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Regulated Dynamic Trafficking of Neurexins Inside and
Outside of Synaptic Terminals
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Synapses depend on trafficking of key membrane proteins by lateral diffusion from surface populations and by exocytosis from intra-
cellular pools. The cell adhesion molecule neurexin (Nrxn) plays essential roles in synapses, but the dynamics and regulation of its
trafficking are unknown. Here, we performed single-particle tracking and live imaging of transfected, epitope-tagged Nrxn variants in
cultured rat and mouse wild-type or knock-out neurons. We observed that structurally larger aNrxn molecules are more mobile in the
plasma membrane than smaller BNrxns because aNrxns displayed higher diffusion coefficients in extrasynaptic regions and excitatory
or inhibitory terminals. We found that well characterized interactions with extracellular binding partners regulate the surface mobility of
Nrxns. Binding to neurexophilin-1 (Nxph1) reduced the surface diffusion of ®Nrxns when both molecules were coexpressed. Conversely,
impeding other interactions by insertion of splice sequence #4 or removal of extracellular Ca*>" augmented the mobility of Nrxns and
BNrxns. We also determined that fast axonal transport delivers Nrxns to the neuronal surface because Nrxns comigrate as cargo on
synaptic vesicle protein transport vesicles (STVs). Unlike surface mobility, intracellular transport of BNrxn © STVs was faster than that
of aNrxns, but both depended on the microtubule motor protein KIF1A and neuronal activity regulated the velocity. Large spontaneous
fusion of Nrxn * STVs occurred simultaneously with synaptophysin on axonal membranes mostly outside of active presynaptic termi-
nals. Surface Nrxns enriched at synaptic terminals where aNrxns and Nxph1/aNrxns recruited GABA 4R subunits. Therefore, our results
identify regulated dynamic trafficking as an important property of Nrxns that corroborates their function at synapses.
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Synapses mediate most functions in our brains and depend on the precise and timely delivery of key molecules throughout life.
Neurexins (Nrxns) are essential synaptic cell adhesion molecules that are involved in synaptic transmission and differentiation of
synaptic contacts. In addition, Nrxns have been linked to neuropsychiatric diseases such as autism. Because little is known about
the dynamic aspects of trafficking of neurexins to synapses, we investigated this important question using single-molecule
tracking and time-lapse imaging. We identify distinct differences between major Nrxn variants both in surface mobility and
during intracellular transport. Because their dynamic behavior is highly regulated, for example, by different binding activities,
these processes have immediate consequences for the function of Nrxns at synapses. j
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Introduction
Synapse differentiation and plasticity are fast and highly regu-
lated processes that require the coordinated targeting of a pleth-
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addition, synaptic membrane proteins can be distributed by lat-
eral diffusion of surface populations (Ribrault et al., 2011; Chang
et al.,, 2012; Cijsouw et al., 2014; Schneider et al., 2015). Because
neurotransmission differs between synapses even of the same
neuron (Rozov et al., 2001; Ermolyuk et al., 2012), regulated
trafficking of synaptic components contributes to their func-
tional specification (Lau and Zukin, 2007; Vithlani et al., 2011;
Anggono and Huganir, 2012; Dolphin, 2012; Chia et al., 2013).
The molecular determinants controlling the shaping of synapses
with different properties are incompletely understood, but it
was hypothesized that the transmembrane proteins neurexins
(Nrxns) in concert with binding partners play a role (Shen and
Scheiffele, 2010; Missler et al., 2012; Reissner et al., 2013). Little is
known about the trafficking of Nrxn to synapses except the re-
quirement of the C-terminal PDZ-recognition motif to traverse
the secretory pathway (Fairless et al., 2008; Gokce and Siidhof,
2013).

Several findings render Nrxns as candidates for the organiza-
tion of synaptic function. Nrxns represent a polymorphic family
of differentially distributed, alternatively spliced molecules (Ull-
rich et al., 1995; Schreiner et al., 2014; Treutlein et al., 2014), for
which an increasing number of binding partners provide extra-
cellular cues (Ichtchenko etal., 1995; Missler et al., 1998; Sugita et
al., 2001; Boucard et al., 2005; Ko et al., 2009; de Wit et al., 2009b;
Uemura et al., 2010; Matsuda and Yuzaki, 2011; Boucard et al.,
2012; Reissner et al., 2014). Both a-neurexin (aNrxn), with its
large extracellular domain, and the shorter B-neurexin (8Nrxn)
are able to differentiate synapses in vitro (Dean et al., 2003; Graf et
al., 2004; Nam and Chen, 2005). aNrxns are functionally essen-
tial for synaptic transmission at excitatory and inhibitory termi-
nals in many brain areas (Missler et al., 2003; Kattenstroth et al.,
2004; Zhang et al., 2005; Etherton et al., 2009; Zhang et al., 2010;
Bottos et al., 2011; Aoto et al., 2013). BNrxn have less impact on
neurotransmission (Born et al., 2015), consistent with their lower
abundance (Schreiner et al., 2015). Finally, together with binding
partners, presynaptic Nrxns affect the function of postsynaptic
ion channels (Kattenstroth et al., 2004; Heine et al., 2008a; Zhang
etal., 2010; Mondin et al., 2011; Aoto et al., 2013; Budreck et al.,
2013; Giannone et al., 2013; Born et al., 2014; Born et al., 2015).

