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Neurotransmission depends on the exocytic fusion of synaptic
vesicles (SVs) and their subsequent reformation either by clathrin-
mediated endocytosis or budding from bulk endosomes. How syn-
apses are able to rapidly recycle SVs to maintain SV pool size, yet
preserve their compositional identity, is poorly understood. We
demonstrate that deletion of the endocytic adaptor stonin 2 (Stn2)
in mice compromises the fidelity of SV protein sorting, whereas
the apparent speed of SV retrieval is increased. Loss of Stn2 leads
to selective missorting of synaptotagmin 1 to the neuronal surface,
an elevated SV pool size, and accelerated SV protein endocytosis.
The latter phenotype is mimicked by overexpression of endocytosis-
defective variants of synaptotagmin 1. Increased speed of SV
protein retrieval in the absence of Stn2 correlates with an up-
regulation of SV reformation from bulk endosomes. Our results
are consistent with a model whereby Stn2 is required to preserve
SV protein composition but is dispensable for maintaining the
speed of SV recycling.
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Neurotransmission involves the calcium-regulated fusion of
synaptic vesicles (SVs), a process that requires the SV calcium
sensor synaptotagmin (Syt) (1) and components of the active
zone (AZ) that define sites of neurotransmitter release (2). Post-
exocytic fusion SV membranes are retrieved by endocytosis from
the plasma membrane (2-5) to regenerate SVs of the correct size
and composition (6). Alternatively, SVs can also be reformed from
large plasma membrane infoldings and from endosomes (7)
via a brefeldin A—sensitive pathway (8) that may become par-
ticularly important under conditions of sustained high-level
activity and involves endosomal adaptor complexes such as
adaptor protein complex 1 (AP-1) (9, 10). Maintenance of the
SV pool requires that the number of recycled SVs closely mat-
ches those having undergone exocytosis. As SVs are character-
ized by a precise protein composition (11) that at least for some
SV proteins including Sytl, VGLUT1, and SV2A displays little
intervesicle variation (12), molecular mechanisms must exist to
control the fidelity of SV protein sorting while maintaining the
speed of exo-endocytosis.

The mechanisms by which exo-endocytic balance and the
fidelity of SV protein sorting are maintained are unknown. One
possibility is that retrieval of SV proteins involves clustering
(13, 14), which would alleviate a need for specific sorting, even
if multiple pathways of SV reformation are used (9, 10). How-
ever, data based on imaging of SV proteins tagged with the GFP-
derived pH sensor pHluorin indicate that exocytosed and newly
endocytosed SV proteins are not identical, suggesting that
intermixing between exocytosed and preexisting surface pools
of vesicle proteins occurs (15, 16). If SVs lose their identity over
multiple rounds of exo-endocytosis, specific mechanisms should
exist for the cargo-specific recognition and sorting of SV proteins,
e.g., by adaptors (4, 15).
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Several components of the endocytic machinery may function as
adaptors for SV protein sorting. These components include the
heterotetrameric adaptor complex AP-2, a key component of
the clathrin machinery involved in sorting of constitutive cargo in
nonneuronal cells (17), AP180, an abundant factor of synaptic
clathrin-coated vesicles (18-20), the BAR-SH3 domain pro-
tein endophilin (8, 21), and the AP-2p-related protein stonin 2
(Stn2), a binding partner of the SV calcium sensor synaptotagmin
(22-24). AP180 together with its ubiquitously expressed paralog
Clathrin Assembly Lymphoid Myeloid Leukemia Protein (CALM)
has been proposed to facilitate sorting of the SV SNARE
synaptobrevin 2 (19), whereas endophilin may regulate the
speed of vesicular glutamate transporter 1 (VGLUT1) retrieval
(8). Genetic studies have been inconclusive with respect to the
mechanisms of SV protein sorting because all adaptor mutants
studied thus far exhibit generalized defects in SV endocytosis (4, 5)
leading to gross alterations in synapse structure and functionality.
For example, loss of AP-2 is associated with early embryonic le-
thality in mice (25), whereas mouse mutants lacking endophilin A
are perinatally lethal due to strongly impaired synaptic trans-
mission (21).

Conflicting data exist regarding the physiological function of
stonins in vivo: knockdown studies in transfected neurons (26)
and data from invertebrates suggest a general essential role of
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stonins (termed Stn2 in mammals, stoned B in Drosophila mel-
anogaster, and unc-41 in Caenorhabditis elegans) in SV endocy-
tosis, which is evidenced by a reduced SV pool size and impaired
neurotransmission in loss-of-function alleles (27-31). On the
other hand, the evolutionary conserved association of stonins
with the endocytic machinery and with Syt (22-24) has been
taken as evidence in favor of a more specific role of Stn2 in Syt
sorting, although this postulate has never been tested at the or-
ganismic level in mammals in vivo.

Here we demonstrate that deletion of Stn2 in mice com-
promises the fidelity of SV protein sorting, whereas the apparent
speed of SV retrieval is increased. Loss of Stn2 leads to selective
missorting of synaptotagmin 1 (Sytl) to the neuronal surface, an
elevated SV pool size, and accelerated SV endocytosis. The
latter phenotype is mimicked by overexpression of endocytosis-
defective variants of Sytl. Increased speed of SV protein re-
trieval in the absence of Stn2 correlates with an up-regulation
of SV reformation from bulk endosomes. Our results are con-
sistent with a model according to which Stn2 is required to
preserve SV protein composition but is dispensable for main-
taining the speed of SV recycling.

