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Behavioral and Synaptic Plasticity Are Impaired upon Lack
of the Synaptic Protein SAP47
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The synapse-associated protein of 47 kDa (SAP47) is a member of a phylogenetically conserved gene family of hitherto unknown function.
In Drosophila, SAP47 is encoded by a single gene (Sap47) and is expressed throughout all synaptic regions of the wild-type larval brain;
specifically, electron microscopy reveals anti-SAP47 immunogold labeling within 30 nm of presynaptic vesicles. To analyze SAP47
function, we used the viable and fertile deletion mutant Sap47'°°, which suffers from a 1.7 kb deletion in the regulatory region and the first
exon. SAP47 cannot be detected by eitherimmunoblotting or immunohistochemistry in Sap47’°° mutants. These mutants exhibit normal
sensory detection of odorants and tastants as well as normal motor performance and basic neurotransmission at the neuromuscular
junction. However, short-term plasticity at this synapse is distorted. Interestingly, Sap47"°° mutant larvae also show a 50% reduction in
odorant-tastant associative learning ability; a similar associative impairment is observed in a second deletion allele (Sap47°°") and upon
reduction of SAP47 levels using RNA interference. In turn, transgenically restoring SAP47 in Sap47'°° mutant larvae rescues the defect in
associative function. This report thus is the first to suggest a function for SAP47. It specifically argues that SAP47 is required for proper
behavioral and synaptic plasticity in flies—and prompts the question whether its homologs are required for proper behavioral and

synaptic plasticity in other species as well.

Introduction

The relationship between brain and behavior is the core topic of
neuroscience. Given the multitude of events associated with any
given behavior, it seems reasonable to address this issue in the
form of its first time derivative, i.e., to ask which change in the
brain is necessary and sufficient for a given change in behavior. In
this sense, studying associative learning and memory, rather than
being particularly difficult, may be tackling the relation between
brain and behavior in a particularly accessible form. Within this
context, we focus on the role of a specific synaptic protein [the
synapse-associated protein of 47 kDa (SAP47) (Reichmuth et al.,
1995; Funk et al., 2004; Hofbauer et al., 2009)] for associative
function and synaptic physiology in larval Drosophila. This seems
timely, given the importance of synaptic processes for learning in
general [e.g., Lechner and Byrne (1998) and Pittenger and Kandel
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(2003)] and in larval Drosophila in particular (e.g., Michels et al.,
2005).

The Sap47 gene of Drosophila (Fig. 1A) was identified by a
monoclonal antibody from a hybridoma library raised against
Drosophila brain (Hofbauer et al., 2009). It codes for a synaptic
protein with a BSD domain and is highly conserved between
nematode, fly, fish, and human (Reichmuth et al., 1995; Funk et
al., 2004). The BSD domain is localized in a conserved central
region and is found in BTF2-like transcription factors, SAP47
homolog proteins, and DOS2-like proteins. The domain is char-
acterized by three predicted o helices and a conserved
phenylalanine-tryptophan amino acid pair (Doerks et al., 2002).
SAP47 is abundant in synaptic terminals (Reichmuth et al., 1995;
Funk et al., 2004), but a role in synaptic function and/or behavior
has not been determined, in any species.

In this study, we tested for an association of SAP47 with syn-
aptic vesicles using immunogold labeling in electron microscopy,
and for the expression pattern of SAP47 in the brain of larval
Drosophila by confocal immunohistochemistry. To analyze the
function of SAP47, we used the fully viable and fertile deletion
mutant Sap47'°® (Funk et al., 2004). After extensive outcrossing
of this mutant with the wild-type strain Canton-S (henceforth
called WT), we tested for the genomic status of WT and Sap47'*°
by PCR, and for a possible residual expression of SAP47 in
Sap47"°° mutants. We then asked whether basic synaptic trans-
mission at the neuromuscular junction as well as short-term syn-
aptic plasticity at this synapse may be distorted, and whether
sensory and motor abilities are intact in larvae lacking SAP47. We
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Figure1. Characterizing the Sap47 gene and the Sap47"*° mutant. A, Gene structure. Shown is the exon—intron structure of the Sap47 gene in wild type (WT: exons gray). The deletion in Sap47'*

is shown in higher magnification. The arrow below the first exon indicates the translation start. Other arrows and roman numerals indicate binding sites of primers used for PCRin B. B, PCR. PCR with
primer pair /Il generates a 644 bp fragment only in WT, because there is no binding site for primer 1 in the Sap47"* mutant; primer pair I/1ll generates a 582 bp fragment only in the Sap47"*° mutant,
because an elongation time was chosen that is too short for amplification of the long WT fragment. Two samples were run for each condition. €, Electron microscopy. Shown is a synaptic bouton with
synaptic vesicles and immunolocalization of SAP47 in a WT larva using electron microscopy at the larval neuromuscular junction. Bound primary mouse anti-SAP47 antibodies were detected with
gold-conjugated secondary anti-mouse antibodies. Gold particles (arrowheads) are localized close to synaptic vesicles. The inset represents the boxed area in higher magnification. Scale bar, 200 nm.
D, Neuromuscular junction. At the neuromuscular junction (muscle pair 6/7), the Sap47"* strain does not show any anti-SAP47 immunoreactivity, whereas in WT, synaptic boutons are stained
(white). Preparations are double labeled with a Texas Red-coupled anti-HRP antibody to label cell membranes (orange), and the nc46 antibody to label SAP47, and are viewed under a confocal
microscope. Scale bar, 20 m. The lower panels represent an enlarged view of the boxed area. Scale bar, 5 um. E, Whole-mount larval brains. In both mutant strains (Sqp47"* and Sap47°°"), no
anti-SAP47 immunoreactivity is detectable in whole-mount preparations of the larval brain, whereas the neuropil regions in WT are strongly stained [antibody: nc46 (white)]. For orientation, F-actin
is visualized with phalloidin (orange). Scale bar, 50 .um. F, Cephalic sensory systems. SAP47 immunoreactivity is detectable in single confocal slices of the cephalic sensory systems of third-instar WT
larvae. DO, TO, the dorsal, posterior, and ventral pharyngeal sense organs [DPS, PPS (not shown), and VPS], and the Bolwig organ are at least partially stained [antibody: nc46 (green)]. For
orientation, F-actin is visualized with phalloidin (blue) and an anti-Elav antibody is used to stain neuronal nuclei (red). Note that in the DO ganglion SAP47 is foundin cell nuclei. G, Western blot. There
is no SAP47 signal detectable on Western blot in the Sap47'*® mutant, whereas WT shows the expected (Reichmuth et al., 1995; Funk et al., 2004) strong band at 47 kDa with both monoclonal
antibodies used [left: nc6, with its epitope FSGLTNQFTS, which is within the Sap47"*° deletion; right: nb200, with its epitope QQAKHF, which is downstream, C-terminal of the Sap47"* deletion
(Hofbauer et al., 2009)]. As loading control, a monoclonal antibody against the synaptic protein CSP is used (antibody: ab49).
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then moved on to test whether Sap47'°° mutants were impaired

in an odorant-reward associative conditioning task (see review
by Gerber and Stocker, 2007), and whether knocking down
SAP47 by RNAi mimicked this impairment (Brand and Perri-
mon, 1993; Smith et al., 2000; Kalidas and Smith, 2002). We
finally tested whether the associative defect of Sap47'°® mutant
larvae could be rescued by restoring SAP47. We conclude that
SAP47 functions in associative behavioral and short-term synap-
tic plasticity, without, however, contributing to basic synaptic
transmission or to task-relevant sensory-motor function.