In contrast to the established importance of the dynamic traf-
ficking of ion channels (Heine et al., 2008b; Bannai et al., 2009;
Dupuis et al., 2014), cell-adhesion molecules as Nrxn often in-
voke the idea of engaging in relatively immobile trans-synaptic
contacts. However, an earlier study predicted from population
measurements of pHluorin-tagged Nrxns that their mobility is
pertinent to GABAergic synapse maintenance in parvalbumin
interneurons (Fu and Huang, 2010). Because most synapses can
undergo rapid plasticity (Dobie and Craig, 2011; Kwon and Sa-
batini, 2011; Chen et al., 2012), here, we investigated the dynamic
trafficking of Nrxns outside and inside of synapses. Because non-
perturbing antibodies against endogenous Nrxn variants are not
available, we relied on overexpression of epitope-tagged proteins.
Previous work demonstrated that peroxidase-tagged aNrxn par-
tially rescues the release phenotype of knock-out mice (Missler et
al., 2003; Zhang et al., 2005), and that fluorochrome-tagged
Nrxn shows synaptic targeting independent of endogenous
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protein (Fairless et al., 2008; Gokce and Siidhof, 2013). Using
single-particle tracking (SPT) and time-lapse imaging of
epitope-tagged aNrxn and BNrxn variants, we now reveal
their distinct and highly regulated dynamic behavior at the
surface and intracellularly.

Materials and Methods

Animals. Rat and mouse pups of either sex were used for primary hip-
pocampal culture and derived from timed-pregnant dams at embryonic
day 18 (E18; rats) or E17 (mice). Generation and genotyping of aNrxn-
deficient mice has been described previously (Missler et al., 2003). All
experiments were performed in accordance with local institutional and
government regulations for animal welfare at the Leibniz Institute of
Neurobiology (Magdeburg, Germany) under license 53.23-42500 and
at University of Miinster approved by the Landesamt fur Natur, Um-
welt und Verbraucherschutz, North Rhine-Westphalia under license
84-02.05.20.11.209.

Antibodies. Primary antibodies were as follows: monoclonal mouse
antibody against the lumenal domain of synaptotagminl, CypHer5E-
labeled (SynapticSystems; catalog #105311CpH), polyclonal rabbit Oys-
ter 550-labeled antibody against the luminal domain of synaptotagminl
(SynapticSystems; catalog #105103C3), polyclonal rabbit oyster 550-
labeled antibody against the luminal domain of VGAT (SynapticSystems;
catalog #131103C3), polyconal guinea pig against VGIuT1 (SynapticSys-
tems; catalog #135304), polyclonal rabbit antibody (serum) against GFP
(Life Technologies; catalog #A-6455), monoclonal mouse antibody
against GFP (Roche; catalog #11814460001), GFP-Booster Atto 488
(ChromoTek; catalog #gba488), polyclonal guinea pig antibody against
bassoon (SynapticSystems; catalog #141004), polyclonal rabbit antibody
against KIF1A (Sigma-Aldrich; catalog #SAB2104191), polyclonal rabbit
antibody against NEEP21 (Santa Cruz Biotechnology; catalog #sc-
135089), polyclonal rabbit antibody against Rab3a (Sigma-Aldrich; cat-
alog #R2776), polyclonal rabbit antibody against Rab5a (Sigma-Aldrich;
catalog #R4654), monoclonal mouse antibody against Rab7b (Sigma-
Aldrich; catalog #WH0338382M1), monoclonal mouse antibody against
Rab11 (Abcam; catalog #AB78337), monoclonal mouse antibody against
Tubulin (SynapticSystems; catalog #302211), monoclonal mouse anti-
body against CASK (Millipore; catalog #MAB5230), polyclonal rabbit
antibodies against Rimla and Mint1 (gift from T.C. Siidhof, Stanford
University), and quantum dot 655 anti-mouse (QD-655; Life Technolo-
gies; catalog #Q11022MP). Secondary antibodies were as follows: Alexa
Fluor488 goat-anti-rabbit, Alexa Fluor488 goat-anti-mouse IgG (Invit-
rogen), Cy3-conjugated goat-anti-rabbit, and Cy3-conjugated goat-anti-
mouse IgG (Jackson Immuno Research).

Neuronal cultures. Primary neurons were prepared in HBSS from hip-
pocampi of E17 mice or E18 rats as described previously (Kaech and
Banker, 2006). Briefly, cell suspensions obtained after 0.25% trypsin
treatment and trituration were plated onto 18 mm glass coverslips
(Menzel-Glaeser) coated with poly-L-lysine (Sigma-Aldrich) at a density
0£ 20,000 cells per coverslip. After 1-2 h at 37°C, 5 coverslips were trans-
ferred into a 35 mm dish containing a 70—80% confluent monolayer of
astrocytes in neurobasal medium supplemented with B27 and 5 mm
glutamine. Cultures were maintained at 37°C in a humidified incubator
with an atmosphere of 95% air and 5% CO,. Neurons were transfected at
4—6 days in vitro (DIV) using calcium phosphate, effectene (Qiagen), or
lipofectamine (Life Technologies) and experiments were performed be-
tween DIV7 and DIV10 (intracellular transport) or DIV14 and DIV21
(surface mobility, pHluorin). For live imaging experiments, dissociated
neurons were seeded onto poly-1-lysin-coated dishes (ibidi) at low den-
sity (50-100 cells/mm?) and cultured with a layer of astrocytes on a
coverslip.

