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Whereas short-term memory lasts from minutes to hours, long-
term memory (LTM) can last for days or even an entire lifetime.
LTM generally forms after spaced repeated training sessions and
involves the regulation of gene expression1,2, thereby implicating
transcription factors in the initial steps of LTM establishment3.
However, the direct participation of effector genes in memory
formation has been rarely documented, and many of the mecha-
nisms involved in LTM formation remain to be understood. Here
we describe a Drosophila melanogaster mutant, crammer (cer),
which shows a specific LTM defect. The cer gene encodes an
inhibitor of a subfamily of cysteine proteinases, named cathep-
sins, some of which might be involved in human Alzheimer’s
disease4. The Cer peptide was found in the mushroom bodies
(MBs), the Drosophila olfactory memory centre and in glial cells
around theMBs. The overexpression of cer in glial cells but not in
MB neurons induces a decrease in LTM, suggesting that Cer
might have a role in glia and that the concentration of the Cer
peptide is critical for LTM. In wild-type flies, cer expression
transiently decreases after LTM conditioning, indicating that
cysteine proteinases are activated early in LTM formation.

The MBs form a prominent bilateral structure of the insect brain.
They are essential for short-term memory (STM), and many of the
proteins involved in the early phases of memory establishment are
preferentially expressed in the MBs or in neurons projecting to
them5. We showed that MBs are also involved in LTM6,7. Moreover,
LTM mutants have been isolated recently8, but MB neuronal
plasticity after LTM training remains to be characterized.

To acquire additional insights into LTM mechanisms, we have
analysed Drosophila enhancer-trap Gal4 strains showing MB-
specific expression. Flies were conditioned by exposure to an
odour paired with electric shocks and subsequent exposure to a
second odour in the absence of a shock. One of these strains,
MZ1180 (refs 9, 10), which we have named crammer P (cer P),
displayed a decrease in 24-h LTM after spaced training, but a
normal 24-h memory capacity after massed training, a conditioning

protocol that does not induce LTM2 (Fig. 1). STM induced after a
single training cycle was also normal, showing that cer P is a specific
LTM mutant. The LTM defect of cer is recessive (Supplementary
Fig. 1). We performed excision experiments to generate revertant
strains as well as additional mutant alleles. The excision line cer E29

displayed a specific LTM defect; in contrast, the cer E3 strain
exhibited normal memory (Supplementary Fig. 1). Taken together,
these results show that we have isolated a new LTM mutant with a
P-element insertion.

Polymerase chain reaction (PCR) rescue experiments revealed
that the P-element in cer P flies was inserted 211 base pairs (bp)
upstream of the gene encoding the succinyl-coenzyme A synthetase
flavoprotein subunit (Scs-fp) and 53 bp downstream of the
CG10460 gene (Fig. 2a). Quantitative reverse transcriptase PCR
(RT–PCR) (Fig. 2b) and northern blot (data not shown) analyses
were performed to determine which gene was affected by the
P-element insertion. Expression of scs-fp was normal in cer P

mutants, but expression of CG10460 was strongly reduced, indicat-
ing that this gene corresponds to cer (Fig. 2b). Similar results were
obtained by western blot analysis with a polyclonal antibody raised

  

Figure 1 cer P is a specific LTM mutant. Performance indices (PIs) were measured 1 and

3 h after a single conditioning cycle, and 24 h after spaced or massed training. Dark grey

bars, CS; pale grey bars, cer P. Results are means and s.e.m.; n ¼ 8–10 groups.

Asterisks indicate significant differences in a t-test (P , 0.01).

Figure 2 cer encodes a cathepsin inhibitor. a, The Gal4 P-element in cer P flies is inserted

between the cer and scs-fp genes. The genomic fragment used for the rescue experiment

is shown with a grey bar. X, XbaI; P, PstI; ORF, open reading frame; UTR, untranslated

region. b, cer mRNA expression is affected by the P-element insertion, as measured by

quantitative RT–PCR. Results are means and s.e.m.; n ¼ 10–12 total RNA extractions.

c, Similar results were obtained in a western blot assay. Densitometry analysis

yielded Cer/Ciboulot (Cib) ratios of CS ¼ 0.78 ^ 0.24, cer P ¼ 0.37 ^ 0.11,

cer E3 ¼ 1.29 ^ 0.27 and cer E29 ¼ 0.32 ^ 0.05 (n ¼ 5). d, The mutant phenotype

can be rescued by the insertion of one genomic copy of the wild-type cer þ gene. The two

upper lines represent significant differences between each score and the scores of CS or

cer P. PI, performance index. Results are means and s.e.m.; n ¼ 6–10 groups. Asterisk

indicates significant differences in a t-test (P , 0.05).
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against Cer (Fig. 2c). As expected, a decreased level of Cer was found
in the mutant excision cer E29, and a normal level was found in the
revertant excision cer E3 (Fig. 2c).

