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Abstract
Gain-of-toxic-function mutations in Seipin (Asparagine 88 to
Serine (N88S) and Serine 90 to Leucine (S90L) mutations,
both of which disrupt the N-glycosylation) cause autosomal
dominant motor neuron diseases. However, the mechanism of
how these missense mutations lead to motor neuropathy is
unclear. Here, we analyze the impact of disruption of
N-glycosylation of Seipin on synaptic transmission by overexpressing mutant Seipin in cultured cortical neurons via
lentiviral infection. Immunostaining shows that over-expressed
Seipin is partly colocalized with synaptic vesicle marker
synaptophysin. Electrophysiological recordings reveal that
the Seipin mutation signiﬁcantly decreases the frequency,
but not the amplitudes of miniature excitatory post-synaptic
currents and miniature inhibitory post-synaptic currents. The
amplitude of both evoked excitatory post-synaptic currents

Berardinelli-Seip Congenital Lipodystrophy Type 2 (BSCL2),
a rare autosomal recessive disease, is characterized by a loss of
adipose tissue and often accompanied by severe hypertriglyceridemia, insulin resistance, and moderate intellectual
impairment (Agarwal et al. 2003; Fu et al. 2004; Magre
et al. 2001). The BSCL2 gene encodes Seipin, which is
important for lipid droplet morphology and adipocyte differentiation (Chen et al. 2012; Cui et al. 2011). Most mutations
of Seipin associated with lipodystrophy contain non-sense,
frame-shift, or aberrant splicing mutations that produce
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and inhibitory post-synaptic current is also compromised by
mutant Seipin over-expression. The readily releasable pool
and vesicular release probability of synaptic vesicles are both
altered in neurons over-expressing Seipin-N88S, whereas
neither c-amino butyric acid (GABA) nor a-Amino-3-hydroxy-5methyl-4- isoxazolepropionic acid (AMPA) induced whole cell
currents are affected. Moreover, electron microscopy analysis
reveals decreased number of morphologically docked synaptic
vesicles in Seipin-N88S-expressing neurons. These data
demonstrate that Seipin-N88S mutation impairs synaptic
neurotransmission, possibly by regulating the priming and
docking of synaptic vesicles at the synapse.
Keywords: AMPA receptor, EPSC, GABA, glutamate, IPSC,
neurotransmission.
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truncated, non-functional proteins (Agarwal and Garg 2004;
Miranda et al. 2009; Qiu et al. 2013; Yang et al. 2013).
In contrast to loss-of-function of Seipin in lipodystrophy,
subjects carrying Asparagine 88 to Serine (N88S) or Serine
90 to Leucine (S90L) develop a broad spectrum of motor
neuropathy (Agarwal and Garg 2006; Auer-Grumbach et al.
2005; Guo et al. 2013). Both N88S and S90L mutations
disrupt N-glycosylation of Seipin, and have been identiﬁed in
autosomal dominant motor neuron diseases such as Silver
syndrome/spastic paraplegia 17 and distal hereditary motor
neuropathy type V (dHMN-V) (Ito and Suzuki 2009; Irobi
et al. 2004; Windpassinger et al. 2004; Rohkamm et al.
2007; Auer-Grumbach et al. 2005; Brugman et al. 2009).
Silver syndrome and dHMN are lower motoneuron disorders
resulting in severe atrophy and wasting of distal limb
muscles. Patients with Silver syndrome also develop spasticity of the lower limbs, indicating upper motor neuron
involvement (Brusse et al. 2009; Chen et al. 2009; Windpassinger et al. 2004). Detailed phenotypic analyses have
revealed that upper motor neurons, lower motor neurons, and
peripheral motor axons are variously affected in patients with
these mutations (Auer-Grumbach et al. 2005; Irobi et al.
2004; Cho et al. 2007; Brugman et al. 2009; Ito and Suzuki
2009). These symptoms associated with Seipin are termed as
Seipinopathy (Ito and Suzuki 2009). However, how disruption of N-glycosylation in Seipin leads to neuropathy in
particular, and how it affects nervous system function in
general are not completely understood. Although endoplasmic reticulum (ER) stress was proposed to be an underlying
cause for Seipinopathy (Ito and Suzuki 2009), our recent
