Agency effective 1 October 1974,
the sale and use of existing stocks re-
mains legal. Therefore, we do not know
when the use of aldrin will cease, nor do
we know how long dieldrin will persist in
prey insects once the use of aldrin has
stopped. Soil residues of dieldrin showed
no significant reduction 6 years after ap-
plication of aldrin on Missouri cornfields
(20). We urge that the potential threat to
these bats posed by the chemicals now
being substituted for aldrin (heptachlor
and toxaphene in Missouri) be consid-
ered before their use becomes wide-
spread.

DoNALD R. CLARK, JR.
Patuxent Wildlife Research Center,
U.S. Fish and Wildlife Service,
Laurel, Maryland 20811
RicHARD K. LAVAL
Missouri Department of Conservation,
Fish and Wildlife Research Center,
Columbia 65201
DouGLAs M. SWINEFORD
Patuxent Wildlife Research Center
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Dual Actions of Substance P on Nociception: Possible

Role of Endogenous Opioids

Abstract. Substance P produces analgesia when administered to mice in very
small doses by the intraventricular route (1.25 to 5 nanograms per mouse). The anal-
gesic effect can be blocked by naloxone. At higher doses (greater than 50 nanograms
per mouse), this activity is lost. At these higher doses, however, substance P pro-
duced hyperalgesia when combined with naloxone and analgesia when combined
with baclofen [B-(4-chlorophenyl)-gamma-aminobutyric acid]. Substance P may
have dual actions in brain, releasing endorphins at very low doses and directly ex-
citing neuronal activity in nociceptive pathways at higher doses.

Substance P (SP), the undecapeptide
which was discovered in brain and in-
testine by Von Euler and Gaddum (7) al-
most five decades ago, has been sug-
gested to be a transmitter utilized by pri-
mary sensory afferents (2-4). Otsuka and
colleagues (4) reported that the hex-
apeptide fragment of SP, pyro-Glu-Phe-
Phe-Gly-Leu-Met-NH, (SP*!!; < Glu,
pyrrolidone carboxylic acid; Phe, phe-

‘nylalanine; Gly, glycine; Leu, leucine;

Met, methionine) is more active in spinal
cord than SP itself. Hughes (5) originally
reported a tentative amino acid content
of the endogenous opioid peptides which
was very similar to the amino acid com-
position of SP®~!!, and this prompted us
to question whether this fragment of SP
might be Hughes’ peptide or a very
closely related substance. Indeed, we
observed that SP administration into the
lateral ventricles of mouse had an anal-

0036-8075/78/0324-1359%00.50/0 Copyright © 1978 AAAS

gesic effect antagonizable by naloxone as
has been reported also by Stewart and
colleagues (6). Our studies with the
mouse vas deferens preparation, how-
ever, showed that neither SP nor its hexa-
peptide fragment, SP*!!, had any direct
action on opiate receptors. We describe
these experiments here and provide evi-
dence that SP has dual effects on pain per-
ception and may interact with enkephalins
in controlling nociceptive processes.
Substance P was tested for analgesic
activity by the mouse hot-plate proce-
dure (7), with the plate maintained at
52°C. Cox standard mice (20 to 23 g)
were used in these studies. The test uti-
lized an apparatus with an electrically
heated, thermostatically controlled met-
al plate (Technilab Instruments, model
475 analgesiometer). A Plexiglas cylin-
der, 12 inches (1 inch = 2.54 c¢m) high,
4.75 inches in inner diameter, and open
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at the top, confined the mice to a defined
area of the hot plate. SP was given
intracerebroventricularly (ICV) while
naloxone and baclofen [B-(4-chloro-
phenyl)-y-aminobutyric acid were given
subcutaneously. Hamilton microsyring-
es bearing 27-gauge needles with stops at
2.5 mm from the needle tip were utilized
for intraventricular administration (8).
The animals were gently restrained, the
scalp was incised, and 5 or 10 ul of iso-
tonic saline or drug solution were admin-
istered into the lateral ventricle at a rate
of 0.5 to 1.0 ul/sec. The success rate of
intraventricular hits was approximately
90 percent, as determined by dye injec-
tions in a separate group of animals. The
time in seconds from contact with the
plate until a hind-paw lick occurred was
recorded as the response latency. The la-
tency until an escape jump occurred was
also recorded. Each mouse was used on-
ly once.

