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Cellular/Molecular
Snapin is Critical for Presynaptic Homeostatic Plasticity

Dion K. Dickman, Amy Tong, and Graeme W. Davis
Department of Biochemistry and Biophysics, University of California, San Francisco, San Francisco, California 94158

The molecular mechanisms underlying the homeostatic modulation of presynaptic neurotransmitter release are largely unknown. We
have previously used an electrophysiology-based forward genetic screen to assess the function of >400 neuronally expressed genes for a
role in the homeostatic control of synaptic transmission at the neuromuscular junction of Drosophila melanogaster. This screen identified
a critical function for dysbindin, a gene linked to schizophrenia in humans (Dickman and Davis, 2009). Biochemical studies in other
systems have shown that Snapin interacts with Dysbindin, prompting us to test whether Snapin might be involved in the mechanisms of
synaptic homeostasis. Here, we demonstrate that loss of snapin blocks the homeostatic modulation of presynaptic vesicle release follow-
ing inhibition of postsynaptic glutamate receptors. This is true for both the rapid induction of synaptic homeostasis induced by phar-
macological inhibition of postsynaptic glutamate receptors, and the long-term expression of synaptic homeostasis induced by the genetic
deletion of the muscle-specific GIuRIIA glutamate receptor subunit. Loss of snapin does not alter baseline synaptic transmission, synapse
morphology, synapse growth, or the number or density of active zones, indicating that the block of synaptic homeostasis is not a
secondary consequence of impaired synapse development. Additional genetic evidence suggests that snapin functions in concert with
dysbindin to modulate vesicle release and possibly homeostatic plasticity. Finally, we provide genetic evidence that the interaction of

Snapin with SNAP25, a component of the SNARE complex, is also involved in synaptic homeostasis.

Introduction

Stable yet flexible neural function is essential for the robust and
persistent function of the nervous system. It is increasingly ap-
parent that homeostatic signaling systems, potentially function-
ing at the level of individual presynaptic and postsynaptic cells,
have a potent role in stabilizing neural function. For example,
homeostatic signaling has been implicated in the regulation of
ion channel abundance while maintaining intrinsic excitability
(Marder and Goaillard, 2006; Bergquist et al., 2010; Turrigiano,
2011). Homeostatic signaling has also been demonstrated in the
control of synaptic transmission through regulation of post-
synaptic neurotransmitter receptor abundance (Turrigiano
and Nelson, 2004; Turrigiano, 2008; Pozo and Goda, 2010)
and presynaptic neurotransmitter release (Davis, 2006; Jakawich
etal., 2010). Despite widespread implication of homeostatic sig-
naling in the control of neural function, very little is understood
about how homeostatic signaling systems are designed and im-
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plemented in cellular and molecular terms. Gene discovery
through forward genetic screens in model organisms has become
a means to identify the molecular basis of homeostatic signaling
in the nervous system (Dickman and Davis, 2009).

The Drosophila neuromuscular junction (NM]J) has been
established as a model system for dissecting the mechanisms
underlying the homeostatic control of presynaptic neurotrans-
mitter release (Davis and Goodman, 1998; Davis, 2006; Kim and
Ryan, 2010). In brief, impaired postsynaptic neurotransmitter
receptor function leads to a compensatory increase in presynap-
tic vesicle release that precisely offsets the postsynaptic perturba-
tion and restores normal muscle excitation in the continued
presence of the perturbation to postsynaptic receptors. The fact
that muscle excitation is precisely restored to baseline values in
the continued presence of a perturbation defines this process as
homeostatic. This form of homeostatic signaling is conserved
from fly to human (Davis, 2006), implying that the underlying
mechanisms will also be conserved.

Here we demonstrate that Snapin is a critical component of
the presynaptic machinery responsible for the homeostatic mod-
ulation of vesicle release at the Drosophila NM]J. Snapin is a ubiq-
uitously expressed protein that is highly conserved from fly to
human (Buxton et al., 2003). Snapin was initially identified as a
binding partner to SNAP25, a core component of machinery
necessary for SNARE-mediated vesicle fusion (Ilardi et al., 1999).
However, the molecular function of Snapin, particularly in mod-
ulating neurotransmission, remains poorly understood (Vites et
al., 2004). Recent studies examining snapin mutant mice demon-
strate that loss of snapin disrupts synaptic vesicle fusion (Tian et
al., 2005; Pan et al., 2009). Snapin is also implicated in the traf-
ficking of endosomes and has diverse functions in other tissues
outside the nervous system (Cai et al., 2010). Our data define a
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new role for Snapin in promoting the homeostatic modulation of
vesicle release. This function can be separated from other actions
of Snapin, including synapse stability and evoked vesicle release.
Finally, Snapin functions in concert with Dysbindin and SNAP25
during synaptic homeostasis. dysbindin, a schizophrenia suscep-
tibility gene in human, is essential for synaptic homeostasis
(Dickman and Davis, 2009). These data provide a broader mo-
lecular context for considering a potential link between homeo-
static signaling and neurological disease.

Materials and Methods

Fly stocks and genetics. All fly stocks were maintained at 22-25°C on
normal food. The snapin and DAMT (CG9960) RNAI lines, as well as the
UAS-dicer2 lines used in this study, were obtained from the Vienna Dro-
sophila Research Center. We obtained the SNAP25"*'** mutation (Vil-
insky et al., 2002) from David Deitcher (Cornell University, Ithaca, NY)
and the Dynein Intermediate Chain mutant, dic’*?’ (Zheng et al., 2008)
from Jill Wildonger and Yuh Nung Jan (University of California, San
Francisco, San Francisco, CA). We obtained blos1®*? from Esteban
Dell’Angelica (University of California, Los Angeles, Los Angeles, CA).
Unless otherwise noted, all other fly lines were obtained from the
Bloomington Drosophila Stock Center. Standard second- and third-
chromosome balancers and genetic strategies were used for all crosses and
for maintaining mutant lines. In all experiments, unless specified otherwise,
the w'!!8 strain was used as the genetic background since this is the back-
ground in which transgenic flies are generated, and experiments were per-
formed on female larvae.