Sequence comparisons showed that Cer is highly similar to the
amino-terminal regions of cathepsins L, a subfamily within the
papain-like cysteine proteinase family (Supplementary Fig. 2a).
Cysteine proteinases, which are generally synthesized as inactive
proenzymes with an inhibitory N-terminal propeptide region,
range in size from 300 to 350 amino acids. Interestingly, Cer is
only 79 amino acids long (observed molecular mass 9.5 kDa), and it
lacks the cysteine proteinase catalytic region, suggesting that it
might act as a trans-inhibitor of cysteine proteinase(s)11.

We performed experiments in vitro to assess the effect of Cer on
the human liver cathepsins L and B and human papain. Cer was able
to inhibit cathepsins L and B competitively (K i ¼ 25 nM and
30 nM, respectively; Supplementary Fig. 2b), but it could not inhibit
papain even at 1 mM (data not shown). These K i values are similar to
that described for other cathepsin inhibitors such as CTLA-2b, a
mammalian inhibitor of cathepsin L12. Although the target(s) of Cer
in vivo remain(s) to be identified, a Drosophila protein–protein
interactions map has recently been generated showing that Cer
interacts strongly with three proteins13 that are all cathepsins. Two
of them correspond to cathepsin B group and seem to be expressed
in the adult brain (as seen by northern blot assay; D.C., L. Zinck and

T.P., unpublished data). Those two cathepsins B constitutively lack
the pro-inhibitor region. Cer is therefore probably needed to
control their activity in trans.

To rescue the cer P LTM phenotype, we introduced a genomic
construction carrying the cerþ gene with 1.5 kilobases (kb) of
upstream sequence and 250 bp of downstream sequence (Fig. 2a).
Rescue of the cer P phenotype was observed in the presence of a
single copy of the cerþ transgene, indicating that this construct
carries cer regulating sequences (Fig. 2d). In contrast, the presence
of two copies of cerþ could not rescue the cer P LTM defect.
Moreover, cerþ flies expressing two additional genomic copies
showed a decrease in LTM (Fig. 2d) but their STM remained normal
(data not shown). Thus, cer overexpression affects LTM as severely
as does a constitutive decrease in the concentration of cer mRNA.
Taken together, these results show that the concentration of Cer
must be within a short range of that in the wild type to form a
normal LTM.

In which brain cells is cer specifically expressed? When the
cer Gal4 enhancer-trap line was crossed with the reporter strain
P(UAS-mCD8–GFP), MBs were found to be strongly labelled
together with large cells (Fig. 3a). Unfortunately, our anti-Cer
antibody was not able to detect the peptide on tissues. Therefore,
to identify directly the sites at which cer is expressed, we inserted the
green fluorescent protein (GFP) open reading frame before the cer
stop codon in the previously described genomic construct (Fig. 2a).
Because a fragment carrying the same genomic sequences could
rescue the LTM cer phenotype, we postulated that this fusion
protein would be expressed in cells required for normal Cer
function. Expression was observed in the MBs, and g lobes were
more strongly labelled than a/b lobes (Fig. 3b). MB neuron cell
bodies were not strongly labelled. In the cortex and in the neuropile,
large cells expressing Cer–GFP were found around the MB calyces
and near MB lobes. These cells, which were also detected in
cer P/P(UAS-mCD8–GFP) individuals, had no axonal projections,
indicating that they might be glial cells. Indeed, they did not express
the nuclear neuronal cell marker Elav (ref. 14) (data not shown). In
contrast, some of these cells were found to express the nuclear glial
cell marker Repo (Fig. 3c–e). Some cer-expressing cells seem Repo-
negative and Elav-negative. Because Elav is expressed in all neurons14,
whereas the anti-Repo antibody does not label all glial cells, the large
Cer-expressing cells most probably correspond to glia. Cer is
therefore expressed in both MB neurons and adjacent glial cells.