SP proved to have slight but statisti-
cally significant analgesic activity (in-
crease in latency to hind-paw lick; there
was no significant effect on latency to
jump) at very low doses administered by
the intraventricular route (Fig. 1A). The
threshold dose for this response ap-
peared to be of the order of 1 ng per

mouse into the lateral ventricle. The ef-
fect peaked at a dose of 2.5 ng per mouse
and could be antagonized by prior treat-
ment with a dose of naloxone (0.2 mg/kg,
subcutaneously), which had no effect
alone. The analgesic effect did not in-
crease with higher doses. In fact, doses
of 10 ng per mouse and higher (up to 1000
ng per mouse) were without effect, ex-
cept for a small barely significant in-
crease in response latency after a dose of
50 ng per mouse. Tests with 2.5 ng of SP
per mouse were run at 15, 30, 60, and 90
minutes after injection (Fig. 1B).

SP and the short-chain fragments were
studied on the mouse vas deferens prep-
aration (9, 10) to characterize their ac-
tion on opioid receptors. Single vas
deferens from mature mice (Cox stan-
dard, Harlan Industries, 30 to 40 g) were
suspended in 3 ml of modified Krebs so-
lution (9) aerated with 95 percent O, and
5 percent CO, and maintained at 37°C.
The field-stimulated twitch (0.15 Hz, 1
msec, 40 V) was recorded on a polygraph
by an isometric transducer. Met-en-
kephalin and a [D-Ala]*met-enkephalin
(synthesized in the Lilly Laboratories by
E. Smithwick and R. Shuman) inhibited
the field-stimulated twitch of this prepa-
ration while SP and its hexapeptide frag-

ment (SP~!!, Beckman) potentiated the
twitch and caused the quiescent tissue to
contract (Fig. 2). The stimulant actions
of SP and SP®!! on this preparation were
not mediated by classical opiate recep-
tors since they could not be blocked by
naloxone. SP or SP®!! could restore a
twitch reduced by enkephalin but only at
a concentration which by itself had a di-
rect stimulant action (Fig. 2). Adding en-
kephalin to the bath in the presence of
SP or its fragment did not alter the size of
the subsequent depression by enkepha-
lin. Thus, the apparent ability of SP to
reverse a depression induced by en-
kephalin on this in vitro opiate receptor
model system must be considered a
physiological rather than a pharmacolog-
ical antagonism. Similar results were ob-
tained with the octapeptide fragment of
SP (SP*11, Beckman).

We suspected that the bell-shaped
dose-response curve for SP in the hot-
plate test might be due to dual opposing
actions of this peptide in brain. Since low
doses produced analgesia that could be
antagonized by naloxone and yet SP it-
self did not bind to opiate receptors, we
presumed that the analgesia at low doses
was most likely due to a release of the
endogenous opioid peptides. We hypoth-
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Fig. 1. (A) Dose-related analgesia produced by SP after intraventricular (ICV) administration. The horizontal lines give the mean control (saline-
treated mice) latency (+ standard error) in seconds. The filled circles give the mean latencies (+ standard error) at 30 minutes after treatment
with various doses of SP (1 to 1000 ng per mouse). The open circle shows the antagonism of the analgesic effect of SP at 2.5 ng per mouse by
naloxone given at 0.2 mg/kg, subcutaneously, 15 minutes before testing. Substance P produced statistically significant analgesia at 1.25, 2.5, 5,
and 50 ng per mouse. (B) Time course of the analgesic effect of intraventricular SP (2.5 ng per mouse). The points represent the increase in latency
(seconds) over the control level as a function of time after administration. (*, P < .05; **, P < .025; *** P < .01; **** P < .0005, Student’s z-

test; N, ten mice per treatment.
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Fig. 2. Physiological antagonism by SP®*~!! of enkephalin-induced de-

pression of electrically induced twitches of mouse vas deferens. (Up-

R per row) An analog of [Met®Jenkephalin with p-Ala in the 2 position

SP (ENK) at 3 x 10-8M depressed the twitch and SP®~!! at 1 x107'"M

11077 m

reversed this depression. Substance P will do likewise (not shown).