Materials and Methods

We used third-instar feeding-stage larvae collected 5 d after egg laying.
Flies were kept in mass culture and were maintained at 25°C, 60-70%
relative humidity, and a 14/10 h light/dark cycle. Electrophysiology and
behavioral experiments were performed blind with respect to genotype
and treatment condition; these were decoded only after the experiments.

Single-larva PCR. To confirm the deletion status of the Sap47'*® mu-
tant (Funk et al., 2004), single-larva PCR was performed according to
Gloor et al. (1993) (Fig. 1A,B; supplemental Fig. 104, available at www.
jneurosci.org as supplemental material): the primer I binding site (5'-
GAGAAGAGCTCGACTTTCCAG-3") was upstream of the deletion, the
binding site of primer II (5-CTTCGCTCTCTTGGACTCG-3") was
within the deletion, and the binding site of primer III (5'-
CCTATCCACTCAGTTTGAGGG-3") was downstream of the deletion.
The PCR product of primer pair I/II should generate a 644 nt fragment
only in WT, whereas primer pair I/III should produce a 582 nt product
only in Sap47'°® mutants, because an elongation time was chosen that
was too short to amplify the predicted 2309 nt WT fragment.

Probing for expression of long isoforms of SAP47. Given that the pre-
dicted long isoforms of SAP47 cannot readily be detected on a Western
blot, we probed for the expression of long isoforms of Sap47 on the
cDNA level. Total RNA was isolated from WT larvae by homogenizing
200 larvae in 1 ml of TRIzol (Invitrogen) followed by 5 min incubation at
room temperature. After adding 200 ul of chloroform, the samples were
centrifuged (12,000 X g) and supernatant was selected for an isopropanol
precipitation. Then, RNA was resuspended in 100 ul of DEPC-water.
¢DNA was produced using oligo-dT-primer with the RevertAid First
Strand cDNA Synthesis Kit (Fermentas). PCR specific for long Sap47
isoforms was subsequently performed using the following primers: (A)
CTC CGC AAG GGC GCA GGA (forward primer); (B) TTC AGT GAT
GAT CTT GGG CAC CAG (reverse primer); and (C) CCC AGC TCT
TTG CCG GC (reverse primer). PCR was performed using standard
protocols, followed by electrophoresis in 0.8—1.0% agarose gels.

Fly strains. We compared WT to the deletion mutant Sap47'*°. The
Sap47'%° strain carries a deletion generated by imprecise P-element exci-
sion; it is characterized by a 1727 bp deletion, which removes part of the
promoter region, the first exon, and a small part of the first intron of the
Sap47 gene (Fig. 1 A; supplemental Fig. 10A, available at www.jneurosci.
org as supplemental material) (Funk et al., 2004). This strain was out-
crossed to WT for nine generations to remove marker genes and to
effectively adjust genetic background, which may otherwise distort re-
sults (de Belle and Heisenberg, 1996; Diegelmann et al., 2006). The sec-
ond mutant Sap47 allele used was Sap47°°', also generated by P-element
jump-out and suffering a ~5.8 kb deletion containing the promoter
region, the first exon, and a larger part of the first intron; this strain still is
in the w'’'® mutant background. The status of the white gene is incon-
sequential for associative function in our paradigm (see Fig. 5A,A").

For a knockdown of the SAP47 protein, we used the widely expressed
elav-Gal4 driver strain [elav-Gal4 [X] (Robinow and White, 1988); called
¢155 by Lin and Goodman (1994)] from the Bloomington stock center.
These elav-Gal4 flies were crossed to UAS-RNAi-SAP47-effector flies
[[VII10]; the construct consists of an ~1.1 kb fragment of Sap47 cDNA
(exons 1, 3-7) inserted in sense and antisense orientation; for more de-
tail, see Funk et al. (2004)] to yield animals that carry both transgenes
heterozygously; therefore, in these animals SAP47 expression should be
reduced pan-neuronally. Genetic controls were heterozygous for either
the driver or the effector transgene, respectively.
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For pan-neural rescue expression of SAP47, we combined the driver
strain elav-Gal4 [X] (c155) into the Sap47'°® mutant background by
classical genetics. As effector strains for the rescue experiments, we used
either UAS-Sap47-RF; Sap47"° [111] or UAS-Sap47-RA; Sap47">° [11; T11].

The UAS-Sap47-RF; Sap47'>® [I11] strain was generated on the basis of
Wegener (2008) [her supplemental Fig. S2, UAS-Sap47-1; Sap47'°°; the
coding region corresponds to Flybase (http://flybase.bio.indiana.edu):
Transcript Dmel\Sap47-RF: FlyBase ID: FBtr0301655; for the predicted
amino acid sequence, see supplemental Fig. 10B, available at www.
jneurosci.org as supplemental material]. To generate the experimental
genotype for rescue experiments, we crossed the driver strain (elav-Gal4;
Sap47'%°) to the UAS-Sap47-RF; Sap47'* effector strain, yielding double
heterozygous larvae in which expression of the 47 kDa isoform of SAP47
is restored. Genetic controls were in the Sap47'°® mutant background
and were heterozygous for either the driver or the effector transgene,
respectively.

For expressing the full-length isoform of SAP47, the UAS-Sap47-RA;
Sap47"°° [I1; II1] effector strain was generated. The full-length cDNA clone
LD36546 [ (http://flybase.bio.indiana.edu): Transcript Dmel\Sap47-RA; Fly-
Base ID: FBcI0175830; for the predicted amino acid sequence, see supple-
mental Fig. 10C, available at www.jneurosci.org as supplemental material]
from the Drosophila Genomics Resource Center (The Center for Genomics
and Bioinformatics, Indiana University, Bloomington) was used to amplify
the full-length cDNA by PCR with primers containing a NotI and Kpnl
restriction site. The used primer pair was as follows: primer 1: 5'-ATA AGA
ATG CGG CCG CCG CAG TTG TTG TTT CC-3’ and primer 2: 5'-GAG
CGG TAC CGG TTT CGA ATA GTT TTG TAT TTT GTT TGG-3'. The
resulting PCR fragment was excised as a 2822 bp NotI/Kpnl fragment, li-
gated into Notl/KpnI-cut pUAST (Brand and Perrimon, 1993), and trans-
formed into recombination-deficient SURE2 supercompetent cells
(Stratagene). Germ-line transformation then was performed into a w'!*
strain (Bestgene). The resulting effector strain was combined into Sap47">°
mutant background by classical genetics. To generate the experimental ge-
notype for the rescue experiments, we crossed the driver strain (elav-Gal4;
Sap47'%%) to the UAS-Sap47-RA; Sap47'>° effector strain, yielding double
heterozygous larvae in which expression of the full-length isoform of SAP47
of ~70 kDa was restored. Genetic controls were also in the Sap47"°° mutant
background, and were heterozygous for either the driver or the effector
transgene, respectively.

