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Ten years ago, impressed with the power of genetics 
applied to straight molecular biology, we set out to 
study learning using single-gene mutations. We were 
attracted to this problem in part because of its human- 
istic interest and in part because the similarity of learn- 
ing phenomenology across species suggested some sim- 
plicity and universality for the underlying mechanism. 
In retrospect, our approach seems very naive, and per- 
haps we deserved to flounder. Nevertheless, luck has 
been with us. Learning-deficient mutants were isolated, 
and several of them turned out to have well-defined 
biochemical lesions. These lesions tied in with a mech- 
anistic model formulated to explain nonassociative 
learning in another organism, Aplysia. Behavioral and 
biochemical analyses of the mutants together with other 
work indicate that monoamine-activated cAMP re- 
sponses are involved in several types of learning in dif- 
ferent species. 

Ten years ago, " w e "  was one of the authors and 
Seymour Benzer, who had pioneered the systematic 
study of Drosophila behavior patterns with single-gene 
mutations, and who each year had offered an A + and a 
case of beer to any student who convincingly trained 
fruit flies. Several dry years passed. At length, some 
undirected experiments suggested to us that flies were 
particularly attentive to odors and that they were dis- 
tressed after walking on electrified grids. We decided 
to use these cues and this reinforcement and to try to 
condition the flies differentially to olfactory cues, be- 
cause such discriminative conditioning provides inter- 
nal controls ensuring that the observed effect is associa- 
tive learning. The basic training and testing procedure 
(Quinn et al. 1974) will be outlined here, because it 
was used to select mutants and because more recent fly- 
learning experiments tend to be variations on this pro- 
cedure. 

Training Populations and Selecting Mutants 

About 40 flies are placed in an apparatus with tubes 
and trained by alternate exposure to two chemical odor- 
ants (denoted A and B), one of which is coupled to 
90-V electric shock. They are then subjected to a sim- 
ple test (Dudai et al. 1976) in which they are trans- 
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ported to a chosen point between tubes containing odors 
A and B, and the direction in which they run is ob- 
served. Odor concentrations are arranged so that naive 
flies distribute themselves fifty-fifty between the two 
odorants. If  the flies were shocked during training in 
the presence of odor A, they now tend to run toward 
odor B (35-65%). On the other hand, if they were 
shocked in the presence of odor B, they now run to- 
ward odor A (65-35%). The relevant results of this 
type of experiment can be expressed as a simple num- 
ber, i.e., the fraction of the population avoiding the 
shock-associated odor minus the fraction avoiding the 
control odor (averaged for groups of flies trained in op- 
posite directions). This numerical training index, A, 
normally can vary between 1 (perfect learning) and 0 
(no learning). In the fly-learning experiment outlined 
above, it would be 0.30. A typical set of ten real ex- 
periments gives A = 0.34 + 0.03. 

The learning effect (differential odor avoidance based 
on pairing with shock) is easily demonstrated and easily 
quantified, because working with populations of flies 
gives instant statistics. However, in the original para- 
digm the learning effect was small; the difference in 
odor avoidance amounted to only one third of the pop- 
ulation. We were unable to teach all of the flies all of 
the time. Recently, Jellies (1981) and also we have im- 
proved the procedure to obtain much stronger learn- 
ing--A values of 90, corresponding to 95% correct 
odor choice by trained flies. The major procedural im- 
provements are (1) eliminating disturbances to the flies, 
such as mechanical shaking, (2) presenting odor stimuli 
at carefully controlled concentrations in laminar air 
currents, and (3) sequestering flies in a chamber for 
classical conditioning, so that exposure to odorants and 
shock is made inevitable for several training cycles. 
Figure 1 shows the learning obtained with our best pro- 
cedure. 

Given a reliable "g roup"  learning test, selecting mu- 
tants is simple in principle, although brutally tedious in 
practice. Male flies from an inbred wild-type stock (C- 
S) are mutagenized, and their progeny are mated in ap- 
propriate genetic crosses to produce many populations, 
with the flies in each population having identical, mu- 
tagenized X chromosomes (Lewis and Bacher 1968; 
Dudai et al. 1976). Most mutations do not seriously 
alter learning behavior, but if a relevant one is present, 
it will affect all of the flies of a given population. One 
selects learning mutants by training each population in 
the olfactory learning procedure described above and 
retaining those that show little learning, i.e., that give 
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Figure 1. Learning acquisition curve for wild-type Drosoph- 
ila in a new, classical conditioning paradigm. Populations of 
about 150 flies are trained by placing them in a cylindrical 
chamber lined with conductive grid material and blowing 
pulses of two odorants past them in air currents with or with- 
out concomitant electric shock. The odors are administered by 
placing little cups of pure odorant in the air current 
(500 ml/min) before the training chamber and letting the 
odors enter the air current by evaporation (evaporative 
surface--50 mm 2 for 3-octanol and 80 mm 2 for 4-methyl- 
cyclohexanol). A training sequence consists of 60-sec ex- 
posure to 3-octanol plus shock, 30-sec rest, 60-sec exposure 
to 4-methylcyclohexanol without shock, and 30-sec rest. Dur- 
ing the octanol exposure, the indicated number of electric 
shock pulses (each 1.25 sec, 60 V DC) are administered with 
a Grass stimulator. For testing, the flies are tapped into a 
sliding compartment and transferred to the center of a T-maze 
choice point (modified from Dudai et al. 1976). Here, flies 
encounter two air currents coming from opposite arms of the 
T maze, one with the shock-associated odorant 3-octanol, the 
other with the control odorant 4-methylcyclohexanol (concen- 
trations and flow rates as above). Typically, 95 % of the flies 
run to the control odorant. After 120 sec, the flies are trapped 
in the arms they have chosen, anesthetized, and counted. The 
training and testing procedure is repeated with new flies as 
above but with shock paired to 4-methylcyclohexanol, and a 
learning index is calculated as in the text. Each point and 
error bar represents mean + s.E.M, for four experiments. Con- 
trol experiments, in which flies were trained with shock 
alone, odor alone, or shock and odor explicitly unpaired in 
time, all gave learning indices of zero :1:0.02 (from T.P. Tully 
and W.G. Quinn, in prep.). 

A values less than 0.05. Any such suspect population is 
analyzed in further behavioral experiments to be sure 
that the behavioral alteration in the mutants is genuinely 
interesting, not simply a defect in olfaction, locomo- 
tion, or general activity. 

