the first two experiments found no
changes in nociceptive responding 24
hours after inescapable shock exposure
in the absence of reexposure. We thus
examined the effects of inescapable
shock under those conditions in which
long-term analgesia can be observed.

As in experiments 1 and 2, we found
no differences in the single-crossing
shuttle-box trials (Table 2). The effect of
shock on tail-flick latency does depend
upon whether the subject can control
shock. The group that could originally
escape shock did not differ from the un-
shocked controls, whereas the yoked
group exhibited analgesia. Analysis of
variance revealed a reliable effect of pre-
liminary treatment [F(2,18) = 12.97,
P < .001]. Newman-Keuls tests (P =
.05) showed that the escape and no-
shock groups did not differ, and both re-
sponded more rapidly than the yoked
group.

These results have implications for the
mechanisms that produce the effects of
learned helplessness and stress anal-
gesia. With regard to learned help-
lessness experiments, our results poten-
tially explain why inescapably shocked
subjects are less active in the presence of
shock: Shock may simply be less painful.
Antinociceptive processes will not ex-
plain all of the effects of uncontrollable
shock, however. In particular, they can-
not explain why an associative deficit of
the sort predicted by the learned help-
lessness hypothesis occurs (3, 4).

The implications of our results for the
mechanism or mechanisms producing
analgesia are also important. The results
of the final experiment indicate that long-
term analgesic effects may not be a
simple consequence of exposure to an
aversive stimulus. Only inescapable
shock produced a nociceptive change 24
hours later. Thus the psychological di-
mension of uncontrollability may deter-
mine stress-induced analgesic reactions.
The same need not be true of the short-
term stress-induced analgesias, how-
ever, which do not require reexposure
to the stressor for their occurrence.
There may be two or more different anal-
gesic effects produced by different mech-
anisms.

It might appear that there are poor
grounds for arguing that the reinstate-
ment of analgesia occurs only after in-
escapable shock. Only experiment 3 var-
ied control over shock, and reexposure
groups were not compared with no-re-
exposure groups. But in the first two ex-
periments we found no long-term analge-
sic reactions after inescapable shock
unless brief reexposure to shock was

SCIENCE, VOL. 206, S OCTOBER 1979

given. Moreover, groups exposed to in-
escapable shock of fixed duration and
yoked controls exposed to inescapable
shock have not been found to differ on
any measure (/). Thus, it is likely that,
had we used no reexposure groups in
experiment 3, there would have been no
analgesic reaction in yoked subjects.
The nature of the mechanisms where-
by uncontrollable shock produces
changes in nociception remains open. A
number of investigators (5, 6) have sug-
gested that the short-term stress-induced
analgesia is mediated by the release of
endorphins. Our longer-term effects may
be produced because exposure to uncon-
trollable events sensitizes the system or
systems responsible for controlling
endorphins. Thus reexposure to shock
might lead to the release of these anal-
gesia-producing substances. It should be
emphasized that our data indicate that if
the opiate peptides are involved, the sys-
tems controlling the opiate peptides are
regulated by the controllability of the
stressor. This possibility suggests a po-
tentially important psychological role for
the endorphins. When an organism en-
counters aversive stimuli, pain motivates
coping behaviors. If the aversive stimu-
lus is uncontrollable, the continuation of
active coping attempts may not be bene-
ficial, since it would deplete bodily ener-
gy resources. If escape is not possible, it
would be more adaptive to conserve
these resources until active coping might
be successful (7). Endogenous pain regu-
latory systems could facilitate con-

servation by reducing coping attempts
directly by reducing the motivation to
engage in these behaviors.
RAYMOND L. JACKSON

Department of Psychology, University
of Colorado, Boulder 80309, and
Department of Psychology, University
of Texas, Arlington 76019
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Learning in Normal and Mutant Drosophila Larvae

Abstract. Adult Drosophila melanogaster have previously been conditioned with
shock to avoid various odors. In these experiments, larvae also sensed airborne
odorants, responded to electric shock, and learned. Larval behavior paralleled adult
behavior for (i) a mutant, smellblind, which failed to respond to odorants; (ii) three
mutants, dunce, turnip, and cabbage, which were deficient in olfactory learning abil-
ity; and (iii) a mutant heterozygote, turnip/+, which learned but also forgot rapidly.