Please note that all transgenic fly strains used were in the white mutant
background (w'’'®) to keep track of the transgenes. Therefore, genetic
controls were established by crossing the respective transgenic strains to
a w'1% strain (in the case of the RNAi experiment) or a w'!!%; Sap47'>°
strain (in the case of the rescue experiments). To see whether the w'’’®
mutation may have an effect, either on associative learning (Diegelmann
et al., 2006; Yarali et al., 2009) or on SAP47 expression, we compared
w!!18 with WT larvae in odorant-reward associative ability as well as by
Western blot analysis (see Fig. 54,A").

Immunocytochemistry: electron microscopy. For immunogold localiza-
tion of SAP47, preparations of the nerve—muscle synapse were made in
ice-cold HL3 Ringer’s solution (Stewart et al., 1994), fixed in 4% para-
formaldehyde in 0.1 cacodylate buffer, pH 7.2, for 90 min on ice, washed
three times for 30 min in this buffer, incubated in 10 mmM ammonium
chloride for 15 min, and washed two times for 15 min in H,O. After
dehydration in ascending ethanol series, 15 min at —20°C for each step,
the tissue was incubated for 1 hina 1 + 1 mixture of LR-White (Poly-
sciences Europe) and ethanol at —20°C, followed by two 1 h incubation
periods in pure LR-White at —20°C, before the preparations were stored
at 4°C for 3 d to achieve complete penetration of the resin. Polymeriza-
tion was allowed to proceed for 5 d at 41°C. After verification of section
plane from 2 wm sections in the light microscope, ultrathin (70 nm)
sections were cut and transferred to copper grids; grids were then washed
5 min on a drop of PBS at pH 7.2, blocked for 5 min on a drop of 1% BSA
in PBS, and incubated for 24 h at 4°C on a drop of the mouse monoclonal
antibody nc46 (Hofbauer et al., 2009) (see also Funk et al., 2004), diluted
1:25 in PBS. After storage of the grids for 1 h at 37°C in a moist chamber
to increase antibody affinity, they were washed thoroughly in PBS and
incubated for 1 h on a drop of 1:10 diluted anti-mouse IgG conjugated to
12 nm gold particles (Dianova) and subjected to a final wash.
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One-Odour Paradigm: Associative Function
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Figure2. Associative function. 4, Sap47"** mutants are impaired in associative function. WT

and Sap47"* can learn, but performance indices in Sap47"*° mutants are reduced by ~50%.
The inset illustrates the training regimen: For each genotype, one group is trained such that in
the presence of amyl acetate animals are rewarded, whereas in the absence of amyl acetate
they are not rewarded (AM-+/noAM); the second group is trained reciprocally (AM/noAM+).
Note that in half of the cases the sequence of trials is as indicated (i.e., the respective AM-
containing trials first), but in the other half of the cases it is inverted; the sequence of training
trials is without effect on test performance (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). The Pl measures the extent to which both reciprocally trained
groups differ in their AM preference during the test, and thus provides a measure of associative
learning; the PREF scores underlying all PI values are documented in supplemental Figure 2A
(available at www.jneurosci.org as supplemental material). N = 35, 35. Different lettering
above plots signifies p << 0.05in a Mann—Whitney U test. Box plots represent the median as the
middle line, 25 and 75% quantiles as box boundaries, and 10 and 90% quantiles as whiskers. B,
Also in a differential, two-odor paradigm Sap47”*° mutants are impaired in associative func-
tion. Performance indices of Sap47'*° mutants are also reduced by ~50% compared to WTina
differential, two-odor version of the learning paradigm. The inset illustrates the training re-
gime. N = 35 in both cases (one-sample sign tests: p << 0.05/2 for both genotypes). Different
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Immunocytochemistry: neuromuscular junction. Third-instar larvae
were dissected in calcium-free saline (Stewart et al., 1996) and fixed in 4%
paraformaldehyde/phosphate buffer for 30 min at room temperature.
After three 10 min washes in PBST, fillets were blocked with 1.5% normal
horse serum diluted in PBST for 30 min at room temperature. The used
primary monoclonal anti-SAP47 mouse antibody (nc46, 1:10 in PBST) is
added and all fillets were kept overnight at 4°C. As secondary antibody, a
rabbit anti-mouse Ig conjugated with Alexa Fluor 488 (1:500 in PBST)
(Molecular Probes, Invitrogen Detection Technologies) was used; to la-
bel cell membranes, a Texas Red-coupled rabbit anti-HRP antibody (1:
250) (Jackson ImmunoResearch Laboratories) was added to the
incubation solution. Confocal data were acquired as image stacks of
separate channels with a Leica TCS SP 1 laser scanning confocal micro-
scope, combined, and visualized with Leica TCS NT software. Final pic-
tures were obtained as maximum intensity projections.

Immunocytochemistry: whole-brain and cephalic sensory system prepa-
ration. Brains were dissected in Ringer’s solution on ice and incubated in
fixative (2.5% paraformaldehyde and 0.3% Triton X-100 in 1XPBS) for
2 h. After washing them three times in PBST (0.3% Triton X-100 in
1XPBS), blocking was performed with 3% normal goat serum (NGS) in
1XPBST for 1.5 h. The primary monoclonal anti-SAP47 mouse antibody
nc46 (1:10 in 3% NGS-PBST) was added and all brains were incubated
overnight at 4°C. Samples were washed six times in PBST for 10 min and
incubated overnight with Alexa Fluor 568 Phalloidin (1:200) (Invitrogen;
Lot 41A1-4) for counterstaining of F-actin, and the secondary antibody
(goat anti-mouse Ig, conjugated with Alexa Fluor 488 1:200 in PBST;
Molecular Probes, Invitrogen Detection Technologies) at 4°C. Prepara-
tions of the cephalic sensory system were additionally stained with a rat
anti-Elav antibody (Jackson ImmunoResearch Laboratories) as neuronal
nucleus marker. As secondary antibody, goat anti-rat Ig conjugated with
Alexa Fluor 647 1:200 (Molecular Probes, Invitrogen Detection Technol-
ogies) was used. Preparations were examined under a Leica TCS SP 1
laser scanning confocal microscope, combined, and visualized with Leica
TCS NT software.

Western blotting. After homogenization of 10 larval brains in Laemmli
buffer and electrophoretic separation (SDS-PAGE), proteins were trans-
ferred onto a nitrocellulose membrane (45 wm, Schleicher and Schuell)
by semidry blotting (Kyhse-Andersen, 1984) with a semidry electroblot-
ter (PEQLAB). After blotting, the membrane was transferred in 5% pow-
dered milk in TBST and washed for three times in TBST. Blots were
probed with either the nc46 antibody or the mouse monoclonal antibody
nb200; these antibodies recognize different epitopes of the protein within
(nc46) and more C-terminal of (nb200) the deletion (Fig. 1G) (Hofbauer
etal., 2009) (see also Funk et al., 2004 ), as well as with the mouse mono-
clonal ab49 antibody against the cysteine string protein (CSP) [corre-
sponding to the DCSP1 antibody in Hofbauer et al. (2009)] (see also
Arnold et al., 2004), marking a band at 32 kDa as loading control in all
cases. Antibodies were used at the following dilutions in 1X TBST: nc46
(1:100), nb200 (1:50), and ab49 (1:400). To detect antibody-labeled pro-
teins, IgG-HRP-conjugated goat anti-mouse (1:3750 in TBST) and ECL-
Western blotting detection reagents (GE Healthcare) were applied.

