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Abstract. Progress towards amelioration and eventual
cure of human cognitive disorders requires understanding
the molecular signaling mechanisms that normally gov-
ern learning and memory. The fly Drosophila melano-
gaster has been instrumental in the identification of mol-
ecules and signaling pathways essential for learning and
memory, because genetic screens have produced mutants
in these processes and the system facilitates integrated
genetic, molecular, histological and behavioral analyses.
We discuss the behavioral paradigms available to assess

associative learning and memory in the fly, the contribu-
tions learning and memory mutants have made to our un-
derstanding of the molecular mechanisms that govern
learning and memory, and predictions stemming from the
nature of the affected genes. Furthermore, we consider
the multiple well-established behavioral assays available
and the powerful molecular genetics of the fly with regard
to development of models of human cognitive disorders
and their pharmacological treatment.
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Introduction

The ability to modify behavioral responses dependent on
experience (learning) and retention of this change for
variable lengths of time (memory) characterize all animal
species. Learning and memory can be viewed from a ge-
neticist’s perspective as (complex) biological traits sub-
ject to genetic dissection. The genetic basis of behavioral
traits such as geotaxis had been recognized, and analyses
were initiated using Drosophila melanogaster as early as
the 19607 [1, 2] because its hereditary mechanics were
largely known and it was easy to propagate large numbers
of genetically identical animals. Isolation of single-gene
mutants in behavioral traits such as phototaxis and circa-
dian rhythmicity [3-5] was followed by the demonstra-
tion that Drosophila can be conditioned, the proposal that
single gene mutants perturbing normal learning and
memory can be isolated [6] and the identification of the
first such mutant dunce [7]. This initial breakthrough was
followed by 3 decades of searching for genes involved in
learning and memory capitalizing on the sophisticated
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Drosophila molecular and classical genetics (additional
recent reviews [§—11]).

Modern behavioral analyses are facilitated by the devel-
opment of sophisticated transgenic molecular tools, me-
diating temporal and spatial specific regulation of trans-
gene expression. Recent development of transgenic sys-
tems that allow simultaneous tissue and temporal specific
regulation of gene expression [12, 13] promise to advance
our understanding of learning and memory far beyond
gene discovery brought by neurogenetic analyses to date.

Learning and memory paradigms in Drosophila

Benzer’s proposal that the biological processes governing
learning and memory can be revealed by mutant analyses
was followed by genetic screens aiming to identify mu-
tants in the processes. Searching for learning mutants is
unlike mutant screens aiming to isolate developmental or
anatomical mutants which focus on visible aberrations.
Failure to learn (or remember) is a phenotype inferred
from the behavioral responses of the flies. Learning pre-
cipitates changes in the representations of stimuli in the
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nervous system. These changes are assessed by the ani-
mals’ performance in tasks designed to evaluate these
new learning-induced stimulus representations. However,
performance is an indirect measure and not always an ac-
curate estimate of an animal’s actual learning and mem-
ory. Performance in the test task may not appear signifi-
cantly changed immediately after behavioral training, in-
dicating no learning-dependent behavioral change; but if
memory of the same experience exists, it clearly indicates
that learning actually occurred [14]. Nevertheless, pro-
vided they are not deficient in sensory modalities re-
quired to perceive and process the stimuli, animals unable
to (sufficiently) modify their response to the conditioned
stimuli are potential mutants. Drosophila are capable of
learning in a variety of positively or negatively reinforced
associative or non-associative tasks utilizing olfactory,
visual and tactile stimuli, and remember what they are
taught for a significant portion of their lives (reviewed in
[15, 16]). There are two predominant behavioral para-
digms used to assess associative learning and memory in
Drosophila, olfactory and courtship conditioning. We
will not discuss non-associative learning paradigms in
this review, but they are summarized in [15].

Quinn, Harris and Benzer developed a negatively rein-
forced operant conditioning paradigm (QHB paradigm)
[6] where flies learn to selectively avoid one of two
odors they encounter which has been paired with electric
footshock. A second, more robust, negatively reinforced,
Pavlovian conditioning assay was established later [17,
18]. The odor (conditioned stimulus CS) is presented con-
currently with multiple electric footshocks (uncondi-
tioned stimulus US), followed by another odor in the ab-
sence of the footshock reinforcer. Learning is significant-
ly higher in this paradigm, and memory of the association
is retained for at least 24 h. The training cycle can be re-
peated sequentially (massed), or with a rest period be-
tween cycles (spaced), with the latter resulting in memory
of the association that can last 5—7 days [19]. The robust-
ness and reliability of this assay has made this paradigm
the method of choice in recent mutant screens and char-
acterization of new learning and memory mutants. In ad-
dition, a positively reinforced variant paradigm utilizing
sucrose to forge associations with particular odors was
recently introduced [20].

Memory of the conditioned association in the negatively
reinforced Pavlovian paradigm has been genetically and
pharmacologically subdivided to phases that parallel
those of other invertebrate and vertebrate models [10, 21—
23]. The earliest possible time to reliably test the perfor-
mance of the flies after conditioning is 2.5-3 min. Thus,
it is impossible to directly assess learning/information
acquisition in these paradigms, so the term ‘immediate
memory’ denotes the earliest reliable performance mea-
sure after training [24, 25]. In addition to immediate
memory, Drosophila exhibit short-term memory (STM),
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which decays in less than an hour and is independent of
transcription and translation and three types of consoli-
dated memory. Middle-term memory (MTM) is thought
to last from 1 to 4 h and requires new protein synthesis
from pre-existing messages. Anesthesia-resistant mem-
ory (ARM) is independent of protein synthesis, lasts
around 24 h and is induced after a single or multiple
massed training episodes. In contrast, bona fide long-
term memory (LTM) is induced after multiple spaced
training episodes and requires de novo transcription and
translation [10, 19, 26, 27].

