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Tyrosine phosphorylation mediates multiple signal transduction pathways that play key roles in developmental processes and behavioral
plasticity. The level of tyrosine phosphorylation is regulated by protein tyrosine kinases and protein tyrosine phosphatases (PTPs).
Extensive studies have investigated the roles of tyrosine kinases in memory formation. However, there were few studies on PTPs. To date,
learning has been shown to be defective only for mouse knock-outs of PTP�, leukocyte common antigen-related, or PTP�. A major
limitation of these studies arises from their inability to distinguish an acute (biochemical) impairment of memory formation from a more
chronic abnormality in neurodevelopment. From a behavioral screen for defective long-term memory, we found chi mutants to disrupt
expression of the PTP10D protein tyrosine phosphatase gene. We show that chi mutants are normal for learning, early memory, and
anesthesia-resistant memory, whereas long-term memory specifically is abolished. Significantly, induction of a heat shock-PTP10D �

transgene before training fully rescues the memory defect of chi mutants, thereby demonstrating an acute role for PTP10D in behavioral
plasticity. We show that PTP10D is widely expressed in the embryonic CNS and in the adult brain. Transgenic expression of upstream
activating sequence-PTP10D � in mushroom bodies is sufficient to rescue the memory defect of chi mutants. Our data clearly demon-
strate that signaling through PTP10D in mushroom bodies is critical for the formation of long-term memory.
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Introduction
Tyrosine phosphorylation mediates multiple signal transduction
pathways that play key roles in developmental processes, as well
as behavioral plasticity (Neel and Tonks, 1997; Van Vactor et al.,
1998). The level of tyrosine phosphorylation is known to be reg-
ulated by protein tyrosine kinases and protein tyrosine phospha-
tases (PTPs) (Van Vactor et al., 1998). Extensive studies have
investigated the roles of different families of tyrosine kinases in
memory formation of vertebrates and invertebrates (for review,
see Purcell and Carew, 2003). However, there were few studies on
the involvement in memory formation of PTPs. To date, learning
has been shown to be defective only for mouse knock-outs of
PTP�, leukocyte common antigen-related, or PTP� (Uetani et
al., 2000; Skelton et al., 2003; Kolkman et al., 2004). A major
limitation of these studies arises from their inability to distin-
guish an acute (biochemical) impairment of memory formation
from a more chronic abnormality in neurodevelopment (Wallace
et al., 1999; Uetani et al., 2000; Kolkman et al., 2004).

Behavioral, pharmacological, and genetic experiments on
memory formation after pavlovian olfactory learning in Drosoph-
ila have revealed four temporal phases: short-term memory
(STM), middle-term memory (MTM), anesthesia-resistant
memory (ARM), and long-term memory (LTM) (Tully et al.,
1990). STM, MTM, and ARM are insensitive to cycloheximide
(protein synthesis inhibitor) and are present after a single train-
ing session or after massed training (10 training sessions with no
rest interval between each). LTM, in contrast, depends on protein
synthesis and is uniquely induced by spaced training (10 training
sessions with a 15 min rest interval between each). One day after
spaced training, memory retention comprises approximately
equal amounts of ARM and LTM, whereas 1 d memory after
massed training comprises only ARM.

Based on a behavioral screen, we found PTP10D mutants to be
defective in 1 d memory after spaced training. In Drosophila,
PTP10D is one of the six receptor-like PTPs. (Schindelholz et al.,
2001). PTP10D has a receptor-like extracellular region consisting
of fibronectin type II domains, linked via a single transmembrane
domain to a cytoplasmic region containing one phosphatase do-
main (Tian et al., 1991; Yang et al., 1991). Its extracellular struc-
ture is similar to that of the cell adhesion molecules, suggesting
that it mediates interaction between cells. PTP10D single mu-
tants are viable, fertile, and display no abnormal embryonic phe-
notypes (Desai et al., 1996; Sun et al., 2000). In PTP10D;PTP69D
(encoding another PTP) double mutants, however, growth cone
activity across the midline of the CNS is altered in embryos (Sun
et al., 2000).
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Here, we demonstrate that PTP10D mutants are normal for
learning, early memory, and anesthesia-resistant memory,
whereas long-term memory specifically is abolished. We show
that PTP10D is widely expressed in the embryonic CNS and in
the adult brain. Moreover, induced expression of a heat shock
(hs)-PTP10D� transgene in the adult and expression of up-
stream activating sequence (UAS)-PTP10D� transgene in the
mushroom body (MB) could both rescue the LTM defect, dem-
onstrating that the function of PTP10D in the mushroom body is
sufficient for the physiological processes underlying LTM
formation.