Results

Increased SV Pool Size and Altered Short-Term Plasticity in the
Absence of Stn2. To address the question of whether and how
the fidelity of SV protein sorting may be linked to the speed of
retrieval of SV membranes, we focused on Stn2, the mammalian
homolog of Drosophila stoned B(27, 30) and of C. elegans unc-41
(24, 31). As the function of Stn2 in the mammalian nervous
system in vivo has not been explored, we generated Stn2 KO
mice (Fig. S14). Unlike their invertebrate counterparts (24) Stn2
KO mice were viable and fertile (Fig. S1 B and C) and displayed
no gross alterations in brain anatomy or synapse density at birth
(see below and Figs. S5 and S6). The bulk levels of exo-endocytic
proteins in brain homogenates were also unaltered (Fig. S1 D
and E), indicating that Stn2, unlike its invertebrate homologs, is
not required for viability. Importantly, no compensation by Stnl
(the only other mammalian stonin) was observed, which is not
expressed in CNS neurons.

Stn2 is expressed at the highest levels in the hippocampus
(Fig. S24i), with a strong increase in expression during the first 2
wk of postnatal development (Fig. S24ii). Within the hippo-
campus, Stn2 is most highly expressed at hippocampal mossy
fiber (MF) terminals (Fig. S2 B and C). We therefore performed
ultrastructural analysis of MF synapses from adult WT and Stn2
KO mice using electron microscopy. Surprisingly, MF terminals
from Stn2 KO mice displayed a significant increase in the
number of SVs (Fig. 1 A-C; Table S1), whereas other parame-
ters such as the number of docked SVs and the size and number
of AZs were unaltered (Table S1). This phenotype differs
strikingly from the depletion of SVs observed in mice or flies
lacking other endocytic proteins (4, 5, 21, 32) or stonin in in-
vertebrates (27, 29, 31).

To determine whether the elevated SV pool observed at Stn2
KO synapses was functional and to probe for possible alterations
in neurotransmission, we analyzed MF synapses in acute hippo-
campal brain slices from WT and Stn2 KO mice by electrophysi-
ology. Stn2-deficient MF synapses displayed significant differences
in short-term plasticity (Fig. 1 D-J). This difference was evidenced
by enhanced paired pulse facilitation (Fig. 1 D and E) and fre-
quency facilitation (Fig. 1 F-H), a paradigm where following
baseline stimulation at 0.05 Hz, the stimulation frequency is raised
to 1 Hz for 20 pulses and then turned back to baseline. As changes
in SV pool size and/or in the rate of SV recycling may become
overt during high-frequency firing, we also analyzed the responses
of MF synapses from Stn2 KO mice to sustained stimulation at 33
Hz. Trains of action potentials (APs) evoked a transient en-
hancement of transmission during the initial phase of the train and
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a lower, albeit greater, than baseline steady-state level in slices
from both WT and Stn2 KO mice (Fig. 1I). Significantly higher
responses were elicited in slices from Stn2 KO mice during the
steady-state phase (Fig. 1J) in striking contrast to the depression
seen in other endocytic mutants (4, 21, 32). Thus, loss of Stn2
leads to increased short-term facilitation, likely reflecting a re-
duced release probability of MF synapses and a partial resistance
of KO synapses to high frequency—induced depression.

Synaptic plasticity and hippocampal function have been
linked to exploratory behavior (33), with a particularly im-
portant role for dentate granule cells and the MF pathway in
exploratory learning (34). In agreement with the observed
changes in MF short-term plasticity, Stn2 KO mice displayed
increased explorative activity in the open arena (Fig. S34), as
well as increased vertical locomotion (Fig. S3B), whereas
spontaneous alternation performance in the Y-maze, considered
as a test for working memory, did not differ significantly (Fig.
S3D). Moreover, Stn2 KO mice had a shorter latency to ap-
proach a new object than WT mice (Fig. S3C). The increased
explorative drive in Stn2 KO mice was not due to reduced
anxiety or fear (Fig. S3 F and G), consistent with their un-
altered behavior in the dark-light box (Fig. S3E). Stn2 KO mice
also did not display memory deficits in object habituation
experiments (Fig. S3H). Thus, loss of Stn2 causes increased lo-
comotion- and exploration-related behaviors in mice. This phe-
notype resembles arousal seeking and impulsivity observed in
patients suffering from Tourette syndrome (35) or schizophre-
nia (36), which are neuropsychiatric disorders linked to muta-
tions in Stn2 in humans (37, 38).

Collectively, our results indicate that loss of Stn2 leads to in-
creased short-term facilitation and to a partial resistance to high
frequency—induced depression, consistent with an elevated SV
pool size (Fig. 1 A-C). These phenotypic changes correlate with
increased exploration-related behaviors in Stn2 KO mice and
radically differ from those of other endocytic protein mutants
described thus far (4, 21, 32). We thus decided to unravel the
molecular mechanisms underlying this phenotype in detail.