Conditioned courtship suppression is an operant condi-
tioning paradigm [28, 29], based on the more ethologi-
cally relevant natural sexual behavior and engages visual,
chemosensory and auditory information (reviewed in [28,
30]). Although mated females induce courtship, they
block copulation attempts, and the rejected males tend
not to court virgin females for 23 h, or fertilized females
for 1 day [28, 31]. Extended exposure to mated females
presumably leading to multiple spaced rejections leads to
9-day conditioned courtship suppression [32]. Though
robust and requiring fewer animals, this paradigm is more
tedious and has not been used as a mutant screening
method of choice.

Drosophila can be conditioned to visual stimuli tethered
to a wire and suspended while flying in the center of an
arena with T-shaped patterns as landmarks. The fly is neg-
atively conditioned when heading towards one of the pat-
terns by heating, while its movements transduced via the
tethering wire are measured by a torque meter [33, 34].
Memory is measured by testing for its orientation prefer-
ence with respect to the landmarks. Although it is robust
and has generated novel findings regarding visual learn-
ing and memory [35-37], the requirement for highly so-
phisticated equipment has been prohibitive for its use as
a tool in mutant screens.

Another spatial operant paradigm requires the flies to pre-
fer one side of a small chamber because crossing the ima-
ginary midline results in punishment by heating the entire
chamber [38]. Learning and memory of this spatial pref-
erence can last at least 2 h. Significantly, the ‘heat-box’
learning paradigm is completely automated, lending itself
to large-scale mutant screens [39].

Genetic dissection of learning and memory

Two broad classes of genes can be expected to perturb
learning and memory when mutated: first, genes essen-
tial for the development and maintenance of neuronal en-
sembles required for the formation, storage and retrieval
of the conditioned behavioral response; second, genes
implicated in the biochemistry of formation, storage and
retrieval of the conditioned response within these neu-
rons. Histological analyses often reveal mutations in the
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first class of genes. Furthermore, if reversal of the behav-
ioral defect (rescue) by expression of transgenically in-
troduced normal genes requires transgene expression
throughout development, it is suggestive of a gene of the
first class. In contrast, if transgene expression prior to con-
ditioning suffices for rescue, the gene likely belongs to
the second class. With these considerations in mind, we
review the results of screens to identify and characterize
components of learning and memory processes in Droso-
phila (Table 1).

A number of mutants exhibiting reduced learning and
memory were isolated in the pioneer chemical mutagen-
esis screen [6, 40], but attesting to the difficulty of clo-
ning mutant genes harboring point mutations after chem-
ical mutagenesis, some of the affected genes are still
unidentified. Nearly parallel chemical mutagenesis screens
(summarized in [15]) searching for structural defects in
Drosophila brains provided evidence that perturbations
of the Mushroom Bodies (MBs) and the Central Complex
(CC) result in defective olfactory learning [41, 42]. The
MBs are bilaterally symmetrical structures in the proto-
cerebrum comprising approximately 2500 neurons per
brain hemisphere essential for learning and memory in
Drosophila and other insects [11, 43—45]. The observa-
tion that Dnc is preferentially distributed in the MBs [46],
was followed by screens ‘biased’ to identify genes ex-
pressed in these neurons using ‘enhancer trapping’ trans-
posons and yielded novel mutants [47]. Unbiased genetic
screens utilized P-transposons to ‘tag’ mutated genes for
quick identification and cloning, but also facile genera-
tion of additional alleles by imprecise excision of the el-
ement [48], yielded a number of additional learning and
LTM mutants (Table 1).

The emerging DNA microarray technology was quickly
enlisted to search for novel learning and memory genes
using purely molecular methods. Based on the observa-
tion that the LTM form of consolidated memory requires
de novo transcription, the screen was biased to identify
genes transcribed after spaced Pavlovian olfactory condi-
tioning [19]. That initial screen of only 1542 genes was
reported to have identified 129 genes expressed differen-
tially after LTM-inducing conditioning [10]. Although
the identity of most of these genes is still unknown, a num-
ber of them were also identified as important for memory
in ‘unbiased’ genetic/behavioral screens [10]. This vali-
dates both approaches and suggests that additional
rounds of such molecular screens, specifically honed to
address particular forms of memory, will likely reveal
novel genes and molecular pathways important for these
processes.