ﬁndings based on transgenic animal models suggest that an
altered autophagy pathway may play a more important role in
the development of Seipinopathy (Guo et al. 2013).
The enrichment of Seipin in corpus callosum and caudoputamen areas (Wei et al. 2013) is consistent with a function of
Seipin mutants in corticospinal systems for Silver syndrome
and dHMN. In cultured cortical neurons, knockdown of Seipin
gene expression results in impaired excitatory post-synaptic
currents (EPSCs), but normal inhibitory post-synaptic currents
(IPSCs) (Wei et al. 2013). To investigate the functional impact
of missense mutations of Seipin in neuropathy, we overexpressed Seipin-N88S mutant in cultured cortical neurons as
a model to mimic the heterozygosity of the mutation carrier in
patients (Windpassinger et al. 2004), and analyzed neurotransmission in these neurons. We found that Seipin-N88S
signiﬁcantly decreased the frequency of miniature synaptic
releases as well as amplitudes of evoked IPSC and EPSC, the
size of synaptic vesicle RRP, and synaptic vesicle release
probability (Pvr), supporting a functional signiﬁcance of the Nglycosylation of Seipin in neurotransmission. These results
provide an explanation of the association between the missense
mutation of Seipin and motor neuron diseases such as Silver
syndrome/spastic paraplegia 17, and may help our understanding of the pathogenesis of motor neuron diseases.
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Materials and methods
Neuron cultures and whole-cell electrophysiological analysis
Cortical neuronal cultures were derived from C57BL/6 pups of both
sexes at post-natal 1–2 days. All animals were obtained from the
institutional animal facility (Biological Resource Centre, Singapore). The cerebral cortex was dissociated by incubation for 7 min
at 37°C in digestion solution containing 6 mg/mL trypsin (Cat#
T1005-1G; Sigma, St Louis, MO, USA), 0.5 mg/mL DNase (Cat#
D5025; Sigma) and (in mM) 137 NaCl, 5 KCl, 7 Na2HPO4, and 25
HEPES–NaOH pH 7.2. The dissociated cells containing neurons
were washed once with Hank’s balanced salt solution (HBS)
containing 20% fetal bovine serum followed by two washes in
serum-free HBS, and further dissociated by gentle pipetting in HBS
containing 12 mM MgSO4 and 0.5 mg/mL DNase. The cell
suspension was centrifuged for 10 min at 160 g and plated on
Matrigel (Cat# 871-275-0004; Collaborative Biomedical Products,
Bedford, MA, USA)-coated circular glass coverslips (Ø 12 mm) in
minimal essential medium (Invitrogen, Carlsbad, CA, USA)
supplemented with B27 (Cat# 17504-044; Invitrogen), glucose,
transferrin, and 5% fetal bovine serum. The initial cell density
(including glia) at plating varied between 1500 and 2500 mm 2.
When the density of glia cells in the culture reached ~ 40–50%
(usually 2 days after plating), 50% of the conditioned culture
medium was replaced with fresh medium containing 4 lM Ara-C
(Sigma). The cultures were maintained in medium containing 2 lM
Ara-C until experiments (14–16 DIV). In the standard protocol, a
neuron intended for post-synaptic recordings was patched with
pipette solution contained (in mM) 135 CsCl, 10 HEPES, 1 EGTA,
1 Na-GTP, 4 Mg-ATP, and 10 QX-314 (pH 7.4, adjusted with
CsOH). The resistance of pipettes ﬁlled with the intracellular
solution varied between 4 and 5 MΩ. After formation of the wholecell conﬁguration and equilibration of the intracellular pipette
solution, the series resistance (Rs) was adjusted to 10 MΩ. Cells
with initial Rs exceeding 15 MΩ were excluded from analysis.
Synaptic currents were monitored with EPC 10 (HEKA electronics,
Bellmore, NY, USA). Pre-synaptic stimulation was through a
bipolar electrode (Cat # CBAEC75; FHC Inc., Bowdoin, ME, USA)
that was placed nearby the patched neuron and used to apply a
0.9 mA, 1 ms current injection. The distance between the tip of
stimulation electrode and the cell body of post-synaptic neuron
varied between 100 and 150 lm. The frequency, duration, and
magnitude of the extracellular stimulus were controlled with a
Model 2100 Isolated Pulse Stimulator (A-M Systems, Inc., Sequim,