The first such mutant, isolated by D. Byers at Cal- 
tech, was dunce (Dudai et al. 1976). Five other muta- 
tions in the dunce gene have since been found. Three 
more mutations, cabbage, turnip, and rutabaga, all af- 
fecting different genes, were isolated at Princeton by P. 
Sziber (see Aceves-Pifia and Quinn 1979; Quinn et al. 
1979). A fourth mutant, amnesiac, isolated by Sziber, 
learned normally but forgot within 1 hour (Quinn et al. 

1979), compared with 4 -6  hours for normal flies 
(Dudai 1979). All of these mutants could sense electric 
shock and the odorants used to train them. All showed 
the normal tendency to migrate toward light, although 
cabbage and turnip ran more slowly than wild-type 
flies. Because of the breeding techniques used to isolate 
them, all the mutations were X-linked; dunce, ruta- 
baga, and amnesiac have since been carefully mapped 
(see Duerr and Quinn 1982). dunce, turnip, cabbage, 
and rutabaga showed virtually no learning (A--  
0.00-0.05)  on the olfactory discrimination learn- 
ing test (Aceves-Pifia and Quinn 1979). It remained to 
be seen whether they were "shal low" learning muta- 
tions, affecting only the tasks for which they were 
isolated, or "deep"  ones, which affected learning in a 
variety of situations using different cues, rein- 
forcements, and responses. The answer seems to be 
that the mutations are deep, but not perfectly so. 

Several learning tests were devised, mostly variations 
on the basic discriminative scheme above, with differ- 
ent cues or reinforcements. Wild-type Drosophila lar- 
vae turned out to be nearly as acute at olfactory learn- 
ing (A--0.26)  as adult flies, and larvae of the learning 
mutants failed to learn (Aceves-Pifia and Quinn 1979). 
Menne and Spatz (1977) at Freiburg developed an ele- 
gant, automated procedure and trained flies to discrimi- 
nate between different colored lights, avoiding a color 
that was associated with severe mechanical shaking. 
Dudai and Bicker (1978) and Folkers (1982) at Frei- 
burg tested the available learning mutants in this visual 
test and found that although they could eventually learn 
this task, it took them many more trials to do so. How- 
ever, of all the tests developed so far, visual learning is 
the test on which the mutants' performance is the least 
altered. 

Tempel et al. (1983) trained flies to discriminate be- 
tween odors as above, but substituted reward for pun- 
ishment. They found that hungry flies would specifical- 
ly migrate toward odorants previously associated with 
the opportunity to feed on sucrose. The magnitude of  
the learning effect after training with sucrose (A--0.36)  
was similar to that observed after training with electric 
shock (A = 0.34) if measured immediately. However, 
memory after reward persisted much longer--for days 
rather than 4-6  hours. Substituting reward for punish- 
ment also lengthened the memory span for amnesiac 
flies (3 hr vs. 1 hr). The most surprising results came 
with the dunce and rutabaga mutants, which had shown 
virtually no learning in the shock-avoidance test. Mu- 
tant dunce flies, tested with reward, learned normally 
but forgot within 1 hour. rutabaga flies learned fairly 
well (A = 0.16) but forgot even more rapidly (see Fig. 
2) (Tempel et al. 1983). The simplest explanation for 
these findings is that dunce and rutabaga are actually 
memory mutants; they can learn even in shock-avoid- 
ance training, but their memory span under those con- 
ditions is so short and labile that it is virtually undetect- 
able (see also Dudai 1980). This finding is considered 
more fully below. 
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Figure 2. Memory retention in normal and mutant flies after 
training with positive reinforcement or negative reinforce- 
ment. Solid lines and solid symbols denote training with su- 
crose; broken lines and open symbols denote training with 
electric shock reinforcement. (It,O) Wild-type C-S; (I,[3) 
amnesiac; ( & ) dunce; (,) rutabaga. The mutants dunce and 
rutabaga show virtually no learning after negative reinforce- 
ment with standard procedure (Dudai et al. 1976; Aceves- 
Pifia et al. 1979). Here, trained with positive reinforcement, 
they do learn but show abnormally rapid forgetting. (Re- 
printed, with permission, from Tempel et al. 1983.) 

Training Individual Flies 

In all of the learning experiments above, flies were 
trained and tested en masse. This is a real experimental 
convenience. It circumvents the problem of variability 
in movement among genetically similar individuals and 
has enabled us to select the learning mutants. Neverthe- 
less, there are situations in which one wants to know 
whether a given individual can or cannot learn. This is 
particularly true of work using genetic mosaics, where 
no two individuals are alike. For this, a way to train 
larger insects can be scaled down for Drosophila. If a 
tethered cockroach (Horridge 1962) is shocked every 
time it extends one leg, it rapidly comes to maintain 
that leg in a flexed position. This postural change is due 
to associative learning because it occurs only if shock is 
made contingent on leg position. Cockroaches show 
less extraneous movement and perform this task even 
better if their heads are removed. This is not complete- 
ly surprising, because insects have about a third of their 
CNS in thoracic ganglia. 

Horridge's training procedure (Horridge 1962) can 
be readily adapted to Drosophila, given sufficient dex- 
terity in tying wires on fly legs (Booker and Quinn 
1981). Wild-type flies learned about as well as cock- 
roaches. The behavioral change was associative, and 
flies could also be trained to extend their legs, by 
shocking them when their legs were flexed. Perhaps be- 
cause leg flexion is a simple task and training is in- 
tensely repetitive, wild-type flies, particularly headless 

ones, performed well: 92% learned to a set criterion 
keeping their legs flexed over 90% of the time in a 
given 10-minute period. The learning mutants did 
worse: only 20% of turnip flies, 25% of dunce flies, 
and 45% of cabbage flies met this criterion (Fig. 3). 
Scores on the leg-extension were comparable (Booker 
and Quinn 1981). Note, however, that some individuals 
of  all genotypes did learn. As in other tests, the learn- 
ing disabilities in the mutants appear to be relative, not 
absolute. 