Identification of molecules important for learning and
memory in genetic and molecular screens provided the
necessary background to engage additional genes based
on ‘best-candidate’ approaches capitalizing on the in-
creased sophistication of transgenic techniques [12, 13].
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These ‘reverse-genetic’ methods have been augmented
with RNA interference (RNA1) techniques coupled to the
UAS/GALA4 strategies to provide a novel tool to silence
genes in a tissue-restricted manner [13]. This method has
been shown effective in phenocopying non-associative
[49] and associative behavioral phenotypes [50] and
holds much promise for the future.

cAMP signaling cascade mutant

This signaling cascade is perhaps the most extensively
characterized in all models of learning and memory,
partly because two of the mutants identified in the origi-
nal chemical mutagenesis screen, dunce (dnc) and ruta-
baga (rut), affect genes encoding a cyclic AMP (cAMP)
phosphodiesterase 11 [7, 51, 52] and a Ca?*/calmodulin-
sensitive adenylyl cyclase [53, 54], respectively. Both
genes are preferentially expressed in the MBs [46, 55],
and their mutants exhibit immediate memory deficits in
both the QHB and the Pavlovian olfactory paradigms [40]
and courtship conditioning [31, 56, 57]. Furthermore,
mutants in both genes exhibit deficits in habituation and
sensitization [58—62], clearly indicating that cAMP sig-
naling is central to multiple types of associative and non-
associative learning and memory in Drosophila. The pre-
diction that the Rut adenylyl cyclase is activated via a
G-protein-coupled receptor was tested by transgenic ex-
pression of a constitutively active form of a Ge, subunit
in MB neurons, which precipitated severe deficits in the
Pavlovian assay [63]. Since similar expression of a regu-
lated wild-type Ga,protein did not perturb learning, reg-
ulation of G, signaling and cAMP levels are essential for
normal learning and memory in Drosophila.

An additional molecule implicated in cAMP signaling
identified in the Benzer mutant screen is the pituitary
adenylyl cyclase-activating peptide (PACAP)-like pro-
tein. This peptide is encoded by the gene amnesiac, and
its function is essential for the anesthesia-sensitive MTM
component of consolidated memory [64, 65]. Conceptu-
ally, then, the Amn peptide could signal through a Ga,-
coupled receptor to Rut to increase cAMP levels in neu-
rons, which could be further modulated by the activity of
Dnc. This model predicts that Amn should accumulate in
neurons other than those expressing Rut, and this was
verified with the demonstration that two neurons in the
adult brain (the Dorsal Paired Medial neurons, DPMs)
express amn. A single neurite from each DPM elaborates
an extensive projection network on each of the MB lobes
[64], sites of preferential Rut accumulation [55, 66]. There-
fore, Amn-dependent modulation of Rut activity after
training could prolong the elevation of cAMP in the MBs,
a condition necessary for MTM formation [21]. Con-
sistent with this, DPM neuronal output was required dur-
ing the consolidation phase and not during acquisition or
recall of olfactory memories in the Pavlovian paradigm
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[65]. However, it is still unclear how and when the DPMs
become activated by pairing of the odor/footshock stim-
uli such that Amn peptide is released onto the MB lobes
to modulate Rut activity.

The requirement for cAMP modulation in olfactory
learning and memory and the preferential distribution of
Dnc and Rut in the MBs predicted involvement of the
cAMP-activated protein kinase (PKA) in these proces-
ses. This was tested initially using the ‘candidate gene’
approach. Ubiquitous expression of transgenes encod-
ing a vertebrate PKA peptide inhibitor, as well as frag-
ments of the vertebrate regulatory subunit II (RII), dis-
rupted immediate memory in the Pavlovian olfactory
conditioning assay [67]. Furthermore, a mutant in the
catalytic subunit of PKA (DC0) was identified in the
screen for MB genes [68], enabling a direct test of the
hypothesis. The DCO protein along with the RI and RII
regulatory subunits of the PKA holoenzyme [66, 69] ac-
cumulate preferentially in MBs. Consistent with this, re-
duction of cAMP-inducible PKA activity in DC0 mu-
tants resulted in immediate memory scores indistin-
guishable from those of rut mutants [70] and nearly
eliminated MTM [68, 71]. Based on these results, using
site-selected P-element mutagenesis, mutations in the
gene for the RI subunit were isolated, and mutants were
shown to be defective in olfactory immediate memory
and MTM [69] as well. In addition, they appeared to dis-
rupt memory, but not learning in the courtship condi-
tioning assay [57]. Therefore, the Rut-produced cAMP
likely activates PKA, which is essential for learning and
memory.

Because cAMP signaling had been implicated in LTM in
other experimental systems [72, 73], and the transcrip-
tion factor CREB is a major PKA phosphorylation tar-
get, reverse genetic methods were employed to generate

Table 2. Human cognitive disorders modeled in Drosophila.
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a strain harboring an inducible dominant negative CREB
transgene (dCREB2b). Expression of this dominant neg-
ative CREB specifically abolished LTM induced by
spaced training in the Pavlovian paradigm, while imme-
diate memory and the ARM form of consolidated mem-
ory were unaffected [74]. Thus, de novo transcription
mediated by CREB proteins appears essential for LTM
in Drosophila, as for other species. However, although
necessary, dCREB2 alone does not seem sufficient for
LTM formation. The original finding of Yin et al. [75]
that transgenic overexpression of an activated form of
CREB was sufficient to induce LTM has not been repro-
duced and is in fact disputed by a recent report [76].
Nevertheless, the cumulative data clearly indicate that
cAMP signaling is essential for Drosophila associative
and non-associative learning and memory. The impor-
tance of this signaling pathway for olfactory learning
and memory may be reflected in the relative ease that
multiple members of the cascade were isolated by muta-
genesis screens, an additional factor being that all these
original mutations were homozygous viable. However,
even total loss of Rut cyclase activity and near lack of
DCO reduce immediate memory and MTM by about
50% [70], suggesting that additional molecules and sig-
naling pathways contribute to normal olfactory learning
and memory. Isolation of additional learning and mem-
ory mutants, unlikely to participate in cAMP signaling,
further supports this notion.