Electrophysiology. Two-electrode voltage-clamp recordings were per-
formed on ventral longitudinal muscle 6 of male third-instar larvae in
extracellular hemolymph-like solution HL3 containing 70 mm NaCl, 5
mm KCl, 20 mm MgCl,, 10 mm NaHCOj;, 5 mu trehalose, 115 mum su-

<«

lettering above plots signifies p << 0.05 (U = 414.5; sample sizes as above) in a Mann—Whitney
U test. The PREF scores underlying all Pl values are documented in supplemental Figure 28
(available at www.jneurosci.org as supplemental material). €, Another deletion allele of Sap47
is also impaired in associative function. Left, Performance indices in the one-odor paradigm in
Sap47°°" mutants are reduced by ~50% compared to WT. N = 16, 14, respectively (one-
sample sign test: p = 0.21 for Sap47°°" and p << 0.05/2 for WT). Different lettering above plots
signifies p << 0.05 (U = 61; sample sizes as above) in a Mann—Whitney U test. The PREF scores
underlying all Pl values are documented in supplemental Figure 2C (available at www.
jneurosci.org as supplemental material). Right, No signal is detectable on a Western blot of the
Sap47°°" mutant, whereas WT shows the expected band at 47 kDa. Anti-SAP47: nc46; anti-CSP:
ab49 (loading control).
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crose, 5 mm HEPES, and 1 mm CaCl,. Recordings were made from cells
with input resistances of at least 4 M() and initial membrane potentials
between —50 and —70 mV. Intracellular electrodes with resistances of
10-35 M(Q filled with 3 M KCl were used. The holding potential was —60
mV for evoked EPSCs (eEPSCs) and —80 mV for miniature EPSCs
(mEPSCs). EPSCs were recorded at a stimulation frequency of 0.1 Hz.
For the analysis of short-term plasticity, trains of 100 stimuli at 60 Hz
were applied. Care was taken to ensure the recruitment of both motoneu-
rons innervating muscle 6. Recordings were analyzed with pClamp10
(Molecular Devices). Experiments were performed blind with respect to
genotype.

Associative function. Larval learning experiments represent a modified
version of the mass assay described by Neuser et al. (2005) (for sketches,
see Fig. 2 A, B). Notably, unless mentioned otherwise, we here used only
one odorant, n-amyl acetate (AM, CAS: 628—63-7, purity: 99%, Merck)
to simplify the paradigm (Selcho et al., 2009; Saumweber et al., 2011).
That is, we train groups of 30 larvae each and compare olfactory choice
performance after either of two reciprocal training regimens: one group
was exposed to the odorant AM in the presence of a positive reinforcer
and to a no-odor situation without the reinforcer (AM+/noAM); the
second group was trained reciprocally, i.e., by unpaired presentations of
odorant and reinforcer (AM/noAM+). Then, animals were tested for
their choice between AM and noAM. Associative learning was indicated
by systematic differences in test performance between the reciprocal
treatment conditions. The reciprocally trained groups were run alter-
nately, which allows stringent pairing of data for the calculation of a
performing index (PI) [see below and discussion in Hendel et al. (2005)].
For a differential, two-odor version of our paradigm (Fig. 2 B), we used
1-OCT (OCT, CAS: 111-87-5; purity: 99%, Sigma-Aldrich) as second
odor.

Petri dishes (Sarstedt) with 85 mm inner diameter were filled with 1%
agarose (electrophoresis grade; Roth), allowed to solidify, covered with
their lids, and left untreated until the following day. As positive rein-
forcer, we used 2 mol of fructose (FRU, purity: 99%) added to 11 of
agarose 10 min after boiling.

As an odorant, we used amyl acetate diluted 1:1600 in paraffin oil,
which by itself is not behaviorally active (Saumweber et al., 2011); OCT
was used undiluted. Experiments were performed in red light under a
fume hood at 21-24°C. Just before the experiments, we replaced the
regular lids of the Petri dishes with lids perforated in the center by
roughly sixty 1 mm holes to improve aeration.

A spoonful of food medium containing larvae was taken from the food
bottle and transferred to a glass vial. Thirty animals were collected, briefly
washed in tap water, and as a group transferred to the assay plates for the
start of training. Each training trial lasted 5 min. Immediately before a
trial, two custom-made Teflon containers for possible loading with odor-
ant (5 mm inner diameter, lid with seven 0.5 mm holes) were placed onto
the assay plate on opposite sides of the plate, 7 mm from the edges.
Within each reciprocal training condition, for half of the cases we started
with AM in the odorant containers and for the other half with noAM.
Consequently, for half of the cases we started with an agarose plate that
had FRU added to the substrate and for the other half with a plate without
FRU. Then, the lid was closed and the larvae were allowed to move for 5
min. The larvae were then transferred to a plate with the alternative
odorant condition and the respective other substrate for 5 min. This cycle
was repeated three times. Fresh assay plates were used for each trial.

After this training, animals were tested for their odor choice. The
larvae were placed in the middle of a fresh, pure agarose assay plate with
a container of odorant on one side and an empty container on the other
side (AM vs noAM); for half of the cases, AM was to the left, and for the
other half of the cases, it was to the right. After 3 min, the number of
animals on the “AM” or “noAM” side was counted. For both reciprocally
trained groups, we then calculate an odor preference ranging from —1 to
1 as the number of animals observed on the AM side minus the number
of animals observed on the noAM side, divided by the total number of
larvae:

PREF = (#au — #noam) HroraL (1)
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Figure3.  Behavioral controls: Sensory and motor ability are normal in Sap477*°. In A and B,

the behavior of experimentally naive animals toward the to-be-associated stimuli is compared
between WT and Sap47”*° mutants; in Cand D, behavior toward the odorant is compared after
animals had undergone “sham-training.” Insets in the figure illustrate the experimental regi-
men. 4, Behavior toward AM in experimentally naive larvae: WT and Sap477% show the same
level of preference for amyl acetate. N = 42, 44. B, Behavior toward FRU in experimentally
naive larvae: WT and Sap47'* show the same level of preference for fructose. N = 53, 53. €,
Behavior toward AM after sham training that involves exposure to the odorant, but not to the
reward (SHAM 0der-noReward) “agtar iich treatment, the Sap47”*° mutants and the WT larvae
show the same level of AM preference. N = 39, 42. D, Behavior toward AM after sham training
thatinvolves exposure to the reward, but not to the odorant (SHAM Revard-no0der) Tha gg547756
mutants and the WT larvae show the same level of AM preference also after this kind of treat-
ment. N = 50, 48. Shared lettering above plots signifies p > 0.05 in Mann—Whitney U tests.