Populations of fruit flies can be trained
to avoid an odor by being shocked in its
presence (/, 2). We wondered whether
the larva, with its simpler brain, could al-
so learn. An earlier report of Drosophila
larval conditioning retained through
metamorphosis (3) was shown to be at-
tributable to simple habituation ). Nev-
ertheless, larvae of another insect, Te-
nebrio molitor, have been successfully
trained to several tasks (5, 6). The exper-
iments reported here indicate that Dro-
sophila larvae sense and discriminate
odorants, respond to electric shock rein-
forcement, and learn approximately as

well as adult flies. Furthermore, several
mutations that block learning or memory
in adults cause comparable deficiencies
in larvae.

Genetic stocks used were the Canton-
Special (C-S) wild-type strain and four
mutants derived from it. The mutant
smellblind (smbP55%?) (7) and the learn-
ing-deficient mutants dunce (8), turnip
(tur®s?™%) (7, 9), and cabbage (cab?5%%%) (7)
were isolated according to the mutagene-
sis and screening procedure of Dudai et
al. (8). All flies and larvae were raised in
half-pint milk bottles at 25°C on standard
cornmeal medium (/0).
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About 60 minutes before a chemotaxis
or learning experiment, third-instar lar-
vae were isolated from the medium and
cleaned. Approximately 150 ml of 25 per-
cent sucrose solution was poured into a
culture bottle with growing larvae; the
larvae, unable to respire, left the medium
and floated to the surface of the solution.
They were decanted onto nylon bolting
cloth (pore size, 100 wm) (//), and
washed with distilled water. Third-instar

larvae [identified by size and the pres-
ence of protruded anterior spiracles (/2)]
were transferred with a No. 1 camel’s-
hair brush to a petri dish containing 1.4
percent agarose, where they crawled
around the surface. A small (~1 cm?)
piece of standard cornmeal medium was
placed on the dish with the larvae to pre-
vent them from starving before the ex-
periment. Third-instar larvae were used
unless otherwise specified. When first-

Table 1. Performance of normal C-S and dunce larvae. For the normal larvae, data are pooled
from 20 experiments, and for the dunce larvae, from 10 experiments.

od ed Number Fraction

or paire avoiding avoidin

with shock II?J:L 8

during training Amyl Amyl

Octanol acetate Octanol acetate

Normal larvae

Octanol 781 513 268 0.66 0.34

Amyl acetate 794 321 473 0.40 0.60
Dunce larvae

Octanol 602 301 301 0.50 0.50

Amyl acetate 595 307 288 0.52 0.48

Fig. 1. Larval chemotaxis. (A) A single third-instar C-S larva was placed at the edge of a 90-mm
petri plate containing 1.4 percent agarose gel opposite a capillary tube (inside diameter, 1 mm)
approximately 7 mm long, sealed at one end and filled with 5 ul of the odorant 3-octanol. The
larva migrated up the diffusion gradient, usually reaching the odor source within 3 minutes. The
photograph was taken by inverting the plate in a photographic enlarger beam (/8). The capillary
odor source was labeled, the banded larval track in the agar can be seen, and the larva (killed
with chloroform) appears as a dark spot near the mount of the odor source. (B) As in (A) after 3

minutes, but with a smellblind mutant larva.

Fig. 2. Apparatus for training

larvae. The gel in the plate, 1.4

percent agarose with 0.15M

LiCl,, was electrically conduc- )
tive and apparently tasteless Air
to the larvae (/9). Pulses of |
electric shock were adminis-
tered to the larvae by passing
current between two flat brass
electrodes (15 cm long, 1.5 cm
high, 0.1 mm thick) stuck in
opposite edges of the gel. The
voltage was 90 V, 60 Hz; the
electric field, ~10 V/cm, was
nearly uniform in the gel be-

Electrode

Electrode t

]

Larvae on
agar surface

\\\\\\\\\\\\““'

acetate

Glass
tubing

Petri
dish
Power source
90 V a-c

tween the electrodes. Pulses of 3-octanol or amyl acetate could be introduced to the dish in
currents of filtered and humidified air (300 ml/min) that had passed over 10 ml of the pure

odorant in a 25-ml flask.
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instar larvae were to be trained, synchro-
nous cultures were set up, and larvae
were harvested from the surface of the
medium 24 to 36 hours after the eggs
were laid. First-instar larvae, identified
by size and absence of everted anterior
spiracles, were cleaned and treated as
above.