WA, USA) and synchronized with PatchMaster data acquisition
software (HEKA electronics). The bath solution contained (in mM)
140 NaCl, 5 KCl, 0.8 MgCl2, 2 CaCl2, 10 HEPES, and 10 Glucose
(pH 7.4, adjusted with NaOH). Inhibitory and excitatory postsynaptic currents were pharmacologically isolated by adding AMPA
and NMDA receptor blockers 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (20 lM) and 2-amino-5-phosphonopentanoic acid (APV)
(50 lM) or GABAA receptor blockers bicuculline (20 lM) or
picrotoxin (50 lM) to the extracellular bath solution. Spontaneous
miniature post-synaptic currents (mPSCs) were monitored in the
presence of tetrodotoxin (1 lM) to block action potentials. The
temperature in the recording chamber was controlled by TC344B
dual temperature controller (Warner Instruments, Hamden, CT,
USA).
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Lentiviral vector construction, production, and infection of neurons
Human BSCL2 was cloned from ATCC 328876 with primers
(5′-GCG GAT CCA TGT CTA CAG AAA AGG TAG ACC-3′,
5′-GGG AAT TCT CAG GAA CTA GAG CAG GTG-3′). Primers
WH427 (5′-TTC CCT GTT GCC AGT GTC TTG CTG ACT AAG
GGT-3′) and WH451 (5′-ACC CTT AGT CAG CAA GAC ACT
GGC AAC AGG GAA-3′) were used for generating N88S of human
Seipin. Wild-type and N88S mutant Seipin were inserted downstream of the Ub promoter into pFHUUIG vector, which was derived
from FUGW (Lois et al. 2002). All vesicular stomatitis virus-G
pseudotyped lentiviral vector stocks were produced by Effectin
transfection of HEK293 T cells. Brieﬂy, HEK293 T cells were
cultured in Dulbecco’s modiﬁed Eagle’s medium (Invitrogen)
containing 10% fetal bovine serum (HyClone, Thermo Scientiﬁc,
Waltham, MA, USA), 100 units of penicillin, and 100 lg/mL
streptomycin. The cells were cotransfected with appropriate amounts
of vector plasmid, the HIV-1 lentiviral packaging constructs
pRSVREV and pMDLg/pRRE (Dull et al. 1998), and the vesicular
stomatitis virus-G expression plasmid pHCMVG (Yee et al. 1994).
The viruses were collected from the culture supernatants on days 2
and 3 post-transfection. Wild-type neurons were infected with the
lentivirus at DIV 5 and used for experiments at DIV 14–16.
FM4-64 labeling, immunocytochemistry, and image analysis
Neurons were used at DIV 14–16, to label active synapses, FM 4-64
styryl ﬂuorescent probe (Molecular Probes, Eugene, OR, USA) was
loaded for 1 min with 15 lM FM4-64 in 50 mM KCl followed by
washing in dye-free solution for 10 min. Neurons were ﬁxed with a
solution containing 4% formaldehyde (Polyscience Inc., Warrington, PA, USA) and 4% sucrose (Sigma) in phosphate-buffered saline
(PBS) for 30 min at 22°C–25°C. Cells were washed three times
with PBS, blocked for 1 h with 0.1% Triton X-100 and 5% goat
serum in PBS, incubated with primary antibodies over night at 4°C,
and subjected to secondary antibody application (Alexa 488-, 546-,
or 633-conjugated, Invitrogen) for 60 min. Images were acquired on
a confocal laser scanning microscope with 405, 488, 561, and
638 nm laser lines (A1R; Nikon, Nikon Instruments Inc., Melville,
NY, USA). Image quantiﬁcation was performed using National
Institutes of Health’s ImageJ software, NIH, Bethesda, MD, USA.
Measurements were performed on total ﬂuorescence using the
JACOP plugin (Bolte and Cordelieres 2006).
Transmission electron microscopy
Samples for cultured neurons were ﬁxed in 2.5% glutaraldehyde in
PBS at 4°C for 1 h before osmication with 1% osmium tetroxide,
pH 7.4 for 1 h. Subsequently, the samples were dehydrated through
an ascending series of ethanol at 22°C–25°C before inﬁltration with
acetone and resin followed by ﬁnal embedding in resin which was
allowed to polymerize at 60°C for 24 h. Samples were cut by an
ultra-microtome (Leica, Wetzlar, Germany), mounted on formvarcoated copper grids, and doubly stained with uranyl acetate and lead
citrate. The grids were viewed in a JEOL 1010 transmission electron
microscope (Peabody, MA, USA).
Miscellaneous
All cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Antibodies against
synaptophysin and vGAT were purchased from Synaptic Systems