For all learning experiments, these PREF scores are documented in the
supplemental material. To determine whether these preferences are dif-
ferent depending on training regime, we took the paired data from alter-
nately run, reciprocally trained groups and calculate a performing index
ranging from —1 to 1 as follows:

PI = (PREF sp1n0am — PREFE qpmoani+) /2 (2)

After the data for one such PI value had been collected for one of the
genotypes, the corresponding data for the other genotype were gathered;
i.e., data from both genotypes were obtained alternately.

Detectability of odorant and reward. To test whether larvae were able to
detect the to-be-associated stimuli, animals were tested for their prefer-
ence between AM and noAM as well as between FRU and noFRU. The
assay for the detectability of the odorant was the same as described above
for the test in Equation 1, except that experimentally naive animals were
used.

To test the ability to detect FRU, split Petri dishes were prepared with one
side pure agarose and the other with fructose added to the agarose (Hendel et
al., 2005). Larvae were positioned in the middle of the Petri dish; after 3 min,
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0.05, different lettering p << 0.05 in Mann—Whitney U tests.

the number of animals on either side was determined for calculation of the
FRU preference in a way corresponding to Equation 1.

Sham training and tests for sequence effects. Associative training by
necessity involves exposure to the odorant, the reward, and handling.
One may therefore argue that these aspects of training may induce mo-
tivational changes, fatigue, habituation, and/or adaptation, which may
feign a learning deficit in the mutants if they were more- or less-
susceptible to these kinds of effect than the wild type. Therefore, the
response to the odorant needs to be tested after so-called “sham training”
(Michels et al., 2005; Knapek et al., 2010). Two types of sham training
controls were run: both consisted of the same treatments as in the learn-
ing experiment, except that either the reinforcer was omitted
(SHAM Odor-noReward) . the o dorant was omitted (SHAM Reward-noOdory
After either of these sham training regimens, the ability of the larvae to
detect the odorant was tested as detailed above.

The learning experiment allowed for a post hoc analysis of possible
effects of the sequence of stimulus presentation on test performance: we
compared the AM preferences of those groups that shared the same
odorant-reward contingency, but differed in terms of the temporal pat-
tern of the two types of trials [AM+/noAM vs noAM/AM+ (supplemen-
tal Fig. 1A, available at www.jneurosci.org as supplemental material);
noAM+/AM vs AM/noAM+ (supplemental Fig. 1 B, available at www.
jneurosci.org as supplemental material)]. We did not find any effect of
the timing of trial types, neither in WT (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material) nor in Sap47'°® (data not
shown).

The same kind of analysis is possible for sham training experi-
ments: we compared the AM preferences of the group of larvae ex-
posed to AM during the first, third, and fifth trials and to noAM
during the other trials (AM/noAM) to the AM preferences of the
group that was exposed to AM during the second, fourth, and last
trials (noAM/AM) (supplemental Fig. 1C, available at www.jneurosci.

N
HH+
HH
tdecay (ms)
N
HH
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o
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L

Electrophysiology. A, Evoked EPSCs. Representative traces of EPSCs evoked by 0.1 Hz nerve stimulation. The peak
amplitude, 10-90% rise time, and decay time constant of EPSCs were not significantly altered in Sap47'*® mutants (white, N =
8) compared to WT (gray, N = 9). B, Spontaneous EPSCs. Sample traces of spontaneous mEPSCs. The amplitude of miniature EPSCs
was not significantly differentin Sap477*° mutants and WT. €, Short-term depression quantified by steady-state amplitude. To the
left, EPSCamplitudes (mean and SEM as error bars) evoked by 60 Hz stimulations (100 pulses) are displayed; the Sap4.
showed stronger depression (white, N = 15) than WT (gray, N = 15). This is quantified for the red boxed area, showing that the
steady-state amplitude was significantly reduced in Sap47"*° mutants compared to WT. Shared lettering above plots signifies p >
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org as supplemental material). Similarly, we
compared the AM preferences between those
groups that did or did not receive the reward
during the first, third, and fifth trials before
test (FRU/noFRU vs noFRU/FRU) (supple-
mental Fig. 1D, available at www.jneurosci.
org as supplemental material). In both cases,
the sequence of stimulus presentation was
without effect on test performance in WT

o]
)

< laa (supplemental Fig. 1, available at www.
8; 14 @% jneurosci.org as supplemental material) as
& 5 well as in Sap47'°® (data not shown).
ES Statistical analyses. In a conservative ap-
g 0J——  proach, we used nonparametric analyses

throughout; comparisons of values against

zero, i.e., chance level, were made with one-

sample sign tests. All comparisons were sig-

nificantly different from chance, unless men-

tioned otherwise. Comparisons between mul-
50 4 2 b tiple or two genotypes were done with

Kruskal-Wallis or Mann—Whitney U tests, re-
@@ spectively. We corrected the level of signifi-
cance in cases where multiple comparisons
0od— were made by dividing the p level of 0.05 by the
number of comparisons made (Bonferroni
correction) to maintain an experiment-wide
judgement error rate of 5%. Shared letters
above boxes indicate that groups behave not
significantly different, whereas significant dif-
ferences between groups are indicated by dif-
ferent letters above boxes. Data are displayed as
box plots with the middle line indicating the
median and box boundaries and whiskers the
25, 75, 10, and 90% quantiles, respectively.
Analyses were performed with Statistica 7.0
(StatSoft) on a PC.

steady state
amplitude (nA)

7756 mutants

Results
Ultrastructural localization of SAP47
After confirming the genomic status of WT and the outcrossed
Sap47"°° mutant (Fig. 1A, B), we determined the ultrastructural
localization of SAP47 at presynaptic terminals of WT larval mo-
tor neurons (Fig. 1C). Of 1631 gold particles in sections from 18
different presynaptic terminals, 87.5% were located within 30 nm
of a synaptic vesicle (SV). Only 8.5% of the particles did not have
a vesicle within that distance. We considered 4% of the gold
particles detected outside boutons as unspecific background. In-
terestingly, SAP47 did not appear to be integral to the synaptic
vesicle membrane because SAP47 was found in the soluble frac-
tion of brain homogenate [Arnold et al. (2004), their Fig. 2], and
glycerol density gradient centrifugation separated SAP47 from
known integral synaptic vesicle membrane proteins [such as CSP:
Umbach et al. (1994) and Arnold et al. (2004) (their Fig. 3)].
Thus, SAP47 is associated with synaptic vesicles, but is not an
integral part of the synaptic vesicle protein complement.
Sap47'°° is a protein-null mutant allele
At neuromuscular junctions of muscle pair 6/7 and in prepa-
rations of the whole larval brain viewed under the confocal
microscope, the Sap47'°® strain did not show any SAP47 im-
munoreactivity, whereas in WT, presynaptic terminals and the
complete neuropil region, respectively, were strongly stained
(Fig. 1D, E) (used antibody: nc46). SAP47 was also expressed in
the cephalic chemosensory system [dorsal organ (DO), terminal
organ (TO), and the Bolwig organ] of WT third-instar larvae
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(Fig. 1 F). Furthermore, we could not de- A [w

Knock-Down

tect any SAP47 signal on a Western blot 55
for Sap47'°, whereas WT showed the ex-
pected (Reichmuth et al., 1995; Funk et
al., 2004; Hofbauer et al., 2009) strong 45
band at 47 kDa with both monoclonal an-
tibodies used (Fig. 1G) [nc46 with its
epitope FSGLTNQFTS, which was within
the Sap47'°° deletion; nb200 with its
epitope QQAKHEF, which is downstream,
C terminal of the Sap47'°° deletion (Hof-
bauer et al., 2009)]. One of the heavier
bands at ~62 kDa was seen only with the ,
nc46 antibody; this band, however, is A
typically weaker and more variable in
Western blots, potentially because of
temporal and/or local specificity of ex- o
pression (Funk et al., 2004) (see also a
Figs. 1G, 6 B, 7B).