Repartitioning of Syt1 to the Neuronal Surface in Stn2 KO Brains.
Stn2 has been postulated to selectively associate with Sytl (22,
23) but not with other SV proteins such as synaptophysin (Syp),
synaptobrevin 2 (Syb2), or VGLUTI1. We confirmed this by
conducting coimmunoprecipitation experiments from brain lysates
of WT or Stn2 KO mice using antibodies against Stn2 (Fig. S44).
Moreover, Stn2 specifically associated with Syt1 but not with Syp,
Syb2, or VGLUT1 in HEK293 cells expressing either SV protein
alone (Fig. S4B) or in pairwise combinations (Fig. S4C). As Sytl
has also been reported to associate with AP-2 (39), presumably in
a tripartite complex with Stn2 (23), we also probed the association
of Syt1 with these endocytic proteins by immunoprecipitation from
native tissue lysates. As expected, Sytl was found to associate with
both AP-2 and Stn2 in lysates from WT mice. By contrast, Syt1 was
absent from anti-AP-2 or anti-Stn2 immunoprecipitates derived
from Stn2 KO mice (Fig. 24), indicating that Stn2 is required for
complex formation between AP-2 and Syt1. Thus, Stn2 specifically
associates with Syt1 but not with other SV proteins and is required
for linking Sytl to the clathrin-based endocytic machinery, sup-
porting a cargo-selective function of Stn2 in SV endocytosis.

If this was the case, one would expect alterations in the distri-
bution of Sytl due to a compromised fidelity of sorting in the
absence of Stn2. To address this, we first analyzed the expression
level of Sytl in brain sections from WT or Stn2 KO mice. Total
Sytl levels were slightly reduced in hippocampal sections from
6-wk-old (87.9 + 10.6% of WT) and significantly decreased from
1.5-y-old (74.2 + 5.7% of WT) KO animals (Fig. 2 B and C).
Decreased hippocampal expression was also observed for the di-
rect Stn2 binding partner AP-2 and for clathrin, whereas ex-
pression of synaptobrevin 2 (Syb2) remained unchanged (Fig.
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Increased SV pool size and altered short-term plasticity in the absence of Stn2. (A) Electron micrographs of WT and KO MF terminals. (Scale bar, 1 um.)

(B) 3D reconstructions of WT and KO MF terminals: SVs, magenta; cyan, presynaptic membrane; blue, postsynaptic membranes. Cube, 1 x 1 x 1 pm. (C) Mean
SV density in WT and Stn2 KO synapses (40 synapses per genotype, **P < 0.01). (Scale bar, 1 um.) (D-J) MF short-term plasticity is increased in Stn2 KO mice. (D)
Representative traces of paired-pulse ratio (PPR) with interstimulus interval of 50 ms for WT and KO. PPR quantification is shown in E (second/first pulse, WT-
PPR:2.5 + 0.08, n = 10 slices, vs. KO-PPR:2.9 + 0.1, n = 11 slices, *P < 0.01). (F) Frequency facilitation (FF) of MF responses in WT and KO slices. Normalized
amplitudes of fEPSPs are depicted in G. (H) Quantification of averaged last five pulses during 1-Hz stimulation (WT-FF: 6.5 + 0.3, n = 11 slices, vs. KO-FF:7.6 +
0.3, n = 12 slices, **P < 0.01). (/I-J) Train with 400 pulses at 33 Hz. (J) Last 50 pulses of the train, averaged and depicted as bar diagrams (WT:1.7 £ 0.2, n =10

slices, vs. KO:2.3 + 0.2, n = 12, *P < 0.05).

S5). As Stn2 has been shown to stimulate Syt1 internalization when
overexpressed in fibroblasts (22), we next probed the levels of sur-
face-stranded Sytl in hippocampal slices from WT and Stn2 KO
mice. To this aim, we applied antibodies that specifically recognize
the luminal domain of Sytl without prior membrane permeabiliza-
tion. Elevated levels of surface-stranded Syt1 were detected in slices
from Stn2 KO mice compared with WT littermates (Fig. 2 D and E).
This defect was specific for Syt1 as the surface levels of Syp, another
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prominent SV protein, were unaltered (Fig. 2 F and G). These data
suggest that loss of Stn2 selectively alters the partitioning of Sytl
between internal vesicular and surface pools, presumably due to
defective sorting of Sytl but not Syp.

Selective Defect in Endocytic Sorting of Syt1 but Not Synaptophysin
or Synaptobrevin 2 in the Absence of Stn2. To directly probe
whether the defects in Syt1 distribution observed in vivo reflect a

Kononenko et al.
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Fig. 2. Repartitioning of Syt1 to the neuronal surface in Stn2 KO brains. (A) AP-2 does not coimmunoprecipitate Syt1 in the absence of Stn2. Brain lysates of
WT and KO mice were immunoprecipitated with either AP-2 or Stn2 antibody (control, preimmune serum) and analyzed by immunoblotting for AP-2, Stn2,
Syt1, and clathrin light chain (CLC). (B) Syt1 levels in the hippocampus of young and old WT (Bi and Biii) and Stn2 KO (Bii and Biv) mice. Representative
epifluorescent images of horizontal brain sections immunostained with Syt1 (green) and synaptobrevin2 (Syb2) (magenta) antibodies. (Scale bar, 40 pm.) (C)
Quantification of Syt1 and Syb2 levels in the CA3 stratum lucidum of Stn2 KO mice relative to WT levels (black line), n\WT/KO = 7, *P < 0.05. (D) Surface-Syt1
levels in the hippocampus of young WT (Di) and KO (Dii) mice. Epifluorescent images of representative horizontal brain sections immunostained under
nonpermeabilizing conditions with Syt1 luminal domain antibody (Syt1 LD). (Scale bar, 100 um.) (E) Quantification of Syt1 LD levels in CA3 of young and old
Stn2 KO mice relative to WT levels (black line) (KO young: 159.28 + 18.37%, n =9; KO old: 119.8 + 15.22%, n = 6, *P < 0.05). All data are given as mean + SEM.
(F) Surface synaptophysin (Syp LD) immunolabeling in the hippocampus of young and old WT (Fi) and Stn2 KO mice (Fii). Representative epifluorescent
images of coronal brain sections immunostained under nonpermeabilizing conditions with Syp LD antibodies. (G) Quantification of Syp LD levels in the CA3
stratum lucidum/stratum pyramidale of young and old Stn2 KO mice in relation to WT levels (black line). All data represent mean + SEM. (Scale bars, 250 pm
for all images.)