GmbH (Goettingen, Germany). Anti-Seipin polyclonal antibody was
raised by injecting puriﬁed GST-mSeipin (285-443) fusion protein
into rabbits, and produced by the Biological Resource Centre (BRC)
of Biomedical Sciences Institutes (Singapore).
Statistical analysis
Data were shown as means  SEMs. Student’s t-test was performed
for two groups and one-way ANOVA for > 2 groups. Statistical
signiﬁcance was set at p < 0.05.

Results
Seipin mutant does not affect synaptic formation
We previously investigated the expression of Seipin in the
brain to understand a possible role of Seipin in the central
nervous system (Wei et al. 2013). Our study and work from
Rochford and colleagues establish that Seipin is highly
expressed in cortex, corpus callosum, and caudoputamen
areas (Wei et al. 2013; Garﬁeld et al. 2012). In cultured cortex
neurons, Seipin is localized at synapses and regulates neurotransmission (Wei et al. 2013). To understand whether the
N88S mutation disrupts the normal functions of Seipin in
neurotransmission, we over-expressed Seipin-N88S in cultured
wild-type neurons with endogenous wild-type Seipin as a
cellular model to mimic the heterozygosity of mutation carrier
in patients (Windpassinger et al. 2004). We ﬁrst examined the
cellular localization of Seipin-N88S mutant in cultured cortex
neurons. Both Seipin wild-type (Seipin-WT) and N88S mutant
(Seipin-NS) exhibited apparent colocalization with the synaptic marker synaptophysin (Fig. 1a). However, in neurons
expressing Seipin-N88S, but not Seipin-WT, we observed
inclusion bodies formed by protein aggregation (Fig. 1b),
which may be because of the formation of high molecular
weight multimers (Fig. 1c), consistent with ﬁndings in other
systems (Ito and Suzuki 2009; Guo et al. 2013).
We next asked whether expression of Seipin-N88S affected
synapse formation. Synapses can be marked by immunohistochemistry using synaptic speciﬁc antibodies such as antisynaptophysin (Fig. 1d). However, given the existence of
silent synapses (Liao et al. 1995; Isaac et al. 1995) and nonfunctional pre-synaptic compartments during synaptic transmission (Yao et al. 2006), we stained the cultured neurons
with synaptophysin (marking all the synapses) after high K+induced FM4-64 loading (marking active synapses that
function during synaptic transmission), but found no difference between neurons expressing Seipin-WT or Seipin-N88S
(Fig. 1d–e). We also labeled inhibitory synapses by using
vGAT antibody and all the synapses by synaptophysin
antibody in Seipin-WT and Seipin-N88S neurons. No
difference was observed in the total number of synapses, or
the percentage of inhibitory synapses in all the synapses in
these neurons (Fig. 1f–h). These results suggest that SeipinN88S does not affect normal synapse development and
formation, even though the mutant protein forms aggregates.
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Fig. 1 Seipin over-expression in cultured neurons.
(a) Seipin expression in cultured cortical neurons.
Double immunoﬂuorescence staining for Seipin
(green) and synaptic marker synaptophysin (red) in
neurons of control (Ctrl) and over-expressing
Seipin wild type (WT) or N88S mutant (NS).
Scale Bar = 10 lm. (b) Immunoﬂuorescence
staining for Seipin in neurons over-expressing
Seipin wild type or N88S mutant. Arrow indicating
protein aggregates. (c) Western blot analysis of
cultured neurons over-expressing Seipin wild type
and N88S mutant with antibody against Seipin.
Arrowheads
indicating
wild-type
and
Nglycosylation-deﬁcient
N88S
mutant.
(d)
Fluorescence
staining
of
neurons
overexpressing wild type or N88S mutant. FM4-64,
red; synaptophysin, green. High K+ (50 mM) was
used to stimulate FM4-64 dye loading through
endocytosis following exocytosis induced by high
K prior to neuron ﬁxation. Scale bar = 10 lm. (e)
Percentage of active synapses among all the
synapses, as assessed by the ratio of the
number of FM4-64-positive puncta (red) and that
of synaptophysin-positive puncta (green) in cortical
neurons over-expressing wild type or N88S
mutant. n = 10–12 cells. (f) Synaptophysin
(green) and vGAT (red) immunostaining for
Seipin-WT and Seipin-N88S neurons, Scale bar
= 10 lm. (g) Total number of synapses as labeled
by synaptophysin (green), and (h) Relative number
of inhibitory synapses as measured by the ratio of
the number of inhibitory synapses (vGAT, red)
over the number of all the synapses
(synaptophysin, green) in Seipin-WT (WT) and
Seipin-N88S (NS) neurons. n = 8–10 cells.
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Seipin-N88S alters synaptic release probability
To examine whether expression of Seipin-N88S mutant
altered neurotransmission, we ﬁrst analyzed miniature
EPSCs (mEPSCs) and miniature IPSCs (mIPSCs) by
whole-cell patch clamp in the presence of 1 lM TTX in
Seipin-WT and Seipin-N88S neurons. EPSCs and IPSCs
were pharmacologically isolated by blocking GABAA
receptors with picrotoxin or blocking AMPA receptor with
CNQX and NMDA receptor with APV. The frequencies of
both mEPSCs and mIPSCs were signiﬁcantly reduced in
Seipin-N88S neurons, but neither the average amplitudes nor
the distributions of miniature release showed signiﬁcant
alterations (Fig. 2).
We next examined the evoked synaptic releases in these
neurons. Local stimulation was applied by bipolar electrodes
that were placed near the neurons under analysis, an
approach previously used to study the synaptic vesicle