Materials and Methods
Fly stocks. w1118(isoCJ1) was used as a control in all of the experiments.
The mutant named as chi by our laboratory was isolated in the screen for
genes affecting long-term memory. EP(X)1172 were a gift from Kai Zinn
(California Institute of Technology, Pasadena, CA). The genetic back-
grounds of all strains used were equilibrated to that of w1118(isoCJ1) by
five generations of backcrossing, selecting for the presence of the mw�

eye color marker carried within the PlacW transposon.
Pavlovian olfactory learning. The training and testing procedures were

the same as described previously (Tully et al., 1994). During one training
session, a group of �100 flies was exposed sequentially to two odors
(either octanol or methylcyclohexanol) for 60 s with a 45 s rest interval
after each odor presentation. During exposure to the first odor, flies were
simultaneously subjected to footshock (12 1.5-s pulses with 3.5 s inter-
vals, 60 V). To measure “immediate memory” (also referred to as “learn-
ing”), flies were transferred immediately after training to the choice point
of a T maze and given a choice between the two odors for 2 min, after
which they were trapped in their respective arms, anesthetized, and
counted. A performance index (PI) was calculated from the distribution
of flies in the T-maze. A PI of 0 represents a 50:50 distribution, whereas a
PI of 100 represents 100% of flies avoiding the shock-paired odor by
running into the other T-maze arm. Typically after one training session,
memory retention in normal flies drops to near zero within 1 d. To
produce longer-lasting memory, flies were subjected to repetitive train-
ing sessions, either massed (10 sessions with no rest interval) or spaced
(10 training sessions with a 15 min rest between each). After training, flies
were transferred to food vials and stored at 18°C for 24 h before the
T-maze test trial.

Olfactory acuity and shock reactivity. Odor-avoidance responses were
quantified by exposing naive flies to each odor (octanol or methylcyclo-
hexanol) versus air in the T maze for 120 s, after which they were trapped
in their respective arms, anesthetized, and counted. A PI was calculated
for each odor individually as reported previously (Tully and Quinn,
1985). Shock-avoidance responses were quantified by inserting electrifi-
able grids into both arms of the T maze; shock pulses were delivered to
one of the arms. After 60 s, naive flies were trapped in their respective
arms, anesthetized, and counted. Individual PIs were calculated as for
odor acuity.

Statistic analyses. Data were analyzed with the program SPSS11 (SPSS,
Chicago, IL). Overall ANOVA were followed by Student’s t test. To main-
tain an experiment-wise error rate of � � 0.05, the critical p values for
these individual comparisons were adjusted accordingly and are listed
below for each experiment.

Heat-shock treatment. Flies were subjected to heat shock by placing
them in empty vials in a 37°C incubator for 25 min. Flies then were
transferred back to bottles with food at room temperature (RT) (20 –
24°C) for 3 or 27 h recovery periods.

Western blot analysis. Extracts were prepared from frozen whole flies as
described previously (Yin et al., 1994). Protein concentrations were de-
termined by the Bio-Rad (Hercules, CA) protein assay. Primary antibod-
ies used were mouse monoclonal sera against PTP10D (1:100; kindly
provided by Kai Zinn) and monoclonal antibody against �-actin (1:
20,000) (Sigma, St. Louis, MO). Products were visualized by enhanced
chemiluminescence (Roche, Indianapolis, IN) and autoradiography.