Molecular biology. Drosophila snapin cDNA was obtained by amplifying
the small, single open reading frame from genomic DNA by PCR and clon-
ing directly in to the pENTR vector (Gateway Technology; Invitrogen). We
engineered a CACC site in the forward primer for the subsequent
Gateway reaction: forward primer for pUASt-snapin and pUASt-snapin-
venus: 5" CACCATGGATTCGGACAGCACC 3'; reverse primer for
pUASt-snapin: 5 TTAGGATATGTTGGTGCTGAG 3'; reverse primer
for pUASt-snapin-venus: 5° GGATATGTTGGTGCTGAGC 3'. All final
constructs were sequenced to ensure there were no mutations. The sna-
pin cDNA was then cloned into proper destination vectors obtained from
the Drosophila Gateway Vector Collection (Carnegie Institution). Trans-
genic lines were generated and mapped using standard methods.

Electrophysiology. Recordings were made in modified HL3 saline at spec-
ified calcium concentrations (see figures and text) with the following com-
ponents (and concentrations): NaCl (70 mwm), KCI (5 mm), MgClL, (10 mm),
NaHCO; (10 mm), Sucrose (115 mm), Trehalose (5 mm), HEPES pH 7.2 (5
mu), and CaCl, (0.5 mm unless specified otherwise). For acute pharmaco-
logical homeostatic challenge, semi-intact preparations, with the CNS, fat,
and gut left intact, were perfused with Philanthatoxin-433 (PhTx; Sigma).
PhTx was prepared as a stock solution (5 mum in water) and diluted in HL3
saline to 10 pum. Following an incubation of 10 min, the preparations were
rinsed and the dissection was completed. The cut motor axon was stimu-
lated, and average excitatory junction potential (EJP), miniature EJP
(mEJP), and quantal content were calculated for each genotype. Muscle
input resistance (R;,) was monitored at the beginning and end of each re-
cording. Recordings were excluded if R, or V,, changed by >10%. Quantal
content was determined for each recording by calculating the average EJP/
average mEJP and correcting for nonlinear summation (Martin, 1955).
Quantal contents were calculated for each recording and then averaged
across all NMJs for a given genotype. In no case did the correction for non-
linear summation alter the statistical significance of our data. Spontaneous
and evoked EJPs were analyzed using MiniAnalysis (Synaptosoft), and data
were analyzed using Microsoft Excel and GraphPad Prism. All comparisons
were analyzed using both Student’s ¢ test and either a one-way or two-way
ANOVA including Bonferroni posttest. In all cases, the conclusions and
statistical significance remained the same for both types of analysis. Correc-
tions for nonlinear summation do not alter statistical significance of any
comparisons.

Immunocytochemistry. Wandering third-instar larvae were dissected
inice-cold 0 Ca2™ HL3 and fixed in Bouin’s fixative (Sigma-Aldrich) for
2 min. Larvae were washed briefly in PBST (PBS plus 0.5% Triton) and
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incubated overnight at 4°C in primary antibody, washed the next day,
and incubated in fluorescently conjugated secondary antibodies for 2 h at
room temperature. The following antibodies were used: mouse anti-
Bruchpilot (BRP) 1:100 (Kittel et al., 2006); rabbit anti-synaptotagmin
1:2000 (Littleton etal., 1993); rabbit anti-Dlg 1:4000 (Pielage et al., 2006);
mouse anti-Flag M2 1:5000 (Sigma). Alexa-conjugated secondary anti-
bodies and directly conjugated goat anti-HRP were used at 1:400 (Jack-
son Immunoresearch Laboratories, Invitrogen). Larval preparations
were mounted in Vectashield (Vector) and imaged at room temperature
using an Axiovert 200 (Zeiss) inverted microscope, a 100X Plan Apo-
chromat objective (aperture 1.4), and a cooled CCD camera (Coolsnap
HQ, Roper). Quantification of bouton and BRP number as well as BRP
density was performed as described previously (Dickman and Davis,
2009). Intelligent Imaging Innovations software was used to capture,
process, and analyze images.

Quantitative RT-PCR. Quantitative real-time (RT) PCR methods were
performed as described previously (Bergquist et al., 2010). Briefly,
primer probes specific for real-time PCR detection of Drosophila snapin,
DAMT (CG9960), and ribosomal protein L32 (RpL32) were designed and
developed by Applied Biosystems. The CNS or body wall musculature
was removed from 25 third-instar larvae per sample (3—6 samples/geno-
type). Total RNA was isolated using a Qiagen RNeasy kit. A DNase di-
gestion removed potential DNA contamination (RQl RNase-free
DNase; Promega). Reverse transcription was performed (multiscribe re-
verse transcriptase; Applied Biosystems) using random hexamers and 1
g total RNA. A no-RT control was performed for each sample. cDNA
from the reverse transcription reaction was used as a template in a 10 ul
PCR (TagMan Universal PCR Master Mix, no AmpErase UNG; Applied
Biosystems). This 10 ul reaction was done in triplicate. In addition, one
10 ul no-RT reaction was used for each sample. The ABI Prism 7900 was
used for all PCRs. Cycle threshold (C;) was determined by automated
threshold analysis using SDS2.3 software according to the manufactur-
er’s instructions (Applied Biosystems). Comparative snapin and DAMT
levels (between control and knock-down mutant animals) were deter-
mined using the AAC method (Applied Biosystems, according to in-
cluded instructions). To determine whether the two amplification
reactions had the same PCR efficiency, AC (C of experimental gene —
C of reference gene) values were determined across the serial dilutions
and plotted against the log of the cDNA dilution. A slope close to zero
indicates equivalent amplification efficiency. This was done and both
snapin and DAMT had approximately equal amplification efficiencies
compared with the endogenous control, RpL32.

