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1998.—Previous work on classical olfactory learning and memory in flies has suggested at least four distinct phases of mem-
ory consolidation. Similarly, our behavioral and pharmacological analyses also provided clear evidence for at least four phar-
macologically distinct memory phases in flies after operant conditioning. Anesthesia-resistant memory (ARM) is present be-
tween about 20 and 120 min after training, and susceptible to disruption by the ATPase deactivating chemicals such as
ouabain and ethacrynic acid (EA). Long-term memory (LTM) is activated at least 150 min after training, and can be dis-
rupted by protein synthesis inhibitors such as cycloheximide (CXM). In addition, a very short-term memory (pre-STM) is
demonstrated by feeding flies with potassium chloride (KCl), which has been shown to disrupt the short-term memory. These
observations confirm our previous argument that memory formation in flies involves an intricate, multiple-phase pathway of
consolidation. © 1998 Elsevier Science Inc.
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ONE common feature present in memory formation is that
memory, existing as a short-living disruptable form immedi-
ately after training, is consolidated within a few hours into a
long-lasting stable form. This consolidation processing is orga-
nized into phases, which are susceptible to disruption of a dif-
ferent group of amnestic agents, respectively. The multiple
phases emerge at different times after training, and their du-
ration and times of onset can vary with various tasks and spe-
cies (3,10,22,23,30,34,36,39,41,52,54,56,57).

Drosophila can learn a variety of associative tasks (32,35,50),
and their powerful genetics makes them a promising assay sys-
tem for genes important for learning and memory (8,28,32).
Learning behavior has been investigated in flies under operant
conditioning, which involves visual-pattern avoidance condition-
ing of individual tethered flies at a flight simulator (11,12,55,57).
In this novel learning task flies receive training and testing based

on their visual recognition or discrimination (55). In analogy
to the existing observations about memory consolidation [for
reviews, see (10)], our previous experiments have suggested
at least three distinct phases in memory formation after op-
erant conditioning: 1) anesthesia-sensitive memory (ASM),
which lasts about 20 min after training, and can be disrupted
by cold-anesthesia; 2) ARM, which is cold-anesthesia resis-
tant and protein synthesis insensitive; and 3) LTM, which is
protein synthesis dependent and can be disrupted by CXM
(57,58).

KCl, ouabain, EA, and CXM have been introduced as in-
hibitors of memory formation in various animals (13,22–
24,33,43,52,53). Our previous work has suggested that KCl
and CXM inhibit short-term memory (STM) and LTM, re-
spectively, and ouabain disrupts memory later than 20 min af-
ter operant conditioning (57,58). However, we did not pro-
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duce the full time courses of memory retention after applying
these disruptive drugs in most cases. Here we report results
from studies of investigating 1) concentration effects of oua-
bain and EA; 2) the retention time courses within the first 180
min after training in flies fed with ouabain as well as EA and
CXM, respectively; and 3) the existence of the pre-STM. The
present observations support the multiple-phase model of
memory consolidation proposed previously (57). In particu-
lar, the finding that memory reappears in EA-fed flies later
than 150 min after training suggests that LTM may be inde-
pendent of ARM.

 

METHOD

 

Flies

 

Drosophila of the wild-type strain “Berlin” were used
throughout. Flies were grown at (24 
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8

 

C in a 14 L:10 D cy-
cle with lights on at 0700 h and bred on standard corn meal/
molasses food medium (29). Single male flies were prepared
with a small hook of copper wire glued to their head and tho-
rax, and experiments were carried out on them subsequently
between 0800 and 2000 h the following day [for details, see
(55,57,58)]. Each sample point included 8–10 pairs of flies, i.e.,
the paired measures from two flies in which one fly had the
upright T and the other the inverted T associated with heat as
a negative reinforcement.

 

Drugs and Feeding Regimen

 

The drugs were KCl (75 mM; Beijing), ouabain (0.1, 0.5, or
1.0 mM; Sigma), EA (1, 2.5, or 5 mM; Sigma) and CXM (35
mM; Sigma). A detailed description of the feeding regimen
has been given previously (57). In brief, the flies, with their
head already glued to the thorax, were fed with KCl, ouabain,
EA, or CXM in 5% sugar solution (w/v), or sugar solution
alone (control) at (24–25)

 

8

 

C for about 12 h before training.
Individual flies were placed singly in small transparent cham-
bers with a filter paper on their bottom that had been soaked
in one of the above solutions. Immediately after training flies
were tested for learning acquisition, or fed the solution again
and measured for memory retention at a specific later time.

 

Learning Apparatus

 

The flight simulator has been described earlier (55,57).
Briefly, the simulator establishes normal negative feedback
between a fly’s yaw torque and angular velocity of a visual
panorama surrounding the animal [coupling coefficient K 

 

5
2

 

11

 

8

 

 (s10

 

2

 

10

 

 Nm)

 

2

 

1

 

; for details see (55)]. One single fly was
fixed to a torque meter measuring its yaw torque, placed in
the center of the vertical panorama illuminated from behind,
and allowed to control angular velocity of the panorama with
its own yaw torque in a negative feedback loop. The angular
position of the panorama was detected, and stored continu-
ously in a computer for the purpose of evaluation of the learn-
ing scores and for control of the reinforcer. The visual land-
marks consisted of four equally sized, T-shaped black
patterns; two of them (opposing quadrants) were inverted.
Negative reinforcement was provided by a microscope lamp
that was lit during training, but not during testing.