However, SP¢-!! alone (3 X 1078M) potentiated to the same extent the
twitch of a control tissue not exposed to enkephalin and SP did like-
wise. R, rinse. (Lower row) Lack of pharmacological antagonism of
enkephalin-induced depression of vas deferens by prior treatment

with SP&~11,
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esized that at higher doses this pre-
synaptic effect of SP might be opposed by
direct excitatory postsynaptic actions.
SP is known to excite, and enkephalins
to inhibit, neurons involved in transmis-
sion of nociceptive information (11-13).
If such a dual action were indeed the ex-
planation for the lack of analgesic effect
of SP at the higher doses, then it should
be possible to reveal each of these ac-
tions separately by antagonizing the oth-
er. Thus, we treated mice with a combi-
nation of either a high dose of SP (500 ng
per mouse) plus naloxone to block the
analgesic effect of any released enkepha-
lins, or a high dose of SP (500 ng per
mouse) plus baclofen in an attempt to
block the postsynaptic excitatory actions
of SP ¢).

We observed the predicted separation
of activities. After treatment with a dose
of naloxone that had no effect alone (0.2
mg/kg, subcutaneously), a high dose of
SP (500 ng per mouse, ICV) with no re-
sultant effect alone produced a signifi-
cant hyperalgesic response (decreased
latency to the hot-plate jump response)
(Fig. 3A). In the presence of baclofen,
the same high dose of SP (500 ng, ICV),
which had no effect alone and a hyper-
algesic effect when combined with nalox-
one, produced an analgesic effect (in-
creased latency to both hind-paw lick
and jump) (Fig. 3B). Baclofen itself, as
has been observed (/4), produced a
slight analgesia partially antagonizable
by naloxone, and this effect was poten-
tiated by SP given intraventricularly.
This might have been due to the block-
ade by baclofen of the postsynaptic ex-
citatory activity of SP, leaving the inhib-
itory activity of the released enkephalins
unopposed. There is, however, con-
troversy concerning the ability of baclo-
fen to antagonize SP (15); baclofen may
act instead on <y-aminobutyric acid
(GABA) receptors to produce postsyn-
aptic inhibition. Indeed, such a direct
GABA-like inhibitory action opposing
the excitatory activity of SP, that is, a
physiological antagonism rather than a
pharmacological antagonism of SP, could
explain its potentiation of SP analgesia.

Stewart and colleagues (6) reported an
analgesic action of SP, administered ei-
ther intracerebrally or intraperitoneally
to mice. This analgesia could be antago-
nized by naloxone. Naloxone-reversible
analgesia has also been observed after
administration of SP into the region of
the periaqueductal gray in rat (J6).
Oehme et al. (I7), to the contrary, have
reported that SP produces hyperalgesia
and Stern and colleagues (/8) have sug-
gested that SP may be a natural antago-
nist of morphine in the central nervous
24 MARCH 1978

system. Our results may explain these
apparently conflicting data. Thus, SP has
dual actions in the central nervous sys-
tem and may produce either analgesia or
hyperalgesia, depending on the dose and
other conditions of the experiment. Sub-
stance P might act under certain condi-
tions as a natural antagonist of mor-
phine, but this would be a physiological
rather than pharmacological antagonism
19).