(a)

release machinery (Maximov et al. 2007, 2009). We measured evoked IPSC (eIPSC) and found signiﬁcantly
decreased amplitudes of eIPSC in neurons expressing
Seipin-N88S, but not in neurons expressing Seipin-WT
when compared with neurons expressing only green
ﬂuorescent protein (Fig. 3a and c). The decrease in evoked
release could reﬂect abnormal synaptic vesicle priming that
established the RRP of synaptic vesicles. One operational
deﬁnition of the RRP is the amount of synaptic release
triggered by the application of hypertonic sucrose, which
induces Ca2+-independent release of vesicles (Rosenmund
and Stevens 1996). To measure the RRP, we applied 0.5 M
sucrose onto the terminals in the vicinity of the patched
neurons and measured the RRP size by integrating the
sucrose-induced charge transfer (Fig. 3b and d). We also
calculated the vesicular release probability (Pvr) of synaptic
vesicles by dividing the charge of individual eIPSC by that
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Fig. 2 Reduced miniature excitatory post-synaptic
currents (mEPSC) and miniature inhibitory postsynaptic currents (mIPSC) frequency in SeipinN88S neurons. (a) mEPSC recording of Seipin-WT
(WT) and Seipin-N88S (N88S) neurons. (b)
Amplitude and (c) Frequency analysis of mEPSC.
n = 18–20. (d) mEPSC amplitude distribution and
cumulative frequency of Seipin-WT (black) and
Seipin-N88S (red). (e) mIPSC recording of SeipinWT (WT) and Seipin-N88S (N88S) neurons.
(f) Amplitude and (g) Frequency analysis of
mIPSC. n = 18–22. (h) mIPSC amplitude
distribution and cumulative frequency of WT
(black) and Seipin-N88S (red). All data are
shown as means  SEMs, *p < 0.05.
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of RRP in the same neuron (Rosenmund and Stevens 1996),
and found that the Pvr was signiﬁcantly reduced in synapses
expressing Seipin-N88S (Fig. 3e).
We then asked whether Seipin regulation of synaptic
release was only limited to inhibitory synapses or whether
both inhibitory and excitatory synapses were affected. We
analyzed glutamatergic EPSCs by pharmacologically blocking GABAA receptors with picrotoxin. When post-synaptic

(a)
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neurons were held at a potential of 70 mV, glutamatergic
EPSCs were primarily mediated by AMPA receptors. We
measured evoked EPSC (eEPSC) (Fig. 3f) and RRP
(Fig. 3g) in cultured cortex neurons expressing Seipin-WT
or Seipin-N88S mutant. Similar to the GABAergic ﬁndings,
Seipin-N88S expression resulted in signiﬁcantly reduced
eEPSC amplitude (Fig. 3h), decreased size of RRP
(Fig. 3i), and lower Pvr (Fig. 3j). Together, these data

Ctrl

WT

(b)

NS

0.5 M sucrose
Ctrl

0.5 nA

WT

1 nA

NS

200 ms

1.0

0.0
Ctrl

(f)