Expression vectors and reagents. pSyn5-Nrxn vectors were cloned from
earlier variants (Fairless et al., 2008) by replacing CMV with a human
synapsin promoter to obtain pSyn5-NENA (EGFP fused at the N termi-
nus of Nrxnla) and pSyn5-NENB (for Nrxnlf). mCherry from
pCDNA3.1/hChR2-mCherry replaced EGFP in pSyn5-EchNA and
pSyn5-EchNB using oligonucleotide primers MMO08-60 (forward, 5'-
CGA CGA GCT AGC AAG CTT ATG GTG AGC AAG GGC GAG GAG
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G-3") and MM08-30 (reverse, 5'-CGA CGA GCT AGC CTT GTA CAG
CTC GTC CAT GCC-3'). For pH-sensitive vectors, a super ecliptic
pHluorin was amplified from synapto-pHluorin (provided by Jiirgen
Klingauf, Miinster University, Germany) and inserted in pSyn5-NpHNA
and pSyn5-NpHNB (SEP_Nrxnle and SEP_Nrxnlf with SEP at N ter-
minus). Oligonucleotide primers MM09-107 (forward, 5'-CGA CGA
GCT AGC GGA GCA GGA ATG AGT AAA GGA GAA GAA CTT TTC
ACT GG-3') and MM09-108 (reverse, 5'-CGA CGA GCT AGC TCC
TGC TCC ACC GGT TTT GTA TAG TTC ATC CAT GCC ATG-3')
yielded pHluorin with overhangs containing Nhel sites (5" and 3'), and
an Agel site (3') to test orientation. For pSyn-NxphlCterm-pH
[neurexophilin-1 ((Nxphl) with SEP at C terminus], the SEP sequence
was amplified using primers MM10-61 (forward, 5'-CGA CGA CCC
GGG AGT AAA GGA GAA GAA CTT TTC ACT GGA GTT GTC CCA
ATT CTT GTT GAA TTA GAT GGT GAT GTT AAT GG-3') and
MM10-62 (reverse, 5'-CGA CGA CCC GGG TCA TTT GTATAG TTC
ATC CAT GCC ATG TGT AAT CCC AGC AGC-3'), yielding pHluorin
with Xmal sites. Synaptophysin with pHTomato and HA tags in pSyn5
were generated from pQUAS-Synaptophysin-pHTomato-sv40 (pro-
vided by J.Klingauf) via NotI-Xbal sites. For Ca>* imaging, pPGP-CMV -
GCaMPe6f (Addgene) was used.

EGFP-KIF1A plasmid (Lee et al., 2003) was kindly provided by Jae-
Ran Lee (Korea Advanced Institute of Science and Technology, Daejeon,
South Korea), EGFP-KIF1A-shRNA (Liu et al., 2012) and shRNA-
resistant myc-KIF1A (Xue et al., 2010) constructs were generously pro-
vided by Judy S. Liu (Center for Neuroscience Research, Children’s
National Medical Center, Washington, DC). All enzymes for restriction
site digest, dephosphorylation, ligation, and appropriate buffers were
purchased from New England Biolabs. Primers were generated by Sigma-
Aldrich and PCRs performed with the Expand Long Template PCR kit
(Roche Applied Science). DNA fragments were isolated using a standard
phenol-chloroform extraction protocol or from agarose gels with a
QiaEx kit (Qiagen). All resulting intermediaries and final constructs were
confirmed by DNA sequencing.

Time-lapse imaging. To monitor intracellular transport, cultures were
placed in HEPES buffer containing the following (in mm): 145 NaCl, 2.5 KCl,
2 CaCl,, 2 MgCl,, 10 Glucose, 10 HEPES, pH 7.4. Cultures were then ob-
served with a spinning disc Axio Observer-Z1 (Visitron) with a dual CCD-
camera Orca-D2 (Hamamatsu Photonics) and an EMCCD camera
(ImagEM 512 CCD; Hamamatsu) using a 40X Plan-Neofluar oil-
immersion objective and heated stage (36°C). Time-lapse recordings for up
to 10 min with intervals of 100-500 ms were acquired to analyze vesicle
trafficking. Vesicles that never moved were excluded. Trajectories and veloc-
ities of moving vesicles were determined via kymograph function in Meta-
Morph (Molecular Devices). A period was considered mobile when it
displayed movement faster than 0 = 0.10 wm/s. Axons and dendrites were
distinguished based on their morphological characteristics. Disruption of
cytoskeletal elements was achieved by 5 um latrunculin-A and 10 uMm no-
codazole (both from Sigma-Aldrich). Neuronal activity experiments were
performed with 1 um TTX (Alomone Labs) and depolarizing HEPES buffer
containing the following (in mm): 61.5 NaCl, 60 KCl, 2 CaCl,, 2 MgCl,, 30
Glucose, and 25 HEPES, pH 7.4. Electrical field stimulation of neuronal
cultures transfected with GCamp6f was applied with parallel platinum elec-
trodes and an isolated pulse generator 2100 (AM Systems) in combination
with a stimulus isolator (A385; World Precision Instruments) delivering 52
mA pulses of 1 ms duration. The stimulus used was 1-16 trains of 50 APs at
50 Hz with 5 s interval.