We recorded the latencies to two re-
sponses (hind-paw lick and escape jump)
in our use of the hot plate to assess anal-
gesic activity. The two responses seem
to reflect somewhat different behavioral
phenomena, and only the jump response
shows a diurnal rhythm in latency and a
susceptibility to the hyperalgesic activity
of naloxone (/4, 20). In the present ex-
periments, intraventricular SP was anal-
gesic (increased latency) on the hind-
paw lick measure alone, whereas the
combination of SP and naloxone was hy-
peralgesic (reduced latency) on the jump
response alone. The reason for this sepa-
ration of effects is unclear, but may in-
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Fig. 3. (A) Hyperalgesic effect of high doses
of SP (ICV) plus naloxone (subcutaneously).
The dose at 500 ng per mouse did not influ-
ence latency to hind-paw lick when given
alone or with naloxone but did significantly
decrease the latency to jump response when
combined with naloxone (0.2 mg/kg, subcuta-
neously). Neither SP nor naloxone alone at
these doses had a significant effect on jump
latency. (B) Analgesic effect of high doses of
SP plus baclofen. SP alone at 500 ng per
mouse did not alter latency to either hind-paw
lick or jump. Baclofen alone at 5 mg/kg, sub-
cutaneously, slightly increased response la-
tencies but only the effect on hind-paw lick
was statistically significant. The combination
of SP plus naloxone produced a much greater
increase in the latencies to both responses.
The analgesia produced by SP can be totally
blocked by naloxone while the effect of higher
doses of baclofen alone can be blocked only
partially by naloxone.

dicate that there are different neural sys-
tems or receptors (or both) mediating the
two responses. Furthermore, the long
duration of the analgesic effect after very
small doses of SP is surprising since SP
is reported to have a very short half-life
in rodent brain (21). This long duration
was observed also in the experiments of
Stewart et al. (6). The analgesia may be
due to a metabolite of SP.

Immunohistochemical studies have
shown that SP and the recently discov-
ered enkephalin pentapeptides share cer-
tain sites of high-density localization
such as hypothalamus, substantia nigra,
periaqueductal central gray, amygdaloid
nuclei, medial preoptic area, substantia
gelatinosa in spinal cord, and the myen-
teric plexus of Auerbach (3, 22). Micro-
iontophoretic studies have shown -that
SP generally excites neuronal firing (11,
12, 15) while the enkephalins inhibit neu-
ronal firing (I3). In the spinal cord, SP
excites only those neurons responsive to
noxious stimuli (12), suggesting that its
actions may be associated specifically
with nociception. The enkephalins are
implicated also to play a role in modulat-
ing nociceptive processes (23). An inter-
esting possibility is that SP and the en-
kephalins have dual opposing neuro-
transmitter or neuromodulator roles
regulating throughput of nociceptive in-
formation in specific regions of brain and
spinal cord.

In summary, SP in very small doses
(1.25 to 5 ng per mouse) given by the in-
traventricular route produced a slight but
significant analgesia. This effect was lost
at higher doses (> 10 to 50 ng per
mouse). In the presence of baclofen,
these higher doses produced analgesia,
but in the presence of naloxone they pro-
duced hyperalgesia. The analgesia pro-
duced by low doses of SP or high doses
of SP plus baclofen were antagonized by
naloxone. We conclude that SP has dual
actions in brain, releasing, at very low
doses, endogenous opioids and produc-
ing, at higher doses, postsynaptic ex-
citatory activity which counteracts the
inhibitory activity of the endogenous
opioids. These data are compatible with
the possibility that SP and the enkepha-
lins play dual opposing roles in regulat-
ing neuronal activity in nociceptive path-
ways. The data also suggest that there
may be more than one receptor type for
SP such as has been suggested also for
the enkephalins.

ROBERT C. A. FREDERICKSON
V. BurGis
C. E. HARRELL, J. D. EDWARDS
Lilly Research Laboratories,
Eli Lilly and Company,
Indianapolis, Indiana 46206
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Eye Movements of Monkeys During Learning-Set Formation

Abstract. Eye movements of stump-tailed monkeys were measured during learning
of a long series of two-choice pattern discrimination problems. The amount of scan-
ning per trial (shifts in visual fixation from one pattern to the other) and the duration
of individual fixations on the patterns increased during the course of learning-set
formation and (except for the amount of scanning by some animals) remained high
during the prolonged training following learning-set formation. Some of the changes
in eye movements were different from those seen during the learning of single dis-
crimination problems, a difference that possibly reflects cognitive processes specific

to the learning-set task.

