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Human genetic studies support that loss-of-function mutations in the SH3 domain and ankyrin repeat containing family proteins
(SHANK1-3), the large synaptic scaffolding proteins enriched at the postsynaptic density of excitatory synapses, are causative for autism
spectrum disorder and other neuropsychiatric disorders in humans. To better understand the in vivo functions of Shank and facilitate
dissection of neuropathology associated with SHANK mutations in human, we generated multiple mutations in the Shank gene, the only
member of the SHANK family in Drosophila melanogaster. Both male and female Shank null mutants were fully viable and fertile with no
apparent morphological or developmental defects. Expression analysis revealed apparent enrichment of Shank in the neuropils of the CNS.
Specifically, Shank coexpressed with another PSD scaffold protein, Homer, in the calyx of mushroom bodies in the brain. Consistent with high
expressioninmushroombodycalyces, Shankmutantsshowanabnormalcalyxstructureandreducedolfactoryacuity.Thesemorphologicaland
functional phenotypes were fully rescued by pan-neuronal reexpression of Shank, and only partially rescued by presynaptic but no rescue by
postsynaptic reexpression of Shank. Our findings thus establish a previously unappreciated presynaptic function of Shank.
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Introduction
Accumulating evidence has indicated that mutations in SHANK
(SH3 domain and ankyrin repeat containing domain) family
genes (SHANK1-3) often lead to autism spectrum disorder
(ASD) characterized by impaired communication and reciprocal

social interactions, and repetitive behaviors. Mutations in
SHANK3 were the first (Durand et al., 2007) and remain one of
the most replicated and well-characterized SHANK mutations in
human ASD. Additionally, the other two members of the SHANK
gene family, SHANK1 and SHANK2, have also been associated
with ASD (Berkel et al., 2012; Sato et al., 2012), supporting a
general function for SHANK proteins in common molecular and
neuronal pathways associated with ASD (Grabrucker et al., 2011;
Jiang and Ehlers, 2013; Monteiro et al., 2017). Recently, human
genetics studies also provide evidence supporting a role of
SHANK family genes in a wide spectrum of other neuropsychiat-
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Significance Statement

Mutations in SHANK family genes are causative for idiopathic autism spectrum disorder. To understand the neural function of
Shank, a large scaffolding protein enriched at the postsynaptic densities, we examined the role of Drosophila Shank in synapse
development at the peripheral neuromuscular junctions and the central mushroom body calyx. Our results demonstrate that, in
addition to its conventional postsynaptic function, Shank also acts presynaptically in synapse development in the brain. This
study offers novel insights into the synaptic role of Shank.
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ric disorders, including schizophrenia and bipolar disorders (Ji-
ang and Ehlers, 2013; Monteiro et al., 2017). Thus far, mutant
mice for each of the three Shank family members have been re-
ported. Analysis of these mutant mice at neuronal, physiological,
and behavioral levels has yielded new information on the impor-
tant role for SHANK family proteins in neuronal development
and cognitive function but also show the redundancy among
them.

Postsynaptic density (PSD), which is critical for synapse de-
velopment, function and plasticity, is an electron-dense structure
at the excitatory postsynaptic membrane. Shank family members
are abundant in the mammalian PSD (Sheng and Kim, 2011),
interacting with a list of proteins, including glutamate receptors
(GluRs), ion channels, cytoskeletal proteins, scaffolding pro-
teins, enzymes, and signaling proteins via various domains.
These domains include an N-terminal ankyrin repeat (ANK),
followed by a Src homology 3 (SH3), a PSD-95/Discs large/ZO-1
(PDZ), a proline-rich region (Pro), and a C-terminal sterile �
motif (SAM) domain (Naisbitt et al., 1999; Grabrucker et al.,
2011). Among the various Shank binding proteins, Homer and
Shank form a mesh-like matrix structure and work synergistically
for maturation of dendritic spines (Hayashi et al., 2009).

In Drosophila mushroom body (MB) calyces, Kenyon cells
(KCs) receive olfactory input from projection neurons (PNs) on
their dendrites (Christiansen et al., 2011). The KC dendrites form
claw-like ending that enwraps a single PN bouton (Leiss et al.,
2009). Several proteins have been shown to localize in the PSDs of
the calyx including the scaffold protein Homer, the AChR D�7,
the metabotropic glutamate receptor DmGluRA, and the synap-
tic Dff40/CAD-related protein Drep-2 (Parmentier et al., 1996;
Yasuyama et al., 2002; Leiss et al., 2009; Christiansen et al., 2011;
Butcher et al., 2012; Andlauer et al., 2014). However, few studies
have focused on the role of specific proteins in synapse develop-
ment and function at the calyx.

To better understand the neuronal functions of Shank, we
generated multiple mutations of the only member of the Shank
gene family in Drosophila. Shank null mutants showed no appar-
ent morphological and structural defects at neuromuscular junc-
tion (NMJ) synapse, which is different from the Shank mutant
reported by others recently (Harris et al., 2016). In contrast, the
synaptic bouton structures in the calyx as well as calyx-mediated
olfactory responses were altered in our Shank mutants. Further-
more, we uncovered a previously unappreciated presynaptic func-
tion of Shank protein for normal synaptic connections in the calyx.