To further delimit the brain structures in which the concentration
of Cer is critical for LTM formation, we overexpressed cer with the

Figure 3 cer is expressed in MB neurons and in glial cells. a, Expression in a cer P – Gal4/

P(UAS-mCD8–GFP) line. b, Brain labelling of the 191 transgenic line carrying the

Cer–GFP fusion protein, as viewed by confocal microscopy. c, A 191 brain stained with an

antibody against Repo. d, Cer–GFP labelling. e, Colocalization of Cer–GFP and Repo.

Regions of overlap are indicated by arrow heads. Scale bar, 40 mm. f, Overexpression of

cer with the cer P–Gal4 driver and with the glial driver Repo–Gal4 induces an abnormal

24-h LTM. No effect was observed for overexpression in two different MB Gal4 lines, 238Y

and 5122. Ca, calyx; a, alpha vertical lobe; b, beta medial lobe; g, gamma medial lobe.

PI, performance index. Results are means and s.e.m.; n ¼ 6–10 groups. Asterisk

indicates significant differences in a t-test (P , 0.05).

Figure 4 The level of cermRNA is regulated after LTM conditioning. The level of cermRNA

is downregulated 3 h after LTM conditioning in the CS wild-type strain. An unpaired

training does not affect the level of cer mRNA. Dark grey bars, untrained; pale grey bars,

trained. Results are means and s.e.m. Asterisks indicate significant differences in a t-test

(P , 0.01).
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Gal4/UAS system. We observed a significant decrease in LTM
conferred by the cer–Gal4 driver (Fig. 3f), confirming the dosage
effect found with the genomic insert. Interestingly, a similar LTM
defect was observed when cer was overexpressed with the repo–Gal4
glial-specific driver15. In contrast, no effect was seen when cer was
overexpressed with the MB drivers 238Y (ref. 16) and 5122 (Fig. 3f)
(the 5122 expression pattern is shown in Supplementary Fig. 3).
These results indicate that the glial cells expressing cer might be
involved in LTM formation. Indeed, neuron-like roles have recently
been found for vertebrate glial cells. Some glial cells are able to
integrate neuronal inputs, modulate synaptic activity, and process
signals related to learning and memory17. Cer might be involved in
the induction of neuronal plasticity by modulating crosstalk
between neurons and glial cells.

Because the concentration of Cer seems to be a key factor in the
establishment of LTM, we asked whether the cer transcript is
regulated in the wild-type strain after LTM conditioning. We
performed quantitative RT–PCR experiments at different time
points after LTM training and found that the cer mRNA level
decreased specifically 3 h after the end of training, in comparison
with its level in untrained flies (Fig. 4). However, no significant
change was observed 2 or 4 h after training (Fig. 4), indicating that
the decrease in cer expression must occur in a narrow window of
time to permit LTM formation. Similar results were obtained in
western blot analysis: a 30% decrease in Cer level was observed
between 3 and 4 h after conditioning (data not shown). Thus, the
protein decay occurs slightly after the mRNA decay. Expression of
scs-fp mRNA, the cer-adjacent gene, was not affected by LTM
training (data not shown). Moreover, wild-type flies subjected to
unpaired and repetitive odours and shocks, a regimen that does not
induce learning, showed no variation in cer expression (Fig. 4). The
sharp modulation of cer mRNA is therefore correlated with LTM
formation.

What is the physiological meaning of the decrease in cer
expression 3 h after LTM training? In the mouse, two waves of
hippocampal mRNA synthesis are required for LTM formation after
contextual fear conditioning18. Similar waves of gene expression
have been described in Hermissenda crassicornis after associative
conditioning19. Moreover, the simultaneous inhibition of multiple
caspases (a family of cysteine proteinases) in the hippocampus
blocks long-term, but not short-term, spatial memory20. Our results
extend these observations: we show that the expression of cer, which
encodes an inhibitor of cysteine proteinases, is reduced for a short
interval 3 h after training, thus probably leading to a transient
activation of its cysteine proteinase(s) target(s). Significantly, pro-
longed cysteine proteinase activation is associated with neuronal
degeneration in Alzheimer’s disease: regions that contain maximal
amounts of amyloid precursor protein also express maximal con-
centrations of cathepsin B and cathepsin L mRNA, indicating that
the memory deficit of these patients might be linked to the
deregulation of biochemical pathways involved in neuronal brain
plasticity4,21. We speculate that the memory deficit observed in flies
with constitutively decreased concentrations of Cer might parallel
this situation. A

Methods
Conditioning
The wild-type reference stock was Canton-Special (CS). The cerP and all other strains used
for memory experiments were outcrossed to flies of the CS background. Flies were
conditioned by exposure to an odour paired with electric shocks and subsequent exposure
to a second odour in the absence of shock, as described previously6.