Other major signaling cascade mutants

Calcium/calmodulin-dependent protein kinase II (CamKII)
is a major pre-synaptically enriched neuronal kinase
which can adopt different activity states depending on its
autophosphorylation [77]. The contribution of this kinase

Human disorder Protein Drosophila model Behavioral assay Behavioral deficit
Tauopathies Tau transgenic human and olfactory conditioning learning,
Drosophila wild-type tau middle-term memory
transgenic human wild-type locomotion
and mutant fau
Alzheimer’s APAO/APA2 transgenic human AB40/4 442 olfactory conditioning learning
App Drosophila Appl mutant phototaxis/chemotaxis
Down’s syndrome Dscrl Drosophila nebula mutant olfactory conditioning learning,
long-term memory
transgenic Drosophila nebula olfactory conditioning learning,
long-term memory
Fragile X Dfmrl Drosophila Dfmrl mutant courtship conditioning learning
Neurofibromatosis neurofibromin Drosophila Nfl mutant olfactory conditioning learning

(NfI)
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in Drosophila learning and memory was explored using
‘reverse genetics’. Global transgenic expression of a
CamKII peptide inhibitor is detrimental to learning and
memory in the courtship conditioning paradigm [78]. Ac-
tivity of the kinase is required in the MBs and parts of the
CC for normal memory formation in the absence of vi-
sual cues driving the behavior. In the presence of visual
cues, courtship is not suppressed immediately after train-
ing, but memory of the conditioning is normal [29, 79], a
case where (immediate) performance does not reflect learn-
ing. Moreover, expression of a constitutively active kinase
in the olfactory information-processing antennal lobes
and extrinsic MB neurons enhances learning [80]. These
findings suggest that in this conditioning paradigm, which
engages multiple anatomical sites, CamKII may play dis-
tinct biochemical roles for learning and memory. How-
ever, the normal distribution of the protein in the brain
and whether similar effects on neuroplasticity may be re-
vealed in a different conditioning paradigm are currently
unknown.

Another kinase whose contribution to Drosophila learn-
ing and memory has been explored is the diacylglycerol
and Ca?"-dependent protein kinase C (PKC), initiated by
the isolation of the furnip mutant in the Benzer screen.
However, although furnip mutant flies exhibit reduced
PKC activity, the mutation does not map near any of the
PKC loci [81], and the affected gene has not been identi-
fied yet. Furthermore, it appears that the learning defi-
ciency of fur mutants may be a consequence of their re-
duced locomotion and poor responses to the electric foot-
shock US used in the QHB and Pavlovian olfactory
assays rather than defective associative abilities [82]. In
contrast, fur mutants exhibit normal learning but defec-
tive memory in courtship conditioning [83], suggesting
that PKC activity may actually contribute to Drosophila
behavioral plasticity. This hypothesis was tested by tem-
porally restricted expression of a selective PKC inhibitor
peptide in the brain. These transgenic flies exhibit normal
memory in the courtship conditioning assay, but fail to
suppress courtship after training, indicating that they dis-
sociate learning from performing the task requisite to as-
sess it [14]. It is unknown whether inhibition of PKC ac-
tivity affects learning or memory in other conditioning
paradigms, and in the absence of bona fide mutants, it is
difficult to determine whether typical PKC molecules
play a role in Drosophila learning and memory. In con-
trast, the atypical, diacylglycerol and Ca?*-independent
aPKC¢, important for vertebrate physiological neuro-
plasticity [84, 85], appears important for Drosophila be-
havioral plasticity. Transgenic expression of a murine or
Drosophila constitutively active form (PKM) within a
narrow post-training window in the Pavlovian paradigm
enhanced ARM, but appeared not to affect LTM. This ef-
fect was eliminated either by a dominant negative form of
the enzyme or pharmacologically by chelerythrine [86], a
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modestly selective PKM inhibitor. Though these results
are highly provocative, it is difficult to assign an un-
equivocal role for PKM in normal Drosophila memory
without genetic mutants, or temporal and/or tissue re-
stricted silencing of the endogenous gene.

Mutants in cell surface molecules

Two cell adhesion molecules were identified in the screen
for genes preferentially expressed in the MBs. Volado en-
codes an a-integrin, in whose absence immediate mem-
ory and STM elicited by Pavlovian olfactory condition-
ing are disrupted [87]. The importance of this single
trans-membrane domain protein in neuronal function was
also demonstrated by deficits in synaptic plasticity in mu-
tant larval neuromuscular junctions (NMlJs) [88], but the
structure of the MBs and the NMJs appear normal in vo/
mutants. Integrins form heterodimers, and the dimeriza-
tion partner of Vol is currently unknown. Moreover, the
learning and memory-relevant signaling mechanisms
engaged by this molecule are currently unknown, but
one attractive possibility is engagement of the Ras/Raf/
MAPK cascade, as has been reported for integrin func-
tion in other types of cell-to-cell interactions [89]. The
second surface molecule encoded by the fasciclinll gene
is a Drosophila homolog of the vertebrate and inverte-
brate cell adhesion molecules (CAMs), and fas/I mutants
are deficient in formation of immediate memory and
STM in the Pavlovian olfactory assay [90]. Similar to its
Aplysia homolog (ApCAM), Fasll is involved in synaptic
plasticity on the pre-synaptic side of the NMJ [91, 92].
Consistent with ApCAM, rapid reduction of FaslI at the
NMJ (possibly through internalization) coincides with
MAPK activation [93], suggesting that a similar signaling
mechanism may be operant in the MBs as well.