Materials and Methods
Drosophila stocks and husbandry. All fly strains were reared under stan-
dard laboratory conditions at 25°C. The w1118 was used as a wild-type
control unless otherwise specified. The Shank8k mutant was generated by
the ends-out method (Huang et al., 2009) and deletes an 8210 bp DNA
fragment, including exons encoding amino acids (aa) 57–1871 of the
longest, 1871 aa Shank. The Shank749 mutant was generated by the
TALEN method (Liu et al., 2012) and carries a 7 bp frameshift deletion at
a position corresponding to aa 749 in the longest Shank. The Shank138

mutant was generated by the CRISPR/Cas9 method, carrying a 28 bp
DNA deletion at 138 aa of the longest Shank coding starting region (Ren
et al., 2013). Shank-gDNA and Shank-GFP were generated on the Shank8k

background using a knock-in method (Huang et al., 2009). The small
deficiency of Shank, Df(2R)8328, was generated through chromosome
recombination of two piggyBAC transposons, P{XP}mamd08375 and
P{XP}Prosapd08828; Df(2R)8328 deletes the whole genomic sequence of
Shank. To overexpress Shank, UAS-Myc-Shank was made by cloning
the full-length coding sequence of Shank (GenBank AAF58298.3) into
the pUAST-Myc vector. Shank RNAi line Thu2609 was obtained from the

Tsinghua Stock Center. Other stocks included ShankD101 (from T. Littleton,
Massachusetts Institute of Technology) (Harris et al., 2016), elav-Gal4 (pan-
neuronal), Repo-Gal4 (glial specific), gh146-Gal4 (PN specific) (Stocker et
al., 1997), mb247-Gal4 (MB specific) (Zars, 2010), MB247::D�7-GFP (label-
ing the postsynaptic AChR D�7 subunit under the control of the MB specific
MB247 enhancer) (Kremer et al., 2010), and elav-GS-Gal4 (from H. Kesh-
ishian, Yale University, New Haven, CT) (Osterwalder et al., 2001).

Generation of rabbit polyclonal anti-Shank antibodies. A cDNA sequence
encoding a peptide of aa 807–1000 of the longest Shank (GenBank
AAF58298.3) was amplified by PCR and subcloned into the bacterial
expression vector pET-28a (Novagen) using the restriction enzymes
NheI and NotI. The fusion protein with a 6xHis tag at the N terminus of
the peptide was used to generate polyclonal antibodies in rabbits. Rabbit
sera were affinity purified with the corresponding fusion protein and
stored at �1.5 �g protein/�l. Purified polyclonal antibodies were used at
1:200 (fixed with Bouin’s solution for 5 min, Invitrogen) and 1:2000 for
immunostaining and Western analysis, respectively.

Immunochemical analysis and confocal microscopy. Immunostaining of
larval neuromusculatures was performed as previously described (Zhao
et al., 2013). Primary antibodies were used as follows: rabbit anti-�-
spectrin (1:1000, RRID:AB_2569853) (Dubreuil and Yu, 1994), anti-CSP
(6D6, 1:500, Developmental Studies Hybridoma Bank, RRID:AB_528183),
rat anti-GFP (1:500, Kangwei), anti-DLG (1:500, Developmental Studies
Hybridoma Bank, RRID:AB_528203), rabbit anti-PAK (1:1000, from L.
Zipursky, University of California at Los Angeles), anti-NC82 (1:50, De-
velopmental Studies Hybridoma Bank, RRID:AB_2314866), anti-Elav
(1:100, Developmental Studies Hybridoma Bank, RRID:AB_528217),
anti-Repo (1:50, Developmental Studies Hybridoma Bank, RRID:
AB_90755), rat anti-Homer (1:200, RRID:AB_2567439) (Diagana et al.,
2002), and anti-ChAT (1:500, 4B1 from Developmental Studies Hybrid-
oma Bank, RRID:AB_528122). All images were acquired using Olympus
BX51 laser scanning confocal microscope with a 40�, 1.3 numerical
aperture oil-immersion objective and processed with Adobe Photoshop
CS5.

For Western analysis, 60 adult heads of each genotype were dissected
and homogenized in ice-cold 120 �l RIPA lysis buffer containing 2%
SDS. Lysates from 10 and three heads were loaded in each lane and
detected with rabbit anti-Shank at 1:2000 and mouse anti-ChAT at 1:500,
respectively. Mouse anti-tubulin (Millipore) was used at 1:50,000 as a
loading control. HRP-labeled secondary antibodies against mouse or
rabbit IgG (Sigma) were used at 1:50,000. Protein bands were visualized
with chemiluminescent HRP substrate (Millipore).

Electrophysiology. Excitatory junction potentials (EJPs) and spontane-
ous miniature EJPs (mEJPs) at NMJs were recorded using intracellular
electrodes (Zhao et al., 2013). Briefly, wandering third instar larvae were
dissected in Ca 2�-free HL3 saline (70 mM NaCl, 5 mM KCl, 20 mM

MgCl2, 10 mM NaHCO3, 115 mM sucrose, 5 mM trehalose, 5 mM HEPES,
pH 7.3). Both EJPs and mEJPs were recorded from muscle 6 of abdom-
inal segment A2 or A3 in HL3 saline containing 0.4 and 1.0 mM Ca 2�

using intracellular microelectrodes (10 –20 M�) filled with 3 M KCl. EJPs
were evoked at 0.3 Hz by a suction electrode using a depolarizing pulse
delivered by a Grass S48 stimulator (Astro-Grass Instruments). A total of
18 –25 EJPs were recorded from at least 10 individual animals, followed
by mEJP recording for 120 s. All electrophysiological responses were
recorded using Axoclamp 2B amplifier (Molecular Devices) in Bridge
mode and analyzed using Clampfit 10.2 software. Only recordings from
cells with resting potentials ��60 mV and input resistances �6 M� were
analyzed according to Martin’s equation.