The behavioral separation between mutant and wild- 
type individuals, although imperfect with this test, was 
good enough for a start at mosaic mapping of the ana- 
tomical site(s) involved in learning. Booker (1982) 
made mosaics that had dunce and dunce/+ (essentially 
normal) tissue patches, which were made distinguish- 
able with cuticular and enzyme markers that allowed 
identification of mutant tissue (see Kankel and Hall 
1976). He tested these flies in the leg-flexion test and 
then sectioned them and scored the tissue distribution of  
mosaics that had passed and those that had failed the 
test. The imperfect reliability of the behavioral test and 
other complications severely lowered the resolution of 
the mosaic map, introducing an element of uncertainty 
in the exact fate-map assignment. Nevertheless, one 
tendency is clear in the data. The anatomical site that 
showed the closest correlation to learning lay anterior 
to the thorax (Fig. 4) in the region expected of neural 
tissue in the head (see Kankel and Hall 1976). Appa- 
rently, flies need normal brains to learn. This result, 
seemingly obvious, becomes paradoxical when one re- 
members that these were headless flies, with brain tis- 
sue destroyed before testing. If pressed, one can make 
several rationalizations. For example, mutant neurons 
from the head might make processes with functional 
synapses in the thoracic ganglion, processes that sur- 
vive beheading and continue to function critically dur- 
ing the testing period. Any detailed understanding of 
what is going on will have to await a better behavioral 
assay. 

Another instance of modifiable behavior, expressed 
in individuals, that may have relevance to the lives of 
flies in the wild is the courtship-depression effect of 
Siegel and Hall (1979). Male flies placed with sexually 
unreceptive females become, as it were, discouraged. 
For about 3 hours afterward, they show markedly less 
ardor in courtship, even with receptive virgin females. 
Some recent behavioral experiments (Tompkins et al. 
1983) suggest that this change represents associative 
learning. Still, perhaps the best evidence for this is the 
fact that learning mutants show less courtship depres- 
sion than wild-type flies and that the depression effect 
is present in amnesiac males, but lasts less than 1 hour 
(Siegel and Hall 1979). 

In all of the fly-learning tests described above, the 
experimenters have gone to some pains to ensure that 
the behavioral changes were associative; i.e., that the 
changes occurred only if the animal had experienced 
two environmental stimuli close enough together in 
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Figure 3. Average learning performance of headless 
normal and mutant flies in the leg-lifting task. For each 
genotype, the average frequency of shocks received for 
all individuals tested is shown as a function of time. 
Low shock values indicate that the flies tend to hold 
their legs up, avoiding shocks. Error bars at 5, 10, and 
15 min indicate S.E.M.; variations at other times are 
comparable. The larger error bars for the mutants are 
primarily due to smaller sample sizes; their variability 
in performance was only slightly higher than wild-type 
flies. (0) C-S wild-type (50 flies); (O) dunce (20 
flies); (1) cabbage (20 flies); (.) turnip (20 flies). (Re- 
printed, with permission, from Booker and Quinn 
1981.) 

time to suggest that one stimulus predicted the other. 
Animals also show simpler, nonassociative forms of 
learning: habituation, a decrease in responsiveness to a 
stimulus presented repeatedly, and sensitization, an in- 
crease in general responsiveness after a strong or nox- 
ious stimulus. Habituation and sensitization may seem 
less interesting than associative learning, but they are 
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much better understood--their underlying mechanisms 
have been worked out in considerable detail in Aplysia 
(for review, see Kandel and Schwartz 1982). We won- 
dered whether the (largely unknown) mechanism for as- 
sociative learning had points of  similarity with the 
(largely known) mechanism for, say, sensitization, at 
least in depending on the same gene products. To test 
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Figure 4. Fate map of Drosophila blastoderm showing location of cuticular landmarks for head, thorax, and abdomen, location 
of internal thoracic ganglion sites, and the site (behavioral focus) for leg-lifting learning behavior (Fig. 3) as influenced by the 
dunce gene. Analysis is from 126 appropriately marked mosaics, generated and scored as in Kankel and Hall (1976), and our 
nomenclature for landmarks follows theirs. Cuticular landmarks were scored using the marker, yellow. Thoracic ganglion sites 
were scored using histochemical staining for acid phosphatase enzymatic activity. The destruction of head tissue to improve 
behavior (see text) prevented direct scoring of cephalic ganglion sites. The fate map sites for landmarks and for the dunce leg- 
lifting focus were assigned by computer algorithms kindly provided by J. Flanagan (1976, 1977). The dunce focus lies in the 
region expected for cephalic ganglion sites (see Kankel and Hall 1976). However, this assigned location, although done objective- 
ly by computer, is an approximate one because of ambiguities in behavioral scoring (R. Booker and W.G. Quinn, in prep.). 
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this possibility, Duerr examined habituation and sensi- 
tization in the proboscis extension reflex of Drosophila. 
As expected (see Dethier 1976), normal flies showed 
both forms of plasticity. More to the point, the associa- 
tive learning mutants showed abnormalities: dunce and 
turnip had low habituation, and dunce, rutabaga, and 
amnesiac showed unusually brief sensitization (Duerr 
and Quinn 1982). The results suggested, albeit indirect- 
ly, that associative and nonassociative learning do have 
underlying mechanistic similarities, an idea strength- 
ened by biochemical analysis of the mutants (see be- 
low) and, recently, by direct physiological analysis in 
Aplysia (Hawkins et al. 1983; Waiters and Byrne 
1983). 

Biochemical Lesions in Learning Mutants 

The fly-learning project has involved molecular as- 
pects lately. Several of the learning mutations turn out 
to produce well-defined metabolic defects once one 
knows where to look for them. The first to be under- 
stood in this way was dunce. Kiger and Golanty (1977, 
1979) were interested for biochemical reasons in cyclic 
nucleotide metabolism and they decided to map the 
genes coding for the relevant enzymes (e.g., guanyl cy- 
clase and cAMP-dependent protein kinase) as a prelude 
to further analysis. Techniques are available in Dro- 
sophila that allow one to do such mapping, even before 
mutants are isolated (for review, see O'Brien and Mac- 
Intyre 1978). In this indirect way, cAMP was found to 
be hydrolyzed by at least two phosphodiesterases in 
flies, and one phosphodiesterase enzyme, PdE II, was 
localized to a well-defined genetic region (Kiger and 
Golanty 1977, 1979). 

D. Byers at Caltech noticed that the genetic locus for 
the dunce region mapped very near the published site 
for PdE II. He did genetic complementation tests, and 
then direct biochemical tests, in collaboration with R. 
Davis and J. Kiger, which showed that dunce flies had 
low levels of PdE II enzyme and high levels of cAMP 
(Byers et al. 1981). Continuing this line of work, 
Kauvar (1982) and Shotwell (1983) obtained good evi- 
dence that dunce is the structural gene for PdE II en- 
zyme. Enzymatic activity correlates directly with the 
number of dunce gene copies present. Among the sev- 
eral different mutations isolated in this gene, one, 
dunce 1, alters the enzyme's Kin; another, dunce 2, in- 
creases the enzyme's thermolability measured in vitro. 