 

Conditioning Procedure

 

The first fly was always conditioned to avoid the upright T
paired with heat. The conditioning procedure consisted of one
pretraining session, one massed training session, one spaced

training session, and one 3-min test session (57). The pretrain-
ing session comprised three consecutive 2-min test periods
without heat, during which the fly learned how to stabilize the
panorama so as to improve its learning score (29). At the
same time it was tested for its spontaneous preference in re-
spect of the two visual patterns. The massed training session
was composed of three consecutive 6-min training cycles. Fol-
lowing this session, in a 10-min interval during which the
torque meter with the fly was lifted out of the panorama, the
fly was provided with the respective drug solution or sugar so-
lution alone soaked in a small piece of tissue. Subsequently,
the fly was lowered into the center of the panorama about 2
min before the spaced training session began. This session
consisted of three training-test cycles and one 6-min training
cycle as mentioned above. One training-test cycle comprised
two 2-min training periods and one 2-min test period. In the
test session the fly was tested for learning acquisition or mem-
ory retention without heat reinforcement. Before testing, the
panorama was set to a random position.

 

Evaluation of Data

 

The whole sequence of pattern motion for each fly was dig-
itally recorded on a computer. Performance indices (pattern
preference index before, avoidance index during, and learning
index after training) were calculated for a flight period as
PI 
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 indicating the time the fly
spent fixating the no-heat- and heat-associated quadrants, re-
spectively. The pattern preference index (PPI) was defined as
the maximal absolute PI (max|PI|) of the three PIs during the
pretraining session. The index is a measure of the fly’s ability
to stabilize the panorama (29), and reflects indirectly the fly’s
visual perception ability and visual discrimination (58). The
learning index (LI) during one 3-min test session or the avoid-
ance index (AI) during one 6-min training cycle was defined
as the average of PIs of two flies from one paired measure to
rule out any possible spontaneous pattern preference or
asymmetry of the setup (7,40,51,57). LI is a measure for the
pattern-specific avoidance behavior acquired from training;
i.e., the fraction of the time for the subject to avoid the heat-
associated pattern minus that for it to avoid the alternative
pattern during a test session. AI is a measure of the pattern-
specific avoidance behavior shown by the fly to avoid heat
punishment during training. Here, only behavioral perfor-
mance during the four training cycles (i.e., three in the massed
training session and the one in the spaced session) was used to
analyze its avoidance behavior.

Error bars in all figures indicated standard errors of the
mean (SEMs). Samples (

 

N

 

) for experiments using LIs or AIs
indicated the number of the paired measures from two flies;
samples (

 

n

 

) for experiments using PPIs indicated the number
of flies tested. Because PPIs as well as LIs and AIs as defined
above distribute normally (57,58), statistical significances of
the differences among two or more means of untransformed
(raw) data were assessed with analysis of variances (ANOVA);
if necessary, Tukey’s honestly significant difference method
(T-method) was used to assess unplanned pairwise compari-
sons between group means. Comparisons between the two
means were also assessed with Student’s 

 

t

 

-test (47).

 

RESULTS

 

Inhibitory Effect of Ouabain on Memory Formation

 

In the experiments of Fig. 1, the flies were fed with 0.2
(open circles), 0.5 (closed circles), or 1.0 (open squares) mM
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ouabain in 5% sugar solution, or sugar solution alone (con-
trol; closed squares) for 12 h before training, respectively;
then in each case they were tested for learning acquisition im-
mediately (0 min), or memory retention at 15 and 60 min after
training. A two-way ANOVA, with feeding REGIMEN and
TIME as main effects, indicated that the four feeding regi-
mens produced different effects on learning indices, 
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6.7, 
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,

 

 0.001, and regimen and time interacted, 
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(6, 84) 
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2.75, 
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,

 

 0.05. T-methods (
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 0.05) from separate one-way
ANOVAs confirmed that the three ouabain-feeding regimens
exerted no effect on learning acquisition and 15-min memory
retention, but significantly reduced 60 memory retention
when compared with the control. In addition, the two regi-
mens with 0.5 and 1.0 mM ouabain abolished memory at 60
min after training, 

 

t

 

(7) 

 

<

 

 0.44, 

 

p 

 

.

 

 0.7 for ouabain

 

1

 

 vs. zero.

 

Inhibitory Effect of EA on Memory Formation

 

The inhibition of memory was also studied by feeding flies
with 1.0 (open circles), 2.5 (closed circles), or 5.0 (open
squares) mM EA in 5% sugar solution. The conditioned per-
formance of the EA-fed flies paralleled that of the ouabain-
fed flies in most respects, and thus, very similar results were
obtained (Fig. 2). All the EA-fed flies produced the same
learning acquisition and 15-min memory retention as the con-
trol flies, 
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(14) 

 

<

 

 1.37, 
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.

 

 0.2 for all comparisons. However,
EA abolished 60-min memory retention in both the 2.5 and
5.0 mM groups, 

 

t

 

(7) 

 

<

 

 1.5, 

 

p 

 

.

 

 0.15 for EA vs. zero.