Immunohistochemistry. Whole-mount embryos were dechorionated
in 50% bleach for 5 min, rinsed in water, and fixed for 30 min in heptane

saturated with 4% formaldehyde in PBS (4% formaldehyde in PBS/hep-
tane at 1:3) at RT. Embryos then were devitellinized by shaking in hep-
tane and 100% methanol for several seconds. After two rinses in metha-
nol, embryos were washed four times in PBT (PBS, pH 7.2, and 0.2%
Triton X-100). Embryos were preincubated in PBT with 5% normal goat
serum (block) for 1 h at RT. PTP10D monoclonal antibody was added to
a final concentration of 2%, and embryos were incubated overnight at
4°C. Embryos were washed eight times with PBT for 1 h at RT. Horse-
radish peroxidase-conjugated anti-mouse secondary antibody was added
and incubated for 45 min at RT. Embryos were washed eight times with
PBS [containing (in mM) 2.7 KCl, 4.3 Na2HPO4, 1.8 KH2PO4, and 137
NaCl, pH 7.2] to completely remove Triton X-100; an equal volume of 1
mg/ml diaminobenzidine with 0.3% hydrogen peroxide then was added
to the wash and incubated for 3 min until the reaction product on em-
bryos was visible. Finally, embryos were dehydrated in ethanol and
xylene and mounted in Araldite.

Immunohistochemistry on adult heads was performed on paraffin
sections. For the immunohistochemical screen of viable mutants, five
control flies and five PTP10D mutants were mounted side by side in a fly
collar and sectioned.

For paraffin sections, the flies were fixed in Carnoy’s fixative (60%
ethanol, 30% chloroform, and 10% acetic acid) for 4 h at RT, washed two
times in ethanol for 30 min each, washed in absolute ethanol (dehy-
drated) for 1 h, treated with methylbenzoate overnight, and embedded in
paraffin. We obtained 7 �m sections, deparaffinized them in a xylene
bath for 75 min, rehydrated them through 100 –25% ethanol series and
distilled water, blocked the tissue with goat serum in PBT for 40 min at
RT, and then incubated it with a 1:50 dilution of anti-PTP10D monoclo-
nal antibody overnight at 4°C. Sections were washed in PBT at least three
times and incubated in HRP-conjugated anti-mouse secondary antibody
for 1 h at RT. Finally, sections were washed in PBS at least three times and
stained by DAB kit at RT.

Reverse transcription-PCR. For reverse transcription-PCR analysis of
PTP10D, total RNA was prepared from control flies [w1118(isoCJ1)] or
chi mutants using the Qiagen (Valencia, CA) kit. RNA was quantified
with a spectrophotometer, and equal amounts of RNA from the two
preparations were reverse transcribed and subjected to PCR analysis us-
ing the protocols of ImProm-II Reverse Transcription System provided

Figure 1. chi mutants carry a P element inserted in the PTP10D gene, reducing levels of
PTP10D mRNA and protein. A, The intron/exon structure of PTP10D is shown, along with the
PlacW insertion in chi mutants and a second independently derived P insertion [EP(X)1172]. The
directions of enhancer-driven transcription within each P element are indicated by the arrow. B,
Reverse transcription-PCR analysis of total RNA from control flies [w1118(isoCJ1)] and the chi
mutant. mRNA expression of PTP10D is significantly lower in mutant than in control flies. In
contrast, mRNA expression of a control gene, GAPDH, is similar between mutant and control
flies, indicating that similar total amounts of RNA were loaded into each lane. C, Western blot
analysis of PTP10D protein expression from control [w1118(isoCJ1)] flies and chi mutants. A band
of the appropriate size [molecular weight (MW) of 175 kDa] was detected in control flies but was
not in chi/chi mutants. In contrast, expression of an actin loading control was similar between
control and mutant flies.
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by Promega (Madison, WI). The resulting
cDNA was divided into two equal parts, which
were used as templates in PCR amplifications of
PTP10D and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (loading control),
respectively. The PTP10D primers used were
5�-ggcccagaatatgaccaccaggaa-3� and 5�-
ggcgctaatatcggcatcgtttga-3�, and the GAPDH
primers were 5�-ccactgccgaggaggtcaacta-3� and
5�-gctcagggtgattgcgtatgca-3�.