Electron microscopy (EM). EM of larvae NMJs was performed as de-
scribed previously (Zhao et al., 2013). EM analysis of adult MB calyces
was performed according to published protocols with minor modifica-
tion (Leiss et al., 2009; Butcher et al., 2012). Briefly, fly heads of 4- to
6-d-old females were dissected and fixed at 4°C for 4 h in 0.1 M PBS
buffer, pH 7.4, with 2.0% PFA and 2.0% glutaraldehyde (v/v). The fixed
samples were then washed and postfixed with 1% osmium tetroxide at
4°C for 2 h. Staining with uranyl acetate, dehydration, and infiltration
with resin were performed according to standard protocols. Semithin
1–2 �m sections were cut in a tangential plane from the posterodorsal
surface of the head until they contained the cortex of KC bodies overlay-
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ing the MB calyx. Ultrathin sectioning at 70 nm per slice then advanced
slowly through to the distal surface of the calyx. Projection neuron ter-
minal boutons were identified by their size (larger than other elements)
and by the features of active zones (Yasuyama et al., 2002). As micro-
glomeruli in horizontal sections of each genotype show similar profiles of
axon fibers and terminals, the region containing mostly axon terminals
was chosen for statistical analysis.

Behavioral and cognitive assays. All flies used for behavioral experi-
ments were outcrossed to isogenized Canton-S (CS) for more than five
generations to clear their genetic background. Climbing ability was as-
sayed according to a previously published protocol with minor modifi-
cations (Palladino et al., 2002). Twenty male flies, 4- to 6-d-old, of a
specific genotype were randomly selected and transferred to a new vial 2 d
before use. Flies were placed in a 3.5-cm-diameter, 30-cm-length cylin-
der that was sealed with gauze at the top to prevent escape. The flies were
gently knocked down to the bottom of the cylinder, and the time required
for 50% of the flies to cross the 15 cm line was recorded. Three trials
without interval were performed for each sample, and the average time
from three trials was used for statistical analysis.

Learning and memory tests were conducted according to the classical
conditioning procedure (Tully and Quinn, 1985). A group of �100 2- to
5-d-old adult flies were assayed given 2 min choosing time; 10 –12 groups
were analyzed for each genotype, with each group tested one time. The
learning index enumerates the distribution of flies in the T-maze as a
normalized ‘‘percent correctly avoiding the shock-paired odor” and the
range from 0 for a 50:50 distribution to 100 for a 100:0 distribution.

Olfactory acuity was measured as odor avoidance and was quantified
by placing a group of �100 of 2- to 5-d old adult flies in a T-maze where
they had a choice for 2 min between aversive odor of either 4-methyl-
cyclohexanol (MCH) or 3-octanol (OCT) and air. Odor acuity index �
(N[air] � N[odor])/(N[odor] � N[air]), N[odor] and N[air] are num-
bers of flies choosing odor (MCH or OCT) and air, respectively. To test
shock avoidance, �100 flies of 2- to 5-d old in a T-maze were given the
choice for 2 min between an electrified grid in one arm and a nonelectri-
fied grid in the other. After the flies had distributed to either arm for 2
min, they were collected and counted. Electric avoidance index � (N[c] �
N[e])/(N[e] � N[c]); N[e] and N[c] are numbers of flies choosing elec-
trified and nonelectrified arms, respectively.

Statistical analysis. All statistical analysis was performed using either
Student’s t test for comparison of 2 group means or ANOVA for com-
parison of multiple group means by Tukey’s test for post hoc comparison.
Data are presented as mean 	 SEM.

Results
Drosophila genome encodes a single member of the Shank
protein family
The Shank protein family is well conserved from Caenorhabditis
elegans to humans. Instead of three independent genes encoding
Shank protein family members (SHANK1-3) in mammals, the
Drosophila genome contains only one Shank gene (Harris et al.,
2016), so does the C. elegans genome (Jee et al., 2004). To date, no
apparent Shank homolog has been identified in the yeast genome.
There are four predicted Drosophila Shank splice variants all
comprising the C-terminal 1660 to 1871 aa (http://flybase.org/
reports/FBgn0040752.html). Sequence comparison between the
longest Drosophila Shank (1871 aa) and human SHANK3 re-
vealed conserved protein domain organization (56% identity and
74% similarity for the ANK domain, 34% identity and 63% sim-
ilarity for the SH3 domain, and 47% identity and 64% similarity
for the PDZ domain) (Fig. 1A), although the overall homology is
relatively low (23% identity and 38% similarity). Drosophila
Shank was also shown to contain a conserved proline-rich region,
containing multiple glutamine (Q)-rich stretches, but did not
have an identifiable SAM domain at the C-terminal (Fig. 1A).