Results

In Drosophila, the genetic locus that includes the snapin gene is
quite complex. Several lines of evidence suggest that snapin ex-
pression is under dicistronic control, being coexpressed as a sin-
gle transcript along with a separate open reading frame, CG9960
(Fig. 1A) (Wall et al., 2005). The CG9960 gene encodes a protein
that is conserved from yeast to human: DNA adenine methyl-
transferase (DAMT; www.flybase.org). Currently, there are no
available transposon insertions or other mutations that disrupt
the snapin locus in Drosophila. However, we obtained two inde-
pendent RNAIi transgenes, one containing a sequence targeting
the snapin open reading frame (ID 49288; snapin®N*’) and an-
other targeting DAMT (ID 12574; DAM TRNAL, Fig.1A). When we
expressed these RNAI transgenes ubiquitously, both led to pupal
lethality, indicating that transcription from this gene locus is nec-
essary for viability. To determine levels of expression after knock
down, we determined RNA expression using quantitative RT-
PCR (see Materials and Methods, above; Fig. 1B). Ubiquitous
knock down using the snapin®™™ transgene reduced both snapin
and DAMT transcript levels by at least 63% in the nervous system
and 70—80% in muscle. Thus, gene knock down is effective and
sequences targeting the snapin gene also reduce DAMT expres-
sion, confirming the dicistronic nature of this gene locus.
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Ubiquitous knock down of the Drosaphila snapin locus bIocks synaptic homeostasis. A, Schematic of the dicistronic Drosophila snapin locus containing the snapin and damt ((G9960)
or damt™ transgenes as well as quantitative PCR (qPCR) primer regions are shown. B, Ubiquitous knock down of snapin/damt (w;

snapin™™'/Tubulin-GAL4) results in a large reduction in RNA expression of both genes by quantitative RT-PCR. D, E, Baseline electrophysiological recordings following PhTx application were
performed and mEJP (D) and EJP (E) values of wild-type [w; +;+; n = 17/16 (—/+PhTx)], driver alone (w; Tubulin-GAL4/+; n = 9/7), and snapin knock down (w; snapin™/Tubulin-GAL4;n =
12/11) are shown. F, Ubiquitous RNA knockdown of the snapin/DAMT locus blocks the homeostatic increase in quantal content following PhTx application (p << 0.0001 Student’s ¢ test and ANOVA).
Data are normalized to baseline values shown in Cand D. C, Representative traces for data in F. Error bars are SEM.

Snapin is necessary for the rapid induction of synaptic
homeostasis
Knock-down of both snapin and DAMT expression does not
cause larval lethality, allowing us to characterize the requirement
of these genes for baseline synaptic transmission and homeostatic
plasticity at the larval NMJ. Homeostatic plasticity at the Dro-
sophila NM]J is induced following disruption of postsynaptic glu-
tamate receptor function (Petersen et al., 1997; Frank et al,,
2006). Impaired glutamate receptor sensitivity causes a decrease
in miniature excitatory junctional potential (mEJP) amplitude
recorded from muscle. Reduced postsynaptic mEJP amplitudes
in turn induce an increase in presynaptic neurotransmitter re-
lease that precisely offsets the change in mEJP amplitude, restor-
ing action potential-induced muscle depolarization (excitatory
junctional potential (EJP) amplitudes) to baseline values. Be-
cause baseline EJP amplitudes are restored to baseline levels in the
continued presence of the perturbation (decreased glutamate re-
ceptor sensitivity), this form of presynaptic modulation is re-
ferred to as presynaptic homeostatic plasticity (Davis, 2006).
There appear to be two phases of presynaptic homeostatic plas-
ticity. First, homeostatic modulation of presynaptic release can be
rapidly induced (seconds to minutes) following application of the
postsynaptic glutamate receptor antagonist PhTx. This form of ho-
meostatic modulation is independent of new transcription and

translation (Frank etal., 2006). Second, homeostatic plasticity can be
induced following loss of the postsynaptic glutamate receptor
subunit GIuRIIA or by reduced expression of the postsynaptic
glutamate receptor subunit GIuRIII (Petersen et al., 1997; Mar-
rus et al., 2004). These postsynaptic perturbations persist
throughout larval life and loss of the transcription factor goose-
berry specifically disrupts homeostatic plasticity in these genetic
backgrounds, suggesting that the maintenance of homeostatic
plasticity will require new gene transcription (Marie et al., 2010).
These forms of homeostatic plasticity are evolutionarily con-
served from fly to human and similar forms of homeostatic plas-
ticity may exist in the vertebrate CNS (Pozo and Goda, 2010).
Here we demonstrate that simultaneous knock down of snapin
and damt has negligible effects on baseline synaptic transmission,
but completely blocks presynaptic homeostatic plasticity. Specifi-
cally, ubiquitous snapin knock down has little effect on baseline
transmission, assayed by quantifying the average EJP amplitude and
mEJP amplitude (see Materials and Methods, above). There is no
statistically significant difference in average EJP amplitude when
comparing knock-down animals to the heterozygous GAL4/+ con-
trol animals, although there is a minor, statistically significant (p <
0.05) difference when comparing knock-down animals with
wild-type (Fig. 1). The difference in EJP amplitudes comparing
knock-down animals with wild-type cannot be accounted for by



Dickman et al. @ Snapin is Necessary for Synaptic Homeostasis

J. Neurosci., June 20, 2012 - 32(25):8716— 8724 * 8719

A 2000, I snapin [ DAMT B EmEP [ quantal content the damt RNAi line dO.CS not share se-
5 15001 - = 200 . — = quences within the sncfpm transgem'e. We
? 1000, E demonstrate the effectiveness of this ap-
g & 150, proach by quantitative RT-PCR, showing
% 100 £ L that snapin can be stably expressed while
3 2 1001===1 === T damt expression remains knocked down
‘g’ 504 S 50, (Fig.2A).