A surprising molecule implicated specifically in LTM
formation is the transmembrane receptor Notch. This
molecule has been well studied in multiple organisms for
its role in cell-type specification in various developmen-
tal contexts. Its normal role in mature neurons has not
been examined [94], though it may play a role in demen-
tia associated with Alzheimer’s disease. Similar to pro-
cessing of Amyloid Precursor Protein, ligand-bound N re-
ceptor is cleaved by a gamma-secretase-like protein, and
alterations in N signaling have been associated with the
Alagille and Casadil syndrome dementias [95-97]. Sig-
nificantly, RNAi-mediated silencing of N within the MBs
specifically inhibited LTM in the Pavlovian olfactory
paradigm, while ubiquitous reduction of the receptor
using a temperature-sensitive allele resulted in LTM
deficits after courtship conditioning [98]. Similarly, a
dominant negative N specifically inhibited LTM but not
ARM, while overexpression of a normal receptor yielded
enhanced LTM even after a single cycle of olfactory con-
ditioning. Important questions such as the nature of N lig-



Cell. Mol. Life Sci.  Vol. 63, 2006

ands in the brain, the neurons where the receptor accu-
mulates in and the intracellular mechanisms engaged by
N activation to mediate protein synthesis-dependent LTM
currently remain unanswered.

Neurotransmitter and synaptic function mutants
Dopa decarboxylase (Ddc) is essential for the biosynthe-
sis of dopamine and serotonin. An early report indicated
that temperature-sensitive Ddc mutants harboring re-
duced serotonin and dopamine are learning deficient in
the QHB and the courtship conditioning paradigms [99],
but this work has not been verified [9]. However, Tyrosine
Hydroxylase (TH) is also required for dopamine produc-
tion, and inhibiting neurotransmission from TH-positive
neurons nearly abolished immediate memory elicited by
negatively, but not positively reinforced Pavlovian condi-
tioning [20]. Moreover, mutants in the tyramine S-hy-
droxylase (TBH) encoding gene are unable to synthesize
the Drosophila analog of epinephrine, octopamine [100].
Immediate memory of positively, but not negatively rein-
forced Pavlovian conditioning is disrupted in these mu-
tants [20], indicating that both neurotransmitters are es-
sential for Drosophila olfactory learning and memory
and engage MB neurons, but apparently are used differ-
entially to mediate the positive or negative US in Pavlov-
ian conditioning [20].

Interestingly, MB neurons themselves utilize taurine, as-
partate and glutamate [101], and glutamatergic neuro-
transmission appears important for behavioral neuroplas-
ticity. Transposon insertions in the /NR/ NMDA receptor
gene result in impaired immediate memory in Pavlovian
conditioning, but the deficit is overcome with intensive
training. However, even after intensive spaced training
LTM is disrupted, clearly indicating the importance of the
dNRI1 receptor [50]. Drosophila contains a second recep-
tor gene, dNR2, whose contribution to learning and mem-
ory is unknown since mutants are not available. Interest-
ingly, both proteins are distributed throughout the brain,
but most prominently in particular cells that surround the
dendrites of MB neurons, potentially modulating stimuli
reaching the latter [50].

Although highly regulated and complex, neurotransmit-
ter release depends on the function of the synaptic vesi-
cle-associated protein synapsin [102]. Targeted P-ele-
ment mutagenesis yielded surprisingly viable mutations
in the single Drosophila synapsin gene. As suspected, these
mutants were defective in a number of complex behav-
iors, including learning in Pavlovian, courtship and heat
box conditioning paradigms [103].

RNA transport and translation mutants
Mutants in these processes were identified in an unbiased
P-transposon screen and independently identified in a mi-
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croarray-based screen for genes transcriptionally altered
by LTM-producing spaced Pavlovian conditioning [104].
These genes fit two broad classes: The first class encodes
proteins involved in translational control, such as the
translational repressor Pumillio, also identified by its
LTM-deficient mutant alleles milord' and milord?, the lo-
calized messenger RNA (mRNA) regulator CPEB/Orb,
and the translation initiation factors eIF-2G and elF-5c,
the latter also identified as the LTM mutant krasavietz
[104]. The second class contains genes involved in intra-
cellular mRNA transport and includes staufen (stau), and
proteins involved in stau localization such as Moesin, and
Oskar, which was also identified by its allele norka in the
LTM mutant screen. Therefore, it appears that as in
Aplysia, cultured neurons [105], memory formation and
storage in Drosophila require transport and local transla-
tion of pre-existing and de novo transcribed RNAs. Addi-
tional results from these screens will likely enrich the col-
lection of molecules and mechanisms requisite for LTM.
It is noteworthy that all of these novel LTM genes whose
pattern was examined are preferentially expressed in the
MBs [104].