To understand the in vivo functions of Shank protein, we
generated several deletions for the Shank gene using various ap-
proaches (Fig. 1B). Drosophila Shank has 13 exons that encode a

full-length protein of 1871 aa. Shank8k was generated by deleting
an 8210 bp DNA fragment containing exons 4 –12 that encode
protein from 57 to 1871 aa of the longest Shank (Fig. 1B).
Shank749 mutant carried a deletion of 7 bp within the exon 10,
whereas Shank138 mutant had a 28 bp deletion in exon 5, both of
which resulted in a frameshift at the N-terminal that affected all
known Shank isoforms (Fig. 1B). Thus, all three mutations prob-
ably resulted in null alleles at molecular level. All three Shank
mutant alleles were fully viable and fertile without apparent mor-
phological or developmental abnormalities. For the majority of
experiments described below, we focused on Shank8k, but others
were included for certain experiments. For genomic rescue ex-
periments, we generated Shank-gDNA, in which the deleted
Shank genomic DNA was reinserted back into the Shank8k

founder allele and expresses wild-type Shank. To study the en-
dogenous Shank expression pattern, we constructed Shank-GFP,
which expresses GFP tagged full-length Shank fusion protein un-
der the control of the endogenous Shank promoter (Fig. 1B). A
UAS-Myc-Shank line was also produced for neuron-type specific
rescue experiments. All deletions and transgenic lines were veri-
fied by DNA sequencing and protein analysis using a rabbit poly-
clonal antibody recognizing the epitope within the proline-rich
region of Shank protein (Fig. 1A,C).

Shank mutants show normal NMJ structure
Shanks are synaptic scaffolding proteins that organize an exten-
sive protein complex at the PSD of excitatory synapses (Jiang and
Ehlers, 2013). Drosophila NMJ synapses use ionotropic GluRs
that are homologous to mammalian AMPA-type GluRs and kai-
nate receptors, and thus offer an attractive model for study of
excitatory synapses in the mammalian CNS (Collins and DiAn-
tonio, 2007). To test whether Shank plays a role at NMJs, we
examined its expression by immunostaining and found weak
expression at NMJs (Fig. 2A). Anti-GFP staining of the Shank-
GFP knock-in line showed that Shank was localized at axons and
presynaptic, but not postsynaptic, sites of the NMJs. Immuno-
staining results of larvae expressing Shank-GFP with anti-GFP
were consistent with the expression of the endogenous Shank
(Fig. 2A,B). SAM domain is implicated in postsynaptic targeting
in mammals (Boeckers et al., 2005). The absence of a SAM do-
main in Drosophila Shank may partially explain the distinct local-
izations between Drosophila and mammalian Shank. To uncover
a potential role of Shank at NMJ synapses, we examined the ex-
pression level and localization of synaptic proteins, such as CSP,
DLG, �-spectrin, and PAK by immunostaining (Fig. 2C) and also
assessed the ultrastructure of NMJ boutons by EM (Fig. 2D).
Shank8k mutants showed normal NMJ morphology and PSD
structures at both light and EM level (Fig. 2C,D).

To determine whether synaptic transmission was impaired in
Shank mutants, we performed classical intracellular recordings of
the NMJ 6/7 at abdominal segments A2 or A3 of wandering third
instar larvae at different calcium concentrations. Our results showed
that the mEJP amplitudes of Shank mutants were not altered com-
pared with wild-type controls at 0.4 mM Ca2� (0.890 	 0.054 mV in
wild-type vs 0.910 	 0.037 mV in Shank749, and 0.947 	 0.038 mV
in Shank8k; p � 0.053 for Shank749 and p � 0.382 for Shank8k; Fig.
2E,F). The EJP amplitudes were also not altered in Shank mu-
tants at 0.4 mM Ca 2� (11.71 	 0.76 mV in wild-type vs 11.42 	
0.91 mV in Shank749, and 11.72 	 1.31 mV in Shank8k; p � 0.405
for Shank749 and p � 0.497 for Shank8k; Fig. 2H). However, mEJP
frequency was significantly increased in Shank8k mutants at 0.4
mM Ca 2� (2.83 	 0.27 Hz in wild-type vs 3.40 	 0.17 Hz in
Shank749, p � 0.082 and 4.20 	 0.26 Hz in Shank8k, p 
 0.001; Fig.
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2E,G). At 1.0 mM Ca 2� concentration, the mEJP and EJP ampli-
tudes remained normal, whereas mEJP frequency showed a sim-
ilar increase in Shank mutants as it did at 0.4 mM Ca 2� (3.02 	
0.19 Hz in wild-type vs 3.31 	 0.22 Hz in Shank749, p � 0.094 and
3.55 	 0.21 Hz in Shank8k, p � 0.0189). These results show that
Shank mutants have normal evoked neurotransmission but in-
creased frequency of spontaneous transmission at NMJ synapses,
suggesting that Shank may function at the presynaptic terminus
directly or indirectly.

Shank is widely expressed in the CNS and highly enriched
in neuropil
Shanks are expressed in the murine brain in various spatiotem-
poral patterns. Specifically, Shank1 is expressed throughout most
of the brain, and in particular, the cerebral cortex and hippocam-
pus (Lim et al., 1999). Shank2 is also broadly expressed in the
brain, with a higher expression in cerebellar Purkinje cells (Boeckers
et al., 1999; Schmeisser et al., 2012), whereas Shank3 is highly ex-

pressed in striatum, neocortex, thalamus, and cerebellar granule
cells (Boeckers et al., 1999; Schmeisser et al., 2012).

We examined Drosophila Shank expression patterns in the
CNS and found that Shank was enriched in the neuropil regions,
where the active zone marker protein Bruchpilot (anti-NC82) is
highly expressed (Fig. 3A), and detectable in the soma of a sub-
stantial population of central neurons labeled by Elav, a pan-
neuronal marker (Fig. 3B). Moreover, Shank was also expressed
in different types of glial cell as indicated by Repo expression,
including midline glia, surface glia, and cortex glia (Fig. 3C),
indicating that the expression of Shank is not restricted to neu-
rons in the brain.