Larvae can sense airborne odorants
and are attracted to the source. This
chemotactic ability can be demonstrated
by placing a larva in a 90-mm petri dish
containing a glass capillary tube sealed at
one end and filled with a chemical odor-
ant. When the lid is placed on the dish, a
diffusion gradient of the odorant forms,
and the larva migrates up the concentra-
tion gradient to the odor source (Fig. 1).
Larvae also respond to electric shock. If
electric current is passed through an aga-
rose gel on which they are crawling, they
twitch, writhe, and eventually migrate to
regions of lower field strength. Thus
Drosophila larvae can sense cues and re-
inforcement similar to those previously
used to train adult flies; the larval learn-
ing paradigm was similar to the adult
procedure.

For training, 80 to 100 larvae, isolated
and cleaned, were transferred to a 150-
mm petri dish containing electrically
conductive agarose gel (Fig. 2). The lid
was placed on the dish and the larvae
were given a 30-second pulse of amyl
acetate, administered in a current of air,
and simultaneously shocked by applying
a voltage across the electrodes. The lid
of the dish was removed, and the larvae
were rested for 90 seconds in fresh air.
They then received a 30-second pulse of
another odorant, 3-octanol, this time
without shock, followed by 90 seconds
of rest. The larvae experienced each
odor three times, with shock always
coupled to amyl acetate.

After training, the larvae were rested
for 150 seconds in fresh air. For testing,
30 to 40 larvae from the center of the
training plate were transferred with a
No. 000 camel’s-hair brush to the center
of a 90-mm petri dish with agarose. At
opposite edges of the dish were two cap-
illary tubes, one containing amyl acetate,
the other octanol. The lid was placed on
the dish, and odorant concentration gra-
dients were allowed to form: learning
was indicated by the migration of a ma-
jority of the larvae toward the source of
octanol, the odor not associated with
shock during training.

A new group of larvae were trained as
above, except that electric shock was
paired with octanol. In both cases nor-
mal C-S larvae avoided the odor paired
with shock during their training (Fig. 3:
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Table 1). As with adult flies, the index of
learning A was defined as the fraction of
the population avoiding the shock-asso-
ciated odor minus the fraction avoiding
the control odor, averaged for the two
halves of an experiment. For the 20 ex-
periments in Table 1, the mean A was
.26 = .02, which is comparable to scores
of C-S adults [.34 = .03 (/)]. First-instar
C-S larvae can also learn: A = .20 = .02.

The selective avoidance behavior ap-
pears to be genuine learning. The two-
part experimental design in which larvae
are trained to opposite odors eliminates
odor bias and sensitization as ex-
planations for the results. Other possible
artifacts were excluded by separate con-
trols. If larvae were exposed to three 30-
second pulses of either octanol or amyl
acetate (Fig. 2), they showed normal
chemotactic ability when tested immedi-
ately afterward. Therefore, habituation
or sensory adaptation are negligible and
cannot explain the selective odor avoid-
ance. Other experiments, in which lar-
vae were tested immediately after elec-
tric shock, showed that their locomotor
and chemotactic abilities were unaf-
fected by the shock of reinforcement.

Genetic alterations can disrupt learn-
ing ability in both larvae and adults.
Three different (complementing) X-
linked mutations—dunce, turnip, and
cabbage—block learning by adult flies in
the basic olfactory paradigm of Quinn ez
al. (1); adult A scores are, respectively,
.04 £ .028),.06 = .03 (7)and .02 = .01
(7). Third-instar larvae of the mutants al-
so failed to learn (Table 2). The muta-
tions do not act simply by blocking larval
sensory or motor capabilities. Mutant
larvae all responded normally to shock
reinforcement; they twitched when cur-
rent was passed through their medium,
and they migrated to regions of low field
strength. Their ability to sense the odor
cues (Fig. 2) was also normal. Thus, in
the mutants tested so far, larval sensory
and learning behavior parallels that of
adult flies.