Plasmid rescue. Genomic DNA flanking the
chi P element insertion site was obtained by di-
gesting total genomic DNA with EcoRI or SacII,
circularizing the resulting fragments and trans-
forming bacteria to isolate DNA fragments con-
taining an amp resistance gene within the
PlacW transposon. The cloned fragments then
were sequenced using standard methods.

Generation of hs- and UAS-PTP10D� trans-
genic flies. Plasmid re52018 (Berkeley Drosoph-
ila Genome Project, Berkeley, CA) contained a
full-length cDNA fragment for PTP10D within
the pFLC-1 vector. This cDNA fragment ex-
tends from 432 bp upstream of the putative
translation start codon to 2983 bp downstream of the stop codon. The
re52018 plasmid and Pcasper-hs vector were restriction digested with
KpnI and StuI, respectively. The liberated PTP10 cDNA insert and lin-
earized Pcasper-hs vector then were blunt ended using T4 polymerase,
subsequently cut by the enzyme NotI, recovered, and then joined to-
gether by T4 ligase at 4°C for �24 h. Finally, bacteria were transformed.
Sequencing of colony isolates confirmed the cloning of the hs-PTP10D �

construct. Germ-line transformation was accomplished by injecting the
hs-PTP10D � constructs into control embryos using standard tech-
niques (Rubin and Spradling, 1982; Spradling and Rubin, 1982). One
transposant was recovered, with the hs-PTP10D � transgene inserted
somewhere on the second chromosome. The genetic background of this
transgenic line was equilibrated to that of w1118(isoCJ1) flies via five
generations of backcrossing. For rescue of mutant memory, chi/chi;hs-
PTP10D�/hs-PTP10D� flies were bred.

A 7311 bp NotI–KpnI fragment, restriction digested from re52018, was
cloned into the PUAST vector similarly cut with NotI and KpnI. After
germ-line transformation as above, one transposant line was recovered
with the UAS-PTP10D � transgene inserted somewhere on the third
chromosome. Here again, the genetic background of this strain was
equilibrated to that of w1118(isoCJ1) flies via five generations of
backcrossing.

Results
Mutations of PTP10D disrupt LTM formation
We performed a P element insertional mutagenesis to screen for
X-linked mutants that disrupt 1 d memory after spaced training.
Plasmid rescue of genomic DNA flanking the P element (PlacW)
insertion in one identified mutant, which we named chi (“chi” is
a Chinese word that can be translated as “foolish”), revealed the
transposon to be inserted in the first intron of PTP10D, 345 bp
downstream of the splice donor site of exon 1 and 943 bp up-
stream of the start codon in exon 2 (Fig. 1A). Reverse
transcription-PCR analyses revealed that expression of the
PTP10D transcript is greatly reduced in chi mutants (Fig. 1B).
Western blot analysis identified a single protein band of 190 kDa
in control flies, which is consistent with a previous observation
(Tian et al., 1991), and this band was undetected in chi/chi mu-
tants (Fig. 1C). These molecular results suggest that PTP10D is
disrupted in chi mutants.

Our studies also used another, independently isolated muta-
tion of PTP10D, EP(X)1172, which also results from a P element
insertion within the first exon (Fig. 1A). Homozygous

EP(X)1172 mutants also were reported to express very low levels
of PTP10D protein (Tian et al., 1991; Sun et al., 2000).

These PTP10D mutants were found to be defective in 1 d
memory after spaced training. Both chi/chi and EP(X)1172/
EP(X)1172 homozygous mutants showed significantly lower 1 d
memory after spaced training than control flies (Fig. 2A). More
importantly, the two mutant alleles failed to complement; 1 d
memory after spaced training in chi/EP(X)1172 heteroallelic mu-
tants was significantly lower than control flies (Fig. 2B). This
finding demonstrates that loss of function of the PTP10D gene
per se is responsible for the defect in 1 d memory after spaced
training.