S 3 We first demonstrate that expression
= R | 1 of damt™A" (referred to as “S-DXP)
oy s el Driver Mo 'o5% soesanapn  Which stands for Snapin and DAMT

(oS S knock-down) blocks synaptic homeosta-

A | sis when expressed in the nervous system,
PRIV IS J—— ISR Wi ———— but has no effect when expressed in mus-
o ——— *"“""“""‘*‘l e cle (Fig. 2B,C). Thus, expression of this

J3mV locus is necessary in the nervous system
b for the expression of homeostatic plastic-
ity. Next, we show that coexpression of

Neuronal S-DXP Neuronal S-DXP Neuronal S-DK®

Neuronal S-DK°

snapin with damt™ " in the nervous sys-
tem restores the expression of synaptic
homeostasis (Fig. 2 B, C). From these data,
we conclude that snapin is critically re-
quired in the nervous system for homeo-
static plasticity. We further conclude that
damt is not necessary for synaptic homeo-
stasis or baseline neural function (Fig.
2D, E). From this point on, we will refer to
the damt™™* transgene as “S-D*"” to in-

baseline + PhTx + snapin baseline + snapin + PhTx
D 1 W baseline [] +PhTx E 40 B baseline [] +PhTx

1. L
— _ 30
E 0. E
o 0. = 204
m o
‘£ 04 w

101
0.
0. 0
Driver Neuronal Muscle Neuronal Driver Neuronal Muscle Neuronal
S-DKP S-DKP  S-DKD + spapin S-DKD S-DKP  S-DKP + snapin
Figure 2.  Snapin is required presynaptically for synaptic homeostasis. A, Quantitative RT-PCR of snapin and damt expression

levels following presynaptic knock down of snapin (c155-GAL4/Y; scaborous-GAL4/UAS-der2; +/snapin™™), damt (c155-GAL4/Y;
scaborous-GAL4/damt™': UAS-dcr2/+), and damt combined with snapin overexpression (c755/Y; scaborous-GAL4/damt™ A

dicate that both transcripts are knocked
down, and recognizing that snapin is the
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UAS-dcr2/UAS-snapin). B, Presynaptic knock down of the snapin/damt locus using damt™*'block homeostatic compensation (n =

22/14), while the driver alone (c155-GAL4/Y; scaborous-GAL4/+; UAS-da2/+; n = 8/9) and postsynaptic knockdown (w;
damt™4/+ ; MHC-GAL4/UAS-dcr2; n = 10/11) do not effect this process (p << 0.002, Student’s ¢ test and ANOVA). Synaptic
homeostasis can be restored by coexpressing a snapin transgene after snapin/damt knock down (n = 12/14). C~E, Representative

traces (C), mEJP (D), and EJP (E) values for data in B. Error bars are SEM.

a change in average mEJP amplitude (Fig. 1C-E). The lack of effect
on baseline synaptic transmission following snapin knock down is
independently confirmed using a motoneuron-specific GAL4 driver
(Fig. 2).

We then tested homeostatic plasticity. After incubation in
PhTx to acutely inhibit postsynaptic glutamate receptor func-
tion, average mEJP amplitude is significantly reduced in both
control and knock-down animals (Fig. 1C—F). In control ani-
mals, there is a robust homeostatic increase in presynaptic release
that offsets the decrease in mEJP amplitude and restores EJP
amplitudes to baseline values. However, in knock-down animals
there is no homeostatic increase in presynaptic release and EJP
amplitudes are significantly smaller than baseline. Thus, either
snapin, damt, or both are necessary for the rapid induction of
synaptic homeostasis at the Drosophila NM]J.

We next sought to determine which gene is critical for synaptic
homeostasis, and in which tissue gene expression is required. Be-
cause Snapin is known to interact biochemically with Dysbindin, a
gene previously shown to be required for synaptic homeostasis in
this system (Dickman and Davis, 2009), we hypothesized that snapin
may be a gene required for homeostatic plasticity. To test this hy-
pothesis, we used the damt RNAI transgene to knock down expres-
sion of both genes. We then transgenically overexpressed snapin
in either nerve or muscle to specifically restore snapin expression to
the double knock-down animal. This experiment is possible because

Snapin is necessary for the maintenance
of synaptic homeostasis without
altering NM] morphology
Next, we determined whether snapin is re-
quired not only for the rapid induction of
homeostatic plasticity but also for the long-term maintenance of
synaptic homeostasis. To do so, we knocked-down glutamate
receptor expression in muscle throughout development using
an RNAI construct targeting the obligate glutamate receptor sub-
unit GIuRIII (see Materials and Methods, above) (Marrus et al.,
2004; Qin et al., 2005). Reduced expression of GIuRIII causes a
reduction in mEJP amplitude and a homeostatic increase in pre-
synaptic release (Fig. 3), similar to that observed in animals lack-
ing the postsynaptic GIuRIIA receptor subunit (Petersen et al.,
1997). When we simultaneously reduce expression of GIuRIII in
muscle and snapin (S-D*P) in the nervous system, we find that
homeostatic plasticity is completely blocked (Fig. 3). When con-
sidered with the demonstration that snapin is the relevant tran-
script for the rapid induction of synaptic homeostasis, we
conclude that snapin expression is required for both the rapid
induction and sustained expression of homeostatic plasticity.
Our previous work has demonstrated that homeostatic mu-
tants do not necessarily show defects in synapse morphology,
size, or active zone number or density (Frank et al., 2006; Dick-
man and Davis, 2009; Miiller et al., 2011). Therefore, the under-
lying mechanisms of synaptic homeostasis can be dissociated
from the mechanisms that drive normal morphological synapse
growth (Dickman and Davis, 2009). This observation is con-
firmed in S-D* animals, which have normal synapse morphol-
ogy (Fig. 4A—C). Specifically, we quantified bouton number as
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nally isolated as a synaptic vesicle-
associated protein, and vertebrate studies