Immunocytochemistry. Neurons were fixed in 4% PFA/PBS for 10 min
at room temperature, permeabilized in 0.3% Triton X-100, and blocked
in 2% BSA/25 mwm glycine or 5% normal goat serum/PBS. Primary and
secondary antibodies were diluted in blocking buffer and F-actin was
visualized by incubating with Alexa Fluor 488- or Alexa Fluor 568-
phalloidin (1:100; Invitrogen). Images were taken with epifluorescent
microscopes (Zeiss; Imager A2 or Axio Imager.Z2) equipped with a 63 X
1.4 numerical aperture (NA) Plan-Apochromat objectives and CCD
cameras (CoolSnap EZ, Roper-Scientific, or Spot Xplorer and apotome
Visitron).

Fluorescent recovery after photo bleach. For fluorescent recovery after
photo bleach (FRAP), primary neurons transfected with pHluorin-
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tagged plasmids were perfused with solution containing the following (in
mm): 145 NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,, 10 HEPES, and 10 p-glucose,
pH 7.4. For low pH, HEPES was replaced by MOPS, pH 5.5. A rapid
solution exchange using a theta-glass electrode with low pH-solution in
one and extracellular solution containing the following (in mwm): 50
NH,CI 95 NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,, 10 HEPES, and 10 b-glucose,
pH 7.4, was used in the other channel-determined fluorescent ratios.
Fluorescence was excited using a mercury lamp (DG4; Sutter Instru-
ments) controlled by MetaMorph software (Universal Imaging). To pho-
tobleach locally, a diode laser 473 nm/80 mW (Rapp OptoElectronic)
was used at 50—100% power with a spot illumination time of 10-20 ms.
The laser was coupled to the microscope via a galvometric mirror guided
by a UGA 40 control unit (Rapp OptoElectronic), which allowed us to
photobleach several regions within a short time window (<200 ms).
FRAP was monitored at 10 Hz and recovery curves were corrected for
background noise.

Single-particle tracking. EGFP or pHluorin-tagged proteins were
labeled either with QD-655 bound to monoclonal anti-GFP and anti-
Flag antibodies (Roche; catalog #11814460001) or nanobodies against
GFP (Muyldermans, 2013) conjugated to ATTO 647N (Chromotek; cat-
alog #gba647N). QD-655 and goat F(ab’)2 anti-mouse IgG conjugate
(H+L) highly cross-adsorbed (0.1 um; Life Technologies; catalog #Q-
11021MP) were precoated with mouse anti-GFP (0.5 ug) in 10 ul of PBS
for 30 min and blocked with casein for 15 min. Transfected neurons were
incubated with 0.1-0.01 nm QDs for 1-5 min at 37°C, washed in HEPES-
buffered physiological solution containing the following (in mm): 145
NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,, 10 HEPES, and 10 p-glucose, pH 7.4,
plus 0.5% BSA, transferred to an open chamber, and imaged. In case of
nanobody labeling, cultures were mounted in a Ludin chamber (Life
Imaging Services) and anti-GFP nanobodies were applied to the media in
adilution of 1:50,000. The high dilution ensured separation of individual
molecules and the reduction of background fluorescence from unbound
nanobodies. To visualize active synapses (Kraszewski et al., 1995; Mar-
tens et al., 2008), the uptake of fluorophore-coupled antibodies against
the luminal domain of synaptotagmin1 (1:200, precoupled to CypHer5E,
SynSys) or VGAT (1:200, Oyster550, SynSys) was used before QD or
nanobody labeling. Recordings of anti-GFP QDs labeled GFP-Nrxn rel-
ative to synaptotagminl or VGAT clusters were conducted with an Ax-
ioObserver microscope (Zeiss) equipped with an EMCCD camera
(Evolve; Roper Photometrics) using a 100X 1.3 NA objective or at a
spinning disc Axio Observer-Z1 (Visitron) equipped with an EMCCD
camera (ImagEM C9100-13; Hamamatsu) using a 100 X 1.46 NA Plan-
Apochromat oil-immersion objective (Zeiss). Fluorescence of QDs and
presynaptic markers was excited with a xenon lamp using excitation
filters HC 435/40, HC 531/40, and ET 640/30 (Semrock/Chroma) or with
a 561 nm Laser (100 mW; Visitron). Emitted fluorescence was acquired
through filters HC 593/40, HC 655/15, and ET Bandpass 690/50, respec-
tively. Recordings of QDs were obtained with an integration time of 30
ms for up to 1000-2000 consecutive frames. QD-labeled Nrxns were
followed on randomly selected dendritic regions for up to 20 min. QD
fixed to the coverslip allowed to compensate for mechanical drifts of the
stage. Nanobody-labeled Nrxns were imaged with an inverted fluores-
cent microscope (Olympus IX71) with TIRF illumination, a high-
magnification objective (100X NA 1.49), and EMCCD camera (iXON
Ultra; Andore ). The laser illumination (630 nm, 100 mW) was adjusted
to have oblique illumination using 10-20% of the laser power. The ac-
quisition rate was 50 Hz with a localization accuracy similar to QD-based
SPT (<50 nm). All recordings of molecular mobility were performed
at 36-37°C.