To determine which memory phase was disrupted in PTP10D
mutants, we first examined 1 d memory after massed training and
found it statistically indistinguishable from control for both chi/
chi and EP(X)1172/EP(X)1172 mutants (Fig. 2A). This observa-
tion demonstrates that ARM is normal in PTP10D mutants.
Next, we examined memory immediately or 3 h after one training
session, which assess STM or MTM, respectively. For both as-
pects of memory retention, performance was statistically indis-
tinguishable from control in chi/chi mutants (Fig. 2C). Together,
these results establish that STM, MTM, and ARM are normal, but
LTM specifically is disrupted, in PTP10D mutants.

For immediate and 3 h memory after one training session and
for 1 d memory after massed training, performance is indistin-
guishable from control, suggesting that the mutants are able to
sense and react to odors and footshock normally. To eliminate
formally the possibility that these sensorimotor responses are
defective, we examined olfactory acuity and shock reactivity in
PTP10D mutants. In both assays, performance is statistically in-
distinguishable from control in chi/chi and EP(X)1172/
EP(X)1172 mutants (supplemental Table 1, available at www.
jneurosci.org as supplemental material). These results further
specify the behavioral defect in PTP10D mutants to be restricted
to LTM.

PTP10D is required during memory formation, not during
development or maintenance
The chi and EP(X)1172 mutations disrupt PTP10D function
throughout development. Thus, the specific defect in LTM might
nonetheless derive from abnormal development of the neural

Figure 2. Disruption of PTP10D blocks LTM formation. A, One day memory after spaced training was quantified in different
groups of control flies [w1118(isoCJ1)] and chi/chi or EP(X)1172/EP(X)1172 mutants. The mean � SEM PI is shown for each
genotype. One-factor ANOVA revealed a significant different of genotypes (F(2,33) � 40.1; p � 0.001). Performance was signif-
icantly lower than control flies for both chi/chi ( p � 0.001) and for EP(X)1172/EP(X)1172 ( p � 0.001) mutants. n � 12 PIs per
genotype. One day memory after massed training was quantified in different groups of control flies [w1118(isoCJ1)] and chi/chi or
EP(X)1172/EP(X)1172 mutants. There was no effect of genotype after one-factor ANOVA (F(2,21) � 0.27; p � 0.77). n � 8 PIs per
genotype. Note that 1 d memory after spaced training in PTP10D mutants yielded scores similar to these. B, One day memory after
spaced training was quantified in different groups of control flies [w1118(isoCJ1)], heteroallelic chi/EP(X)1172 mutants, and
heterozygous chi/� or EP(X)1172/� flies. One-factor ANOVA revealed a significant difference of genotypes (F(3,20) � 4.94; p �
0.01). Although performance was not different from control flies for both heterozygotes ( p � 0.44 and 0.80, respectively), that
of chi/EP(X)1172 heteroallelic mutants was significantly lower ( p � 0.01). n � 6 PIs per genotype. C, Memory retention was
quantified immediately after one training session in different groups of control flies [w1118(isoCJ1)] or chi/chi mutants, and similar
performance levels were obtained (F(1,8) � 5.24; p � 0.06). n � 5 PIs per genotype. Memory retention was quantified 3 h after
one training session in different groups of control flies [w1118(isoCJ1)] or chi/chi mutants. Again, similar performance levels were
observed (F(1,8) � 0.013; p � 0.90). n � 5 PIs per genotype.
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structures that subserve LTM. To evaluate this possibility, we
constructed chi/chi;hs-PTP10D�/hs-PTP10D� transgenic mu-
tants, which carry a full-length cDNA of PTP10D under the con-
trol of the hsp70 heat shock promoter. Western blot analysis re-
vealed that expression levels of transgenic PTP10D protein were
undetected in adult extracts from chi/chi;hs-PTP10D�/hs-
PTP10D� transgenic mutants at 25°C (Fig. 3A) and 18°C (data
not shown), whereas PTP10D protein was detected in such trans-
genic mutants 3 h after a 25 min heat shock (from 25 to 37°C)
(Fig. 3A). Concomitant with these observations, 1 d memory
after spaced training was defective in transgenic mutants at 25°C
but was statistically indistinguishable from control when animals
were trained 3 h after the heat shock treatment (Fig. 3B). This
rescue effect cannot be attributed to altered sensorimotor re-
sponses, because control flies and transgenic mutants showed

indistinguishable olfactory acuity and shock reactivity before
or after heat shock (supplemental Table 1, available at www.
jneurosci.org as supplemental material). Thus, acutely induced
expression of an hs-PTP10D� transgene in the adult is sufficient
to rescue the LTM defect of chi mutants.