have found that Snapin colocalizes with
synaptic vesicle markers (Ilardi et al, J
1999; Pan et al.,, 2009). We have con-
firmed this observation at the NMJ using a
flag-tagged snapin transgene, observing c

wild type

that Snapin traffics to a region of the pre- S b
synaptic bouton that coincides with other £ ol
synaptic vesicle markers (Fig. 4 F and data 3
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din (Talbot et al., 2006; Cheli et al., 2010;
Ghiani and Dell’angelica, 2011). We previ-
ously demonstrated that Drosophila dysbin-
din mutations block both the rapid
induction and sustained expression of syn-
aptic homeostasis at the NMJ (Dickman
and Davis, 2009). Therefore, we pursued ex-
periments to test the possibility that Snapin
functions in concert with Dysbindin during homeostatic plasticity.
To do so, we performed genetic interaction experiments. A defi-
ciency that removes the entire snapin locus, when used in trans with
awild-type chromosome, has no effect on synaptic homeostasis (Fig.
5A-C). Likewise, a dysbindin mutation, as a heterozygote, does not
alter synaptic homeostasis. However, the double-heterozygous
condition of both alleles shows significantly less homeostatic
compensation compared with either heterozygous mutant alone
(double-heterozygous mutant = 135 * 5.63% compensation
compared with wild-type = 178 * 7.31% compensation; p <
0.01, Student’s t test; Fig. 5A—C). One caveat is that the snapin
deficiency uncovers several genes in addition to snapin, including
synaptotagmin-1. Therefore, two additional experiments were
performed to control for the possible involvement of
synaptotagmin-1 or other genes contained in the deficiency. First,
we examined double-heterozygous mutants for dysbindin and
synaptotagmin (DiAntonio et al., 1993) and found that homeo-
static compensation is normal (p < 0.05; Fig. 5D, Table 1). This
rules out an interaction between synaptotagmin and dysbindin,
but does not control for possible interactions with one of the
other genes contained in the deficiency (in addition to snapin).
Therefore, we examined animals that carried heterozygous mu-
tations in dysbindin and the snapin deficiency and then overex-
pressed snapin in motoneurons in this background. Synaptic
homeostasis was restored toward control levels (p > 0.05, Stu-
dent’s t test compared with double heterozygote and ANOVA
compared with all genotypes; Fig. 5C). Although homeostatic
compensation remains reduced compared with dysbindin/+
animals, compensation is statistically significantly improved
compared with the double-heterozygous mutant. These data in-
dicate that loss of snapin expression is important for the observed
genetic interaction with dysbindin.
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release to restore normal postsynaptic excitation. This process is blocked when snapin is also knocked down. Representative traces
of wild-type (w;+;+; n = 12), GuRIF" (w; +; UAS-der2/BG57-GAL4, GIuRIIF™"; n = 12), and GluRIll/S-D¥™*@*" (¢755-
GAL4/Y: scaborous-GAL4/damt™': UAS-dcr2/BG57-GAL4, GIuRIIIFY: n = 14). B, The homeostatic increase in quantal content is
blocked when postsynaptic glutamate receptor function is reduced throughout development (p << 0.018 Student’s t test). (, D,
mEJP (€) and EJP (D) values for normalized data in (B). Error bars are SEM.

We also examined additional aspects of baseline synaptic trans-
mission in further detail. We find that snapin knock down (S-D*P)
does not alter the calcium cooperativity of release when transmission
is assessed across a range of extracellular calcium concentrations.
There is a minor reduction in baseline transmission across all cal-
cium conditions assayed (Fig. 5E). Interestingly, this differs from
dysbindin mutants when analyzing baseline transmission over a
range of extracellular calcium concentrations (Dickman and Davis,
2009). Animals lacking dysbindin with simultaneous snapin knock
down (S-D*P) show impaired synaptic transmission at lower extra-
cellular calcium concentrations, but do not differ from dysbindin
mutants alone (Fig. 5F). Thus, although Dysbindin and Snapin both
participate in homeostatic plasticity and may function together in
this process, Dysbindin has a separable activity that alters the appar-
ent cooperativity of presynaptic release.