Tracking analysis. Single QDs were tracked using custom-made soft-
ware (Groc et al., 2007). Trajectories of single QDs were reconstructed
with a point accuracy of 50—60 nm and subtrajectories reconnected
when the displacement between 2 frames was 1-2 pixels (maximal dark
period of 25 frames). For motion parameters of single molecules, mean
squared displacement (MSD) curves were calculated and plotted over
time for reconnected trajectories of at least 100 frames (resolution limit
for diffusion was 0.001 pm */s). Diffusion coefficients were calculated by
linear fit of the first four points of the MSD plots versus time (Saxton,
1995). The diffusion coefficient, confinement index, and dwell time were
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Figure 1.  FRAP measurements and single-particle tracking reveal mobile epitope-tagged Nrxn molecules at the cell surface of primary rat hippocampal neurons. A, Example of pHluorin(SEP)-
Nrxnc FRAP (circles indicate FRAP region, boxes show recovery after 60 s). This sample shows a putatively excitatory synapse identified by anti-synaptotagmin1 (Syntag1), but not anti-VGAT
uptake. B, Example for Nrxn1cr FRAP at a Syntag1 ~ and VGAT ™ putatively inhibitory terminal. Scale bars, 3 um. €, Recovery curves of ceNrxn fluorescence corrected for steady-state photobleach
during acquisition normalized to control fluorescent levels. Gray trace represents an extrasynaptic axonal region, blue a Syntag1 * region, and red a Syntag1/VGAT * region. D, Quantification of
FRAP after 60 s for transfected SEP_Nrxn1ccand SEP_Nrxn1/3 at axons (gray bars) and at excitatory (blue) or inhibitory (red) synapses. Data are means == SEM collected from 6 —25 synapses/FRAP
regions from 3— 6 cells of 3 independent cultures. Differences were tested by a one-way ANOVA followed by Newman—Keuls test. **p << 0.01. E, Sample images of axonal segments transfected with
GFP_aNrxn (green) and synapses identified by Syntag1-uptake (magenta). Arrows indicate synaptic contacts. Analysis of the localization of QD- (top) or nanobody-ATT0647N (bottom)-labeled
aNrxns reveals only a slight accumulation of molecules in synapses. Scale bars, 5 wm. F-H, Single-particle tracking of exogenous aeNrxns performed with QD or nanobodies after transfection of
neurons with EGFP/SEP- or Flag-tagged Nrxn1cv. Sizes in the legend of the diagram (left) are approximately to scale. F, Logarithmic distribution of the surface diffusion coefficient of total cNrxn (G)
and of synaptically localized aeNrxn (H) tracked by QD-coupled antibodies against GFP or Flag epitopes and by nanobodies against GFP. Data were collected from 6 cells of 3 independent cultures.
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Figure 2.  aNrxns and BNrxns diffuse with distinct surface mobilities extrasynaptically and within excitatory or inhibitory synapses. 4, B, Colabeling of Nrxn1c (4) or Nrxn13 (B) surface
populations on transfected rat hippocampal neurons with anti-Syntag1and anti-VGAT to identify glutamatergic and GABAergic axons and synapses. Scale bars, 10 um. €, D, Sample trajectories of
QD-tracked single aNrxn (€) and BNrxn (D) molecules at positions indicated by arrows in (4, B). Logarithmic distribution of diffusion coefficients for aNrxn (E), BNrxn (F), and cotransfected
Nxph1/aNrxn complex (G) on axons outside synapses (black), inside excitatory (blue), and inside inhibitory (red) synapses. H, Median and IQR (25-75%) of diffusion coefficients with total numbers
of analyzed trajectories indicated in bars. Statistical significance was tested by Kruskal-Wallis test followed by a Dunn’s test. /, J, Dwell-time index (/) and probability of confinement (J) of ceNrxns,
BNrxns, and the Nxph1/aNrxn complex reveal higher affinity of czNrxns and Nxph1/aNrxn to inhibitory terminals (red) compared with excitatory presynapses (Figure legend continues.)
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calculated using custom software (Sergé et al., 2002). For QDs in transit
between synapses, the dwell-time index was calculated as follows: time
spent in synapses/(total acquisition time X number of exits). For mole-
cules that did not leave a cluster, the dwell-time index was set to 1.
Tracking of single molecules and diffusion analysis for nanobody-labeled
Nrxns was done with analysis software running as plug-in for Meta-
Morph. Localization of single molecules used a wavelet-based identifica-
tion, followed by a Gaussian fit of its fluorescence in the x and y
directions. The detailed workflow and algorithms were described re-
cently (Kechkar et al., 2013). The diffusion coefficients were analyzed
similar to the QD-labeled probes using the first four points of the MSD
based on trajectories longer than eight points.

Statistical analysis. Data presented are means = SEM or represent
median and interquartile range (25-75%), as indicated. Statistical signif-
icance was tested with a two-tailed unpaired Student’s t test or one-way
ANOVA variance test using Prism version 6.0 software (GraphPad Soft-
ware). Results were denoted statistically significant at p < 0.05; number
(n) of samples/repeats, and exact p values and significance levels are
indicated in the Results and in the figure legends.