Excisions and PCR rescue
Excision experiments were performed as described previously22. Genomic DNA adjacent
to the P-element insertion was isolated by inverse PCR as described in http://
www.fruitfly.org/about/methods/inverse.pcr.html.

Quantitative RT–PCR
Total RNA from the heads of conditioned or naive flies (1–2 mg) was used as a template for

reverse transcription using an oligo(dT) and SuperScript II reverse transcriptase
(Invitrogen). Quantitative PCR was performed in accordance with the protocols provided
with the LightCycler thermocycler (Roche) and the LightCycler – FastStart DNA Master
SYBR Green I kit. The primers used were designed to amplify 60–80-bp fragments at the
exon–intron boundary. Results were analysed in accordance with the instructions of the
LightCycler software (version 3.5, Roche Molecular Biochemicals). The levels of cer and
scs-fp mRNA were also normalized to the level of a-Tub84B mRNA.

Antibody production and western blot analysis
The Cer–glutathione S-transferase (Cer–GST) fusion protein was produced as described
previously23. Rabbits were injected dorsally several times every month for 3 months with
250mg of the Cer–GST fusion protein mixed with Freund’s adjuvant.

SDS–PAGE (with 70mg of total adult head protein extract) and western blot analysis
were performed as described previously24. The membrane was incubated with polyclonal
antiserum against the Cer–GST fusion protein (dilution 1:4,000) or with antiserum
against Ciboulot (dilution 1:8,000), as described previously23. The intensity of Cer-specific
signals was normalized to that of Ciboulot-specific signals.

Cer inhibition assay
Cer activity was assayed as described for Bombyx cysteine proteinase inhibitor (BCPI) or
CTLA-2a (refs 12, 25), with a Safas flx spectrofluorimeter, Cer (0–200 nM),
benzyloxycarbonyl-Phe-Arg-7amino4methylcoumarin as a substrate (3, 4.5 and 6 mM;
Calbiochem, La Jolla, California), human liver cathepsin B and L (25 and 10 nM,
respectively; Calbiochem) and papain (100 nM; Sigma, St Louis, Missouri).

Constructions
To create the genomic cerþ construct the clone BACR21D20 was digested with PstI and
XbaI. A 2,296-bp fragment (carrying the cerþ gene with 1.5 kb of sequence upstream of the
transcription initiation site and 250 bp of downstream sequence) was cloned into
pCaSpeR-4. Two transgenic lines, GENX and GEND, were obtained, with the P-element
inserted in the second and third chromosome, respectively. Western blots were quantified
and we observed that homozygous GENX and GEND had respectively twofold and
threefold more Cer than CS (data not shown).

The Cer–GFP fusion protein construct was generated with the pCaSpeR-4
construction described above, by inserting GFP in phase before the cer stop codon. The
cer 5

0
region until before the stop codon (BstEII/BamHI), the GFP open reading frame

(BamHI/XbaI) and the rest of cer (the 3
0

region from the stop codon and 250 bp of its
downstream sequence (XbaI/PstI) were amplified by PCR by using specific primers with
the indicated restriction sites. All three PCR products were digested with appropriate
restriction enzymes and the three products were cloned into BstEII/PstI-digested
pCaSpeR-4 in a four-way ligation reaction.

To create the UAS-cerþ construct a full-length cerþ cDNA was isolated from the BDGP
clone LP06209 and cloned into BglII/XbaI-digested pCaSpeR-UAS.