We next determined the extent to which Snapin functions
with Dysbindin to promote synaptic transmission. We have pre-
viously reported that overexpression of dysbindin in an otherwise
wild-type background leads to potentiation of baseline release
(Fig. 6A,B) (Dickman and Davis, 2009). Hence, we asked
whether snapin overexpression also potentiates baseline synaptic
vesicle release. Overexpression of snapin in the nervous system
does not potentiate synaptic transmission (Fig. 6A,B). Interest-
ingly, however, when dysbindin is overexpressed in the S-D*”
background, dysbindin fails to potentiate release, indicating that
normal snapin levels are required for the ability of dysbindin to
potentiate release. It is possible that DAMT mediates this effect,
since it is also knocked down in this experiment. However, the
reported biochemical interaction of Dysbindin and Snapin, and a
genetic interaction during synaptic homeostasis, points strongly
to loss of snapin being causal. Our results are consistent with the
conclusion that Snapin functions with Dysbindin to influence
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Figure 4.  Snapin colocalizes with synaptic vesicle markers and displays normal synapse
morphology and active zone number. A, B, Normal synapse morphology for S-0*” mutants.
Representative images of the presynaptic membrane marker horseradish peroxidase (HRP;
white), active zone marker Bruchpilot (BRP; green), and postsynaptic density marker Discs large
(DLG; red) are shown. Scale bar, 10 em. C~E, Quantification of bouton number (C), active zone
number (D), and active zone density (E) in $-D° mutants showing no significant difference in
these parameters (p > 0.05, Student’s t test). Error bars are SEM. F, Flag-tagged Snapin colo-
calizes with the synaptic vesicle marker Synaptotagmin (syt) near synaptic vesicle pools when
expressed presynaptically (c755-GAL4; UAS-snapin-flag/+). Scale bar, 3 um.

evoked neurotransmitter release. It is possible that Snapin func-
tions downstream of Dysbindin. Alternatively, Snapin may func-
tion as a cofactor that is necessary for the full functionality of
Dysbindin, consistent with data indicating that both Snapin and
Dysbindin are part of the multiprotein subunit BLOC-1 com-
plex. This latter possibility is supported by the observation that
overexpression of Snapin alone is without effect on baseline syn-
aptic transmission.

Snapin genetically interacts with SNAP25 during

synaptic homeostasis

Snapin has been suggested to have two distinct and independent
functions in neurons. The first function, through a biochemical
interaction with the #-snare SNAP25, is to synchronize calcium-
dependent synaptic vesicle release (Ilardi et al., 1999; Pan et al.,
2009). A second function, through a separate biochemical inter-
action with Dynein Intermediate Chain (DIC), is to promote
retrograde trafficking of late endosomes from synaptic terminals
to the soma (Cai et al., 2010). To test which of these functions
may be relevant to Snapin’s role in promoting synaptic homeo-
stasis, we acquired a loss-of-function mutation in Drosophila dy-
nein intermediate chain (dic'**°) (Zheng et al., 2008) and tested
for a genetic interaction with the snapin deficiency. However, we
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did not uncover a genetic interaction when dic'*** and snapin”*

were placed in frans as a double heterozygote (p > 0.05, Student’s
t test and ANOVA; Fig. 7A). In contrast, we observed a strong
genetic interaction when a snap25-null mutation is placed in
trans to the snapin deficiency in a double-heterozygous condition
(p<0.001, Student’s t testand ANOVA; Fig. 7B). Importantly, to
control for the other genes removed in the snapin deficiency,
expression of snapin in motor neurons restored homeostatic
compensation in the double-heterozygous snapin®//+; snap25/+
mutant (Fig. 7B). Although the lack of a genetic interaction with
DIC is not definitive, the fact that this genetic interaction failed
while there was a strong interaction with snap25 suggests that the
biochemical interactions with SNAP25 are likely to be the most
relevant to synaptic homeostasis at the Drosophila NMJ, while the
proposed function of Snapin during endosomal trafficking may
not be directly relevant to homeostatic plasticity. Of course, ad-
ditional experimentation will be necessary to further explore this
possibility.

Finally, we explored the possibility that Snapin functions with
the BLOC-1 complex during homeostatic synaptic plasticity. The
BLOC-1 complex is a multi-subunit protein complex implicated
in endosomal trafficking and shown to be relevant to the cellular
activity of both Snapin and Dysbindin. Snapin and Dysbindin are
stoichiometric components of the BLOC-1 complex. To gain in-
sight into the function of the Bloc-1 complex, we obtained a
mutation a Drosophila BLOC-1 complex subunit, BlosI (Cheli et
al., 2010). This mutation is the only one for a BLOC-1 complex
gene, outside of snapin and dysbindin, that has been molecularly
characterized. Here we demonstrate that a null mutation in Blos]I
exhibits normal homeostatic compensation following applica-
tion of PhTx (Fig. 7B), indicating the Blosl protein is not
involved in homeostatic plasticity. Although it has been hy-
pothesized that components of the BLOC-1 complex necessar-
ily functions together as a unit, snapin mutant mice have
phenotypes that are not shared by other mutants of the
BLOC-1 complex (Pan et al., 2009; Cai et al., 2010; Ghiani and
Dell’angelica, 2011). Ultimately, it remains to be determined
whether other members of the BLOC-1 complex will partici-
pate in the mechanisms of homeostatic plasticity. This repre-
sents a series of studies that are beyond the scope of our
current manuscript.

Discussion

Here we provide evidence that Snapin promotes the homeostatic
modulation of presynaptic neurotransmitter release, functioning
presynaptically in concert with Dysbindin and SNAP25. It is im-
portant to emphasize that we are not examining snapin-null mu-
tations and, therefore, we cannot make direct comparisons to the
synaptic transmission phenotypes observed in snapin mutant
mice. However, despite the limitation of assaying only the loss of
snapin, we are able to conclude that reduced levels of snapin
expression lead to the block in homeostatic plasticity without
dramatically altering baseline transmission. We conclude that the
mechanisms of synaptic homeostasis are particularly sensitive to
the levels of Snapin, regardless of any additional function Snapin
may have in evoked synaptic vesicle fusion.