Primates—both human and non-
human—depend on vision for most of
their information about the environment.
This is surely one of the reasons experi-
mental psychologists using animals as
subjects have made such extensive use
of visual discrimination tasks in studying
learning and memory (/). One might ex-
pect eye movements to play an impor-
tant role in the discrimination process,
but little is known about them in this re-
gard because of the technical problems
involved in their measurement. During
the past few years, we have been mea-
suring the changes in eye movements of
monkeys during discrimination learning,
using a computerized method that we de-
veloped for the purpose. We now de-
scribe such changes during the formation
of discrimination learning sets. Learn-
ing-set formation is of particular interest
because of evidence suggesting that the
mechanism involved in this kind of learn-
ing (which has been variously referred to

s ‘‘hypothesis,”” “‘strategy,”’ or ‘‘con-
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cept’” development) is qualitatively dif-
ferent from that involved in the learning
of individual discrimination problems
(2), although the question is still debated

3.

Four wild-born, stump-tailed monkeys

Table 1. Mean results on criterion trials of dis-
crimination learning during different stages of
the experiment: (i) the first problem when ini-
tially presented, (ii) the last five problems of
the learning-set series, and (iii) the last 5 days
of the repeated presentation of the first prob-
lem, at the end of the learning-set series. Data
were analyzed with t-tests of the difference
between correlated means.

Duration of
Scans fixations (msec)
Problem (No.)
Preceding Last
Number 1 0.65 189 287
Last five 1.04 294* 461*
Number 1
repeated 0.72 243 321%*

*Significantly different from the mean in the row
above.
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(Macaca arctoides), approximately 2.5
to 3.5 years old, were each given a series
of 435 two-choice, dot-pattern, discrimi-
nation problems. These were generated
on an oscilloscope under computer con-
trol and were displayed just behind two
circular, clear plastic panels, each 2.5 cm
in diameter (4). The monkeys sat in com-
mercial restraining chairs facing the pan-
els. Each animal was trained with the
particular pair of patterns that composed
a problem until it made 19 correct re-
sponses during 20 consecutive trials (cri-
terion trials). Then a new pair of patterns
was presented until the same criterion
was met. There were 300 training trials
per test day, and the intertrial interval
was 5 seconds. A correct choice (press-
ing the panel behind which was dis-
played the pattern that had been selected
at random as the positive one for the par-
ticular problem) was reinforced with a
190-mg, banana-flavored, whole-diet
food pellet (P. J. Noyes), and an incor-
rect choice terminated the trial. The de-
tails of the eye-movement recording and
related training techniques have been de-
scribed (5-7).

All four animals showed a marked im-
provement in the rate of learning of the
dot-pattern problems over the course of
approximately the first 100 problems
[F (19,57) = 15.4, P < .001] (Fig. 1).
Thereafter, there was virtually no im-
provement; learning-set formation had
essentially reached asymptote. Hence,
the training period would appear to have
been of sufficient length to establish any
possible permanent changes in eye
movements as a consequence of learn-
ing-set formation.

Amount of scanning, the number of
shifts in visual fixation from one pattern
to the other, was one eye-movement var-
iable measured (8). The amount of scan-
ning by all animals increased sharply to a
maximum shortly before learning-set for-
mation was complete and then decreased
somewhat (Fig. 1) (9). The persisting
high level of scanning following learning-
set formation would seem to be a major
exception to the pattern of scanning that
we have observed following the learning
of single discrimination problems. In
such cases, the amount of scanning also
increased to a high level during learning,
but then decreased to the minimum nec-
essary for the animal to observe the posi-
tive stimulus before making the choice
response (7). For a simple, two-choice
problem, this minimum is 0.5 scans per
trial. In the present instance, however,
the four animals fell into two distinct
classes of two animals each in terms of
amount of scanning, especially during

SCIENCE VOL. 199, 24 MARCH 1978