Sytl-specific sorting phenotype, we used pHluorins, fusions
between the luminal domain of SV proteins and a pH-sensi-
tive variant of GFP that undergoes quenching within the
acidic SV lumen and is dequenched on exocytic fusion with
the plasma membrane (15, 16, 23). A significant elevation of
the surface-stranded/total SytlpHluorin ratio (WT: 19.5 = 1%
vs. KO: 28.2 + 1.6%, P < 0.0001) was observed in neurons from
Stn2 KO mice compared with their WT littermates (Fig. 34),
similar to what is seen for native endogenous surface Sytl

Kononenko et al.

(Fig. S6 A and B), whereas the total amount of Sytl per bouton
was unaltered (Fig. S6C). This defect was specific for Sytl, as
synaptophysin-pHluorin ~ (SypHluorin) or  synaptobrevin2-
pHluorin (Syb2pHluorin) exhibited identical partitioning be-
tween SVs and the neuronal surface in neurons from both
genotypes (Fig. 34). Defective Sytl sorting was a direct conse-
quence of loss of Stn2, as it could be rescued by reexpression of
Stn2 in KO neurons (Fig. 3B). These results together with the
in vivo data from hippocampal sections (cf. Fig. 2) provide
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direct evidence for the proposal that loss of Stn2 compromises
the fidelity of Sytl sorting.

To obtain further insights into the subsynaptic distribution
of surface-stranded Sytl, we analyzed the localization of this
surface pool with respect to bassoon, an established marker for AZ
membranes, i.e., preferred sites of exocytic SV fusion. Quan-
titative confocal imaging revealed a significant accumulation of
surface Sytl at bassoon-positive sites in Stn2 KO neurons (Fig. 4
A and B). Similar to the results from cultured hippocampal
neurons, Sytl was partially redistributed to the surface of MF
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synapses in vivo (Fig. 4C). These data suggest that Stn2 may
operate directly at or close to AZ release sites to remove exo-
cytosed Syt1 molecules and to thereby maintain the fidelity of SV
protein sorting.

Accelerated SV Retrieval in the Absence of Stn2. SV pool size is
regulated at least in part by the balance between exocytic membrane
fusion and endocytic SV recycling. To test whether possible
alterations in SV cycling may underlie the increase in SV pool
size, we followed SV exo-endocytosis using pHluorin-tagged
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Fig. 4. Accumulation of surface Syt1 within the presynaptic boutons in absence of Stn2. (A) Colocalization of Syt1 LD (green) and Bassoon (magenta) in
cultured hippocampal neurons from WT (Ai) and Stn2 KO mice (Aii). (Aiii) Distribution pattern of Syt1 LD fluorescence intensity along the Bassoon-positive
synaptic bouton in WT (black line) and KO (red line) neurons (two independent experiments, nKO = 28, nWT = 31, synaptic boutons = 50 each, *P < 0.05).
(Scale bar, 10 pm.) All data are given as mean + SEM. (B) Confocal images of MF synapses from young WT (Bi) and Stn2 KO (Bii) mice immunostained with Syt1
LD (green) and Syb2 antibodies (magenta). (Scale bar, 8 pm.) (Biii) Intensity profiles of Syt1 LD (green) and Syb2 (magenta) fluorescence (measured along
dotted lines indicated in Bi and Bii) illustrate the accumulation of surface-Syt1 within synaptic boutons of KO MF synapses.
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SV proteins. Stimulation of WT neurons expressing SypHluorin  croscopy analysis of MF boutons and suggests a defect in exo-
with a 40-Hz high-frequency pulse for 5 s elicited exo-endocytosis ~ endocytic balance in Stn2 KO mice.
with an apparent time constant of endocytic recovery of about L .
39 s. Surprisingly and in contrast to any other endocytic protein Repa_rtltlomng of Syt1 t9 th.e Neuronal Surface Accelerates SV Protel.n
mutant studied thus far, retrieval of SypHIuorin was significantly Retrieval. Recer}t data indicate that Syt1 regulates both exocytosis
facilitated in Stn2 KO neurons as evidenced by a shorter ap- and endocytosis of SVs at synapses (40, 41). Furthermore, the
arent time constant (tKO = 29.83 + 1.945) than in WT (tWT = pool of surface-stranded SV proteins can serve as a substrate for
29 02 + 2.44 s: Fig. 5 A)_Sin.lilar_ r;:sults were obtained 1:1 endocytic or endosomal SV reformation (15, 16). It is therefore

. . . R possible that selective repartitioning and accumulation of non-
NCUTons EXpressing Syﬂle‘%O“n (.Flg‘ 54), 1.nd1cat1ng thatthe e rnalized Sytl on the surface of synaptic boutons from Stn2
increased speed of SV protein retrieval was independent from

f ; : KO neurons may alter the kinetics of SV retrieval in absence of
the pHluorin sensor used. Faster retrieval in Stn2 KO neurons