 

Disruptive Retention Course Following Ouabain- and 
EA-Feeding Regimens

 

Populations of flies were tested for learning acquisition (0
min), and 10, 30, 60, 120, 150, or 180 min memory retention
(Fig. 3), which had been fed with 5% sugar solution laced with
0.5 mM ouabain (closed circles) or 2.5 mM EA (open circles),
or sugar solution alone (closed squares) for about 12 h before
training. These experiments were all carried out under the
same general conditions, and the only difference was the re-
spective feeding procedures concerned. A two-way ANOVA,
with feeding regimen and time as main effects, indicated that
1) the three feeding regimens produced significantly different

effects on learning indices, 
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,

 

 0.001, and 2)
procedure and time interacted, 
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(12, 168) 
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 2.94, 
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,

 

 0.01.
Ouabain exerted no effect on learning acquisition, 
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(16) 

 

5

 

0.23, 
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 0.8, and 10-min memory retention, 
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(16) 
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 0.47, 
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0.65, but significantly reduced 30-min memory retention,
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 4.1, 

 

p 

 

,

 

 0.001, when compared with the control. Then
memory was abolished at 60 min, 
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(8) 
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 1.12, 
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5

 

 0.3, for
ouabain

 

1

 

 vs. zero) and no recovery of memory could be de-
tected at least 180 min after training. Thus, ouabain may have
no effect on STM, which is normally available within 20 min
(58), but abolish memory formation later than 30 min after
training.

EA exerted a similar effect on conditioned performance of
flies within the first 120 min (i.e., leaving learning acquisition

FIG. 1. Memory inhibition by ouabain. Different groups of flies were
tested for learning acquisition or memory retention at 15 or 60 min
after training, which were fed 0.2 (open circles), 0.5 (closed circles),
or 1.0 mM (open squares) ouabain or sugar solution alone (control;
closed squares) for at least 12 h before training. N 5 8 for each group.

FIG. 2. Memory inhibition by EA. Populations of flies, fed with 5%
sugar solution laced with 1.0 (open circles), 2.5 (closed circles), or 5.0
mM EA (open squares), or sugar solution alone (control; closed
squares) for more than 12 h before training, were tested for learning
acquisition or 15- and 60-min retention. N 5 8 for each group.

FIG. 3. Retention time course of memory in flies subjected to oua-
bain or EA feeding regimens. Populations of flies were fed with 0.5
mM ouabain (ouabain1; closed circles), or 2.5 mM EA (EA1; open
circles) in 5% sugar solution or sugar solution alone (control; closed
squares) for at least 12 h before training and then measured for learn-
ing acquisition or memory retention at 10, 30, 60, 120, 150, or 180 min
after training. Another group of flies (open triangle with *; n 5 7) was
tested for 90-min retention without being fed with EA immediately
after training. n 5 9 for all other groups.
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and STM undisturbed, but abolishing memory later than 30
min) after training. However, the EA-fed flies showed normal
150 and 180 min memory retention as the control, 

 

t

 

(16) 

 

<

 

 1.1;

 

p 

 

.

 

 0.3. Because LTM has been shown to be activated not
later than 180 min (57), the observation indicates that it may
be unaffected by this EA-feeding regimen.

The reappearance of memory in the EA-fed flies suggests
that parallel processes may be involved in memory consolida-
tion after operant conditioning. Otherwise, it will be neces-
sary to explain why memory in the EA-fed flies reappeared
later than 150 min after training. Due to the reappearance of
memory, the action of EA cannot be attributed to effect on
retrieval mechanisms. The second possibility is that the inhib-
itive effect of EA may diminish over time more quickly than
that of ouabain, and 150 min after training may be beyond the
acting time of EA. If so, it would be expected that the 90-min
retention should be unaffected without introducing the drug
immediately after training (one should keep in mind that the
flies were usually fed the drug again immediately after train-
ing when tested for memory retention). The time interval of
90 min was obtained by subtracting 60 min (i.e., the duration
of conditioning) from 150 min. However, their 90-min reten-
tion was near zero [open triangle in Fig. 3; 

 

t

 

(6) 
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 0.95, 
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0.35] when the flies were not fed with EA immediately after
training.

 

Disruptive Retention Course Following 
CXM-Feeding Regimen

 

The observation that EA left 150-min retention intact, sug-
gests the following experiments to test whether memory for-
mation at 150 min after training is protein synthesis depen-
dent. The flies were fed with 35 mM CXM (open circles) in
5% sugar solution, or sugar solution alone (closed circles) for
12 h before training, and then tested for learning acquisition
or memory retention at 60, 120, 150, or 180 min after training
(Fig. 4). CXM left learning acquisition and memory within the
first 120 min after training undisturbed, 
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 0.53, 
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for CXM
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 vs. control, but abolished memory starting after 150
min, 
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(8) 

 

<

 

 1.14, 
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 0.25 for CXM

 

1

 

 vs. zero]. The result ex-

tends our previous argument that the protein synthesis-depen-
dent LTM is activated later than 180 min after training (57).

 

Effect of KCl on Memory within the First 10 Min 
after Training

 

After fed with 75 mM KCl (closed circles), or 2.5 mM EA
(open circles), or sugar solution alone (closed squares), re-
spectively, different groups of flies were measured for learn-
ing acquisition or memory retention within the first 10 min af-
ter training (Fig. 5) with the test session shortened to 1 min. A
two-way ANOVA, with feeding regimen and testing time as
main effects, indicated that the three regimens produced dif-
ferent effects on learning indices, 
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(2, 105) 
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 28.5, 
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,

 

 0.001.
T-methods (

 

a
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 0.05) from separate one-way ANOVAs indi-
cated that 1) EA had no effects on learning indices at all
tested times; and 2) KCl exerted no effect on learning indices
at 0 and 1 min, but significantly diminished memory later than
3 min when compared with sugar feeding. In addition, learn-
ing index at 10 min was near zero, 

 

t

 

(7) 

 

5

 

 0.36, 

 

p 

 

.