Results

Surface mobilities of fluorescently tagged aNrxns and
BNrxns are distinct and specific

To visualize Nrxn at the cell surface, we transfected rat hip-
pocampal neurons with pHluorin-tagged Nrxnla (SEP_aNrxn)
and Nrxnl1f (SEP_BNrxn). We first performed FRAP in combi-
nation with labeling of active synapses using spontaneous uptake
of antibodies against the luminal domains of synaptotagmin
(Syntagl; Fig. 1A) and vesicular GABA transporter (VGAT; Fig.
1B; Kraszewski et al., 1995; Martens et al., 2008). This distin-
guished between extrasynaptic axonal sites (Syntagl ™ and
VGAT 7) and excitatory (Syntagl *) and inhibitory (VGAT "
and Syntagl *) terminals. We observed that aNrxn fluorescence
recovered fully at glutamatergic, but not at GABAergic contacts,
whereas BNrxn recovered only partially in both types (Fig. 1C,D).
These results indicate that surface mobilities of aNrxns and
BNrxns are distinct, with higher average dynamics for aNrxn
(Fig. 1D). However, population measurements such as FRAP are
limited by averaging heterogeneous molecule mobility within
the area of photobleach (>1 um). We therefore used SPT to
resolve the heterogeneity (Triller and Choquet, 2008) and to in-
vestigate mobility of Nrxn molecules inside small synapses. To
monitor individual pHluorin- or GFP-tagged molecules on the
surface of cultured neurons, we first performed proof-of-
principle experiments showing that this method is suitable for
Nrxn (Fig. 1E-H). We transfected and overexpressed Nrxnla
fused to tags of different sizes (EGFP and Flag) and tested larger
QD-coupled antibodies or smaller nanobodies (Fig. 1 E,F). The
diagram in Figure 1F shows an approximate comparison of the
sizes for different labels used. These recordings resulted in virtu-
ally identical diffusion coefficients on axons (D ~ 0.07 wm?/s;
Fig. 1G). Within synaptic terminals, nanobodies demonstrated a
more homogeneous distribution of Nrxnle diffusion, whereas
QD tracking also revealed an additional, more immobile popu-
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(Figure legend continued.) ~ (blue). Numbers in bars (H-J) represent analyzed Nrxn * syn-
apses from 3—10rat neuronal cultures and 4 —27 cells. Datain /and Jare expressed as means =
SEM and statistical significance was assessed by one-way ANOVA variance followed by New-
man—Keuls test. **p << 0.001, ***p < 0.0001. K—M, Comparison of surface mobility in hip-
pocampal neurons from WT mice and TKOs lacking endogenous ceNrxns. Diffusion coefficients
for aNrxnsin excitatory (blue) and inhibitory (red) terminals of WT (solid line) and TKO (dashed)
neurons (K). Surface mobility was analyzed in transfected WT (L) and TKO (M) mouse neurons as
in H. Numbers in bars (L, M) represent the total number of analyzed trajectories from 2-3
mouse hippocampal cultures with 5-17 neurons per genotype.
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lation (Fig. 1H ). Importantly, however, QD and nanobodies both
determined the diffusion of mobile Nrxn molecules in synapses
at very similar values (Fig. 1H ), indicating that the surface diffu-
sion coefficient of mobile aNrxn is amazingly independent of the
nature of the tag and tracking system. We therefore opted to use
the well characterized QD-coupled anti-GFP antibodies for most
SPT experiments because this label allows us, not only to explore
diffusion reliably, but also to determine the relative dwell time
and confinement area in different membrane compartments
(Groc et al., 2007; Heine et al., 2008a; Di Biase et al., 2011; Mon-
din et al., 2011; Biermann et al., 2014).

Single-molecule mobilities of ®Nrxn and BNrxn differ on
neurites and within synapses

To evaluate surface mobility in different compartments, we com-
bined QD tracking of aNrxn and BNrxn molecules with live
labeling of excitatory and inhibitory synaptic terminals (Fig.
2A,B), as described above for FRAP (Fig. 1). Trajectories of QD
tracks (Fig. 2C,D) or distribution of diffusion coefficients (Fig.
2E,F) demonstrated that most Nrxn molecules, in particular
aNrxn, belong to a very mobile population (D > 10 > um?/s)
that is only transiently confined at synapses. We found that, at
extrasynaptic sites on axons, aNrxn molecules are more mobile
than BNrxn molecules (Fig. 2H). Diffusion coefficients showed
that aNrxn molecules are almost twice as mobile [aNrxn: me-
dian 0.071 wm?/s, interquartile range (IQR) = 0.019/0.12, n =
2608 trajectories; BNrxn: 0.044, IQR = 0.0075/0.093, n = 1162
trajectories], a surprising observation given the much longer ex-
tracellular sequences. These experiments further revealed that
aNrxns have higher diffusion rates inside excitatory and inhibi-
tory synapses compared with BNrxns (Fig. 2H ). This difference
was reflected by a lower dwell time index and reduced synaptic
confinement, at least in excitatory terminals (Fig. 21,]). We then
compared the mobility of axonal Nrxn with their diffusion on
dendrites because the presence of a small postsynaptic popula-
tion was proposed (Kattenstroth et al., 2004; Taniguchi et al.,
2007). On dendrites, aNrxns showed also higher mobility than
BNrxns, but with a >10-fold difference, even though much fewer
trajectories were visible on dendrites in general («Nrxn: median:
0.012, IQR = 0.002/0.036, n = 483 trajectories; BNrxn: 0.0006,
IQR = 0.0002/0.0011, n = 88 trajectories). Together, our SPT
data reveal that Nrxn have an unexpectedly high surface mobility
for a so-called synaptic cell adhesion molecule and that aNrxns,
despite their larger extracellular domain, are more mobile than
BNrxns, even inside terminals.