15¢ Stn2 (cf. Fig. 54). If this was correct, then overexpression of
was not an indirect consequence of developmental changes,  internalization-defective mutants of Syt1 should mimic the endo-

but a direct consequence of loss of Stn2, as it could be fully  cytic phenotype observed in Stn2 KO neurons. To probe this, we
rescued by reexpression of Stn2 in KO neurons (Fig. 54ii).  analyzed SV exo-endocytosis in WT neurons overexpressing
Facilitated SV retrieval in the absence of Stn2 is consistent  Syt1™" or Stn2 binding-defective mutant Syt1™"* (23). Indeed, SV
with the increased SV pool size observed by electron mi- retrieval was significantly facilitated in WT neurons overex-
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Fig. 5. Syt1 accumulation at the neuronal surface accelerates SV retrieval. (A) SV retrieval kinetics in WT and Stn2 KO neurons by recording SypHluorin or
Syt1-pHluorin fluorescence during and after field stimulation applied at 40 Hz for 5 s. (Ai) Time course of AF. (Aii) Decay constants from WT and Stn2 KO
neurons obtained by monoexponential fit [f(x) = A 4 Yol. TWT = 39.02 + 2.44 s, tKO = 29.83 + 1.94 5, *P < 0.05, mean + SEM of two independent
experiments, >700 boutons per genotype. Facilitated retrieval is rescued by reexpression of 5tn2"" in KO neurons (tKO + 5tn2"T = 38.16 + 3.41 s, *P < 0.05,
mean + SEM; n = 3 independent experiments, >500 boutons per genotype). (8) Overexpression of Syt1VT (8i) or Stn2 binding-defective mutant Syt1™ (8ii) in
WT neurons. Synapses were identified by the AZ marker piccolo (purple), surface Syt1 was visualized with a-FLAG antibodies (green). (Scale bar, 5 pm.) (Biii)
Surface-stranded Stn2 binding-defective Syt1™* displays significantly elevated levels of colocalization with the AZ marker piccolo (Rp = 0.48 + 0.038)
compared with Syt1"T (Rp = 0.38 + 0.034, *P < 0.05, mean + SEM of two independent experiments, >700 boutons per genotype). (C) SypHluorin retrieval in
control WT neurons (black line, black bar) and neurons overexpressing Syt1"" (blue bar) or Stn2 binding-defective Syt1™" (red line, red bar). Overexpression
of Syt1™" (tWT = 34.69 + 2.23 s, TWT + Syt1™" = 28.99 + 1.70 s, *P < 0.05, mean + SEM of four independent experiments, >1,000 boutons per condition) but
not Syt1"WT (tWT + Syt1"t = 33.17 + 3.04 5, mean + SEM of three independent experiments, >700 boutons per condition) facilitates poststimulation fluo-
rescence decay. (D) Overexpression of Syt1 binding-defective mutant 5tn2%¢"E in Stn2 KO neurons (green line, green bar) fails to rescue altered SV retrieval
(red bar) (tWT = 43.37 + 4.44 5, tKO + Stn2°¢YE = 2510 + 2.52 5, **P < 0.005, mean + SEM of four independent experiments, >300 boutons per condition).
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pressing mutant Syt1™"* compared with control neurons or to
neurons expressing Syt1™ (tWT = 34.69 + 2.23 s, TWT +
Syt1™* = 28.99 + 1.70 s, tWT + Syt1™ = 33.17 £ 3.04 5; P < 0.05;
Fig. 5C). Moreover, surface-stranded Stn2 binding—defective
Syt1™* showed a significantly higher degree of colocalization with
the AZ marker piccolo than its WT counterpart (Fig. 5B), similar
to what is observed for endogenous Sytl in Stn2 KO neurons.
Facilitated SV retrieval is also seen in neurons overexpressing
a Syt1 chimera retargeted to the neuronal surface (Syt1-GAP43)
(42) (Fig. S7B). Finally, an Stn2 mutant, impaired in its ability to
interact with Sytl (Stn2™"') (23) unlike its WT counterpart,
failed to rescue the endocytic time constant in KO neurons (Fig.
5D). Taken together, these results indicate that facilitated SV
protein retrieval in Stn2 KO neurons is a consequence of the
selective repartitioning and accumulation of noninternalized
Sytl on the surface of synaptic boutons of Stn2 KO mice.

Facilitated SV Reformation from Endosomes in Stn2 KO Mice. To
unravel potential mechanisms underlying facilitated SV protein
retrieval in the absence of Stn2, we probed SV exo-endocytosis
with different stimulation paradigms. Although SV retrieval in
response to a brief 5-s high-frequency pulse at 40 Hz was facil-
itated (Fig. 5), normal kinetics of SV endocytosis were observed
if synapses were challenged with 40 APs applied at 20 Hz (Fig.
S7A). Because high-frequency stimulation is known to trigger
AP-1-mediated SV reformation from bulk endosomes (9, 10),
we examined the localization of the endosomal clathrin adaptor
complex AP-1 in neurons from WT or Stn2 KO mice. We ob-
served a significant increase in the levels of AP-1 (Fig. 6 A-C)
and in its localization to presynaptic sites (Fig. 6D) in stimulated
neurons derived from Stn2 KO mice. AP-1 recruitment to
membranes depends on Arf and is inhibited by the fungal me-
tabolite brefeldin A (BFA). To determine a potential contribu-
tion of AP-1 to SV reformation, we analyzed SV exo-endocytosis
induced by brief high-frequency stimulation in WT or Stn2 KO
neurons in the presence of BFA. Application of BFA slowed SV
retrieval kinetics and, most importantly, eliminated the differ-
ences between neurons from both genotypes (Fig. 6E). These
data indicate that accelerated SV retrieval in Stn2 KO mice may
be due, at least in part, to up-regulation of BFA-sensitive SV
reformation from bulk endosomes, presumably via AP-1.