Thus, also at the larval stage, Sap4
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adult Drosophila: Funk et al., 2004).

Sap47'°° larvae are defective in

associative function

We next tested whether Sap47'°° mutant
larvae are impaired in associative func-
tion. In an odorant-reward associative
learning experiment, we found significant
performance indices for both Sap47'>®
(Fig. 2A) (one-sample sign test: p <

Figure 5.

SAP47 knockdown. A, Western blot of WT and white mutants. Given that all strains are in the w
ground (see Materials and Methods), a test of SAP47 expression in w
expression to WT. Antibodies used are the monoclonal nc46 for SAPA7 detection and, as loading control, the monoclonal ab49, the
latter labeling CSP, another presynaptic protein. A’, white mutants are not impaired in associative function. WT and w

Sap47 wT WT WT wWT
elav-Gal4 = + &
UAS-RNAI-SAP47 - + = % 3

"118 mutant back-

1178 is warranted, which shows no difference in SAP47

1778 perform

0.05/2; N = 35) and WT (Fig. 2A) (one-
sample sign tests: p < 0.05/2; N = 35),
arguing that associative faculties in prin-
ciple are available to both genotypes.
However, associative function in Sap47 156
was reduced to ~50% of WT levels (Fig.
2A) (p <0.05, U = 408.5; sample sizes as
above). The same defect was observed for
a two-odor differential conditioning par-

equally well in the associative learning paradigm. The PREF scores underlying Pl values are documented in supplemental Figure 3
(available at www.jneurosci.org as supplemental material). N = 16, 16. Shared lettering above plots signifies p > 0.05 in a
Mann—Whitney U test. B, Western blot of SAP47 knockdown. The elav-Gal4 driver-control and the UAS-RNAI-SAPA7 effector-
control strains show no difference to WT in terms of SAP47 expression level, but the knockdown larvae show an obvious reduction.
B’, SAP47 knockdown larvae are impaired in associative function. Associative function is reduced to ~50% of control levels upon
expression of an RNA-interference mRNA, using elav-Gal4 as driver- and UAS-RNAi-SAP47 as effector-strain. Both controls perform
equally well (see supplemental Fig. 84, available at www.jneurosci.org as supplemental material) and are therefore pooled.
Notably, this RNAi-induced reduction of associative function is as severe as the one seen upon a total lack of SAP47 in the Sap47'*
mutant (Fig. 2). The PREF scores underlying the Pl values are documented in supplemental Figure 4 (available at www.jneurosci.
org as supplemental material). N = 32, 19, 36. Different lettering above plots signifies p << 0.05/2 in Mann—Whitney U tests.

adigm (Fig. 2 B; see legend for statistics) as
well as for another deletion allele, which is
also a protein-null mutant (Fig. 2C; see legend for statistics).

To find out whether reduced associative ability is secondary to
sensory or motor impairments, we tested whether Sap47'°® mutants
and WT differ in their behavior toward the to-be-associated stimuli.
We did not find any difference between the genotypes in the behav-
ior of experimentally naive larvae to amyl acetate (Fig. 3A) (p >
0.05; U = 827.0; N = 42, 44). Within each genotype, we found
approach toward the odorant (Fig. 3A) (one-sample sign tests: p <
0.05/2 in both cases; sample sizes as above). This argues that animals
from both genotypes are able to detect amyl acetate, are attracted by
it, and do not differ in those kinds of motor ability that are necessary
to behaviorally express their attraction toward this odorant. With
respect to the reinforcer, a trend toward lower response levels to the
fructose reward in the Sap47"°® mutants remained far from being
statistically significant, although sample size and scatter seems per-
missive to pick up such an effect (Fig. 3B) (p = 0.21; U = 1207.5;
N = 53, 53) (for two additional datasets confirming this lack of
effect, see supplemental Fig. 7 A, B, available at www.jneurosci.org as
supplemental material). Specifically, animals from both genotypes
showed a clear preference for fructose (Fig. 3B) (one-sample sign
tests: p < 0.05/2 in both cases; sample sizes as above).

These behavioral control procedures are state of the art in the
neurogenetics of Drosophilalearning. We have, however, recently
argued that such testing of behavior in experimentally naive an-
imals is not sufficient to conclude that an apparent associative
defect is indeed due to reduced associative faculties (Michels et
al., 2005; Knapek et al., 2010). That is, any associative training
procedure obviously requires exposure to the to-be-associated
stimuli, i.e., to both the odorant and the reward. Odor exposure is
often found to reduce odor preferences in larval Drosophila
(Boyle and Cobb, 2005) [see discussion in Colomb et al. (2007)
and Gerber and Stocker (2007)]. If in the Sap47'°® mutants such
a decrease in preference would be particularly strong, this could
feign an “associative” defect. Following Michels et al. (2005), we
therefore ran a “sham-training” control, which involved exactly
the same treatment as during a learning experiment, except that
the reward was omitted (SHAM Cdor-noRewardy A fter such treat-
ment, we found that both genotypes behaved toward the odorant
in the same way (Fig. 3C) (p > 0.05, U = 743.0, N = 39, 42), in
that both genotypes were attracted to the odorant (Fig. 3C) (one-
sample sign tests: p < 0.05/2 in both cases; sample sizes as above).
Regarding reward exposure, we in turn run a second kind of
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Figure 6.  SAP47 rescue with 47 kDa isoform. A, Whole mounts. In contrast to WT and rescue larvae, the elav-Gal4; Sap47'*6 W on a Western blot as well as for

driver-control and the UAS-Sap47-RF; Sap47' effector-control strains show no SAP47 expression. Phalloidin is used to visualize
F-actin (orange). B, Western blot. In contrast to WT, the elav-Gald; Sap47"*° driver-control and the UAS-Sap47-RF; Sap47'*
effector-control strains show no SAP47 expression; the rescue larvae show an obvious SAP47 band of 47 kDa, as is to be expected
from the coding region used for the UAS-Sap47-RF transgene; a higher isoform is only detectable in WT. Anti-SAP47: nc46;
anti-CSP: ab49 (loading control). €, Expression of the PF isoform of SAP47 partially rescues impairment in associative function.
Assodiative function is reduced to ~50% of control level (WT) in genetic controls, using elav-Gal4; Sap47'* as driver- and
UAS-Sap47-RF; Sap47"** as effector-strain. Both controls perform equally well and are therefore pooled as genetic controls (sup-
plemental Fig. 8B, available at www.jneurosci.org as supplemental material). The experimental group shows higher associative
performance compared to genetic controls, but does not reach wild-type level. N = 68, 69, 136. Different lettering above plots
signifies p << 0.05/2 in Mann—Whitney U tests. The PREF scores underlying all Pl values are documented in supplemental Figure 5

(available at www.jneurosci.org as supplemental material).