Similar to the vertebrate Shank proteins, Drosophila Shank
contains a Homer-binding consensus motif PPxxF near its C
terminus. An interaction of Drosophila Shank and Homer was
first identified by a yeast two-hybrid screen (Diagana et al., 2002).
Same as Shank mutants, Homer mutants are also fully viable and
fertile without apparent morphological or developmental abnor-
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Figure 1. Characterization of Shank mutant alleles. A, Domain structure of human SHANK3 (NP_277052.1) and four Drosophila Shank (CG30483) isoforms. Rabbit anti-Shank polyclonal antibody
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Wu et al. • A Presynaptic Function of Shank J. Neurosci., November 29, 2017 • 37(48):11592–11604 • 11595



malities (Diagana et al., 2002). In Drosophila, Homer is highly
expressed in the CNS and enriched in the PSD of MB calyx (And-
lauer et al., 2014). As shown in Figure 3D, E, Shank and Homer
were coexpressed in the larval brain and ventral nerve cord and
particularly enriched in the MB calyx (Fig. 3D) and ventral nerve
cord neuropil (Fig. 3E), supporting that Drosophila Shank is also
enriched at the PSD of the CNS.

Developmental defects of synapse in the larval calyx of
Shank mutants
The calyx constitutes the second olfactory center in Drosophila.
Odors are detected through olfactory sensory neurons and are
processed within antennal lobes acting as the primary olfactory
centers. Subsequently, olfactory information is conveyed to the
calyx via olfactory PNs (Christiansen et al., 2011; Li et al., 2013).
PNs target two separate neuropils, the MB and the lateral horn
(Butcher et al., 2012; Li et al., 2013) (Fig. 4A). PNs contact KCs at
glomeruli in the larval brain (Masuda-Nakagawa et al., 2005) and
microglomeruli in the adult brain (Yasuyama et al., 2002). The
larval calyx is composed of at least 34 glomeruli (Masuda-
Nakagawa et al., 2005), whereas the adult calyx comprises hun-
dreds of microglomeruli (Yasuyama et al., 2002). As Shank is
expressed in the PSDs in the calyx, we predicted that Shank mu-
tants might exhibit structural defects in the synaptic boutons of

the calyx. ChAT labels presynaptic boutons of PN termini in the
calyx (Yasuyama et al., 2002; Leiss et al., 2009; Butcher et al.,
2012). ChAT staining of a wild-type larval brain revealed evenly
distributed ChAT-positive puncta within glomeruli with multi-
ple protrusions (Fig. 4B,E). The protrusions marked by ChAT-
positive puncta were lost and instead fused together to form
smaller, unilobed glomeruli in Shank8k mutants. We manually
quantified ChAT-positive protrusions at the edge of each glom-
erulus. Three distinct glomeruli from each calyx of six larvae were
statistically analyzed for each genotype. Homozygous Shank8k

mutants showed a dramatically reduced number of protrusions
(1.17 	 0.21 vs 10.78 	 0.53 in controls, p 
 0.001), so did
homozygous ShankD101, trans-allelic Shank8k/D101, and hemizy-
gous Shank8k/Df(2R)8328 and ShankD101/Df(2R)8328 mutants (Fig.
4B,E). Shank8k/� and ShankD101/� heterozygous mutants also
showed similar but weaker calyx defects compared with homozy-
gous mutants (Fig. 4B,E), and the reduced numbers of ChAT-
positive protrusions in Shank mutants were fully rescued by
genomic knock-in of Shank (Shank-gDNA) as well as by elav-
Gal4-driven expression of Myc-Shank (10.78 	 0.53 in controls
vs 10.33 	 0.34 for Shank-gDNA and 11.00 	 041 for Myc-Shank
rescue; Fig. 4B,E). Together, these results demonstrate that Shank
regulates synapse development in the larval calyx.
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Shank has both presynaptic and postsynaptic functions in the
larval MB calyx
Although most studies have indicated an essential role for Shank
in mammalian PSD at postsynaptic sites (Jiang and Ehlers, 2013;
Monteiro et al., 2017), several others have provided experimental
evidence suggesting that Shank is involved in a variety of func-
tions outside of PSD, including axonal outgrowth, growth cone
mobility, and presynaptic specializations in mammals (Du et al.,
1998; Durand et al., 2012; Halbedl et al., 2016). To determine
whether the abnormal synapse development of Shank mutants
was caused by alterations in either presynaptic or postsynaptic
function or both, neuron-type specific rescue experiments were
performed. gh146-Gal4, which is specifically expressed in PN
neurons, was used to drive presynaptic expression, whereas
mb247-Gal4, which is MB specific, was used to drive postsynaptic
expression at PN/KC connection sites. Both Gal4 lines drove a
substantial expression of Shank as expected (Fig. 4C). Protrusion
numbers were significantly higher in gh146-Gal4-driven reex-
pression of Shank compared with Shank8k mutants, indicating a
presynaptic role for Shank (5.39 	 0.25 in gh146-Gal4 rescue and
1.17 	 0.21 in Shank8k, p 
 0.001). We note that the presynaptic
expression of Shank only partially rescued the protrusion pheno-
types of Shank8k mutants (Fig. 4C,E). In contrast, there was no

rescue of the protrusion phenotype by postsynaptic expression,
as there was no significant difference in the number of protru-
sions between mb247-Gal4-driven reexpression and Shank8k mu-
tants (1.72 	 0.25 vs 1.17 	 0.21, p � 0.120) (Fig. 4C,E). We also
performed rescue experiments with double Gal4 lines mb247-
Gal4 and gh146-Gal4, which produced a stronger rescue effect
compared with gh146-Gal4 alone (7.94 	 0.82 vs 5.39 	 0.25, p �
0.011) (Fig. 4C,E). Thus, a presynaptic function of Shank seems
to be essential, whereas postsynaptic Shank contributes to the
normal synaptic contacts at the MB calyx.