To determine whether the high surface mobility is simply a
consequence of overexpressing tagged Nrxn in addition to en-
dogenous Nrxn molecules, we performed SPT experiments in
neurons from triple knock-out (TKO) mice that lack all aNrxn
(Missler et al., 2003). A comparison of the dynamics of aNrxn
and BNrxn in neurons from rats (Fig. 2H) and wild-type (WT)
mice (Fig. 2L) revealed that their surface mobilities were similar,
showing the same significantly higher mobility of aNrxns. These
data exclude prominent species-specific differences and confirm
the distinct mobilities measured in FRAP experiments of primary
neurons from rat (Fig. 1A-D) and of slice cultures from mice (Fu
and Huang, 2010). Interestingly, the frequency distribution of
diffusion coefficients for Nrxns analyzed within synaptic termi-
nals of TKO neurons showed a shift to lower mobilities compared
with WT (Fig. 2K). Because BNrxn mobility was largely un-
changed on axons or in excitatory synapses of aNrxn-deficient
TKO neurons, the average diffusion of aNrxns was even lower
than BNrxns at extrasynaptic sites and indistinguishable in excit-
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] null backgrounds. More importantly,
however, we conclude that removal of
endogenous protein did not abolish the
mobility of aNrxns, a remarkable finding
for a molecule capable of multiple trans-
synaptic interactions (Reissner et al,
2013). In addition, the TKO background
did not change characteristic differences
between aNrxn mobilities at extrasynap-
tic sites and inside both types of terminals
(Fig. 2M ), suggesting that the much lower
diffusion in inhibitory terminals is an im-
portant property. Finally, the difference
between aNrxns and BNrxns in WT neu-
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Figure 3.

atory synapses (Fig. 2M). In contrast, aNrxns and SNrxns both
displayed lower mobilities inside the inhibitory synapses of
aNrxn TKO (Fig. 2M), thereby maintaining the difference ob-
served in WT (Fig. 2H,L). These data indicate that overexpres-
sion of fluorescently tagged aNrxns in WT neurons leads to a
moderate overestimation of their average surface mobility. Fu-
ture experiments in BNrxn KO mice will have to test whether the
absolute mobility of BNrxns was also slightly overestimated in
WT neurons, likely reinstating the difference between aNrxns

Surface mobility of Nrxns depends on alternative splicing and extracellular Ca2™ concentration. 4, B, Comparison of
mobility between Nrxn1ce without insert in S54 (beige in scheme A, —SS4 in B) and with insert (S54 orange in scheme A, + 554
in B) and of Nrxn1 3554, measured by SPT. Extracellular domains are replaced by EGFP to have a reference for maximal diffusion
dynamics (NrxnAEC). Chelation of extracellular calcium with 10 mm EGTA (magenta) is used to assess the general effect of
Ca*"-dependent binding activities, for example, with postsynaptic Nlgn (green in schemes). Ca* coordination of the LNS6
domain alone is impaired in the point mutation D1183A (cNrxn (DA; Reissner et al., 2008). C, D, Similar experiment asin Aand B,
but probing the effect of complex formation of atNrxn == S54 with cotransfected Nxph1 (red in schemes) on surface mobility. In B
and D, the median and IQR (25-75%) of diffusion coefficients with total numbers of analyzed trajectories are indicated in bars.
Statistical significance was tested by Kruskal—Wallis test followed by a Dunn’s test. ***p < 0.0001.

T rons (Fig. 2H,L), which disappeared in
aNrxn TKO neurons, is largely due to
lower aNrxn diffusion with unchanged
BNrxn diffusion (Fig. 2M ). These data ar-
gue for a specificity of their respective sur-
face mobilities, supporting our previous
hypothesis of mostly nonredundant func-
tions of aNrxns and SNrxns (Zhanget al.,
2005). Together, our results suggest that
SPT of tagged Nrxns reliably reflects their
distinct dynamics inside and outside of
synapses.

Surface mobilities of Nrxns are
regulated by extracellular

binding activities

An explanation for the higher mobility of
Nrxnla compared with Nrxnlf, which
share identical C-terminal sequences,
may consist of specific binding activities
of their distinct extracellular domains. To
investigate this idea, we first made use
of the aNrxn-specific binding partner
Nxphl (Missler and Siidhof, 1998). In
contrast to Nrxn, Nxph isoforms are re-
stricted to subpopulations of neurons
(Petrenko et al., 1996; Beglopoulos et al.,
2005), presenting a test case if local avail-
ability of interaction partners alters diffu-
sion dynamics. Strikingly, coexpression of
Nxphl strongly reduced the mobility of
aNrxns within synapses of rat and mouse
WT neurons (Fig. 2G, H,L). The diffusion
coefficient of the Nxph1l/aNrxn complex
within excitatory (D = 0.0048 wm?/s)
and inhibitory (D = 0.0052 um?/s) ter-
minals dropped compared with aNrxn
alone (D,,. = 0.033 wm?/s, D;,;, = 0.018
wm?/s; Fig. 2 H, L), and this was accompa-
nied by an increase of the dwell time and confinement in gluta-
matergic but not inhibitory synapses (Fig. 21,]). In aNrxn TKO
neurons, the Nxphl/aNrxn complex mobility was not reduced
extrasynaptically and at excitatory terminals compared with
aNrxns alone, whereas dynamics were still lower in inhibitory
synapses (Fig. 2M ). These results could indicate that coexpres-
sion of Nxphl with aNrxns encounters additional binding
partners in GABAergic terminals, leading to reduced mobility
independent of the presence of endogenous aNrxns. This is a

1278 |
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physiologically attractive hypothesis be-
cause we recently showed that genetic de-
letion or transgenic overexpression of
Nxphl in mice actually modulates inhib-
itory synaptic function and receptors
(Born et al., 2014).