“sham training” (Michels et al., 2005), which again mimicked the
learning protocol, except that this time the odorants were omit-
ted (SHAM Reward-noOdor) “Algq after this kind of treatment, be-
havior toward the odorant did not differ between genotypes (Fig.
3D) (p > 0.05; U = 1066.5, N = 50, 48), in that both genotypes
were attracted by the odorant (Fig. 3D) (one-sample sign tests:
p < 0.05/2 in both cases; sample sizes as above).

Thus, Sap47"°° mutants have defects in associative function
that do not seem to be due to any task-relevant sensory or motor
impairment, or to an altered sensitivity to any nonassociative effect
of odor exposure, reward exposure, satiety, or handling.

Synaptic transmission is intact but short-term plasticity is
distorted in Sap47'°° mutant larvae

Consistent with normal locomotion, basal synaptic transmission at
the neuromuscular junction was not altered in Sap47'°°. That is, in
voltage-clamp recordings, both evoked and spontaneous miniature
EPSCs (eEPSCs and mEPSCs, respectively) were unaltered in
Sap47'°° mutants compared to WT (Fig. 4A,B). Furthermore,
evoked and spontaneous synaptic potentials were unaltered in cur-
rent-clamp recordings, too (supplemental Fig. 9, available at www.
jneurosci.org as supplemental material). However, genotypes
differed in short-term plasticity during high-frequency stimulation

associative function in these two strains.
In both respects, the w8 mutation was
without phenotype (Fig. 5A,A"): SAP47
levels appeared normal (Fig. 5A) and
both genotypes showed associative per-
formance indices (Fig. 5A’) (one-
sample sign tests: p < 0.05/2; N = 16,
16) at equal levels (Fig. 5A") (p = 0.66,
U = 109; sample sizes as above) (see also
Yarali et al., 2009). Therefore, data ob-
tained with transgenic strains in our
paradigm can be interpreted without
reference to white function.

After confirming the effectivity of the RNAi-mediated knock-
down of SAP47 on a Western blot (Fig. 5B), we thus could move
on to test for the effect of this knockdown on associative function.
Given that the transgenic driver and effector control strains
showed equal levels of SAP47 as well as of associative function
(supplemental Fig. 8 A, available at www.jneurosci.org as supple-
mental material) (p = 0.79; U = 153; N = 19, 17), behavioral
data were pooled for subsequent analyses. Compared to WT,
performance indices in the knockdown group were reduced by
~50% (Fig. 5B") (p < 0.05/2, U = 199; N = 32, 19), as was the
case when compared to controls (Fig. 5B") ( p < 0.05/2, U = 186;
N = 19, 36; the Kruskal-Wallis ANOVA across all three groups
yielded: p < 0.05; H = 8.58; df = 2; sample sizes as above).

We therefore conclude that an RNAi-mediated reduction of
SAP47 causes an impairment in associative function similar to
the one seen in the Sap47'° null mutant.

The associative defect in the Sap47'°° mutant is rescued by
transgenic SAP47 expression

For a rescue of the defect in associative function of the Sap47'°°
mutant, we used the driver strain elav-Gal4; Sap47'>® crossed to
UAS-Sap47-RF; Sap47'° as effector strain to transgenically re-
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store expression of the 47 kDa PF isoform
of the protein broadly throughout the lar-
val brain (Fig. 6A, B). Because no signifi-
cant difference in associative function was
found between the driver and effector
control (supplemental Fig. 8 B, available
at www.jneurosci.org as supplemental
material) (p = 0.59; U = 2188; N = 67,
69), these were pooled for subsequent
analysis. It turned out that rescue larvae
were significantly better in associative
function than the control larvae in the
Sap47"°° mutant background (Fig. 6C)
(p<0.05/2, U =3668; N = 69, 136), but
rescue larvae did not quite reach WT lev-
els in associative performance indices
(Fig. 6C) (p < 0.05/2; U = 1655; N = 68,
69) (the Kruskal-Wallis test across all
three genotypes yielded the following: p <
0.05; H = 32.49; df = 2; sample sizes as
above). This suggests that transgenic ex-
pression of the 47 kDa PF isoform of
SAP47 partially rescues the Sap47'°° mu-
tant learning defect.

To see whether rescue expression of the
full-length cDNA of SAP47 would vyield a
full rescue of associative function, we
crossed elav-Gald; Sap47'*° as driver strain
to the UAS-Sap47-RA; Sap47">° effector
strain. Expression of the full-length PA iso-
form of SAP was restored throughout the
larval brain (Fig. 7A, B). Again, no signifi-
cant difference in associative function was
found between driver and effector control
(supplemental Fig. 8C, available at www.
jneurosci.org as supplemental material)
(p =0.27; U = 686; N = 40, 40), so these
were pooled for subsequent analysis. Larvae
expressing SAP47-PA performed signifi-
cantly better than control larvae in the
Sap47'*° mutant background (Fig. 7C)
(p<<0.05/2, U= 1155; N = 40, 80). Indeed,
these rescue larvae reached WT levels of as-
sociative function (Fig. 7C) (p = 0.18; U =
661; N = 40, 40) (the Kruskal-Wallis test
across all three genotypes yielded: p < 0.05;
H = 16.5; df = 2; sample sizes as above).
Please note a tendency for overall low as-
sociative performance indices in this ex-
periment; this is within the normal range
of variation of behavioral experiments
and underlines the necessity to train and
test all genotypes to be compared statisti-
cally in parallel, as was done throughout
this study. We further note a weak leaky
expression in the effector control detect-
able on the Western blot (Fig. 7B). This
expression is at the caudal tip of the ven-
tral nerve cord (Fig. 7A, rightmost panel),