To determine whether pan-neuronal expression of Shank
by elav-Gal4 in late stages could also rescue the Shank mutant
phenotype, the gene switch method was used. This method
uses RU486 to induce target gene expression, and protein expres-
sion can be detected as early as 5 h after induction (Osterwalder et
al., 2001). The synapse defects in the glomeruli of Shank8k mu-
tants were fully rescued upon RU486-induced expression of
Shank for 2 or 3 d (Fig. 4D,E). The number of protrusions sur-
rounding each glomerulus was 10.61 	 0.52 in wild-type, and
2.94 	 0.32 in Shank8k mutants without induced expression of
Shank (p 
 0.001), but 9.39 	 0.31 and 10.67 	 0.23 in Shank8k

mutants after induced expression of Shank for 2 and 3 d,
respectively.
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Developmental defects of synapses in the adult calyx of
Shank mutants
To determine whether synapse defects were also present in adult
calyces that undergo remodeling during metamorphosis, we exam-
ined adult calyces in different Shank alleles by anti-ChAT staining
and conducted rescue experiments (Fig. 5A). We manually quanti-
fied the number of ChAT-positive puncta in a 20 � 20 �m2 area of
calyx surface from six adult brains. All independent Shank mutant
alleles, Shank8k, Shank138, and Shank749 exhibited similar defective

boutons. The number of ChAT-positive puncta per 20 � 20 �m2

area of the calyx were 44.83 	 2.14 in wild-type, 16.67 	 0.61 in
Shank8k, 11.17	0.65 in Shank749, and 10.83	0.70 in Shank138 (p

0.001 for all 3 mutant alleles; Fig. 5B). Notably, Western blot analysis
demonstrated that the total level of ChAT protein was not altered in
Shank mutants (Fig. 5C). The reduced number of anti-ChAT puncta
of Shank8k was fully rescued by genomic knock-in of Shank-gDNA
and elav-Gal4-driven expression of Shank (p � 0.05 for both geno-
types compared with wild-type; Fig. 5A,B).
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The �7 subunit of nicotinic nAChRs is one of the most prev-
alent neuronal receptors in the CNS that has been implicated in
ASD. Given that PNs are cholinergic (Yasuyama et al., 2002; Leiss
et al., 2009; Christiansen et al., 2011), the AChR D�7 subunit was
selected to examine synaptic contacts at the MB calyces. Specifi-
cally mb247::D�7-GFP, which carries the KC-specific enhancer
mb247 upstream of the sequence encoding the AChR subunit
D�7 fused to a GFP tag, was used to label the PSD of cholinergic
synapses at the MB calyx (Christiansen et al., 2011). To examine
synaptic contacts in calyces, adult brains expressing mb247::
D�7-GFP were double-stained with anti-GFP and anti-ChAT
(Fig. 5E). In the microglomeruli of wild-type controls, GFP-
positive signals appeared as small patches representing postsyn-
aptic sites, which were juxtaposed to individual active zones at
PN axonal terminals (Christiansen et al., 2011; Andlauer et al.,
2014). The GFP patches in wild-type controls were located adjacent

to the ChAT-positive puncta of a distinct bouton (Fig. 5A,D,F),
whereas in Shank8k mutants, the distinct D�7-GFP patches were lost
and somewhat fused together, consistent with the unilobed
microglomeruli revealed by ChAT staining (Fig. 5A,D,F). To-
gether, these results show that the synaptic contacts at the adult
MB calyx were disrupted in Shank mutants.

Ultrastructural defects of synaptic boutons in the adult Shank
mutant calyx
The above immunostaining analysis showed abnormal localiza-
tion of D�7 and ChAT in the MB calyx of Shank mutants (Figs. 4,
5). To better reveal synaptic defects in Shank mutants, we per-
formed EM analysis to examine ultrastructures in the adult MB
calyx. The EM profile of microglomeruli in the adult calyx (Fig.
6A) is consistent with previous reports (Yasuyama et al., 2002;
Leiss et al., 2009; Butcher et al., 2012). We observed two major
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types of boutons: unilobed and clustered; unilobed boutons were
single round-shaped boutons with no protrusions, whereas clus-
tered boutons were those with multiple protrusions, each protru-
sion contains at least one synapse. In the wild-type controls,
26.7 	 9.6% of the boutons were clustered, whereas in Shank8k

mutants, only 5.7 	 2.2% of the boutons were clustered. The
number of boutons �1.2 �m in diameter were quantified in an
8 � 8 �m calyx area. Shank mutants showed a reduced number of
clustered boutons (0.40 	 0.13 in wild-type controls vs 0.14 	
0.05 in Shank8k mutants, p 
 0.001), and an increased number of
unilobed boutons compared with wild-type controls (0.73 	 0.10
in wild-type controls vs 2.24 	 0.11 in Shank8k mutants, p 

0.001; Fig. 6A,B,G), consistent with the staining results in the
calyx (Fig. 5A).