Other mutants

Consolidated memory mutants

Mutants of the radish (rsh) gene isolated in a Benzer
screen exhibit near normal learning, but are specifically
impaired in the ARM component of consolidated mem-
ory [106]. The nature of the affected gene remains con-
troversial. One group claims to have identified the af-
fected gene as Phospholipase A2, but have not identified
within this gene the lesion likely causal of the original
rsh! mutation and have not rescued the memory deficit of
the original rsh’ mutant with overexpression of the PL-
A2 gene [107]. Unpublished results from a different
group suggest that the 754’ mutation is located in a differ-
ent neighboring novel gene. Unless overexpression of this
gene improves ARM non-specifically, it was reported
to revert the ARM deficiency of the original »s4’ mutant
[E. Folkers, and W. Quinn, 45" Drosophila Research Con-
ference]. Moreover, the expression pattern of the two genes
is very different. PL-A2 accumulates in a complex neu-
ronal network with some of the neurons apparently en-
gaging the MB dendritic region [107], while the alternate
novel protein preferentially accumulates in the lobes of
the MBs. Interestingly, ARM is nearly abolished if neu-
rotransmission from the MBs is blocked [27]. This infor-
mation suggests that the novel gene mutated in rsh’ flies
is appropriately expressed to be the correct candidate.
Since this is the only known mutant to specifically disrupt
ARM, it is essential to unequivocally establish which of
the two genes (or both?) is responsible for the s/ pheno-

type.
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The mutant nalyot (nal), which was isolated in the unbi-
ased P-element-mediated behavioral screen for memory-
deficient strains, disrupts expression of the Myb-related
transcription factor Adfl expressed ubiquitously in the
brain. Immediate memory in the Pavlovian conditioning
task is reduced, but 24-h and 7-day LTM are nearly absent
[108]. Given the dependence of LTM on transcription,
this is an expected phenotype for mutants in a transcrip-
tion factor. However, regulation of Adfl expression is
surprisingly tightly regulated, because accumulation of
transgenic protein during development appears to affect
memory adversely, or precipitate lethality even if con-
fined to the nervous system. Consistent with a role in nerv-
ous system development, na/ mutations affect the pre-
synaptic structure of larval NMJ but do not appear to
affect synaptic transmission [108]. The transcriptional
targets of nal are currently unknown.

A novel mutant, crammer (cer), identified in a different
unbiased screen for LTM mutants, reduces expression of
a gene encoding an apparent inhibitor of the cysteine pro-
teases known as cathepsins. The protein is preferentially
distributed in adult MBs and surprisingly in glia, as well
[109]. Interestingly, overexpression of a cer transgene in
glia, but not in the MBs, disrupted LTM in wild-type
flies. Although it is presently unclear whether overaccu-
mulation of this inhibitory protein affects glia develop-
mentally, it opens up the possibility that normal LTM may
require these non-neuronal cells. Furthermore, the nature
of the affected gene suggests that regulation of cathepsin
protease activity is essential for LTM, and similar unex-
pected findings will likely be revealed by characteriza-
tion of additional mutants.

Learning and memory mutants

Mutations in leonardo (leo) were identified in the MB en-
hancer trap screen. Mutations that diminish accumulation
of the protein in the MBs result in immediate memory
deficits and proportionally compromise MTM and later
consolidated memory [24, 110]. The gene encodes two ¢
isoforms of the 14-3-3 family, proteins highly enriched in
all metazoan nervous systems and conserved in all eu-
karyotes. The protein is important for regulation of Rafki-
nase activity in developmental contexts [111], but this and
other members of the protein family have been implicated
in the regulation of many different signaling cascades and
processes [112], making an unequivocal assignment of the
role of this protein difficult. One possible role is suggested
by depleting the protein from the NMJ, where it normally
accumulates. This results in deficient synaptic transmis-
sion and physiological neuroplasticity [113], possibly be-
cause of its documented interaction with the Slowpoke
Ca?"-activated potassium channel [114]. However, it is un-
clear whether such a mechanism, or misregulation of Raf
activity and MAPK signaling is responsible for compro-
mised MB-dependent olfactory learning and memory.

Neurogenetics of learning and memory

An unbiased screen to identify mutants that disrupt oper-
ant conditioning in the heat box yielded the mutation ig-
norant [115], which was found to disrupt the gene encod-
ing Ribosomal S6 Kinase IT (RS6KII). Although essential
for many vital cellular functions, RS6KII is also associ-
ated with physiological and behavioral neuroplasticity
[116] by modulation of ERK/MAPK signaling. Interest-
ingly, flies lacking the gene are normal in operant condi-
tioning, but defective in Pavlovian learning. Conversely,
ignorant mutants missing only the 5" portion of the gene
are dominantly deficient for immediate memory in either
heat box or Pavlovian conditioning, suggesting complex
regulation of the gene or protein. Neurons where RS6KII
accumulates are currently unknown.

Developmental mutants

Latheo (lat) mutants isolated in a P-transposon screen ex-
hibit deficient immediate olfactory memory, MTM and
consolidated memories [117], likely due to reduction in
MB size. This is consistent with encoded protein, a factor
essential for recognition of the origin of DNA replication
[118]. Lat protein is also present at the larval NMJ, and
lat mutants are defective in synaptic plasticity [119], sug-
gesting that the protein may have multiple functions. An-
other mutant identified in the same behavioral screen,
linotte (lio) [120], disrupts the derailed gene encoding a
receptor tyrosine kinase, essential for development of the
central brain, including the MBs [121, 122], and disrupts
immediate memory and STM in the Pavlovian assay [120].
In both of these cases alterations in the normal structure
of the MBs resulted in compromised behavioral neuro-
plasticity as previously suggested by mutant screens [42].
In addition, recent analysis of the low-penetrance muta-
tion alpha-lobes-absent (ala), which results in elimina-
tion of the a and &’ or the B and ” MB collaterals, sug-
gested that the a/a’ lobes are specifically important in
formation or retrieval of LTM [123].