WT

Ctrl

WT

**

**

**

3.0

2.0

10

1.0
0.0

NS

20

Ctrl WT

0

NS

NS

(g)

Ctrl

WT

NS

0.5 M sucrose
Ctrl

100 pA

200 pA

WT

50 ms

NS
1s

*

(i)

RRP size (nC)

1.0

0.5

Ctrl

WT

*

**

1.5

0.0

(j) 20

0.6

NS

© 2013 International Society for Neurochemistry, J. Neurochem. (2014) 129, 328--338

**

0.4

0.2

0.0

**

15

Pvr (%)

(h) 2.0

eEPSC amplitude (nA)

Fig. 3 Reduced post-synaptic currents in neurons
over-expressing Seipin-N88S mutant. (a) Evoked
inhibitory post-synaptic currents (eIPSCs) from
control neurons (Ctrl), and neurons overexpressing Seipin wild type (WT) or Seipin-N88S
mutant (NS). (b) Sucrose-induced inhibitory postsynaptic current in control neurons (Ctrl), and
neurons over-expressing Seipin wild type (WT) or
Seipin-N88S mutant (NS). (c–e) Statistical analysis
of amplitudes of eIPSC (c), readily releasable
vesicle pool (RRP, d), and synaptic vesicle release
probability (Pvr, e) for control neurons (Ctrl), and
neurons over-expressing Seipin wild type (WT) or
Seipin-N88S mutant (NS). n = 18–24. (f) Evoked
excitatory post-synaptic currents (eEPSCs) from
control neurons (Ctrl), and neurons overexpressing Seipin wild type (WT) or Seipin-N88S
mutant (NS). (g) Sucrose-induced excitatory postsynaptic current in control neurons (Ctrl), and
neurons over-expressing Seipin wild type (WT) or
Seipin-N88S mutant (NS). (h–j) Statistical analysis
of amplitudes of eEPSC (h), RRP (i) and Pvr (j) for
control neurons (Ctrl), and neurons overexpressing Seipin wild type (WT) or Seipin-N88S
mutant (NS). n = 18–20. All data are shown as
means  SEMs. *p < 0.05, **p < 0.01.
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suggest that Seipin has signiﬁcant effects on synaptic
release, possibly by regulating synaptic vesicle priming and
docking.

increased in synapses expressing Seipin-N88S (Fig. 4a
and b). We also recorded the synaptic response stimulated
by a train of pulses at 10 Hz in control neurons and neurons
over-expressing Seipin-WT or Seipin-N88S (Fig. 4c). The
depression of synaptic responses during the train of
stimulation in Seipin-N88S synapses conﬁrmed a reduction
in synaptic vesicle release probability in Seipin-N88S neurons
(Fig. 4d and e).

Seipin-N88S impairs synaptic transmission under train
stimulation
To further examine the function of Seipin-N88S mutant in
synaptic vesicle release and deﬁne its role in pre-synaptic
neurotransmitter release and short-term plasticity, we
recorded paired-pulse ratio (PPR). A change in PPR is
thought to represent pre-synaptic modiﬁcations in synaptic
vesicle release probability. Consistent with a reduction in
release probability (Fig. 3e and j), PPR was signiﬁcantly
(a) Ctrl

Seipin-N88S does not affect post-synaptic receptor
functions
To examine whether Seipin-N88S expression caused
any changes in post-synaptic response, we measured
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Fig. 4 Altered synaptic plasticity in neurons overexpressing Seipin-N88S mutant. (a) Paired-pulse
evoked inhibitory post-synaptic currents (IPSCs) at
4 Hz for control neurons (Ctrl), and neurons overexpressing Seipin wild type (WT) or Seipin-N88S
mutant (NS). (b) Paired-pulse depression
expressed as the ratio of second/ﬁrst IPSC
amplitude, P2/P1. n = 18–24. (c) Evoked IPSCs
by a train of 10 depolarizing pulses at 10 Hz for
control neurons (Ctrl), and neurons overexpressing Seipin wild type (WT) or Seipin-N88S
mutant (NS). (d) Absolute and (e) normalized
amplitudes of evoked IPSC by a train of 10
depolarizing pulses at 10 Hz for control neurons
(Ctrl), and neurons over-expressing Seipin wild
type (WT) or Seipin-N88S mutant (NS). n = 18–24.
All data are shown as means  SEMs. *p < 0.05,
**p < 0.01.
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post-synaptic GABA current elicited by exogenous application of GABA (Fig. 5a). The identity of GABAergic
response was conﬁrmed with extracellular application of
GABA receptor blocker bicuculline (Fig. 5a). There was no
difference in current density (Fig. 5b) or desensitization time
constant (Fig. 5c) between neurons expressing Seipin-WT
and Seipin-N88S mutant. Similarly, we examined postsynaptic glutamatergic receptor-mediated response induced
by 100 lM AMPA. No difference in current density was
observed between neurons expressing Seipin-WT and
Seipin-N88S mutant (Fig. 5d and e). These results demonstrate that Seipin-N88S does not affect the surface level of
GABA- or AMPA-receptors, consistent with the notion that
Seipin-N88S impairs neurotransmission via a pre-synaptic
mechanism.