Given that Shank is a PSD scaffold protein, we predicted that
there might be structural defects in the PSD of Shank mutants.
Although the PSD length in Shank mutants appeared normal

compared with wild-type (0.50 	 0.02 �m in wild-type controls
vs 0.52 	 0.02 �m in Shank8k mutants, p � 0.459; Fig. 6H),
synapses were misshapen. Specifically, �89.20 	 1.51% synaptic
clefts were collapsed in Shank8k mutants compared with 14.29 	
2.53% in wild-type controls (p 
 0.001; Fig. 6C–F,K). The num-
ber of total T-bars per microglomerulus was increased in Shank
mutants compared with wild-type (2.95 	 0.16 in wild-type con-
trols vs 4.07 	 0.26 in Shank8k mutants, p � 0.0011; Fig. 6I), as
was the number of multiple T-bars per microglomerulus (0.14 	
0.08 in wild-type controls vs 0.48 	 0.10 in Shank8k mutants, p �
0.012; Fig. 6J). These results demonstrate that synaptic structures
are altered in Shank mutants.

Reduced motor ability and defective olfactory acuity in
Shank mutants
Compromised locomotion and motor coordination are of the
most notable and consistent behavioral abnormalities observed
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in Shank3 mutant mice and SHANK3-related patients (Wang et
al., 2011, 2016; Soorya et al., 2013; Speed et al., 2015; Zhou et al.,
2016). To examine a possible motor coordination defect in Shank
mutants, we performed an adult climbing assay. In a group of 20
male flies, the time required for 50% of the flies pass 15 cm line
was measured. Compared with wild-type controls, Shank mu-
tants climbed slower to cross the 15 cm line compared with wild-
type controls (9.36 	 0.48 s for wild-type, 18.19 	 1.05 s for
Shank8k, and 18.07 	 1.35 s for Shank749, p 
 0.001 for both
mutant alleles) (Fig. 7A). Shank-gDNA genomic knock-in res-
cued the climbing defects found in Shank8k and Shank749 mutants
(9.19 	 0.83 s in Shank-gDNA; p � 0.999 compared with wild-
type), indicating the climbing deficits are specifically associated
with Shank mutations.

The MB calyx is associated with olfactory information pro-
cessing, which involves olfactory acuity, learning, and memory
(Christiansen et al., 2011). As synapse development is disrupted
in the Shank mutant calyx, we suspected that Shank mutants may
show defects in olfactory processing. Results of olfactory learning
in the T-maze showed that Shank8k and Shank749 mutants exhib-
ited significantly impaired learning compared with wild-type
controls. The learning index was 78.12 	 2.06% for wild-type
controls, 59.27 	 2.68% for Shank8k, and 56.01 	 1.92% for
Shank749 mutants (p 
 0.001 for both mutant alleles). Shank-
gDNA genomic knock-in rescued the learning defects found in
Shank8k mutants (p � 0.093 compared with wild-type) (Fig. 7B).

Although Shank mutants exhibited normal avoidance upon
electric shock stimuli (Fig. 7C), their olfactory acuity to the odor
MCH was significantly lower than the controls (Fig. 7D). Specif-
ically, the acuity index for MCH was 36.44 	 3.77% in wild-type,
19.14 	 4.74% in Shank8k, and 18.82 	 2.82% in Shank749 (p �
0.018 for Shank8k and p � 0.013 for Shank749). Shank-gDNA
genomic knock-in rescued the olfactory defects found in Shank8k

mutants (p � 0.006 compared with wild-
type). In the odor test for OCT, the acuity
index was 46.82 	 2.51% in wild-type,
and 22.88 	 4.02% in Shank749, which was
significantly reduced (p 
 0.001), but in
Shank8k, the acuity index was 40.37 	
5.17%, which was not significantly re-
duced compared with wild-type controls
(p � 0.626) (Fig. 7E), suggesting that
Shank749 mutation might exhibit an allele
specific function that compromises the
OCT acuity. Shank-gDNA knock-in
showed normal OCT acuity index com-
pared with wild-type controls (p � 0.057)
(Fig. 7E). The defective olfactory acuity
may underlie the learning defects shown
above and is consistent with abnormal
sensitivity to various stimuli in both
SHANK3 patients and mutant mice
(Kouser et al., 2013; Monteiro et al.,
2017).

Discussion
The difference in PSD between
Drosophila NMJ and mammalian
excitatory synapses in the CNS
Numerous PSD proteins, including
GluRs, ion channels, scaffolding mole-
cules, adhesion molecules, and signaling
complexes, have been identified and char-
acterized (Sheng and Hoogenraad, 2007;

Sheng and Kim, 2011). With extensive studies of Drosophila
NMJs in the last few decades, the only PSD proteins thus far have
been characterized are GluRs, the p21-activated kinase PAK,
which colocalizes with GluRs and is involved in PSD assembly
(Sone et al., 2000; Albin and Davis, 2004; Rasse et al., 2005), and
the glutamate receptor auxiliary subunit Neto (Kim et al., 2012).
However, to date, there has been no direct evidence that there are
mammalian homologs of Drosophila PAK and Neto in PSD com-
ponents of excitatory synapses in mammalian brain (Kreis and
Barnier, 2009; Tomita and Castillo, 2012). Conversely, DLG, the
Drosophila homolog of the mammalian PSD-95, is not specifi-
cally localized at PSDs, and rather is present in the postsynaptic
area characterized by subsynaptic reticulum structures (Koh et
al., 1999; Zhang et al., 2007; Thomas et al., 2010). CaMKII, the
most abundant mammalian PSD protein at the postsynaptic region
in mammals, is not specifically localized at PSDs of Drosophila
NMJs (Koh et al., 1999; Zhang et al., 2007). Similarly, endoge-
nous Shank and Homer (Diagana et al., 2002) are not present at
PSDs of Drosophila NMJs, although Shank is present at the post-
synaptic area (Harris et al., 2016). These observations together
suggest a difference of PSD components between NMJ in
Drosophila and excitatory synapses in mammalian brains.