 

 0.7. Along
with our previous observation that KCl feeding abolished
memory starting from 5 min after training and no recovery of
memory was detected 180 min later (58), KCl appeared to dis-
rupt memory later than 3 min, but left the acquired heat-
avoidance behavior undisturbed within the first 3 min after
training.

 

Pattern Preference and Avoidance Behavior Unaffected by the 
Drugs Used

 

Pattern preference indices (PPIs) and avoidance indices
(AIs) of the flies were shown in Fig. 6, which were fed with 0.5
mM ouabain (stripped columns), 2.5 mM EA (stippled col-
umns), 35 mM CXM (crossed columns), 75 mM KCl (white
columns) in 5% sugar solution, or sugar solution alone (gray
ones) for 12 h before training. As for PPIs of flies (Fig. 6a), a
one-way ANOVA with group as main effect revealed no sig-
nificant between group effect, 
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(4, 95) 

 

5

 

 0.29, 

 

p 

 

.

 

 0.2. This
may suggest that these drugs exert no effect on visual percep-
tion and visual discrimination of the flies so that they can sta-
bilize the panorama as well as the control flies, producing nor-

FIG. 4. Retention time course of memory in flies fed with CXM. The
flies were tested for learning acquisition or memory retention at 60,
120, 150, or 180 min after training. These flies had been fed 5% sugar
solution laced with 35 mM CXM (open circles), or sugar solution
alone (control; closed circles) for at about 12 h before training. CXM
has been shown to disrupt memory at 180 and 12 3 60 min after train-
ing (59). n 5 9 for each group.

FIG. 5. Effects of KCl and EA on memory within the first 10 min
after training. The flies were measured for learned avoidance behav-
ior immediately (0 min), 1, 3, 5, or 10 min after training when fed with
75 mM (closed circles) or 2.5 mM EA (open circles) in 5% sugar solu-
tion, or sugar solution alone (control; closed squares) for about 12 h
before training. N 5 9 for each group.
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mal pattern preferences. A two-way ANOVA, with feeding
regimen and training CYCLE as main effects, indicated that
1) the five feeding regimens produced no different effect on
AIs of flies (Fig. 6b) 

 

F

 

(4, 160) 

 

5

 

 0.23, 

 

p 

 

.

 

 0.2, and 2) the four
training cycles produced different effects on AIs, F(3, 160) 5
8.2, p , 0.001. This indicates that these drugs exert no effect
on flies’ heat avoidance behavior and learning performance
[referred to significant improvement in AIs with training, see
(57)] so that flies performed normally during training.

DISCUSSION

Because flies were fed with the drugs for at least 12 h be-
fore training, these inhibitors should act during training and
interfere with the brain in a variety of ways. To confirm an ef-
fect on memory, it is necessary to separate the behavioral def-
icits due to disruptive memory from those caused by nonspe-
cific effects of inhibitors on the flies’ visual perception or heat
sensation or learning performance necessary for normal mem-
ory formation. All the disruptive drugs produced no effect on
flies’ spontaneous pattern preferences during pretraining, in-
dicating that visual perception as well as discrimination, and
the motor behavior of the flies were not disturbed (58). In ad-
dition, they exerted no effect on avoidance indices of flies
during training. This may indicate that the drug-fed flies could
normally avoid the heat-associated pattern, and associate it
with heat, and improve their avoidance behavior based on
their “experience” acquired or learned from the preceding
training [for details, see (57,58)]. Finally, the drugs left learn-
ing acquisition intact measured immediately after training,
suggesting that the drug-fed flies acquired the heat-pattern as-
sociation presented during training. Taken together, all these
inhibitors along with the feeding regimens do not interfere
with subsequent neural function such as sensory perception
and learning ability of flies.

Because no retention deficits were observed at 15 min for
both ouabain and EA, and later than 150 min again for EA,
and within the first 120 min for CXM after training, the inhib-
itive action of these drugs cannot be attributed, at least solely,
to effects on retrieval mechanism. KCl has also been shown to
interfere with memory formation, rather than memory re-
trieval (58). Therefore, the drugs should act by relatively spe-
cific biochemical mechanisms but not by rough disorganiza-
tion of brain function, and the only reasonable explanation of
their effects should be a specific disruption of some memory
phase(s).

Ouabain and EA all left 10 and 15 min retention intact, but
abolished memory starting after 30 min [i.e., at a time beyond
the duration of STM, see (58)]. In addition, no recovery of
memory was detected 90 min later when memory cannot be
disrupted by CXM (57). Therefore, the memory phase inhib-
ited by ouabain and EA may be ARM, which is normally
available between 20 and 150 min after training and insensi-
tive to cold anesthesia and protein synthesis (57,58). This in-
terpretation confirms our previous argument that the ATPase
deactivating chemicals such as ouabain interfere with ARM
through the inhibition of the sodium–potassium interchange
(58). The common action of ouabain and EA is their inhibi-
tion of Na1/K1 ATPase and thereby interference with the ac-
tive transport of sodium and potassium across cell membrane
(20,26). However, their inhibitive effect on memory in flies is
different from that in chicks or rats trained with various tasks
(3,19,21,23,24,43). In particular, ouabain, injected intracrani-
ally up to 5 min after training, induced amnesia at least 10 min

after one-trial passive-avoidance training, corresponding to
the appearance of middle-term memory (23,39).