Drosophila models of human learning and memory
disorders

One of the outcomes of sequencing the genomes of hu-
mans and model organisms was the high degree of simi-
larity in the proteins they encode, and clearly Drosophila
shares molecules that govern learning and memory with
humans. For example, in humans, the mental retardation
condition Rubinstein-Taybi syndrome results from dis-
ruption of CREB-dependent transcription [124], similar
to the loss of LTM in Drosophila upon inhibition of CREB
activity. Moreover, rsk2 mutations cause the Coffin-Lowry
mental retardation syndrome [125], reminiscent of the
Drosophila mutant ign. Such similarities in cognitive dis-
orders support the use of Drosophila in exploring the ge-
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netics of many human nervous system diseases. Neuro-
degenerative disorders have also been modeled in Droso-
phila, but will not be discussed here. Drosophila models
contribute to understanding mechanisms of learning and
memory, but also provide a versatile system to test phar-
maceuticals designed to stop disease progression or ame-
liorate its symptoms.

Neurofibromatosis

Mutations in the neurofibromatosis 1 (Nf7) gene produce
a dominant disorder in humans characterized by benign
neuronal tumors and dysfunction manifested as move-
ment and learning disorders [126]. The protein is a Ras-
inactivating, GTPase activating protein (GAP), suggest-
ing that Ras/Raf signaling is important for learning and
memory in humans. Drosophila lacking the fly homolog
of Nfl are severely impaired in immediate memory and
all subsequent forms of consolidated memory [127].
Similarly, elimination of Nfl activity in transgenic mice
resulted in severe learning deficits, reversible either by
pharmacological inhibition of N-Ras and K-Ras, or by
combining the NfI mutants with N-ras or K-ras mutant
heterozygotes [128]. The Drosophila and mouse data
strongly suggest that the learning and memory effects are
caused by misregulation of Ras activity. Surprisingly, in
Drosophila, the immediate memory deficits were rescued
by overexpression of a constitutively active PKA catalytic
subunit transgene [127], and Nfl was shown to regulate a
component of G-protein-activated adenylyl cyclase activ-
ity in fly and in mouse brains [129]. This suggests that the
protein may have a dual function, suppressor of Ras ac-
tivity and enhancer of cAMP signaling. However, whether
Nfl regulates Ras activity with respect to Drosophila
learning and memory remains unknown. These observa-
tions suggest either that cAMP-mediated suppression of
Ras activity is required for normal learning and memory,
or that the two systems may be complementary in medi-
ating these processes. Particular stimuli may activate the
adenylyl cyclase/cAMP cascade and suppress Ras signal-
ing, while others engage a Ras, but not a cAMP mediated
path. Learning and memory induced by distinct stimuli or
conditioning paradigms may engage distinct signaling
systems with the same ultimate goal, learning and mem-
ory formation. In addition, such signaling systems may
be at least partially complementary, such that a compro-
mise in one is partially complemented by hyperactivation
of the other.

Tauopathies

Mutations that perturb the isoform composition or the
coding region of the neuronal specific microtubule-bind-
ing protein Tau are associated with a number of demen-
tias and neurodegenerative diseases, most notably Fronto-
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temporal Dementia with Parkinsonism linked to chromo-
some 17 (FTDP-17) and Alzheimer’s [130]. Transgenic
expression of human tau leads to degeneration which is
more pronounced when transgenes bearing FTDP-17-
linked mutations are used [131]. To explore the role of
TAU in the manifestation of the cognitive symptoms that
accompany all Tauopathies, transgenic overaccumulation
of vertebrate and Drosophila Tau was directed specifi-
cally to the MBs. This condition precipitated large defi-
cits in learning and memory after Pavlovian conditioning,
without neurodegeneration, suggesting that behavioural
deficits precede the latter [132]. Accumulation of verte-
brate Tau in larval motor neurons appears to block an-
terograde transport [133, 134], suggesting that the learn-
ing and memory deficits are precipitated by a similar
blockade of synaptic vesicles in MB neurons. These con-
ditions are thought to be akin to the situation in neurons
of FTDP-17 and Alzheimer’s patients prior to visible de-
generation and neurofibrillary tangle (NFT) formation,
and potentially underlie at least a part of their cognitive
symptoms.

Amyloid-A B40/A 42

Accumulation of amyloid-f (ApB) 40 and AB42 peptides
in senile plaques observed in Alzheimer’s patients has
been suggested to be a primary event in disease patho-
genesis and progression even though aberrant Tau accu-
mulation is almost always an accompanying feature of the
disease. To determine whether accumulation of these
peptides alone is sufficient to cause behavioral and neu-
rodegenerative pathology, A 40 and A 842 encoding trans-
genes were expressed in Drosophila nervous system from
early development to adulthood. Age-dependent immedi-
ate memory deficits were observed in the Pavlovian ol-
factory assay in animals expressing either transgene.
However, only Ap42 accumulation led to amyloid-like
deposits and degeneration, indicating that the two pep-
tides have distinct roles in neurodegenerative processes,
but accumulation of either is sufficient to cause learning
impairments.