A second learning mutation, rutabaga, alters another 
enzyme involved in cAMP metabolism: adenylate cy- 
clase (Livingstone et al. 1982; M.S. Livingstone, un- 
publ.). This abnormality was first detected as an in- 
crease in Kin, i.e., a decrease in the enzyme's apparent 
affinity for its substrate, ATP, measured in crude ex- 
tracts. Although some earlier work suggested cAMP 
metabolic abnormalities in several learning mutants 
(Uzzan and Dudai 1982), the mutant difference in 
rutabaga became reliable only when specific tissues 
were examined. At first, Livingstone could detect the 
mutant's abnormal kinetics only in tissue from the 

abdomen, with brain enzyme apparently normal 
(Livingstone et al. 1982). This seemed counterintuitive, 
since work with mosaics and common sense suggested 
that the changes underlying learning occur in the brain. 
New evidence by Livingstone has eased this difficulty. 
The rutabaga mutation also causes a threefold increase 
in the thermolability, measured in vitro, of adenylate 
cyclase from abdominal tissue. With this difference she 
was able to show a similar abnormality in 10-20% of 
enzyme from brain (Livingstone et al. 1982). There- 
fore, the most likely explanation for rutabaga's effect 
on learning is that it alters a form of adenylate cyclase 
that constitutes a minority of brain enzyme but that is 
critically important in some neurons and synapses in- 
volved in plasticity. 

In the case of rutabaga, as with dunce, the mutant 
enzyme's thermolability measured in vitro and the 
altered Km suggest that the mutation lies in the struc- 
tural gene for the catalytic enzyme. Other findings that 
support this idea are that (1) adenylate cyclase en- 
zymatic activity in crude extracts from heterozygotes 
has two distinct thermal decay rates and two Km values 
(Livingstone et al. 1982) and (2) cyclase catalytic activ- 
ity correlates with the number of gene copies of the ru- 
tabaga + gene (M.S. Livingstone, unpubl.). If the ruta- 
baga + gene does code for an adenylate cyclase, then 
this conclusion, taken together with the finding that 
most brain cyclase activity is unaffected by the muta- 
tion, implies the presence of different isozyme species 
of catalytic cyclase. If true, it would be the first good 
evidence for multiple adenylate cyclases. In fact, ex- 
periments with mammalian cell hybrids suggest a dif- 
ferent picture, indicating that one type of cyclase en- 
zyme functions interchangeably with different hormone 
receptors. The findings with rutabaga suggest that the 
adenylate cyclase biochemistry may have hidden com- 
plexities. 

At present, we cannot strictly rule out the possibility 
that the rutabaga mutation affects some tightly bound, 
stoichiometrically limiting regulator of adenylate cy- 
clase rather than the catalytic subunit itself. We do have 
evidence that the GTP-binding stimulating subunit, Ns 
(Ross et al. 1978), is not involved. Cyclase activity in 
abdominal tissues continues to depend on the number of 
rutabaga gene copies even in the presence of forskolin 
(Seamon et al. 1981) or Mn § § ions, agents that cir- 
cumvent this regulatory protein (Livingstone et al. 
1982). 

There is also evidence that N~, the recently discov- 
ered inhibitory GTP-binding regulatory subunit 
(Cooper et al. 1979; Jakobs et al. 1983), is still func- 
tional in rutabaga. Mutant and wild-type extracts show 
similar inhibition at high GTP concentrations in MnC12 
(M.S. Livingstone, unpubl.). The most likely possibil- 
ity at present is that rutabaga affects the ability of the 
cyclase catalytic subunit to interact with calmodulin. 
Extracts from mutant heads and abdomens are relative- 
ly deficient in the normally observed activation by 
calcium (Fig. 5). Also consistent with this picture is the 
temperature sensitivity of mutant extracts; such ther- 
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Figure 5. Calcium activation of adenylate cyclase from wild- 
type and rutabaga abdomens. Thirty Drosophila abdomens of 
a given genotype were homogenized in 1.2 ml of 0.1 mM 
Tris-acetate buffer, pH 7.6, containing 0.01 mM dithiothreitol 
and 0.4 mM EGTA. Of the low-speed supernatant, 40 #l was 
removed and added to 40 #l of assay cocktail (see Table l in 
Solomon 1979). Cyclase assays were run exactly following 
Solomon's procedure, except that the reaction solution con- 
tained 0.2 mM EGTA (M.S. Livingstone et al., in prep.). 

molability is characteristic of cyclases which have been 
artificially stripped of calmodulin (Brostrom et al. 
1978; Salter et al. 1981). In fact, direct experiments 
(M.S. Livingstone, unpubl.) indicate a relative inability 
of  rutabaga cyclase to interact with exogenous cal- 
modulin. 

A deficiency in adenylate cyclase calcium activation, 
observed in a learning mutant, ties in very nicely with a 
plausible mechanism proposed to endow the Aplysia 
sensitization response with associative properties 
(Hawkins et al. 1983; Walter and Byrne 1983). 

The dunce and rutabaga mutations both affect cAMP 
metabolism, but in opposite ways. The dunce muta- 
tions, which decrease phosphodiesterase activity, 
should increase overall cellular cAMP concentrations 
in the fly. The rutabaga mutation, which makes adeny- 
late cyclase less active, should decrease cAMP levels. 
Direct measurement of cAMP levels in flies (Byers et 
al. 1981; M.S. Livingstone and P.P. Sziber, unpubl.) 
confirms these predictions. Why then do both muta- 
tions interfere with learning? Our working model is 
this: cAMP concentrations appear to be "buffered"  in 
healthy cells, and a small change in concentration can 
be sufficient to produce a maximal cellular response 
(see Rasmussen et al. 1972; Nathanson 1977). A large 
perturbation of cAMP levels in either direction to 
beyond its normal range should disrupt the signaling 
properties of  the system. (To take an analogy from 
neurophysiology, either a transmitter or its antagonist, 
applied in excess, will disrupt the signaling properties 

of  neurons.) The dunce and rutabaga mutants may well 
induce such perturbations. 