microscopy (Fig. 6). Inhibitory and excitatory synapses
were analyzed separately after classiﬁcation into ‘symmetric’ and ‘asymmetric’ synapses, a method that has been
suggested to distinguish inhibitory (symmetric, Fig. 6a) and
excitatory (asymmetric, Fig. 6b) synapses (Colonnier 1968).
Neurons expressing Seipin-N88S exhibited a signiﬁcant
decrease in the number of docked vesicles in both
symmetric (Fig. 6c) and asymmetric (Fig. 6d) synapses,
when compared with control neurons and neurons expressing Seipin-WT. These results suggest that the impaired
inhibitory and excitatory synaptic transmission in neurons
expressing Seipin-N88S may be the result of decreased
number of docked vesicles.

Seipin-N88S decreases the number of docked synaptic
vesicles
The reduction in synaptic strength and reduction in RRP in
neurons expressing Seipin-N88S raise the possibility that
the number of vesicles docked at the active zone may be
decreased. To test this possibility, we examined the
ultrastructure of cultured neuron synapses by electron

Heterozygous missense mutations (N88S and S90L) in the
Seipin gene are associated with distal hereditary motor
neuropathy and Silver syndrome in patients (Windpassinger
et al. 2004). To understand the functional impact of SeipinN88S in the nervous system, which may help understand
Seipin mutation-mediated neuropathy, we studied the effects
of Seipin-N88S mutation in neurotransmitter release.
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Fig. 5 Normal post-synaptic response in neurons over-expressing
Seipin-N88S mutant. (a) Recordings of GABA current induced by
application of 100 lM GABA in neurons over-expressing Seipin wild
type (WT) or Seipin-N88S mutant (NS). The current was blocked by
20 lM bicuculline (red trace). The membrane was voltage-clamped at
70 mV. (b) The GABA current density for neurons over-expressing
Seipin wild type (WT) or Seipin-N88S mutant (NS). n = 8–10. (c)
Desensitization time constants (s) of GABA currents. Single exponen-

NS

tial ﬁtting of desensitization was shown in (a). (d) Recordings of
a-Amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid (AMPA)
current induced by application of 100 lM AMPA in neurons overexpressing Seipin wild type (WT, black) or Seipin-N88S mutant (NS,
red). The current was blocked by 20 lM CNQX (gray trace). The
membrane was voltage-clamped at 70 mV. (e) The peak AMPA
current density in response to the application of 100 lM AMPA.
n = 12–13. All data are shown as means  SEMs.
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Seipin-N88S mutation leads to a reduced synaptic release
probability, and consequently decreased miniature release
and impaired evoked IPSC and EPSC. Moreover, EM
analysis suggests a decreased number of docked vesicles in
the pre-synaptic terminal. Thus, our study offers potential
mechanistic insights in understanding the pathology of this
particular motor neuropathy because of the gain-of-toxicfunction nature of the mutation in Seipin and the implications
it has on neurotransmission.
Our previous loss-of-function study by suppression of
Seipin expression through shRNAs suggests that Seipin
deﬁciency leads to impairment of excitatory synaptic
transmission through a post-synaptic mechanism (Wei et al.
2013). In this study, we uncover a surprising pre-synaptic
effect of N-glycosylated Seipin in synaptic transmission. For
the ﬁrst time, we reveal that Seipin-N88S mutation impairs
synaptic strength in both excitatory and inhibitory synapses.
First, the frequency for both mEPSC and mIPSC is reduced,
consistent with a reduction in synaptic vesicle release.
Second, the evoked synaptic release is impaired owing to a
reduction in vesicular release probability. Third, the RRP
size and the number of docked synaptic vesicles are
decreased by Seipin-N88S mutation. Finally, the short-term
plasticity experiments show increased PPR for IPSC. These
lines of evidence strongly suggest that N-glycosylated Seipin
regulates synaptic vesicle exocytosis by directly regulating