The fact that both ouabain and EA interfered with ARM
in flies in the almost same way as they did for middle-term
memory (MTM) in chicks and rats (3,23,39) suggests that
MTM may be ARM in this learning paradigm. However,
MTM and ARM are different memory phases, and the later
has been considered to be a long-lasting memory form in ol-
factory learning in flies (10,52). In addition, single-gene mu-
tant amnesiac has a diminishing effect on memory between 20
and 90 min, but no effect on memory later than 90 min after
operant visual learning (Gong et al., in preparation). If the
mutant interferes only with MTM in visual learning as in ol-
factory learning (52), MTM may be detected between 20 and
90 min after operant training. Nevertheless, we are still unable
to test whether the ATPase deactivating chemicals interfere
with MTM or ARM by observing the appearance of ARM
with or without the drugs in cold anesthesia experiments. The
reason is that no memory can be detected between 20 and 150
min after training in ouabain- or EA-fed flies (Fig. 4). Before
we have the direct evidence to clarify the issue, we would like
to argue that sodium pump activity may be involved in the
formation of ARM, and the inhibition of sodium-potassium
interchange is the important effect of the ATPase deactivat-
ing chemicals on memory in flies [also see (58)].

FIG. 6. Pattern preference indices (PPIs) and avoidance indices (AIs)
of flies subjected to five different feeding regimens (for details see
text). (a) PPIs of the flies. n 5 20 flies for each group. (b) AIs of the
flies during the four training cycles. n 5 9 for each group.
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However, ouabain and EA acted differently. Ouabain
abolished memory later than 30 min, and no recovery of
memory could be detected 150 min later when LTM is nor-
mally available (57). EA also interfered with memory be-
tween 15 and 150 min, but memory reappeared spontaneously
later than 150 min after training. The reappearance of mem-
ory in EA-fed flies suggests memory consolidation may in-
volve both sequential and parallel processes, and the forma-
tion process underlying LTM may be independent of that of
ARM. EA is further assumed to disrupt ARM specifically,
but leave STM and LTM undisturbed. The specific effect of
EA on a memory phase is also found in some previous reports
(3,19,43). However, the memory phase affected specifically by
EA is STM in chicks when assayed in a visual discrimination
paradigm or in rats assayed in an active-avoidance paradigm.
It may be significant that EA was not fed but injected intrac-
ranially or intracisternally in these investigations. As for oua-
bain disrupting both ARM and LTM, it may interfere with
LTM through other unknown mechanisms. It has been shown,
for example, that ouabain has inhibitory action on protein
synthesis presumably by affecting ionic conditions (53). This
action may cause that ouabain prevents the formation of
LTM. On the other hand, independence of ARM and LTM
does not logically imply that the formation process underlying
LTM occurs completely in parallel with that underlying
ARM. Thus, though a valid explanation of the different ef-
fects by ouabain and EA is missing and requires further ex-
periments, we would like to argue that EA disrupts ARM spe-
cifically and the formation of LTM is independent of ARM.
This idea agrees well with the findings drawn from the classi-
cal olfactory experiments where at least two genetically dis-
tinct, functionally independent components of the long-lasting
memory have been suggested: a CXM-insensitive ARM, and
a CXM-sensitive LTM (52).

Results about CXM-induced retrograde amnesia agree with
the notion that the appearance of consolidated (i.e., long-term)
memory is protein synthesis dependent (2,4,17,39,44,48,52).
The dependence of LTM formation on protein synthesis is
consistent with the neurobiological view that memory consoli-
dation reflects the establishment of long-lasting structural
changes in synaptic morphology (5,6,27,38,49). It can also be
deduced from these experiments that LTM may be activated
not later than 150 min after training. These data demonstrate
that flies may relay on protein synthesis-dependent processes
to remember the operant “experience” acquired from training
for longer time.

We have discussed that STM is normally available about 3
min after training, and susceptible to inhibition of the depo-
larizing drugs such as KCl (58). When analyzed in more detail,
KCl exerted no effect on learning indices measured within the
first 3 min, but disrupted memory later than 3 min after train-
ing. In addition, hypoxia disrupted memory only when it was
introduced within the first 2 min after training (59). These ob-
servations appear to suggest a very short-living sensory buffer
or memory phase that precedes STM and lasts only about 2
min following training. The idea is not entirely new that there
may exist a pre-STM. Allweis and Rosenzweig et al. have pos-
tulated its existence in their multiple-phase models of mem-
ory consolidation independently by using different species,
tasks, and inhibitive agents (3,45). In honeybee proboscis ex-
tension response conditioning, STM has been identified in
part with a nonassociative memory component, which may be
another “version” of pre-STM (30).

KCl interfered with STM (58), but left learning indices
measured within the first 3 min after training unaffected. Both

ouabain and EA disrupted ARM, and the former also inhib-
ited LTM. CXM abolished LTM with no effect on ASM and
ARM. Our data obtained until now are consistent with a four-
phase model of memory consolidation with approximate du-
ration of each phase as follows: 1) a very short-living sensory
buffer or memory phase (i.e., pre-STM), which lasts up to
only about 2 min following training and is KCl insensitive; 2)
STM, which lasts about 20 min after training and is suscepti-
ble to disruption of the depolarizing drugs such as KCl and
lithium chloride; 3) ARM, which is normally available be-
tween 15 and 150 min after training and susceptible to disrup-
tion of sodium pump inhibitors such as ouabain and EA; and
4) LTM, which is activated at least 150 min after training and
susceptible to inhibition of protein synthesis inhibitors such as
CXM (Fig. 7). The demonstration of ARM and LTM is conso-
nant with the multiphasic consolidation model proposed for
olfactory learning (10,52). The result, that LTM formed even
in the absence of ARM in EA-feeding experiments, is also
consistent with the analyses of the single-gene mutant radish
that disrupts ARM but leaves LTM intact (52).