In vertebrate and invertebrate brains, adenylate cy- 
clase is most frequently coupled to receptors for mono- 
amine transmitters (for review, see Bloom 1976; 
Nathanson 1977). If cAMP is involved in learning, then 
probably one or more monoamine transmitters also are. 
In synaptic systems where the role of monoamines has 
been carefully studied, these transmitters often have a 
modulatory role; i.e., they act as accessory transmit- 
ters, increasing or decreasing the efficacy of synaptic 
signaling via another, principal neurotransmitter (for 
review, see Kupfermann 1981). This ties in well with 
ideas of learning as a change in the strength of connec- 
tions in neural circuits. Moreover, the neuroanatomy of 
monoamine cells in vertebrates is consistent with a role 
in learning; the widely dispersed "sprinkler system" 
arrangements of monoaminergic systems seem particu- 
larly suited to alter the attentiveness or the retentive- 
ness of large areas of the brain at once. Pharmacologi- 
cal studies in vertebrates, although intrinsically limited 
by drug side effects, cumulatively argue for a role of 
monoamines in learning, particularly for a dopaminer- 
gic role in positive reinforcement (see Wise 1978). Fin- 
ally, in Aplysia, one monoamine, serotonin, is known 
to function in nonassociative learning (sensitization). 
For these reasons, many of us were eager to examine 
the fly learning mutants for abnormalities in mono- 
amine transmitter synthesis. Livingstone did so, using 
high-performance liquid chromatography (HPLC) and 
electrochemistry (see Kissinger et al. 1981), and found 
all the learning mutants to be disappointingly normal 
(M.S. Livingstone, unpubl.). However, she and Tem- 
pel, examining the large published library of Drosoph- 
ila stocks, found existing mutations (Wright et al. 
1981) with which to examine the system. So far, the 
most relevant of these are a group of mutations, includ- 
ing temperature-sensitive mutations and deficiencies, 
that lie in the structural gene, Ddc, for dopa decarboxy- 
lase (Wright et al. 1981). This enzyme is very abundant 
in peripheral tissue, where it is vitally necessary for cu- 
ticle hardening. Wright (1977), who isolated the mu- 
tants, and also Dewhurst et al. (1972) had already ad- 
duced evidence for its presence in brain tissue. Liv- 
ingstone and Tempel decided to try Ddc mutants in 
learning studies. First, they circumvented the usual 
lethal effect of the mutations by raising temperature- 
sensitive flies at permissive temperature (18~ 
through development, eclosion, and cuticle hardening. 
Then they shifted the flies to restrictive temperature 
(29~ for 3 days, which caused dopa decarboxylase 
activity to fall to undetectable levels but caused no loss 
of viability or overt behavioral abnormalities. Using 
radioactive precursors, they measured transmitter syn- 
thesis in isolated fly brains or in brain homogenates and 
found that Ddc mutants, in contrast to normal flies, 
were unable to carry out two relevant decarboxylation 
reactions: from L-dopa to dopamine and from 5-hy- 
droxytryptophan to serotonin (Livingstone 1981; Liv- 
ingstone and Tempel 1983). Synthesis of the third ira- 
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portant monoamine transmitter, octopamine, was vir- 
tually normal in Ddc mutants, but the decarboxylation 
step here was partially blocked (Livingstone and Tem- 
pel 1983) by another mutation, per ~ which abolishes 
circadian rhythms (Konopka and Benzer 1971). 

With this partial dissection of monoamine transmitter 
synthesis in hand, Tempel and Livingstone set out to 
measure learning in the relevant mutants. They found 
that per ~ mutants learned as well as normal flies in ol- 
factory discrimination tests, and they remembered as 
long afterward, with either electric shock or sucrose as 
reinforcement. Severely affected Ddc mutants, on the 
other hand, showed no detectable learning with either 
reinforcement. Their behavior in other respects was 
nearly normal. Temperature-sensitive Ddc 'sl mutants 
learned reasonably well (A=0.12),  provided they had 
been raised at permissive temperature (18~ but not 
(A =0.00) if raised at 29~ Tempel and Livingstone 
then constructed a number of Ddc stocks, with different 
combinations of alleles, raised at different tempera- 
tures, that gave a range of dopa decarboxylase enzyme 
activity levels from wild type to undetectable. In all 
stocks, the flies' learning performance in both olfactory 
tests correlated well with the dopa decarboxylase activi- 
ty remaining (Tempel and Livingstone 1981). This cor- 
relation seems surprising, because the effects of syn- 
thetic enzyme levels on transmitter pools, transmitter 
secreted, and so on to overt behavior are unknown and 
extremely indirect. Still, we are left with robust phe- 
nomenology. With Ddc mutants the fact that one can 
modulate the severity of the behavioral defect has made 
it possible to measure what aspect of learning is af- 
fected. Tempel constructed stocks (e.g., Ddc'~/+ raised 
at 29~ with a partial enzymatic block and tested 
them behaviorally. Although, as expected, their ability 
to learn was somewhat reduced (A=0.22) ,  their 
memory span was normal, after both positively and 
negatively reinforced training (Tempel and Quinn 
1982). Ddc lesions appear to decrease learning with no 
measurable affect on memory. This is in contrast to 
rutabaga and particularly to amnesiac and dunce, mu- 
tations that, in the most sensitive tests, appear to ab- 
breviate memory retention without affecting acquisi- 
tion. 

Biochemical studies with Ddc indicated that it blocked 
synthesis of  two neurotransmitters, dopamine and 
serotonin. Which one is more critically involved with 
learning? We may be able to answer this question if we 
can ameliorate the mutant's learning deficit by feeding 
it precursors to one or the other transmitter, by analogy 
with L-dopa therapy for parkinsonian patients. Recent 
results suggest another way to identify the guilty 
transmitter. Neurotransmitters produce their effect by 
binding receptors on postsynaptic membranes. In many 
cases the binding affinity of  receptors for transmitters is 
high enough and specific enough to be detectable in fil- 
ter assays using crude membrane fractions from brain 
homogenates. This type of work is most dramatically 
exemplified by the identification of opiate receptors in 
mammalian brain (Pert and Snyder 1973). We are cur- 