We further explore the acute role of PTP10D in LTM. Western
blot analysis revealed that heat shock-induced PTP10D protein
expression in transgenic mutants decreased to undetectable levels
within 27 h after heat shock treatment (Fig. 3A). Accordingly, 1 d
memory after spaced training again was lower than control flies
when animals were trained 27 h after heat shock (Fig. 3C). In
contrast, LTM was rescued in the transgenic mutants if trained
3 h after heat shock but tested 27 h later even at which acutely
expressed PTP10D was becoming undetectable.

To assess any potential enhancement of memory formation,
we also evaluated the effects of overexpression of PTP10D in the
wild-type background. Transgenic flies (hs-PTP10D�) were sub-
jected a 25 min heat shock (from 25 to 37°C) and trained 3 h after-
ward. Overexpression of hs-PTP10D� did not affect 1 d memory
after one training session or after spaced training (Fig. 3D).

Together, these data suggest that PTP10D plays an acute role
that is essential for LTM formation but not for the maintenance
of LTM, and any possible subtle developmental defects can be
overcome with expression of PTP10D in adult flies.

PTP10D is widely expressed in the embryonic CNS and in the
adult brain
Consistent with previous reports (Tian et al., 1991; Yang et al.,
1991), our immunohistochemical analysis revealed that PTP10D
protein is expressed in the ventral nerve cord of embryonic stage
14 control flies. Such immunostaining was not detected in chi/chi
mutant embryos (Fig. 4A). Immunohistochemical analysis of
PTP10D protein expression in adult brain was done on paraffin
sections, using a monoclonal antibody. In control flies, antigen
was detected throughout the neuropillar regions of the brain,
including the mushroom bodies, the central complex (CC), and
the antennal lobes (Fig. 4B–D). In chi/chi mutants, antigen im-
munoreactivity was greatly reduced (Fig. 4E). Using hematoxylin
and eosin staining of paraffin sections, no gross structural defects
could be seen in chi/chi mutant adult brains (supplemental Fig.
S1, available at www.jneurosci.org as supplemental material).

Expression of PTP10D � in mushroom body is sufficient to
rescue the memory defect of chi mutants
The expression pattern of PTP10D certainly did not provide any
clues as to where in the brain its function is required for LTM
formation. Two logical possibilities based on several previous
studies are the MBs and the CC (Connolly et al., 1996; Zars et al.,
2000; Dubnau et al., 2001; Pascual and Preat, 2001; Isabel et al.,
2004; McGuire et al., 2005; Liu et al., 2006). To evaluate any
putative roles for these neuroanatomical sites, we constructed
chi/chi;UAS-PTP10D�/UAS-PTP10D� transgenic mutants that
carry a full-length cDNA for PTP10D under the control of a UAS
promoter sequence, which binds the yeast galactosidase-4 (Gal4)
transcription factor (Brand and Perrimon, 1993). These trans-
genic mutants are defective in 1 d memory after spaced training
(Fig. 5). Virgin transgenic mutants were bred to males of either
the OK107 Gal4 enhancer trap line, which drives UAS-transgene
expression in MBs (and pars intercerebralis) or the c232 en-
hancer trap line, which drives UAS-transgene expression in the
central complex. Male progeny from these crosses then were sub-
jected to spaced training. One day memory for chi/Y;�/�;UAS-
PTP10D�/�;OK107/� flies was statistically indistinguishable