We also provide several lines of evidence that snapin functions
with the schizophrenia susceptibility gene dysbindin, most likely
within motoneurons, where both Snapin and Dysbindin have
been demonstrated to be required for homeostatic plasticity
(Dickman and Davis, 2009). In particular, we demonstrate that
the ability of Dysbindin to potentiate synaptic transmission re-
quires normal snapin expression. An interesting possibility, based
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purely on our genetic data, is that Snapin
promotes signaling between cytosolic
Dysbindin and SNAP25, influencing ves-
icle release either directly or indirectly.
This raises the intriguing possibility that
this could be an important site of molec-
ular regulation underlying the homeo-
static modulation of presynaptic vesicle
release. Indeed, separate studies have re-
ported that changes in both dysbindin and
snapin expression alter SNAP25 levels in
the nervous system (Numakawa et al.,
2004; Lu et al., 2009). Future in vivo imag-
ing experiments will be required to di-
rectly test this possibility. These are
important but challenging experiments
and beyond the scope of the present study.
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Snapin as a homeostatic modulator of
SNARE-mediated fusion

The molecular function of Snapin re-
mains poorly understood in the nervous
system and in other tissues. snapin is
highly conserved throughout evolution
from invertebrates to rodents and human
(Falcon-Pérez et al., 2002; Cheli and
Dell’Angelica, 2010; Cheli et al., 2010).
snapin is ubiquitously expressed in these
organisms and does not seem to be enriched within the nervous
system. In addition, Snapin protein is present at low levels within
neurons compared with other SNARE complex proteins includ-
ing SNAP25 (Vites etal., 2004). These observations have led some
groups to question whether Snapin has a specific or primary
function during SNARE-mediated synaptic vesicle fusion. Ulti-
mately, genetic studies may be required to highlight the primary
functions of this molecule. The recent generation of snapin mu-
tant mice has demonstrated a dramatic effect on synchronized
vesicle release (Tian et al., 2005; Pan et al., 2009) and endosomal
transport (Cai et al., 2010). Neurodegeneration is also reported in
these mutants (Cai et al., 2010).

In snapin mutant mice, evoked synaptic transmission at phys-
iological calcium is decreased by ~75%, the synchrony of vesicle
fusion is impaired, and there is a dramatic reduction in the rate of
spontaneous vesicle fusion (Pan et al., 2009). These data clearly
demonstrate that Snapin has a critical role in baseline neurotrans-
mission. This function appears to be mediated through molecular
interactions with both SNAP25 and Synaptotagminl (Ilardi et al.,
1999; Krapivinsky et al., 2006; Pan et al., 2009). However, because
baseline transmission is so severely perturbed in the mouse mutant,
it is difficult to assess whether Snapin might also participate in vari-
ous forms of neural plasticity beyond the short-term modulation of
vesicle release during short trains of stimuli (Pan et al., 2009).

Our loss-of-function analysis of snapin in Drosophila high-
lights a unique function during the homeostatic modulation of
neurotransmission. This function of Snapin may also be mediated
through its interaction with SNAP25, based on the observation that
animals that are doubly heterozygous for mutations in snapin and
snap25 lack the expression of homeostatic plasticity without a major
defect in baseline neurotransmission. An interesting possibility is
that Snapin could impose homeostatic regulation on SNARE-
mediated fusion events via an interaction with SNAP25. This
may, in fact, represent a common function of Snapin in other
systems that are also under homeostatic control, including the
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Figure 5.  snapin genetically interacts with dysbindin but does not alter the Ca®™ sensitivity of synaptic vesicle release. 4, B,
mEJP (A) and EJP (B) values of indicated heterozygous genotypes before and after PhTx application. €, Normalized changes
in quantal content after PhTx application demonstrating a partial but significant (*p << 0.05; Student’s t test and ANOVA) block in
homeostatic compensation when dysbindin (w; dysb”; n = 19/20) and the snapin deficiency (Df(2L)Exel6277; n = 10/9) are in
trans. D, Controls demonstrating that synaptotagmin does not interact with dysbindin and homeostatic compensation can be
restored by expression of snapin (w; 0K371-GAL4/Df(2L)Fxel6277; dysb'/UAS-snapin; n = 10/10; p > 0.05; Student’s ¢ test and
ANOVA). E, F, Calcium cooperativity is not affected in S-D” mutants (E), and does not change when snapin is knocked down in a
dysbindin mutant background (c755-GAL4/Y; scaborous-GAL4/damt™’; dysb") (F). Error bars are SEM.

regulation of calcium stores (Suzuki et al., 2007; Mohl et al.,
2011) and ionic balance (Mistry et al., 2007, 2010; Yasuhara et
al., 2008) in nonneural cells. However, based on our genetic
interaction data, we cannot rule out the possibility that
SNAP25 functions in parallel to Snapin during homeostatic
plasticity.

Molecular mechanisms underlying the homeostatic control of
presynaptic release at the neuromuscular junction

Recently, genetic studies have begun to identify genes that are
necessary for the homeostatic control presynaptic neurotrans-
mitter release at the Drosophila NM]J. In each example, a gene
mutation prevents the homeostatic modulation of presynaptic
release following perturbation of postsynaptic glutamate recep-
tor function. Several mutations have been identified that disrupt
baseline neurotransmission without altering the capacity to ex-
press synaptic homeostasis, including cystein string protein,
methusela, and Hsc70 (Dickman and Davis, 2009). Thus, muta-
tions that disrupt basal neurotransmission can be distinguished
from those specifically involved in synaptic homeostasis by examin-
ing the effects of a mutation before and after disruption of glutamate
receptor function. A growing list of genes fit these criteria for being
involved in homeostatic plasticity within the presynaptic nerve ter-
minal, including the cacophony (CaV2.1) calcium channel (Frank et
al., 2006), EphR-ephexin-cdc42 signaling (Frank et al., 2009), dysbin-
din (Dickman and Davis, 2009), Rab3-GAP (Miiller et al., 2011),
gooseberry (Marie et al., 2010), the miR-310 group, and Khe-73 (Tsu-
rudome et al., 2010). Here we add to this growing list by implicating
snapin and possibly snap25.