rently investigating the serotonin-binding activity of  
membrane fractions from wild-type and mutant heads 
(R.F. Smith and W.G. Quinn, unpubl.). Confirming 
previous reports (Dudai and Zvi 1982), we find speci- 
fic, high-affinity binding in normal flies with at least 
two classes of  serotonin-binding sites, shown in our 
case by the nonlinearity of  Scatchard plots (Fig. 6). A 
more exciting result is that turnip membrane extacts 
show a severe reduction in binding affinity. The disso- 
ciation constant of  the tightest binding component is 
raised from about 0.06 nM in wild-type membrane 
preparations to about 0.30 nM in turnip membrane 
preparations (Fig. 6). The observed difference in the 
Scatchard plots is consistent with the possibility that the 
turnip mutation eliminates the highest-affinity sero- 
tonin-binding component, without much affecting 
lower-affinity components. We need to do more work 
on this. Nevertheless, the results of Smith provide an 
opportunity to understand another learning mutant. 
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3H SEROTONIN BOUND (picomole/gram protein ) Figure 6. Scatchard plot of serotonin binding to membrane 
fractions from wild-type and turnip heads. Tissue preparation 
was similar to that of Gitschier et al. (1980), except that fresh 
tissue was used and the homogenate was preincubated for 20 
min at 25"C prior to the final centrifugation to remove endog- 
enous serotonin. The final membrane fraction was resus- 
pended in 50 mM Tris-HCI buffer (pH 7.7) with 5 mM MgCI2 
at a final concentration of 19 mg heads/assay (2 ml total vol- 
ume). Specific binding was assayed by incubating tissue for 
60 min at 25~ with various concentrations of [3H]serotonin 
from 0.02 nM to 36 nM in the presence or absence of 10 #M 
unlabeled serotonin. Samples were then rapidly filtered and 
counted. Ordinate units (bound/free) are picomoles/g pro- 
tein/nM. (0) Wild-type; (�9 turnip. The simplest interpreta- 
tion of the plot is that turnip membranes lack a high-affinity 
binding component that is present in wild type. 

 Cold Spring Harbor Laboratory Press on May 9, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


838 ACEVES-PIhIA ET AL. 

They also dovetail nicely with the defects in other Dro- 
sophila mutants, which all affect sequential steps in one 
biochemical signaling pathway. 

Since four of the learning mutations affect important 
transmitters or metabolites, it is reasonable to ask why 
the mutants are not dead, let alone severely affected in 
nonlearning behavior. For dunce, rutabaga, and turnip, 
the answer may be that the metabolic affects are small, 
affecting only one isozyme in the case of dunce, subtly 
altering an enzyme's affinity for its substrate without 
abolishing activity in the cases of turnip and rutabaga. 
This excuse does not hold in Ddc; here, the metabolic 
lesion is drastic. We can only surmise that in Drosoph- 
ila the monoamine systems are almost purely modula- 
tory and do not disrupt vital circuits, an idea consistent 
with the small amounts of the relevant enzymes present 
in the fly's brain (Dewhurst et al. 1972). 

CONCLUSIONS 

This is where fly-learning genetics stands at the mo- 
ment. Single-gene changes can interfere with learning 
in several tests, using olfactory, taste, visual, or pro- 
prioceptive cues, with positive or negative reinforce- 
ment, while leaving other behaviors substantially unal- 
tered. Behavioral tests with the mutants have suggested 
experience-dependent components in behavioral pat- 
terns, such as courtship, which had appeared to be 
hard-wired. Work with mutants has provided evidence 
that associative and nonassociative learning are mech- 
anistically related, a conclusion now confirmed by di- 
rect evidence from another system (Hawkins et al. 
1983; Waiters and Byrne 1983). 

Because genes often specify enzymes, one can, with 
mutants and luck, jump directly from a behavior to a 
molecule. Work with the mutants directly implicates 
monoamines and cAMP as central to associative and 
nonassociative learning. The finding that dunce is a 
phosphodiesterase mutant was the first hard evidence 
for a role for cyclic nucleotides in associative learning. 
Behavioral examination of the mutants suggests a more 
detailed picture. Two mutations, dunce and rutabaga, 
which affect the kinetics of cAMP metabolism, appear 
to affect short-term memory decay rates. A third muta- 
tion, Ddc, which blocks a step before the cAMP re- 
sponse, primarily affects learning acquisition. These re- 
sults tie in nicely with the suggestion of Castellucci et 
al. (1982) that the chemical change corresponding to a 
short-term memory may be simply an increase in 
cAMP concentration in the relevant neurons. 

Could the mechanism underlying learning be so simi- 
lar to a mere hormone response? This seems implaus- 
ibly simple. On the other hand, deep problems in sci- 
ence often have simple answers, once the smoke has 
cleared. Learning may derive its phenomenological 
richness from the elaborate geometry of circuits in the 
brain, with the underlying mechanism kept simple. 
Nonassociative learning (in its short-term form) might 
be like a hormone response. Short-term associative 
learning could be nearly this simple, with enough meta- 

bolic embroidery to make the system responsive to a se- 
cond stimulus, along the lines suggested by recent work 
in Aplysia (Hawkins et al. 1983; Waiters and Byrne 
1983). Things may be more complex, but they do not 
have to be. 

The repeated links to Aplysia illustrate a limitation as 
well as a strength of the work with mutants. Single- 
gene mutations can provide well-defined perturbations 
of  living systems. Work with them, properly inter- 
preted, can lead directly from an animal's behavior to 
its molecular heart of hearts. Nevertheless, the search 
for the salient biochemical lesion in a given mutant is a 
needle-in-a-haystack enterprise unless there are clues 
on where to look. Such clues often come from other, 
nongenetic work. Since the search for mutant abnor- 
malities then becomes highly directed, there is a good 
chance that someone will call important the first prom- 
ising-looking difference found. Fortunately for the 
work at hand, there is good evidence that in dunce, ru- 
tabaga and Ddc mutations cause their primary lesions 
in the enzymes they are supposed to. At present, turnip 
seems half understood. Mutations like amnesiac, which 
may be relevant to a different problem of long-term 
memory storage, are presently not understood at all. 

ACKNOWLEDGMENTS 

Our work discussed here has been supported by Na- 
tional Institutes of  Health grant GM-25578 to W.G.Q. 
and by equipment and assistance from the Whitehall 
Foundation at Princeton. We thank Ralph Greenspan 
for help with the manuscript. 

REFERENCES 

ACEVES-PIIqA, E.O. and W.G. QUIHH. 1979. Learning in 
normal and mutant Drosophila larvae. Science 206: 93. 

BLOOM, F.E. 1976. The role of cyclic nucleotides in central 
synaptic function. Adv. Biochem. Psychopharmacol. 15: 
273. 

BOOKER, R. 1982. "A behavioral-genetic analysis of learning 
in Drosophila melanogaster.'" Ph.D. thesis, Princeton 
University, Princeton, New Jersey. 

BOOKER, R. and W.G. QUIHN. 1981. Conditioning of leg 
position in normal and mutant Drosophila. Proc. Natl. 
Acad. Sci. 78: 3940. 