In the case of olfactory learning, ASM is subdivided into
STM and MTM based on behavioral analyses of single-gene
mutants and on the disruptive effects of reversal training in
wild-type flies (52). However, our results indicate that ASM is
decomposed into two memory phases, and the later one can
be disrupted by the depolarizing chemicals such as KCl. The
later phase has been named STM (58) to be consistent with
the similar pharmacological experiments in chicks where the
depolarizing chemicals interfere with STM (22,23,39). Be-
cause the cellular components underlying learning and mem-
ory appear to be conserved across species [for reviews see
(10)], it will be even more difficult to explain why the depolar-
izing chemicals disrupt MTM in flies, but STM in chicks if we
choose to subdivide ASM into STM and MTM. Until now we
have no direct experiments to explain this apparent discrep-
ancy. Future experiments may help to clarify the issue with
KCl to disrupt memory in Drosophila olfactory learning. The
second discrepancy is that ouabain and EA disrupt ARM in

FIG. 7. The putative memory phases in flies assayed in operant visual
learning. The consolidation processing involves several temporal
phases: pre-STM, STM, ARM, and LTM. Among them, pre-STM,
STM, and LTM may be derived directly from training [also see (59)];
ARM may be derived from the earlier memory phases (i.e., pre-STM
and STM). A line indicting MTM (maybe present between 20 and 90
min) was dotted, for we had no direct experiments to identify its
existence (see text).
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this visual learning task (see above), but MTM in a visual dis-
crimination paradigm in chicks (22,39). Finally, although our
results suggest the existence of ARM and LTM, duration and
time of onset of each phase are very different from those in ol-
factory learning (10,52). Whether these discrepancies are in-
duced by the different training procedures and sensory mo-
dality remains to be determined.

Nevertheless, this multiple-phase model of memory con-
solidation broadly agrees with the notion that memory forma-
tion involves an intricate, multiple-phase consolidation path-
way. In both chicks and rats, injection of a wide variety of
amnestic agents after training reveals three distinct periods of
amnesia, corresponding to the temporal appearances of STM,
MTM, and LTM (3,39,46). The brief dips in memory retention
present at the predicted phase transitions provide direct behav-
ioral support for these pharmacological divisions (3,23,25,39).
In Aplysia cell culture models of synaptic facilitation reveal
short- and long-term phases of memory and suggest that they
are independent functionally (16,37). In Drosophila, the be-
havioral, pharmacological, and genetic analyses demonstrate
at least four distinct forms of memory for olfactory learning
(10,28,52,60). The similarity in the consolidation of memory

formation suggests that the basic mechanisms underlying
learning and memory are broadly similar in invertebrates and
vertebrates.

The present results lend new evidence to the consolidation
hypothesis of memory formation [for reviews see (10)] and
support our previous main findings (57,58). The appearance
of distinct phases in the consolidation pathway of memory
should open up new possibilities for understanding memory
formation in flies. With this learning paradigm, we now investi-
gate other inhibitive agents, and memory formation in mutants
isolated in the olfactory learning paradigm (1,14,15,18,42,60), in
structural mushroom body mutants (31), and in flies with
chemically ablated mushroom bodies (9).

ACKNOWLEDGEMENTS

This research was supported by the National Natural Science
Foundation of China (69435013). We are grateful to Mr. K. Goetz for
his most appreciated comments and suggestions on a preliminary ver-
sion of the manuscript and supplying us with some parts of the flight
simulator; to Mr. R. Wolf for his valuable help with the setup of the
flight simulator; to Mr. T. Tully for discussions, and to Mr. M. Heisen-
berg for communications.

REFERENCES

1. Aceves-Pina, E. O.; Quinn, W. G.: Learning in normal and
mutant Drosophila larvae. Science 206:93–95; 1979.

2. Akahane, R.; Amakawa, T.: Stable and unstable phase of mem-
ory in classically conditioned fly, Phormia regina: Effects of nitro-
gen gas anesthesia and cycloheximide injection. J. Insect Physiol.
29:331–337; 1983.

3. Allweis, C.: The congruity of rat and chick multiphasic memory-
consolidation models. In: Andrew, R. J., ed. Neural and behav-
ioral plasticity: The use of the domestic chick as a model. New
York: Oxford University Press; 1991:370–393.

4. Andrew, R. J.: The functional organization of phases of memory
consolidation. In: Hinde, R. A.; Beer, C.; Bunsel, M., eds.
Advances in the study of behavior, vol. 11. New York: Academic
Press; 1980:337–367.

5. Bailey, C. H.; Kandel, E. R.: Structural changes underlying long-
term memory storage in Aplysia: A molecular perspective.
Semin. Neurosci. 6:35–44; 1994.

6. Buonomano, D. V.; Byrne, J. H.: Long-term synaptic changes
produced by a cellular analog of classical conditioning in Aplysia.
Science 249:420–423; 1990.