Figure 3. The memory defect of PTP10D mutants can be rescued by acute induction of
hs-PTP10D �. A, Western blot analysis of PTP10D protein levels in control flies and in chi/chi;
hs-PTP10D�/hs-PTP10D� transgenic mutants without heat shock and in chi/chi;hs-PTP10D�/
hs-PTP10D� transgenic mutants 3 and 27 h after heat shock (from 25 to 37°C for 25 min). B,
Control flies [w1118(isoCJ1)] or chi/chi;hs-PTP10D �/hs-PTP10D � transgenic mutants were
subjected to spaced training without (�hs) or 3 h after (�hs) heat shock treatment. ANOVA
revealed a significant difference of genotypes (F(3,28) �25.4; p�0.001). In the absence of heat
shock, 1 d memory was significantly lower than normal in transgenic mutants ( p � 0.001).
After heat shock treatment, however, 1 d memory was normal in transgenic mutants ( p �
0.94). Heat shock itself also did not produce any nonspecific effect on 1 d memory in control flies
( p � 0.52). n � 8 PIs per group. C, One day memory after spaced training in control flies is
significantly higher than in chi/chi;hs-PTP10D�/hs-PTP10D� transgenic mutants when trained
27 h after heat shock (from 25 to 37°C for 25 min) (F(1,14) � 46.2; p � 0.001). n � 8 PIs per
group. D, One day memory is not affected by overexpression of hs-PTP10D� in control flies.
Flies were subjected to the same heat shock treatment as described in Results. After a 3 h
recovery from heat shock, flies received either one training session or spaced training, and 1 d
memory retention was quantified. Mean PIs of control (�/�) and hs-PTP10D � transgenic
flies (�/�;hs-PTP10D �/hs-PTP10D �) were similar after one training session (F(1,10) �
0.51; p � 0.49) or after spaced training (F(1,10) � 1.52; p � 0.25). n � 6 PIs for each group.
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from control, whereas that for chi/Y;c232/
�;UAS-PTP10D�/�;�/� flies was sig-
nificantly reduced and indistinguishable
from chi/chi;UAS-PTP10D�/UAS-
PTP10D� transgenic mutants (Fig. 5).
Virgin transgenic mutants were also bred
to males of c309 MB driver in the mutant
chi background. All progeny from this
cross then were subjected to spaced train-
ing. One day memory for chi/chi;c309/�;
UAS-PTP10D/� also was statistically in-
distinguishable from control (Fig. 5). Here
again, sensorimotor responses to odors
and footshock were statistically indistin-
guishable from control (supplemental Ta-
ble 1, available at www.jneurosci.org as
supplemental material). Together, these
results demonstrate that transgenic
PTP10D function in MBs is sufficient to
rescue the defective LTM of chi mutants.

Discussion
From a behavioral screen for long-term
memory mutants, we identified chi, which
carries a molecular lesion of the PTP10D
gene. The chi mutation derives from a P
element insertion into the first intron of
PTP10D, leading to drastic reductions in
mRNA and protein from this transcrip-
tion unit (Fig. 1). Homozygotes of an-
other, independently isolated mutation in
PTP10D, EP(X)1172, also are defective for
long-term memory, and the two alleles
fail to complement each other for this
phenotype (Fig. 2). Assays for different
memory phases reveal the memory defect
of chi mutants to be specific for long-term
memory; STM, MTM, and ARM all
were statistically indistinguishable from
controls (Fig. 2), as were basic sensorimo-
tor responses to odors and footshock
(supplemental Table 1, available at www.
jneurosci.org as supplemental material). These observations con-
firm that mutations in the chi locus lead to specific LTM defects.