BROSTROM, M.A., C.O. BROSTROM, and D.J. WOLFF. 1978. 
Calcium dependent adenylate cyclase from cerebral cor- 
tex: Activation by guanine nucleotides. Arch. Biochem. 
Biophys. 191: 341. 

BYERS, D., R.L. DAVIS, and J.A. KIGER. 1981. Defect in cy- 
clic AMP phosphodiesterase due to the dunce mutation of 
learning in Drosophila melanogaster. Nature 289: 79. 

CASTELLUCCI, V.F., A. NAIRN, P. GREENGARD, J.H. 
SCHWARTZ, and E.R. KANDEL. 1982. Inhibitor of adeno- 
sine 3 '5 '  monophosphate-dependent protein kinase blocks 
presynaptic facilitation in Aplysia. J. Neurosci. 2: 1673. 

COOPER, D.M.F., W. SCHLEGEL, M.C. LIN, and M. RoD- 
BELL. 1979. The fat cell adenylate cyclase system: Char- 
acterization and manipulation of its bimodal regulation by 
GTP. J. Biol. Chem. 254: 8927. 

DEWHURST, S.A., S.G. CROKER, K. IKEDA, and R.E. 
MCCAMAN. 1972. Metabolism of biogenic amines in 
Drosophila nervous tissue. Comp. Biochem. Physiol. B 
43: 975. 

 Cold Spring Harbor Laboratory Press on May 9, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


D R O S O P H I L A  L E A R N I N G  M U T A N T S  839 

DETHIER, V.G. 1976. The hungry fly. Harvard University 
Press, Cambridge, Massachusetts�9 

DUDAI, Y. 1977. Properties of learning and memory in Dro- 
sophila melanogaster. J. Comp. Physiol. 114: 69. 

�9 1979. Behavioral plasticity of a Drosophila mutant, 
dunce. J. Comp. Physiol. 130:271. 

DUDAI, Y. and G. BICKER. 1978. Comparison of visual and 
olfactory learning in Drosophila. Naturwissenschaften 65: 
495. 

DUDAI, Y. and S. Zvl. 1982. Heterogeneity of serotonin re- 
ceptors in Drosophila melanogaster. Soc. Neurosci. Abstr. 
8: 989. 

DUDAI, Y., Y.N. JAN, D. BYERS, W.G. QUINN, and S. 
BENZER. 1976. dunce, a mutant of Drosophila deficient in 
learning. Proc. Natl. Acad. Sci. 73: 1684. 

DUERR, J.S. and W.G. QUINN. 1982. Three Drosophila mu- 
tations which block associative learning also affect habitu- 
ation and sensitization. Proc. Natl. Acad. Sci. 79: 3646. 

EPPLER, C.M., M.J. PALAZZOLO, and J.H. SCHWARTZ. 
1982. Characterization and localization of adenosine 3 '5' 
monophosphate-binding proteins in the nervous system of 
Aplysia. J. Neurosci. 2: 1692. 

FLANAGAN, J.R. 1976. A computer program automating con- 
struction of fate maps of Drosophila. Dev. Biol. 53: 142. 

- - .  1977. A method for fate mapping the foci of lethal and 
behavioral mutants in Drosophila melanogaster. Genetics 
85: 587. 

FOLKERS, E. 1982. Visual learning and memory of Drosoph- 
ila melanogaster wild-type C-S and the mutants dunce, 
amnesiac, turnip and rutabaga. J. Insect Physiol. 28: 535. 

GITSCHIER, J., G.R. STRICHARTZ, and L.M. HALL. 1980. 
Saxitoxin binding to sodium channels in head extracts 
from wild-type and tetrodotoxin sensitive strains of Dro- 
sophila melanogaster. Biochim. Biophys. Acta 595: 291. 

HAWKINS, R.D., T.W. ABRAMS, T.J. CAREW, and E.R. KAN- 
DEL. 1983. A cellular mechanism of classical conditioning 
in Aplysia: Activity-dependent amplification of presynap- 
tic facilitation. Science 219: 400. 

HORRIDGE, G.A. 1962. Learning of leg position by headless 
insects. Nature 193: 697. 

JAKOBS, K.H., K. AKTORIES, and G. SCHULTZ. 1983. A nu- 
cleotide regulating site for somatostatin inhibition of 
adenylate cyclase in lymphoma cells. Nature 303: 177. 

JELLIES, J.A. 1981. Associative olfactory conditioning in 
Drosophila melanogaster and memory retention through 
metamorphosis. Master's thesis, Illinois State University, 
Normal, Illinois. 

KANDEL, E.R. and J.H. SCHWARTZ. 1982. Molecular biology 
of learning: Modulation of transmitter release. Science 
218: 433. 

KANKEL, D.R. and J.C. HALL. 1976. Fate mapping of ner- 
vous system and other internal tissues in genetic mosaics 
of Drosophila melanogaster. Dev. Biol. 48: 1. 

KAUVAR, L.M. 1982. Defective cyclic adenosine 3 ' 5 '  mono- 
phosphate phosphodiesterase in the Drosophila memory 
mutant dunce. J. Neurosci. 2: 1347. 

KIGER, J.A. and E. GOLANTY. 1977. A cytogenetic analysis 
of cyclic nucleotide phosphodiesterase in Drosophila. 
Genetics 85: 609. 

- - .  1979. A genetically distinct form of cyclic AMP phos- 
phodiesterase associated with chromomere 3D4 in Dro- 
sophila melanogaster. Genetics 91:521. 

KISSINGER, P.T., C.S. BRUNTLETT, and R.E. SHOUP. 1981. 
Neurochemical applications of liquid chromatography with 
electrochemical detection. Life Sci. 28: 455. 

KONOPKA, R.J. and S. BENZER. 1971. Clock mutants of Dro- 
sophila melanogaster. Proc. Natl. Acad. Sci. 68: 2112. 

KUPFERMANN, I. 1981. Modulatory action of neurotransmit- 
ters. Annu. Rev. Neurosci. 2: 447. 

LEwis, E.B. and F. BACBER. 1968. Method of feeding ethyl 
methane sulfonate to Drosophila males. Drosophila In- 
form. Serv. 43: 193. 

LIVINGSTONE, M.S. 1981. Two mutations in Drosophila dif- 

ferentially affect the synthesis of octopamine, dopamine, 
and serotonin by altering the activities of two different 
amino acid decarboxylases. Soc. Neurosci. Abstr. 7:351. 

LIVINGSTONE, M.S. and B.L. TEMeEL. 1983. Genetic dissec- 
tion of monoamine transmitter synthesis in Drosophila. 
Nature 303: 67. 