Loss of neuronal AP-1 function has been shown to cause the
accumulation of bulk endosomes at presynaptic sites, indicating
that AP-1 mediates SV reformation from such endosomes (9). If
up-regulation of SV reformation from endosomes via AP-1
underlies the elevated SV pool size and accelerated SV retrieval
kinetics in the absence of Stn2, one would expect to observe
morphological changes in the number and size of bulk endo-
somes opposite to those seen in AP-1 mutant mice, i.e., a re-
duced number and size of endosomal structures. Morphometric
analyses of Stn2-deficient hippocampal boutons challenged with
brief high-frequency stimulation revealed a profound decrease in
the number and size of endosomes compared with those from
WT littermates (Fig. 6 H and I), whereas the SV pool size was
increased (Fig. 6G), similar to what is observed at hippocampal
MF boutons in situ (Fig. 1 A-C). These results are consistent
with facilitated SV reformation from endosomes via a BFA-
sensitive pathway, and this might underlie the elevated SV pool
size and accelerated SV retrieval kinetics in the absence of Stn2.

In summary, our collective data indicate that the absence of
Stn2 compromises the fidelity of Sytl sorting, whereas Stn2 is
dispensable for maintaining the speed of SV protein retrieval.
Our data are further consistent with a model according to which
SV reformation from bulk endosomes supports maintenance of
the speed and efficacy of SV reformation but is unable to
maintain the compositional identity of SVs, resulting in impaired
synaptic function in vivo.
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Discussion

The precise mechanisms of SV reformation and protein sorting
during successive rounds of SV exo-endocytic cycling have
remained a matter of debate (2, 4, 5, 10, 14-16, 43). Mutants
lacking key endocytic or endosomal proteins studied thus far
exhibit generalized defects in synaptic ultrastructure including
a reduced SV pool size and the accumulation of endocytic and
endosomal intermediates, often paired with a reduced rate of SV
membrane retrieval (4, 21, 25, 32, 44-46). Clearly, such alter-
ations would obscure a potential role of endocytic adaptors as
specific sorters for select SV proteins.

Our results reported here demonstrate a cargo-selective
function for Stn2 in the retrieval of Sytl from the neuronal
surface at and around AZ membranes (Figs. 2-4), contrary to
recent claims (26) and different from invertebrate stonins (27,
29, 31). This statement is evident from the accumulation of en-
dogenous Sytl at the surface of Stn2-deficient synapses in the
hippocampus and in hippocampal neurons in culture (Figs. 2 and
4; Fig. S6), whereas Syp was distributed normally. The Sytl
specificity of this sorting defect in the absence of Stn2 was further
confirmed by quantitative analysis of the vesicular-to-surface
pool ratio of major SV proteins (Fig. 3).

Several conclusions can be drawn from our study. First, we
provide evidence that Stn2 is required for proper sorting of Sytl1,
whereas it is dispensable for maintaining the kinetics of SV re-
trieval (schematically depicted in Fig. S8). Our data demonstrate
that repartitioning of Sytl to the neuronal surface in Stn2 KO
neurons or overexpression of surface-targeted mutants of Sytl
surprisingly results in an increased rate of SV protein retrieval
assessed by pHluorin reporters (Fig. 5). Facilitated SV retrieval
(Fig. 1 D-H), together with a presumably reduced release
probability (Fig. 1 D-J), conforms with and can explain the in-
crease in SV pool size at MF terminals (Fig. 1 A-C) and at active
hippocampal synapses in culture (Fig. 6G). Second, our data
suggest that loss of Stn2, presumably via repartitioning of Syt1 to
neuronal AZ membranes, induces compensatory AP-1-mediated
SV reformation from bulk endosomes (Fig. 6). The underlying
mechanism that triggers bulk endocytosis is unknown but may
involve Sytl-mediated recruitment of adaptors (i.e., AP-1) and/
or membrane deforming proteins. Importantly, it appears that
SV regeneration by bulk endocytosis is unable to correct sorting
defects caused by the absence of Stn2 (Fig. S8). Increased bulk
endocytosis and endosomal SV reformation may underlie the
observed accelerated kinetics of SV protein retrieval, although
other mechanisms, such as bypassing an otherwise rate-limiting
step of Sytl sorting, cannot be ruled out. Our observations fit
with earlier data indicating that bulk endocytosis and endosomal
SV reformation are primarily induced by high-frequency stimu-
lation, conditions under which refilling of the SV pool may
become rate limiting for proper neurotransmission. Thus,
maintenance of the speed of neurotransmission by SV refor-
mation from bulk endosomes may come at the price of com-
promised sorting fidelity. Third, the observation that loss of Stn2
in mice causes specific missorting of Sytl but not other SV
proteins supports the notion that SVs, at least over multiple exo-
endocytic cycles, lose their identity (15, 16, 47) and are reas-
sembled from the pool of surface-stranded SV proteins. Endo-
cytic sorting and reassembly of SV proteins presumably involve
the cooperation of multiple endocytic adaptors including Stn2
(this study), AP180/CALM (18, 19, 48), and likely others via
clathrin/AP-2-mediated endocytosis. Hence, neurons appear
to have evolved distinct pathways for SV reformation to bal-
ance sorting fidelity (i.e., via Stn2 and AP180) with the speed of
SV exo-endocytosis.