7. Carew, T. J.; Hawkins, R. D.; Kandel, E. R.: Differential classical
conditioning of a defensive withdrawal reflex in Aplysia califor-
nica. Science 219:397–400; 1983.

8. Davis, R. L.: Mushroom bodies and Drosophila learning. Neuron
11:1–14; 1993.

9. de Belle, J. S.; Heisenberg, M.: Associative odor learning in
Drosophila abolished by chemical ablation of mushroom bodies.
Science 263:692–695; 1994.

10. DeZazzo, J.; Tully, T.: Dissection of memory formation: From
behavioral pharmacology to molecular genetics. Trends. Neuro
18:212–218; 1995.

11. Dill, M.; Wolf, R.; Heisenberg, M.: Visual pattern recognition in
Drosophila involves retinotopic matching. Nature 365:751–753;
1993.

12. Dill, M.; Wolf, R.; Heisenberg, M.: Behavioral analyses of Droso-
phila landmark learning in the flight simulator. Learn. Mem.
2:537–563; 1995.

13. Dudai, Y.: Properties of learning and memory in Drosophila mel-
anogaster. J. Comp. Physiol. A 114:69–89; 1977.

14. Dudai, Y.; Jan, Y. N.; Byers, D.; Quinn, W. G.; Benzer, S.: Dunce,
a mutant of Drosophila deficient in learning. Proc. Natl. Acad.
Sci. USA 73:1684–1688; 1976.

15. Dura, J.-M.; Preat, T.; Tully, T.: Identification of linotte, a new

gene affecting learning and memory in Drosophila melanogaster.
J. Neurogenet. 9:1–14; 1993.

16. Emptage, N. J.; Carew, T. J.: Long-term synaptic facilitation in
the absence of short-term facilitation in Aplysia neurons. Science
262:253–256; 1993.

17. Flood, J. F.; Bennett, E. L.; Orme, A. E.; Jarvik, M. E.: Protein
synthesis dependent gradient of ECS retrograde amnesia. Behav.
Biol. 21:307–328; 1977.

18. Folkers, E.; Drain, P.; Quinn, W. G.: Radish, a Drosophila
mutant deficient in consolidation memory. Proc. Natl. Acad. Sci.
USA 90:8123–8127; 1993.

19. Frieder, B.; Allweis, C.: Memory consolidation: Further evidence
for the four-phase model from the time-course of diethyldithio-
carbamate and ethacrynic acid amnesia. Physiol. Behav. 29:1071–
1075; 1982.

20. Gibbs, M. E.; Jeffrey, P. L.; Austin, L.; Mark, R. F.: Separate bio-
chemical actions of inhibitors of short- and long-term memory.
Pharmacol. Biochem. Behav. 1:693–701; 1973.

21. Gibbs, M. E.; Barnett, J. M.: Drug effects on successive discrimi-
nation learning in young chickens. Brain Res. Bull. 1:203–208;
1976.

22. Gibbs, M. E.; Ng, K. T.: Memory formation: A new three-stage
model. Neurosci. Lett. 2:165–169; 1976.

23. Gibbs, M. E.; Ng, K. T.: Psychobiology of memory: Towards a
model of memory formation. Biohav. Rev. 1:113–136; 1977.

24. Gibbs, M. E.; Ng, K. T.: Memory formation for an appetitive
visual discrimination task in young chicks. Pharmacol. Biochem.
Behav. 8:271–276; 1978.

25. Gibbs, M. E.; Ng, K. T.: Behavioral stages in memory formation.
Neurosci. Lett. 13:279–283; 1979.

26. Glynn, I. M.; Karliss, S. J. D.: The sodium pump. Annu. Rev.
Physiol. 37:13–55; 1975.

27. Greenough, W. T.: Structural correlates of information storage in
the mammalian brain: A review and hypothesis. Trends Neurosci.
7:229–283; 1984.

28. Greenspan, R. J.: Flies, genes, learning, and memory. Neuron
15:747–750; 1995.

29. Guo, A. K.; Liu, L.; Xia, S. Z.; Feng, C. H.; Wolf, R.; Heisenberg,
M.: Conditioned visual flight orientation in Drosophila: Depen-
dence on age, practice and diet. Learn. Mem. 3:49–59; 1996.

30. Hammer, M.; Menzel, R.: Learning and memory in the honeybee.
J. Neurosci. 15:1617–1630; 1995.

31. Heisenberg, M.; Borst, A.; Wagner, S.; Byers, D.: Drosophila



816 XIA, FENG AND GUO

mushroom body mutants are deficient in olfactory learning. J.
Neurogenet. 2:1–30; 1985.

32. Heisenberg, M.: Genetic approach to learning and memory
(mnemogenetics) in Drosophila melanogaster. In: Rahmann, B.,
ed. Fundamentals of memory formation: Neuronal plasticity and
brain function. Stuttgart: Gustav Fischer Verlag; 1989:3–45.

33. Mark, R. F.; Watts, M. E.: Drug inhibition of memory formation
in chickens I. Long-term memory. Proc. R. Soc. Lond. B 178:439–
454; 1978.

34. McGaugh, J. L.; Herz, M. J.: Memory consolidation. San Fran-
cisco: Albion Press; 1972.

35. McGuire, T. R.: Learning in three species of Diptera: the blow fly
Phormia regina, the fruit fly Drosophila melanogaster and the
house fly Musca domestica. Behav. Genet. 14:479–526; 1984.