LIVINGSTONE, M.S., P.P. SZIBER, and W.G. QUINN. 1982. 
Defective adenylate cyclase in the Drosophila learning 
mutant rutabaga. Soc. Neurosci. Abstr. 8: 384. 

MENNE, D. and H.C. SPATZ. 1977. Colour learning in Dro- 
sophila J. Comp. Physiol. 114: 301. 

NATHANSON, J.A. 1977. Cyclic nucleotides and nervous sys- 
tem function. Physiol. Rev. 57: 157. 

O'BRIEN, S.S. and R.J. MACINTYRE. 1978. Genetics and 
biochemistry of enzymes and specific proteins of 
Drosophila. In Genetics and biology of Drosophila (ed. 
M. Ashburner and T.R.F. Wright), vol. 2A, p. 396. 
Academic Press, New York. 

PERT, C.B. and S.H. SNYDER. 1973. Opiate receptor: Dem- 
onstration in nervous tissue. Science 179:101 i. 

QUINN, W.G., W.A. HARRIS, and S. BENZER. 1974. Condi- 
tioned behavior in Drosophila melanogaster. Proc. Natl. 
Acad. Sci. 71: 708. 

QOINN, W.G., P.P. SZIBER, and R. BOOKER. 1979. The 
Drosophila memory mutant amnesiac. Nature 277: 212. 

RASSMUSSEN, H., D.B.P. GOODMAN, and A. TENENHOUSE. 
1972. The role of cyclic AMP and calmodulin in cell acti- 
vation. CRC Crit. Rev. Biochem. 1: 95. 

RODBELL, M. 1980. The role of hormone-receptors and GTP- 
regulatory proteins in membrane transduction. Nature 
284: 17. 

Ross, E.M., A.C. HOWLETT, K.M. FERGUSON, and A.G. 
GILMAN. 1978. Reconstitution of hormone-sensitive 
adenylate cyclase activity with resolved components of the 
enzyme. J. Biol. Chem. 253: 6401. 

SALTER, R.S., M.H. KRINKS, C.B. KLEE, and E.J. NEER. 
1981. Calmodulin activates the isolated catalytic unit of 
brain adenylate cyclase. J. Biol. Chem. 256: 9830. 

SEAMON, K.B., W. PADGETT, and J.W. DALY. 1981. For- 
skolin: Unique diterpene activator of adenylate cyclase in 
membranes and in intact cells. Proc. Natl. Acad. Sci. 
78: 3363. 

SHOTWELL, S.L. 1983. Cyclic adenosine 3 ' 5 '  monophos- 
phate phosphodiesterase and its role in learning in Dro- 
sophila. J. Neurosci. 3: 739. 

SIEGEL, R.W. and J.C. HALL. 1979. Conditioned responses 
in courtship behavior of normal and mutant Drosophila. 
Proc. Natl. Acad. Sci. 76: 3430. 

SOLOMON, Y. 1979. Adenylate cyclase assay. Adv. Cyclic Nu- 
cleotide Res. 10: 35. 

TEMPEL, B.L. and M.S. LIVINGSTONE. 1981. A mutation in 
Drosophila that reduces dopamine and serotonin synthesis 
abolishes associative learning. Soc. Neurosci. Abstr. 
7: 351. 

TEMPEL, B.L. and W.G. QUINN. 1982. Mutations in the 
dopa-decarboxylase gene affect learning but not memory 
in Drosophila. Soc. Neurosci. Abstr. 8: 385. 

TEMPEL, B.L., N. BONINI, D.R. DAWSON, and W.G. QUINN. 
1983. Reward learning in normal and mutant Drosophila. 
Proc. Natl. Acad. Sci. 80: 1482. 

TOMPKINS, L., R.W. SIEGEL, D.A. GALLEY, and J.C. HALL. 
1983. Conditioned courtship in Drosophila and its media- 
tion by association of chemical cues. Behav. Genet. (in 
press). 

UZZAN, A. and Y. DUDAI. 1982. Aminergic receptors in 
Drosophila melanogaster: Responsiveness of adenylate 
cyclase to putative neurotransmitters. J. Neurochem. 
38: 1542. 

WALTERS, E.T. and J.H. BYRNE. 1983. Associative condi- 
tioning of single sensory neurons suggests a cellular 
mechanism for learning. Science 219: 405. 

WISE, R.A. 1978. Catecholamine theories of reward: A criti- 
cal review. Brain Res. 152: 215. 

 Cold Spring Harbor Laboratory Press on May 9, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


840 ACEVES-PIbIA ET AL. 

WRIGHT, T.R.F. 1977. The genetics of dopa decarboxylase 
and methyl dopa sensitivity in Drosophila melanogaster. 
Am. 7,ool. 17: 707. 

WRIGHT, T.R.F., R. STEWARD, K.W. BENTLEY, and P.N. 

ADLER. 1981. The genetics of dopa decarboxylase in Dro- 
sophila melanogaster. III. Effects of a temperature sensi- 
tive dopa decarboxylase deficient mutation in female fer- 
tility. Dev. Genet. 2: 223. 

 Cold Spring Harbor Laboratory Press on May 9, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


 10.1101/SQB.1983.048.01.086Access the most recent version at doi:
 1983 48: 831-840Cold Spring Harb Symp Quant Biol

 
E.O. Aceves-Piña, R. Booker, J.S. Duerr, et al.
 
Mutants

, Studied withDrosophilaLearning and Memory in 
 
 

References

 http://symposium.cshlp.org/content/48/831#related-urls
Article cited in: 
 

 http://symposium.cshlp.org/content/48/831.refs.html
at:
This article cites 55 articles, 25 of which can be accessed free

service
Email alerting

 here
clicksign up in the box at the top right corner of the article or

Receive free email alerts when new articles cite this article -

 http://symposium.cshlp.org/subscriptions
 go to: Cold Spring Harbor Symposia on Quantitative BiologyTo subscribe to 

Copyright © 1983 Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on May 9, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/lookup/doi/10.1101/SQB.1983.048.01.086
http://symposium.cshlp.org/content/48/831.refs.html
http://symposium.cshlp.org/content/48/831#related-urls
http://symposium.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=sqb;48/0/831&return_type=article&return_url=http://symposium.cshlp.org/content/48/831.full.pdf
http://symposium.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=sqb;48/0/831&return_type=article&return_url=http://symposium.cshlp.org/content/48/831.full.pdf
http://symposium.cshlp.org/subscriptions
http://symposium.cshlp.org/
http://www.cshlpress.com