Immunohistochemical analysis
Drosophila brains were dissected as described previously6, then stained with the anti-Repo
monoclonal antibody (dilution 1:100) or with the anti-Elav monoclonal antibody
(dilution 1:10,000). Goat anti-mouse secondary antibody conjugated with Alexa-Fluor
568 (Interchim) was used at a dilution of 1:1,000. Expression was examined with a Leica
(Wetzlar, Germany) TCS SP2 laser scanning confocal microscope.
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Sand flies are the exclusive vectors of the protozoan parasite
Leishmania1, but the mechanism of transmission by fly bite has
not been determined nor incorporated into experimental models
of infection. In sand flies with mature Leishmania infections the
anterior midgut is blocked by a gel of parasite origin, the
promastigote secretory gel2,3. Here we analyse the inocula from
Leishmania mexicana-infected Lutzomyia longipalpis sand flies.
Analysis revealed the size of the infectious dose, the underlying
mechanism of parasite delivery by regurgitation, and the novel
contribution made to infection by filamentous proteophospho-
glycan (fPPG), a component of promastigote secretory gel found

to accompany the parasites during transmission. Collectively
these results have important implications for understanding
the relationship between the parasite and its vector, the pathol-
ogy of cutaneous leishmaniasis in humans and also the develop-
ment of effective vaccines and drugs. These findings emphasize
that to fully understand transmission of vector-borne diseases
the interaction between the parasite, its vector and the mamma-
lian host must be considered together.

Leishmaniasis is a parasitic disease that now infects some 12
million people worldwide, causing severe morbidity and mortality4.
Infection is initiated by distinct life cycle stages, metacyclic pro-
mastigotes, that are introduced into the skin by fly bite along with
sand fly saliva5–7. Leishmania are known to express various ‘viru-
lence factors’ in the sand fly, which may facilitate transmission to,
and infection of, the mammalian host8–12. However, despite these
discoveries our knowledge of parasite molecules that facilitate sand
fly transmission is still limited. Furthermore, a number of key issues
of transmission remain unresolved, such as the true infective dose,
the mechanism of parasite delivery and the biological consequences
of these upon infection. Importantly, in all Leishmania–vector
combinations examined so far, a gel-like plug—the parasite-derived
promastigote secretory gel (PSG)—blocks the anterior parts of the
midgut coincident with the accumulation of metacyclic promasti-
gotes2,3. An important structural component of PSG is filamentous
proteophosphoglycan (fPPG), an unusual mucin-like glycoprotein
unique to Leishmania13,14. Here we address these issues regarding
transmission and reveal a novel contribution made by L. mexicana
PSG to the infection process.

To begin to understand the nature of the infective inoculum, we
determined the number and composition of L. mexicana parasites
delivered during transmission (see Methods). We adapted a mem-
brane feeding system to collect parasites egested by infected sand
flies, revealing an average of 1,086 parasites delivered per bite, highly
enriched in metacyclic promastigotes (86–98%) (Table 1). The only
previous investigations quantifying egested parasites have been
made using microcapillary forced feeding15,16. When this method
was employed on L. mexicana-infected sand flies an average of 105
promastigotes was collected per sand fly (n ¼ 19), significantly
(P , 0.005) underestimating the size of the average infective dose
egested under voluntary feeding conditions. To address the origin of
the average 103 parasites delivered during transmission, we quanti-
fied the foregut populations in sand flies. The average foregut
population in pre-fed flies was 118 promastigotes (n ¼ 10),
and in post-fed flies was 53 promastigotes (n ¼ 13) per sand fly.
These populations are considerably smaller than the number of
promastigotes that were actually egested. Therefore, the main
source of egested parasites (.90%) lies behind the pharynx, thus
clearly demonstrating active regurgitation of parasites from the
oesophagus and behind, and not merely inoculation of the foregut
population.

Next we investigated the efficiency of sand fly transmission by
comparing infections caused by a single fly bite with those generated
by a syringe inoculation. From the above results, a syringe inoculum
of 103 metacyclic promastigotes was used to simulate natural
transmission, and BALB/c and CBA/Ca mice expressed non-healing
and healing phenotypes, respectively (Fig. 1a, b). However, when
individual mice were infected by single fly bites different outcomes
were quantitatively (BALB/c) and qualitatively (CBA/Ca) observed.
BALB/c mice exhibited greatly accelerated lesion development,
these appearing four to five weeks earlier than syringe inoculation
and rapidly increasing in size without healing (Fig. 1a), whereas
CBA/Ca mice developed non-healing chronic lesions (Fig. 1b). By
analysing Leishmania infection using single fly bites we provide
definitive evidence that delivery by sand flies makes a contribution
to Leishmania infection beyond simple injection of parasites.

One plausible explanation for the results described above is that
sand flies egest ‘exacerbation factors’ along with metacyclic pro-
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