Down’s syndrome critical region 1 gene/Nebula

Patients with complete or partial trisomy 21 exhibit the
phenotypic abnormalities associated with Down’s syn-
drome (DS), the most prominent of which is mental
retardation. One of the genes included in the minimal re-
gion from chromosome 21, which causes the full DS
phenotypes, normally expressed in the brain and overex-
pressed in the brain of DS fetuses is DSCRI. The gene
encodes calcipresin, an inhibitor of the serine/threonine
protein phosphatase calcineurin, which is essential for
normal learning and memory in mice [135—137]. The hy-
pothesis that overexpression of the DSCRI gene con-
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tributed to the mental retardation phenotype of Down’s
patients was investigated with a Drosophila model. Loss-
of-function mutants and transgenic animals overexpress-
ing the Drosophila ortholog nebula (nla) exhibited severe
immediate memory and consolidated memory defects
after Pavlovian conditioning, without obvious develop-
mental defects. Similar to DS fetal brains, nla mutants
exhibited elevated calcineurin activity, indicating that in
trisomy 21 humans, elevation of DSCR1 and increased
calcineurin-mediated signaling likely contributes to the
observed mental retardation [138]. Significantly, PKA
activity and phosphorylated CREB were decreased nearly
50% as a consequence of increased calcineurin activity,
adding another molecule to the cAMP-signaling cascade
mediating learning and memory in Drosophila.

Fragile X syndrome/dfmr1

An elegant demonstration of the power of Drosophila in
pharmacological amelioration of mental retardation-re-
lated symptoms was published recently and regards a
common heritable mental retardation disorder, Fragile X
syndrome, caused by loss of function of the FMR1 gene.
Loss of the Drosophila homolog dfimrl results in defec-
tive MB development, synaptic structure and function
and memory in the courtship conditioning paradigm
[139, 140]. To test the proposal that the cognitive defects
in Fragile X patients result from enhanced metabotropic
Glutamate Receptor (mGluR) signaling [141], fly dfinrl
mutants were treated with mGlutR antagonists and lith-
ium. Acute administration of the drugs to adult mutants
resulted in restoration of both learning and memory
deficits, while feeding the drugs to larvae eliminated the
MB developmental anomalies in addition to restoration
of behavioral plasticity [140]. These results suggest that
similar treatment of human patients may ameliorate some
of their cognitive symptoms. This adds another member
to the collection of molecules involved in mRNA trans-
port and regulation of local protein synthesis, processes
that require the FMR protein [142], which are essential
for learning and LTM

Perspectives

Research on olfactory learning and memory in Droso-
phila has identified a number of essential genes and mol-
ecular pathways. Homologs of genes discovered in Dro-
sophila such as rut, creb and vol are also essential for
mammalian learning and memory (reviewed in [11]), a
demonstration of the conservation of molecular mecha-
nisms that govern these processes across species. Al-
though the collection of molecules and the pathways re-
quired for learning and memory has grown considerably,
we are far from putting all the pieces of the puzzle to-
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gether. Additional mutants are needed to elucidate mech-
anisms and to place currently disparate molecules in bio-
logically meaningful pathways and processes. In addition,
new experimental avenues have been opened recently by
new tool development, as illustrated below.

Systems neuroscience of learning and memory
Development of transgenic systems that allow monitor-
ing of neuronal activity, coupled with tissue-specific
Gal4 drivers enabled direct visualization of the activity of
particular neurons or entire neuronal assemblies in real
time [143]. Such methods have been used to probe activ-
ity in the MBs [144, 145] and in antennal lobe neuronal
assemblies in response to odors alone, or paired with
electric shock delivered to a restrained fly [146]. Using
a simplified single odor conditioning paradigm, Yu et
al. show very convincingly odor-specific activation of
specific neuronal assemblies within the antennal lobe.
These activity signatures change specifically when odor
is paired with electric shock, as different sets of neurons
are recruited to respond to each shock-paired odor. Thus,
odor representation in neurons of the antennal lobe
changes contingent on pairing with the electric shock US.
This short-lived memory trace, possibly representing
short-term or working memory has also been described in
bees [147], and its relationship to MB-dependent learn-
ing and memory in normal and mutant flies needs to be
explored.

Learning and memory systems in the fly brain

How many different signaling systems mediate learning
and memory in the fly? The cAMP system has been well
established for olfactory learning and memory, but it is
unlikely the only one. It remains a challenge to elucidate
how other extant mutants fit into signaling pathways and
which ones, and how they interact with the established
cAMP pathway. Addressing these questions will require
facile generation of double (and in some cases triple) mu-
tants. Are signaling pathways unique to different types of
learning and memory, such as operant, courtship, visual
etc., or do the extant and future mutants affect all of
them? The finding that negatively and positively re-
inforced Pavlovian olfactory conditioning employs dif-
ferent neurotransmitters argues that similar molecular
distinctions may be uncovered for different types of con-
ditioning paradigms. Are multiple areas in the brain en-
gaged in learning and memory? Clearly the MBs are of
cardinal importance for olfactory learning and memory,
but in addition to the DPMs and antennal lobes, other
neuronal networks [10, 50, 107] may be emerging as con-
tributors to the processes. Courtship conditioning re-
quires the MBs, CC and the antennal lobes, but also areas
of the lateral protocerebrum [148], suggesting some de-
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gree of specialization. Moreover, simple visual learning
does not appear to require the MBs, but expressing the
learned information in different contexts does [37]. Sim-
ilarly, the neurons essential for heat box learning are not
yet known, but memory in this paradigm clearly does not
require the MBs [39]. Drosophila will be instrumental in
addressing these fundamental issues in behavioral neuro-
science because of the sophistication developed over the
last couple of decades, the modern tools that allow a sys-
tems approach, but also importantly with more screens
for additional mutants in associative and non-associative
learning and memory.
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