a region not previously implicated in learning and memory, and
indeed is inconsequential for associative function (see rightmost
plot in Fig. 7C, and the trend for lower associative performance
indices in the effector than in the driver control: supplemental
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Figure 7.  SAP47 full-length rescue. A, Whole mounts. In contrast to WT and rescue larvae, the elav-Gal4; Sap47755 driver-
control shows no SAP47 expression, whereas there is a weak leaky expression detectable at the caudal tip of the ventral nerve cord
of the UAS-Sap47-RA; Sap47'% effector-control strain. Phalloidin is used to visualize F-actin (orange). B, Wester blot. The WT
shows the prominent band at 47 kDa, whereas the rescue strain shows the band of the full-length PAisoform of SAP47 of ~70kDa,
as to be expected from the coding region used for the UAS-Sap47-RA element. No SAP47 signal is detectable in the driver-control,
but a weak leaky expression s seen in the UAS-Sap47-RA; Sap47"*® effector-control strain, corresponding to the expression seenin
the whole mount at the caudal tip of the ventral nerve cord (). Anti-SAP47: nc46; anti-CSP: ab49 (loading control). €, Expression
of the full-length isoform of SAP47 fully rescues associative function. Driver and effector-control are impaired in associative
functionto ~50% of control level (WT), using elav-Gal4; Sap47'* as driver- and UAS-Sap47-RA; Sap477° as effector-control. Both
controls perform equally well and are therefore pooled as genetic controls (supplemental Fig. 8C, available at www.jneurosci.org
as supplemental material). Larvae expressing the full-length cDNA of SAP47 perform as good as WT. N = 40, 40, 80. Different
lettering above plots signifies p << 0.05/2 in Mann—Whitney U tests. The PREF scores underlying all Pl values are documented in
supplemental Figure 6 (available at www.jneurosci.org as supplemental material). D, Gene structure of SAP47 in WT larvae. Shown
is the gene structure of Sap47 with exons and introns in wild type (exons gray, see also Fig. 14). Eight transcripts are annotated, five
longerand 3 shorter transcripts (Flybase: http://flybase.bio.indiana.edu). All of the longer transcripts contain exon 8, whereas this
exon is spliced out in all of the short transcripts, indicated by black color in the magpnification of the mRNA from exon 3 to exon 8.
This situation allows differentiating the long from the short transcripts. The arrows and letters indicate binding sites of primers
used for PCRin E and size of the expected PCR products of 609 nt using primer pair A and B and of 901 nt using primer pair Aand C.
E, PCR. After isolation of total RNA from 100 WT adult flies (WT,), 200 WT third-instar larvae (WT,,), and 100 adult SAP47"% flies
(SAP47™ ) and producing Sap47 cDNAs, the primer pair A/B generates a 609 nt fragment only in WT. Also using primer pair A/C,
a 901 nt fragment is generated in only WT, and notably in both larvae and adults, indicating that long isoforms of SAP47 are
expressed. Note that, on the protein level, these longer isoforms are often hard to detect (see Western blot in B).

AB AIC

Fig. 8C, available at www.jneurosci.org as supplemental mate-
rial). In any event, given that the full-length PA isoform cannot be
detected in Western blots of WT larvae, potentially because of
local restriction of expression, we wondered whether longer iso-
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forms of SAP47 are expressed in WT larvae at all. This is indeed
the case, as suggested by PCR (Fig. 7D, E).

We therefore conclude that SAP47 functions in associative
behavioral plasticity.

Discussion

We report that the SAP47 protein is widely expressed in the neu-
ropil regions of the larval brain (Fig. 1 E). The protein is associ-
ated with synaptic vesicles (Fig. 1C), but is not an integral part of
the synaptic vesicle membrane [Mastrogiacomo et al., 1994;
Umbach et al., 1994; Arnold et al., 2004 (their Fig. 3)]. The
Sap47"°° mutation leads to a total absence of the SAP47 protein in
larvae (Fig. 1D,E,G) (for adult Drosophila: Funk et al., 2004).
Lack of SAP47 entails a ~50% reduction in odorant-reward as-
sociative ability as compared to WT (Fig. 2A); both strains had
been adjusted for genetic background by extensive outcrossing.
Importantly, this associative defect appears to be specific on the
behavioral level because sensory and motor capacity regarding
the to-be-associated stimuli is intact, be it in terms of naive re-
sponsiveness or in terms of the ability to behave toward the
learned odorant at the moment of test (Fig. 3).

To independently verify this impairment, we tested Sap47'>°
larvae also in a two-odor version of the conditioning paradigm
(AM vs OCT) and found a similar reduction in associative func-
tion (Fig. 2 B). Also, another deletion allele (Sap47°°') shows the
same phenotype in associative function as Sap47'°° (Fig. 2C).
When SAP47 was transgenically knocked down by RNAi (Fig.
5B,B’), we found an ~50% reduction of associative function,
similar to that caused by the Sap47"°® or the Sap47°°" deletion
(Fig. 2). From these results, and considering the outcrossing reg-
imen for the Sap47'°® mutant, it seems reasonable to attribute the
learning defect upon deletions in the Sap47 gene to a lack of the
SAP47 protein, rather than to spurious differences in genetic
background (see also below).

We note that the associative defect in all cases (in Sap47'°°,
Sap472m , and RNAi knockdown larvae, as well as in the genetic
controls in both rescue experiments) is partial, arguing that there
are SAP47-independent mechanisms to support associative func-
tion in our paradigm. Alternatively, there could be hitherto un-
known Sap47-like genes in the fly genome; however, we do not
see any SAP47 protein in the mutants, with either antibody used
(Figs. 1D, E,G, 6 A, B) (SAP47 expression in the effector control of
Fig. 7, A and B, is due to weak and mnemonically inconsequential
leaky expression from the used effector construct), and the Dro-
sophila genome does not contain any obvious SAP47 sequence
homolog. In this regard, SAP47 is similar to Synapsin, the lack of
which also entails a reduction of associative performance indices
in our paradigm by ~50% (Michels et al., 2005). Both proteins
are also similar regarding their association with synaptic vesicles
without being an integral part of the vesicular protein comple-
ment (Hilfiker et al., 1999; Arnold et al., 2004). Whether and how
these proteins interact and whether their learning phenotypes are
additive remains to be investigated.

Maybe most importantly, transgenic expression of the full-
length SAP47 protein from the elav-Gal4 driver fully rescues as-
sociative function in the Sap47'°° mutant (Fig. 7), providing
compelling evidence for a function of SAP47 in behavioral asso-
ciative plasticity.

With respect to the physiological mechanism of SAP47 func-
tion, we analyzed basic transmission as well as short-term plas-
ticity at the larval neuromuscular junction, the only cellular site
in Drosophila that at present is routinely amenable to such anal-
yses. The pronounced synaptic depression during sustained
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bursts of neuronal activity is consistent with a hypothesis that
SAP47 contributes to the recruitment of vesicles to the release site
(Hallermann et al., 2010). Although the plasticity processes that
underlie odorant-taste learning and memory likely happen
within the central brain (Gerber and Stocker, 2007), previous
extrapolations between behavioral and synaptic plasticity at the
neuromuscular synapses have been surprisingly successful [e.g.,
regarding the cAMP-PKA cascade (Kidokoro et al., 2004; Ueda
and Wu, 2009)]. Thus, the kind of distortion of short-term plas-
ticity observed here may well be the cause for impaired associative
function on the behavioral level (Abbott and Regehr, 2004; Roth-
man et al., 2009).

To summarize, this study is the first to identify a behavioral and
synaptic function of the phylogenetically conserved SAP47 protein:
our results indicate that SAP47 is required for normal short-term
synaptic plasticity at the neuromuscular junction as well as for nor-
mal levels of associative behavioral plasticity. Given that molecular
determinants of behavioral and synaptic plasticity in invertebrates
have repeatedly turned out to be shared with mammals (Pittenger
and Kandel, 2003; Davis, 2005; Keene and Waddell, 2007), this may
be an inspiring finding.
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