A challenge for future studies will be to determine how the
functions of these molecules are coordinated within a robust ho-
meostatic signaling system capable of precisely tuning neu-
rotransmission over a broad physiological range (Frank et al.,
2006). It seems likely that the presynaptic calcium channel will be
a focal point of this signaling system. However, some of these
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Table 1. Absolute values for normalized data
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Figure Genotype [G*"] PhTX mEJP EIP Quantal content (corrected) n

5D w''® 0.5 - 0.95(0.02) 35.41(0.80) 71.48 (3.16) 17
5D W 05 + 0.52(0.03) 34.20 (1.84) 128.49 (10.30) 16
5D syt 05 - 0.97 (0.02) 30.56 (0.99) 53.73(2.85) 9
5D sytoVr 0.5 + 0.48 (0.01) 29.29 (1.34) 102.84 (9.98) 7
5D Dysb™* 05 - 0.86 (0.04) 31.58 (1.33) 67.69 (5.36) 19
5D Dysb” " 05 + 0.40 (0.03) 27.99 (2.17) 127.57 (12.34) 20
5D syt s dysb” 0.5 - 0.89 (0.05) 2836 (1.25) 53.02 (3.55) 11
5D syt™Y " dysh?” " 05 + 0.46 (0.20) 26.00 (0.76) 86.81(3.81) 8
7A snapinPeUBele277/+ 05 - 0.94 (0.05) 31.58(1.33) 55.31(4.17) 10
7A snapin®FeHBele277/+ 0.5 + 0.49 (0.02) 28.33 (0.65) 55.31(4.17) 9
7A DIC'?2* 0.5 - 0.97 (0.04) 29.80 (1.24) 51.43 (2.14) 10
7A DiC'#+ 05 + 0.51(0.02) 30.60 (4.88) 12451 (14.37) 10
7A dic'™* ; snapinPreLExels277/ 0.5 - 0.92 (0.05) 29.43 (1.38) 53.14(2.25) 7
7A dic 1229/ spapin PF2DBrelo277/+ 0.5 + 0.55 (0.03) 28.80 (1.08) 90.66 (10.71) 10
7B snap25™"/+4 05 - 0.94 (0.04) 30.04(0.79) 54.25 (1.67) 12
78 snap25™124+ 0.5 + 0.47 (0.02) 27.25 (1.46) 92.79 (6.09) 8
7B Blos1? 05 - 0.95 (0.04) 29.00 (1.03) 30.53 (1.79) 6
7B Blos1% 05 + 0.43 (0.02) 26.12(0.79) 61.46 (2.36) 7
78 snapin®FCVBEIC7/ - ¢pap5mxI24/+ 0.5 - 0.96 (0.03) 27.33 (1.54) 46.30 (3.68) 12
78 snapin®CUBEIC77/ « ¢pap5mx124/+ 05 + 0.45 (0.02) 15.73 (1.26) 45.34 (4.61) 1

snapin® VB2 f0K371-GAL4
78 snap25™"24* JUAS-snapin 0.5 - 0.92(0.02) 30.46 (1.13) 56.92 (4.23) 1
snapin® VB2 10K371-GAL4
7B snap25™"2¥* JUAS-snapin 05 + 0.47 (0.01) 2550 (0.98) 83.14 (4.33) 8

The figure and panel, genotype, and conditions used are noted. In addition, we indicate external calcium concentration and whether or not PhTx was applied. Average values for mEJP, EJP, QC, and number of data samples (n) are shown,

with SE in parentheses.
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Figure 6. Potentiation of release by dysbindin requires snapin. A, Representative traces

of baseline evoked EJP amplitudes in wild-type (w;+;+; n = 16), dysbindin overexpression
(c155-GAL4/Y; +;UAS-dysb/+; n = 17), snapin overexpression (c155-GAL4/Y; UAS-snapin/+;n =
22), snapi™*wn (¢155-GAL4/Y:scaborous-GAL4/damt™-UAS-der2/+; n = 14), and dysbindin
overexpression in a snapin'™**" mutant background (c755-GAL4/Y; scaborous-GAL4/damt™;
UAS-dcr2/UAS-dysb; n = 14). B, Quantal contents of indicated genotypes. Error bars are SEM.

molecules may identify additional layers of modulation including
dysbindin, snapin, and snap25. Furthermore, miR-310 and
Khe-73 have been proposed to regulate active zone structure,
which could have a direct effect on calcium channels or other
parameters that modulate vesicle release. A further challenge will
be to determine not only whether or not these molecules are
necessary, but how they normally participate in the induction
and expression of a homeostatic change in presynaptic release.
Ultimately, these molecular studies will need to be combined
with our physiological understanding of this process (Weyhers-
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Figure7.  snapin genetically interacts with snap25 but not dynein intermediate chain during syn-

aptichomeostasis. 4, No geneticinteractionis observed between a snapin deficiency (Df2L)Exel6277 )
andastrong loss-of-function allele of dynein intermediate chain (dic’?*%) when the NMJ s challenged
following PhTx application (p > 0.05, Student’s t test and ANOVA). B, Strong genetic interaction
between the snapin deficiency and a null mutation in snap25 (snap25™7%%), where there is no in-
crease in quantal content following PhTx application (p << 0.0037, Student’s ¢ test and ANOVA).
Synaptic homeostasis can be restored when snapin is expressed in motorneurons (c755-GAL4/Y;
snap25™2#/snapin®@X5<15277, (JAS-snapin/+). Synaptic homeostasis s robustly expressed in mu-
tantsin the Bloc-1subunit blos7 (w; blos1%2). Error bars are SEM.

miiller etal., 2011) and with new imaging approaches to visualize
the dynamic molecular interactions in vivo that drive homeo-
static plasticity.
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