Our immunostaining results of synaptic proteins and EM
analysis in Shank mutants showed normal PSD structures at NMJ
boutons, indicating that Shank does not affect PSD formation at
peripheral NMJs. Thus, although Drosophila NMJs have been
widely used as an efficient model to study excitatory synapse
development, function, and plasticity (Collins and DiAntonio,
2007; Bayat et al., 2011; Harris and Littleton, 2015), a direct com-
parision between mammalian excitatory synapses at dendritic
spines and Drosophila NMJs with respect to PSDs has to be taken
with caution.
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Our finding of normal NMJ development and ultrastructure
in Shank null mutants is different from an earlier study by Harris
et al. (2016), which reports a defective NMJ bouton formation
and maturation in ShankD101 mutants. We confirmed the ghost
bouton phenotype in ShankD101 mutants, although the pheno-
type was not severe as reported. In addition, Harris et al. (2016)
reported apparent postsynaptic enrichment, whereas we observed a
prominent presynaptic localization of Shank at the NMJ boutons.
The reason for the discrepancies between two reports is not im-
mediately clear. Of note, the Shank antibodies used for two stud-
ies are clearly different. The antibody used for the Harris et al.
(2016) study was raised against the peptides of 51–146 aa at N
terminus, whereas we generated the antibody using the antigen of
800 –1000 aa in the middle of Shank protein. As isoform-specific
expressions of Shank3 are well characterized in Shank family pro-
tein in mammals (Wang et al., 2014), it is possible that the post-
synaptic site-enriched Shank reported by Harris et al. (2016) may
represent a short truncated isoform detected by the N terminus
antibody. Alternatively, the difference may be due to the sensitiv-
ity and specificity of the two antibodies used in these studies.

The Shank8k mutation removes the same coding region as
ShankD101, although ShankD101 removes a larger part of the intron
between exons 3 and 4, and part of the 3�-untranslated region.
The possibility that this molecular difference and other technical
reasons may contribute to the different morphological pheno-
types at NMJ of Shank3 mutants remains to be investigated.

Shank regulates central synapse structure in the calyx
Composed of many glomeruli/microglomeruli, the calyx repre-
sents the main olfactory input region of the MB. When LimK, an
actin regulator, is overexpressed in KCs, the morphology of the
glomerulus rings appeared to be better defined and less irregular
(Leiss et al., 2009). Although Homer, Drep-2, and mGluRs are all
localized in the PSD of the calyx (Andlauer et al., 2014), it is not
known whether there are morphological defects in calyx boutons
when one of these genes is mutated. To our knowledge, the pres-
ent study represents the first report revealing that mutations in a
gene result in morphological defects of central synapse in the
calyx. The structural defects of Shank mutants in the calyx indi-
cate that Shank plays an important role in synapse development
and structure in the brain.

Presynaptic function of Shank is necessary for normal
synaptic structure in the brain
Until now, the presynaptic function of Shank has not been well
characterized compared with the extensive studies related to its
postsynaptic function. Studies in primary hippocampal neurons
revealed that all three SHANKs were detectable in presynaptic
specialization of axon terminals; and in particular, SHANK3 was
involved in the modulation of NMDA receptor levels at axon
terminals (Halbedl et al., 2016). Han et al. (2016) recently re-
ported that SHANK3 expression in presynaptic sites in spinal
cord central terminals of DRG neurons plays important roles in
pain transduction and transmission via regulation of transient
receptor potential ion channel subtype V1. In the present study,
we found that Shank was present in both axons and the presyn-
aptic sites of NMJs. In addition, the increased frequency of mEJP,
but normal synapse number and EJP amplitudes, in Shank mu-
tants suggest a presynaptic function of Shank. In the central
brain, the structural defects in MB calyces were partially rescued
by presynaptic, but not postsynaptic, reexpression of Shank in
mutant backgrounds, whereas defects were fully rescued by pan-
neuronal reexpression of Shank. These results support that, in

addition to a postsynaptic role, a presynaptic function of Shank is
required for the normal synaptic contacts at the MB calyx. How
Shank acts in the presynaptic terminus is warranted for further
investigation.

Chemical synapses are stabilized in position by synaptic
adhesion molecules projecting from both the presynaptic and
postsynaptic neurons. Mutations in these molecules, including
neuroligins, neurexins, and cadherins, are associated with ASD,
supporting a notion that the strength of synaptic adhesion may be
compromised (Arons et al., 2012). Additionally, Shank proteins
have been identified as a binding partner of neurexin/neuroligin
complexes (Meyer et al., 2004); and in particular, alterations in
Shank3 have been shown to provoke changes in synaptic function
that requires trans-synaptic signaling through neurexin/neuroli-
gin complexes (Arons et al., 2012). In the present study, ultra-
structural analysis of synaptic boutons at Shank mutant calyces
showed misorganization of presynaptic and postsynaptic compo-
nents and lack of synaptic clefts. Thus, our results suggest that
Shank may affect presynaptic and postsynaptic apposition via
adhesion molecules, such as neuroligins, which physically inter-
acts with Shank in mammals.
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