Our data agree with and explain the established evolutionary
conserved role of Sytl as a facilitator of SV membrane retrieval
in mice (41), flies (49, 50), and worms (51). Sustained genetic
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Fig. 6. Facilitated SV reformation from endosomes in Stn2 KO mice. (A-D) Accumulation of AP-1 at synaptic boutons of cultured Stn2 KO neurons stimulated
with 200 APs at 40 Hz. Representative epifluorescent images of cultured hippocampal neurons from WT (A) and Stn2 KO (B) mice immunostained for the AZ
marker piccolo (magenta) and AP-1 (green). (Scale bar, 1 pm.) (C) Elevated levels of AP-1 (i.e., mean gray value) in stimulated neurons from Stn2 KO mice (4.727 +
0.264) compared with WT littermates (2.423 + 0.132). ****P < 0.000000005, mean + SEM, >600 boutons per condition. (D) Increased accumulation of AP-1 at
piccolo-containing presynaptic AZs in Stn2 KO neurons (Rp = 0.463 + 0.025) compared with WT neurons (Rp = 0.366 + 0.033, *P < 0.05, mean + SEM, >600
boutons per condition). (E) Effects of brefeldin A (BFA) on SV exo-endocytosis. Endocytic poststimulation fluorescent decay of Syt1-pHluorin is similar in
BFA-treated neurons from Stn2 KO (35.82 + 4.94) compared with WT mice (37.60 + 5.61). Time course of AF (data point fluorescence-resting fluorescence)
was normalized to the peak value (Fpeak). Mean + SEM of three independent experiments, >1,000 boutons per condition. (F) Electron microscopic images
of hippocampal boutons from cultured WT or Stn2 KO neurons stimulated with 200 APs at 40 Hz: sp, spine; az, active zone; black arrows, endosomal
structures. (Scale bar, 1 pm.) (G) Mean SV density in cultured Stn2 KO synapses is significantly higher (116 + 6.93%) compared with WT synapses (100 +
6.71%). Mean vesicle density in KO synapses normalized to WT (40 synapses per genotype, *P < 0.05). (Scale bar, 1 pm.) (H) The number of endosomes is
significantly decreased in Stn2 KO neurons (3.81 + 0.58) compared with WT neurons (6.14 + 0.86). Mean + SEM, 40 synapses per genotype, *P < 0.05. (/) The
membrane area of endosomal structures in Stn2 KO neurons is significantly smaller (0.025 + 0.004 um?) compared with WT neurons (0.066 + 0.009 um?).
Mean + SEM, 40 synapses per genotype, ***P < 0.0005.

(41, 51, 52) or acute inactivation of Sytl function (50) in vivo
results in a reduced rate of SV endocytosis, a phenotype opposite
to that observed in Stn2 KO neurons, where Sytl accumulates on
the surface of synaptic boutons. Selective Stn2-mediated Sytl
retrieval from release sites might thus contribute to exo-endo-
cytic coupling (6, 41).

The fact that Stn2 KO mice are viable and able to internalize
Sytl, albeit with a reduced fidelity of sorting, indicates that,
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unlike in invertebrates where stonins constitute an essential
component of the machinery for SV retrieval (27-29, 31), com-
pensatory mechanisms must exist in mammalian synapses. Our
data suggest that such compensation may be achieved at least in
part via up-regulation of an AP-1-mediated bulk endosomal
pathway of SV reformation (Fig. 6). However, it cannot be ruled
out that other, yet to be identified pathways or components of
the mammalian endocytic machinery functionally overlap with
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Stn2. For example, earlier biochemical (39) and genetic data
have implicated a tight functional coupling between Sytl and the
SV2 family of SV membrane proteins (53). SV2 associates with
endocytic proteins including AP-2 and Eps15 (39, 53), and loss of
SV2A/B in mice is associated with defects in Syt1 sorting and
in neurotransmission (53). No close SV2 homologs have been
identified in invertebrates, suggesting that SV2 A/B might fulfill
a vertebrate-specific role in Sytl exo-endocytic cycling. Whether
SV2 and Stn2 are components of a unique common mechanism
for Sytl endocytosis or operate via different pathways remains to
be determined. A similar model has recently been proposed for
the SV SNARE Syb2, which is recognized by its specific endo-
cytic adaptors AP180 and CALM (19), but in addition requires
Syp for efficient exo-endocytosis in vivo (54, 55).

Syt1 repartitioning to the neuronal surface and impaired short-
term plasticity at mossy fiber synapses in Stn2 KO mice are as-
sociated with behavioral alterations in these animals, in partic-
ular with increased exploration-related behaviors. These alterations
resemble arousal seeking and impulsivity observed in patients
suffering from Tourette syndrome (35) or schizophrenia (36).
Recent data from human genetics have indeed revealed a possi-
ble association of Stn2 with such neuropsychiatric disorders in-
cluding schizophrenia and autism-spectrum disorders (37, 38).
Hence, the work reported here could serve as a starting point for
the dissection of the molecular mechanisms underlying these
neuropsychiatric disorders.