NS

Fig. 6 Altered synaptic vesicle distribution in
neurons over-expressing Seipin-N88S mutant. (a
and b) Ultrastructure analysis of symmetric (a) and
asymmetric (b) synapse morphology in cultured
cortical neurons. EM images for control neurons
(Ctrl), and neurons over-expressing Seipin wild
type (WT) or Seipin-N88S mutant (NS). T: axon
terminal; D: dendrite; S: synapse. (c and d)
Statistical analysis of docked vesicle numbers for
symmetric (c) and asymmetric (d) synapses of
control neurons (Ctrl), and neurons overexpressing Seipin wild type (WT) or Seipin-N88S
mutant (NS). n = 28–34 for symmetric synapses
and 16–22 for asymmetric synapses. All data are
shown as means  SEMs. *p < 0.05, **p < 0.01.
Scale bars = 500 nm.

synaptic vesicle docking, which is different from the postsynaptic function of Seipin in regulating AMPA receptors
(Wei et al. 2013). Certain Seipin functions are not inﬂuenced
by the Seipin-N88S mutation. For example, the kinetics of
the IPSC and EPSC, and the number of active synapses
remain unaltered in neurons expressing Seipin-N88S. The
observed defects in neurons expressing Seipin-N88S may
represent gain-of-toxic-functions that render speciﬁc impairment of synaptic vesicle docking and priming, whereas the
endogenous wild-type Seipin in the neurons expressing
Seipin-WT may be sufﬁcient to support post-synaptic AMPA
receptor trafﬁcking. Collectively, these results suggest that
Seipin may play an important role in the genesis of synaptic
vesicles and the synaptic vesicle priming machinery that
supports neurotransmitter release, and that the Seipin-N88S
mutation may impair synaptic transmission by altering
synaptic vesicle docking and priming.
Synaptic transmission can be regulated by a pre-synaptic
mechanism, in which Ca2+-triggered neurotransmitter release
depends on the priming reaction of the synaptic vesicles,
which determines the release probability of synaptic vesicles
(Rettig and Neher 2002). Synaptic vesicle fusion is mediated
by the soluble NSF attachment protein receptor (SNARE)
complex, in which synaptobrevin, SNAP-25, and syntaxin-1
form a metastable structure before fusion (Südhof 2004), and
synaptotagmins and the Sec1/Munc18 family of proteins
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(Südhof and Rothman 2009; Südhof 2004). Multiple presynaptic molecules including Munc13 (Augustin et al.
1999), RIM (Han et al. 2011; Kaeser et al. 2011), SNARE
proteins (Gerber et al. 2008; Zhou et al. 2013) and synaptotagmins (de Wit et al. 2009) have been suggested to
regulate synaptic vesicle docking and priming. Although
Seipin is proposed to be an ER protein, it is clearly also
localized at the synapse as evidenced by its colocalization
with synaptophysin (Fig. 1). A potential concern of the
synaptic localization of Seipin is that Seipin is overexpressed in this study. However, our previous study shows
that endogenous Seipin is also colocalized with synaptophysin (Wei et al. 2013). It is conceivable that Seipin at the
synapse may inﬂuence synaptic vesicle docking through the
SNARE machinery and/or other regulatory proteins, and
disruption of the N-glycosylation of Seipin may affect its role
in regulating synaptic vesicle docking and priming machinery. We previously studied Seipin-interacting proteins by
using shotgun LC MALDI TOF-TOF and Q-TOF MS/MS
technique in adipocytes. Although we did not ﬁnd SNAREs
or their associated proteins as potential Seipin-binding
proteins, we identiﬁed speciﬁc interaction between Seipin
and 14-3-3b protein, suggesting that Seipin may function as a
scaffold in regulating adipogenesis through actin cytoskeleton remodeling (Yang et al. 2014). Whether a similar
scaffold model through 14-3-3b is applicable in neurons,
and whether Seipin may interact with SNAREs and/or their
associated proteins in neurons remain to be determined.
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