This defect is not resulted from developmental abnormality
for the LTM phenotype of chi mutants and can be rescued by
acutely induced expression of an hs-PTP10D� transgene in the
adult fly (Fig. 3), a conclusion also supported by the lack of ab-
normalities in gross brain morphology in chi mutants (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material). More specifically, the Chi protein PTP10D plays an
essential acute role in formation of LTM but is not required for
maintenance of LTM. We showed that this rescue occurred only
when training took place within 3 h of heat shock when induced
expression of PTP10D was abundant. However, the heat shock
induction failed to rescue LTM when training was conducted 27 h
later at which induced expression of PTP10D was becoming un-
detectable. Moreover, at testing of memory (27 h after heat
shock), although induced expression of PTP10D was undetect-
able, LTM remained to be rescued if training happened within an
interval during which induced expression of PTP10D was abun-
dant. Such observations provide a strong demonstration of an
acute role for PTP10D during LTM formation.

Finally, function of PTP10D for memory formation is local-
ized in the MB. Transgenic expression of a UAS-PTP10D� trans-
gene only in MBs is sufficient to rescue the LTM defect of chi
mutants (Fig. 5), a result consistent with many other studies that
support a role for MBs during olfactory memory formation
(Connolly et al., 1996; Zars et al., 2000; Dubnau et al., 2001;
McGuire et al., 2001; Presente et al., 2004). In particular, it has
been shown that the absence of the vertical lobes of the mush-
room body disrupts LTM (Pascual and Preat, 2001; Isabel et al.,
2004), and mutations in Crammer peptides that are expressed in
the glial cells around the mushroom body also lead to defective
LTM (Comas et al., 2004). This study presents for the first time
that the function of a protein in the mushroom body is required
for formation of LTM. All of these lines of evidence lead to the
conclusion that this receptor-like tyrosine phosphatase plays a
critical role in biochemical cascades that mediate long-term
memory formation in Drosophila.

Several PTPs have been examined in Drosophila. PTP69D
plays a role in axon guidance, whereas Drosophila leukocyte com-
mon antigen-related Dlar appears to be required for maturation
of growth cones in synapses (Desai et al., 1996; Krueger et al.,

Figure 4. PTP10D protein is widely expressed in the nervous system of control flies and greatly reduced in chi mutants. A,
Anti-PTP10D expression in stage 14 embryos of control and mutant flies. Although PTP10D expression is widespread throughout
the CNS of control embryos, no immunoreactivity was detected in chi/chi mutant embryos. B–D, Immunohistochemical detection
of PTP10D protein in paraffin sections of adult brain from control flies. cc, Central complex; al, antennal lobes; c, calyces. Expression
is widespread throughout the brains of adult flies. E, Immunohistochemical detection of PTP10D protein in paraffin sections of
adult brains from chi/chi mutants, revealing a great reduction in protein expression in mutants. Scale bars, 100 �m.
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1996; Sun et al., 2000). Our data show that PTP10D is expressed
widely in embryonic and adult CNS. Thus, one might expect
PTP10D also to play a role in neurodevelopment. To that end, the
axon guidance defect of PTP69D mutants is exacerbated in
PTP69D;PTP10D double mutants (Sun et al., 2000), but PTP10D
single mutants display no observable defects in development of
the CNS (Desai et al., 1996; Sun et al., 2000). Our data support
these observations and suggest, instead, a more important role
for PTP10D in the biochemistry of memory formation.

Our study provides the following insights. Primarily, this is a
novel report in invertebrates that a receptor-like tyrosine phos-
phatase is involved in memory formation. In vertebrates, there
are a number of reports that suggest an involvement of receptor-
like tyrosine phosphatases in learning and memory, although it
remains to be determined whether such effects are specific to
long-term memory formation (Uetani et al., 2000; Skelton et al.,
2003; Kolkman et al., 2004). In any case, these observations indi-
cate that signaling via receptor-like tyrosine phosphatases may be
a conserved biochemical pathway for learning and memory, as
for the cAMP pathway. Second, the extracellular structure of
PTP10D is similar to other cell adhesion molecules, suggesting
that cell– cell interaction might be a critical signal transduction
mechanism during memory formation. Consistent with this no-
tion, mutants for Drosophila integrin and Fas II have been re-
ported to disrupt STM (Grotewiel et al., 1998; Cheng et al., 2001).
More generally, cell adhesion molecules have been implicated
widely for synaptic plasticity in vertebrates and invertebrates (for
review, see Murase and Schuman, 1999).
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