Larvae of a fourth mutant, smellblind,
showed practically no chemotactic abili-
ty. Adult flies of this strain were also
deficient in olfactory ability (/3) as mea-
sured in a T maze [figure 3 in (8)]. This
parallel deficiency at different stages was
not expected, because in dipterans the
olfactory end organs in the larval cuticle
are apparently sloughed off during meta-
morphosis and replaced with receptors
of a different morphological type (/4,
15). The result with the mutant indicates
that either larval and adult receptors
both require the normal smb™* gene prod-
uct, or the smellblind mutation disrupts
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Table 2. Learning and memory A scores of
normal and mutant larvae. Third-instar lar-
vae, mixed males and females, were used un-
less otherwise specified. Values are means *
standard errors for ten experiments. Learning
was tested 2.5 minutes after training. In mem-
ory experiments, the larvae were left for 15
minutes in clean air on the training plate be-
fore being tested.

gi;laortvyage Learning Memory
C-S .26 = .02* A1 = .01
C-St 21 = .02 14 = .02
C-S% 20 = .02

dunce —-.02 = .02

duncef .02 = .02

cabbage —-.02 = .02

turnip —.06 = .03

turnip/+t 24 = .01 -.02 = .02
amnesiac .09 = .01
*Twenty experiments. +tFemales. $First in-

star.

processing of olfactory information in
central neural structures conserved
through pupation. Other mutants with ol-
factory deficiencies as adults have pre-

Fig. 3. Testing for learning. Capillary sources
of odors 3-octanol (O) and amyl acetate (AA)
were at opposite edges of the plate. After 1
minute the larvae were Kkilled with chloro-
form; a diameter line was drawn on the lid be-
tween the two odor sources; and larvae on
each half of the plate were counted. Photo-
graphs were made as with Fig. 1. (A) Larvae
trained to avoid octanol. (B) Larvae trained to
avoid amyl acetate.

viously been isolated and characterized
(16); their larvae have not yet been test-
ed.

Larvae apparently forget more quickly
than adult flies. Expression of learned
behavior decays to half its initial value
after 15 minutes (A = .11 £ .01) and is
undetectable at 30 minutes. In contrast,
adults express most of their original
learned behavior an hour after training,
and some memory persists as long as 6
hours (/, 2). This disparity in retention
spans could conceivably be due to dif-
ferences between larval and adult learn-
ing paradigms, which are similar but not
identical. Nevertheless, the rapid memo-
ry decay in larvae is striking. We believe
that the difference between larval and
adult retention spans is probably intrin-
sic and that the lengthened adult span re-
sults from anatomical or metabolic
changes in Drosophila’s nervous system
during metamorphosis.

We wanted to find out whether muta-
tions would have corresponding effects
on larval and adult memory. The most
carefully characterized memory mutant
amnesiac (9), gives an uninformative an-
swer; amnesiac larvae remember as well
as normal larvae, but both forget as fast
as amensiac adults, making it difficult to
say whether the mutation affects larval
brains (Table 2). Adult flies heterozy-
gous for the turnip mutation forget more
rapidly still; memory is undetectable 15
minutes after training (9). Larval tur-
nip/+ heterozygotes show correspond-
ingly rapid memory decay; 15 minutes
after training, A was —.02 = .02.

Our results show that learning and
brief memory retention are mediated by
neural structures already present in first-
instar larvae, which may be preserved
through metamorphosis (/7). The prod-
ucts of the dunce, turnip, and cabbage
genes function by the third instar (by the
first instar in the case of dunce). These
findings may have practical value since
the search for biochemical or anatomical
abnormalities caused by the mutations
should be easier with larvae than with
adults. Larval brains are simpler, more
compact, and easier to isolate from other
tissues.