Materials and Methods

Generation of Stn2 KO Mice. The mouse Stn2 gene is located on chromosome
12 and consists of seven exons. Exon 5 harbors about 70% of the coding
sequence (CDS), allowing for targeted deletion of the majority of the Stn2
CDS. We designed a targeting vector containing a neomycin cassette flanked
on one site by a 1.6-kb genomic sequence homologous to the upstream
region of exon 5 and on the other site by a 7.3-kb genomic sequence
comprising the end of exon 5 and the downstream intronic sequence (Fig.
S2A). This construct was electroporated into ES14 mouse embryonic stem
cells. ES cell clones were injected into C57 BL/6 blastocysts and subsequently
implanted into pseudopregnant mice. The resulting chimeric males were
mated with C57 BL/6 females to yield heterozygous Stn2 KO mice, which
were backcrossed with C57 BL/6 J mice for 15 generations to obtain a con-
genic line. Heterozygous Stn2 KO mice did not show any overt phenotypic
differences to WT animals and were interbred to obtain Stn2 WT and KO
littermates for experiments.

pHluorin Imaging of Living Neurons. Hippocampal neurons, including granule
neurons of dentate gyrus, from neonatal mouse brain (P3-P6) were prepared
in a sparse culture according to previously described protocols with minor
modifications (47, 56) and transfected at DIV (days in vitro) 6-8 by a modi-
fied calcium phosphate transfection procedure (57, 58). Imaging was per-
formed at 12-16 DIV essentially as described (22, 59). Neurons were
subjected to electrical field stimulation at 40 Hz for 5 s using an RC-21B
stimulation chamber (Warner Instruments) and imaged at room tem-
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perature in basic buffer [170 mM Nadcl, 3.5 mM KCl, 0.4 mM KH,PO,, 20 mM
N-Tris[hydroxy-methyl]-methyl-2-aminoethane-sulphonic acid (TES), 5 mM
NaHCOs, 5 mM glucose, 1.2 mM Na,SO,, 1.2 mM MgCl,, 1.3 mM CaCl,, 10 uM
CNQX, and 50 uM AP-5, pH 7.4] using an inverted Zeiss Axiovert 200M mi-
croscope with a 40x oil-immersion objective, eGFP filter set (BP 525-50), and
CCD camera. To measure the total fluorescence (Fout), 50 mM NaCl was
replaced by NH,Cl, and to dequench the surface fraction of the probes (Fin),
TES was substituted by (2-(N-morpholino)ethanesulfonic acid) (Mes) (pH 5.5).
The fraction of plasma membrane-stranded pHluorin was calculated as Fout/
(Fout + Fin). Images were collected every 2 s in experiments involving
stimulation and every 5 s for the measurement of the surface-stranded pool
of SV proteins. Quantitative analysis was performed with Slidebook soft-
ware (Inovision). For kinetics analysis, the time course of AF [F (data point
fluorescence) — FO (resting fluorescence)] was normalized with respect to the
peak value (Fpeak). Poststimulation time constants were determined by
fitting the monoexponential decay curve [y, + A*exp(—x/t)] using QtiPlot
software (http:/soft.proindependent.com/qtiplot.html). Brefeldin-A was
obtained from Sigma and used at 10 pg/mL where indicated.

Electrophysiological Recordings. Mice (3—-6 mo old) were decapitated under
deep isoflurane anesthesia, and the brains were quickly removed and cooled
down in ice-cold sucrose-based artificial cerebrospinal fluid (SACSF; in mM):
50 NaCl, 1 NaH,PO,, 2.5 KCl, 25 NaHCOs3, 7 MgCl,, 0.5 CaCl,, 150 sucrose, and
10 glucose. Brain slices (300 pm thick) were cut with a vibratome (VT1200S;
Leica) and stored in a slice chamber with sACSF. After a 30-min incubation at
36-37 °C, slices were transferred to physiological ACSF solution (containing
in mM: 124 Nadcl, 1.25 NaH,POy, 3 KCl, 1.3 MgSO,, 2.5 CaCl,, 26 NaHCOs3, and
10 glucose, saturated with 95% O,/5% CO, at a pH of 7.4). Field excitatory
postsynaptic potential (fEPSP) recordings were performed with low-re-
sistance patch pipettes using a MultiClamp 700B amplifier (Axon Instru-
ments). The stimulation electrode was placed in the hilus of the dentate
gyrus, and field potentials were recorded in stratum lucidum of CA3. At the
beginning of every recording, the frequency facilitation protocol (1 Hz) was
applied (60), and the experiment was only continued if the fEPSP increase
seen was >400%. At the end of every experiment, application of the group Il
mGluR agonist DCG-IV (1 pM) was used to verify that pure mossy fiber
responses were recorded. Experiments were only included if the reduction
was >90% of baseline amplitude. Data filtered at 2 kHz and digitized (BNC-
2090; National Instruments) at 5 kHz were analyzed with custom-made
software in IGOR Pro (WaveMetrics).

Statistical Analysis. The statistical significance for all data except immunos-
taining on brain sections and electrophysiological recordings was evaluated
with a two-tailed paired Student t test. Differences in fluorescence intensity
of immunostained proteins between WT and Stn2KO littermates were sta-
tistically tested with the paired Wilcoxon signed rank sum test. Analysis of
electrophysiological data was performed via an unpaired two-tailed Student
t test. Significant differences were accepted at P < 0.05.
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