36. Menzel, R.; Hammer, M.; Mauelshagen, J.: Memory stages in the
honey bee. In: Elsner, N.; Roth, G., eds. Brain—perception—
cognition: Proceedings of the 18th Goettingen Neurobiology
Conference. Stuttgart: Georg Thieme Verlag; 1990:111–119.

37. Montarolo, P. G.; Goelet, P.; Castellucci V. F.; Morgan, J.; Kan-
del, E. R.; Schacholer, S.: A critical period for macromolecular
synthesis in long-term heterosynaptic facilitation in Aplysia. Sci-
ence 234:1249–1254; 1986.

38. Nazif, F. A.; Byrne, J. H.; Cleary, L. J.: cAMP induces long-term
morphological changes in sensory neurons of Aplysia. Brain Res.
539:324–327; 1991.

39. Ng, K. T.; Gibbs, M. E.: Stages in memory formation: A review.
In: Andrew, R. J., ed. Neural and behavioral plasticity: The use of
the domestic chick as a model. New York: Oxford University
Press; 1991:351–369.

40. Quinn, W. G.; Harris, W. A.; Benzer, S.: Conditioned behavior in
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 71:708–712;
1974.

41. Quinn, W. G.; Dudai, Y.: Memory phases in Drosophila. Nature
262:576–577; 1976.

42. Quinn, W. G.; Sziber, P. P.; Booker, R.: The Drosophila memory
mutant amnesiac. Nature 277:212–214; 1979.

43. Rogers, L. J.; Oettinger, R.; Szer, J.; Mark, R. F.: Separate chemi-
cal inhibitors of long-term and short-term memory: Contrasting
effects of cycloheximide, ouabain and ethacrynic acid on various
learning tasks in chickens. Proc. R. Soc. Lond. A 196:171–195; 1977.

44. Rosenzweig, M. R.; Bennett, E. L.: Direct processes and modula-
tory influences in the stages of memory formation. In: Lynch, G.;
McGaugh, J. L.; Weinberger, N. M., eds. Neurobiology of learn-
ing and memory. New York: Guilford Press; 1984:263–288.

45. Rosenzweig, M. R.; Bennett, E. L.; Martinez, J. L., Jr.; Beniston,
D.; Colombo, P. J.; Lee, D. W.; Patterson, T. A.; Schulteis, G.;
Serrano, P. A.: Stages of memory formation in the chick: Findings

and problems. In: Andrew, R. J., ed. Neural and behavioral plas-
ticity: The use of the domestic chick as a model. New York:
Oxford University Press; 1991:394–418.

46. Rosenzweig, M. R.; Bennett, E. L.; Colombo, P. J.; Lee, D. W.;
Serrano, P. A.: Short-term, intermediate-term, and long-term
memories. Behav. Brain Res. 57:193–198; 1993.

47. Sokal, R. R.; Rohlf, F. J.: Biometry. San Francisco: Freeman
Press; 1969.

48. Sqire, L. R.; Davis, L. P.; Spanis, C. W.: Neurobiology of amnesia.
Science 209:836–837; 1980.

49. Stewart, M. G.: Changes in dendritic and synaptic structure in
chick forebrain consequent on passive avoidance learning. In:
Andrew, R. J., ed. Neural and behavioral plasticity: The use of
the domestic chick as a model. New York: Oxford University
Press; 1991:305–328.

50. Tully, T.: Drosophila learning: Behavior and biochemistry.
Behav. Genet. 14:527–557; 1984.

51. Tully, T.; Quinn, W. G.: Classical conditioning and retention in
normal and mutant Drosophila melanogaster. J. Comp. Physiol.
A 157:263–277; 1985.

52. Tully, T.; Preat, T.; Boynton, S. C.; Del Vecchio, M.: Genetic dis-
section of consolidated memory in Drosophila. Cell 79:35–47;
1994.

53. Watts, M. E.; Mark, R. F.: Drug inhibition of memory formation
in chickens. II. Short-term memory. Proc. R. Soc. Lond. B
178:455–464; 1971.

54. Wolf, R.; Heisenberg, M.: Visual orientation in motion-blind flies
is an operant behavior. Nature 323:154–156; 1986.

55. Wolf, R.; Heisenberg, M.: Basic organization of operant behavior
as revealed in Drosophila flight orientation. J. Comp. Physiol. A
169:699–705; 1991.

56. Xia, S. Z.; Jia, L.; Liu, L.; Feng, C. H.; Guo, A. K.: Operant visual
learning and memory retention in Drosophila melanogater. Prog.
Natural Sci. 1:48–55; 1997.

57. Xia, S. Z.; Liu, L.; Feng, C. H.; Guo, A. K.: Memory consolida-
tion in Drosophila operant visual learning. Learn. Mem. 4:205–
218; 1997.

58. Xia, S. Z.; Liu, L.; Feng, C. H.; Guo, A. K.: Drug disruption of
short-term memory in Drosophila melanogaster. Pharmacol. Bio-
chem. Behav. 58:727–735; 1997.

59. Xia,, S. Z.; Feng, C. H.; Guo, A. K.: Temporary amnesia induced
by cold-anesthesia and hypoxia in Drosophila. Physiol. Behav. (in
press).

60. Yin, J. C. P.; Wallach, J. S.; Del Vecchil, M.; Wilder, E. L.; Zhou,
H.; Quinn, W. G.; Tully, T.: Induction of a dominant negative
CREB transgene specifically blocks long-term memory in Droso-
phila. Cell 79:49–58; 1994.