EFRAIN O. ACEVES-PINA
WiLLiaMm G. QUINN
Department of Biology,
Princeton University,
Princeton, New Jersey 08540
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Prednisone Therapy and Birth Weight

Reinisch et al. (1) reported a retarda-
tion of intrauterine fetal growth in infer-
tile women treated with 10 mg of predni-
sone daily prior to conception and
throughout pregnancy. These data were
widely quoted in the news media and in-
terpreted as evidence of potential danger
to the offspring. Others have reported on
the use of prednisone for induction of
ovulation and alleviation of female infer-
tility, but continuation of therapy during
gestation was not advocated (2). We ex-
amined the question whether administra-
tion of prednisone to infertile women,
when discontinued after confirmation of
conception, will also result in a reduction
of birth weight.

Birth weight and duration of preg-
nancy were available for 251 births
(Table 1) from women evaluated for in-
fertility in our clinic. The data permitted
a comparison of offspring of mothers re-

ceiving prednisone, prednisone and
clomiphene citrate, clomiphene citrate,
other therapeutic modalities (for ex-
ample, low-dose estrogen, human men-
opausal gonadotropin, human chorionic
gonadotropin, thyroid hormone), or no
treatment. Mean birth weights and dura-
tion of pregnancy were comparable in all
groups. One-way analysis of variance
and Duncan’s multiple range test showed
no statistical differences among means,
or differences from the mean of the en-
tire group. The median birth weight for
term infants in the United States in 1975
was reported to be 7.31 pounds (3). In
1978, the mean weight of all infants born
at Hermann Hospital, Houston, was 7.10
pounds (4), remarkably close to the
mean birth weights in Table 1 and to
those reported as controls by Reinisch et
al. (I). Unfortunately, since Reinisch et
al. failed to provide standard errors for

Table 1. Mean (+ standard error) duration of pregnancy and infant birth weight in relation to

therapeutic management of infertile women.

Number Birth weight Duration of
Therapy of preg- (pounds) pregnancy

nancies (days)
Prednisone 103 7.22 £ 0.12 281.2 = 1.5
Prednisone and clomiphene citrate 49 7.00 = 0.18 280.6 = 2.3
Clomiphene citrate 28 7.06 = 0.20 280.2 = 2.6
Other 12 6.72 = 0.51 284.4 = 3.7
No treatment 59 7.12 = 0.13 275.6 = 1.8
Total 251 7.11 = 0.08 279.7 = 1.0
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their data, statistical comparisons could
not be made.

These observations suggest that ad-
ministration of low-dose prednisone (5 to
10 mg daily) for therapy of infertility, if
discontinued after documentation of
pregnancy, does not result in a decrease
in birth weight of infants.

KEeiTH D. SMITH
EMIL STEINBERGER
Luis J. RODRIGUEZ-RIGAU
Department of Reproductive Medicine
and Biology, University of Texas
Medical School at Houston,
Houston, Texas 77025
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The report by Reinisch et al. (I) pre-
sents the potential harm of the adminis-
tration of prednisone in a dosage of 10
mg daily to pregnant women. The impli-
cation that any dosage of any cortico-
steroid would have comparable harmful
potential is, however, unfortunate. The
authors quote in their introduction two
of our reports of the beneficial effects of
dosages of cortisone acetate or hydro-
cortisone between 2.5 mg every 8 hours
and 5 mg four times daily in women with
ovarian dysfunction and infertility (2),
implying that such treatment would also
be potentially harmful and that it “‘result-
ed in the exposure of large numbers of
fetuses to augmented adrenal hormone
levels.”

Cortisone and hydrocortisone are nor-
mal adrenal hormones; prednisone is
not. Doses of 5 mg of cortisone acetate
or hydrocortisone four times daily, be-
fore meals and at bedtime, do not raise
the plasma cortisol levels above normal
at any time (3) and hence have none of
the harmful potential that is so well
known for hypercortisonism. A 10-mg
dose of prednisone is equivalent to 50 mg
of cortisone acetate, ten times the po-
tency of an individual dose and over
twice the potency of the total daily dos-
age we use.

After more than 20 years of experience
with administering to women dosages of
cortisone acetate or hydrocortisone of 5
mg four times daily or less, we have
found absolutely no evidence of hyper-
cortisonism with any of its harmful po-
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