To extend our analysis to the influence
of trans-synaptic binding activities and to
include BNrxn in this analysis, we next
examined the role of alternative splicing at
splice site 4 (SS4) and of Ca*™ sensitivity
in Nrxn surface mobility (Fig. 3A). These
parameters are crucial because they deter-
mine interactions of Nrxn with postsyn-
aptic partners neuroligins, LRRTMs,
cerebellin, and dystroglycan (Ichtchenko
et al., 1995; Sugita et al., 2001; Boucard et
GFP_Nxph1 anti-Flag_aNrxn Janti-Nxph1 al., 2005; Reissner et al., 2008; Ko et al.,
2009; de Wit et al., 2009b; Uemura et al.,
Nxph1/oNrxn C 2010; Matsuda and Yuzaki, 2011). If the

v 100+ budtd relative immobility of BNrxn depends

007 on stronger binding to these partners, we
should see a higher mobility in the ab-
sence of Ca”* or with splice variants car-
rying an insert in SS4. Extracellular
chelation of Ca** by 10 mm EGTA in fact
mobilized BNrxns, but did not alter
the diffusion of an extracellularly trunc-
2 ated version of Nrxn used as a control

. (NrxnAEC; Fairless et al., 2008; Fig. 3B).

T We also tested the Ca**-dependent mo-

& bility of the splice variants aNrxn(—SS4)
and aNrxn(+SS4), which differ in their
Ca’*-dependent binding affinities to
neuroligin-1 because presence of the
splice insert impedes the interaction (Re-
issner et al., 2008). In agreement, the mo-
bility of the aNrxn(+SS4) variant did not
show changes to extracellular Ca** chela-
tion or mutation of its Ca*" interaction
site [aNrxn(DA); Fig. 3B], whereas
aNrxn(—SS4) was more mobile at a low
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oNrxn
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Mutation of a key binding residue in aNrxn (1401D; Reissner et
al., 2014) prevents surface delivery of Nxph1 (bottom). Scale
bar, 20 m. B, Sample images of pHluorin(SEP)_Nxph1 (left;
scale bar, 20 um) and SEP_Nxph1/aNrxn (right; scale bar, 5
um) cotransfected into primary neurons under control buffer
conditions at pH 5.0 and after NH,Cl treatment to equilibrate
intracellular and extracellular pH at 7.4. C, Nxph1 coexpressed
with aNrxns is detected at the cell surface independently of
which moiety carries the pHIuorin. Quantification of surface
fluorescence within axons in (%) of the total fluorescence is
shown. Data are means = SEM collected from 2—14 cells of
2-3hippocampal cultures at DIV 14 -21. D, E, Complex forma-
tion with Nxph1 decreases the surface mobility of ceNrxns at
synapses. Median and IQR (25-75%) of diffusion coefficients
(D) and probability of confinement (E) of cotransfected
Nxph1/aNrxn complexes are shown, in which either aNrxns
Figure4. Nxph1 requires coexpression with aeNrxns for targeting but not vice versa. 4, GFP-tagged Nxph1, when transfected ~ or Nxph1 carried the EGFP tag. Total numbers of analyzed tra-
alone, accumulates inside heterologous HEK293 cells and is not detected extracellularly at the cell surface by live labeling with  jectories are indicated in bars. Statistical significance in C-E is
antibodies against Nxph1 (top). Cotransfection of GFP-Nxph1 with a Flag-tagged full-length Nrxn1ce results in a ring-like staining ~ tested by Kruskal-Wallis test followed by a Dunn's test. *p <<
pattern of colocalized Nxph1/aNrxn by live labeling with antibodies to the Flag_Nrxn1cz and Nxph1 moieties (middle panels).  0.05, ***p < 0.0001.
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Figure 5. Intracellular Nrxn ™ transport vesicles colocalize with marker molecules of STVs. A-D, Examples of NnTa: ™ transport
vesicles migrating within axons (B, marked area in A) and dendrites (C, marked area in A) in primary hippocampal neurons. Their velocity
was determined from respective kymographs as in D. Scale bars: A, 20 m; B, €,5 um. E~J, GFP_acNren ™ transport vesicles colocalized
strongly with STV marker proteins as synapsin (E) and synaptotagmin1 (F) and also with Nrxn13 (G). Double labeling of GFP_ceNrxn with
Mint1 (H), the synaptic vesicle precursor Rab3a, and chromogranin-A as a DCV component (J) was less apparent. Scale barin F3,10 um. K,
Degree of colocalization was expressed as percentage overlap with GFP_aNrxn using Image). Data are expressed as means == SEM and
were derived from a total of 671 neurons/38 transfected cultures.
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not allow us to determine directly which
postsynaptic partners contribute to the
effect, recent biochemical data allow a
hypothesis: the enhanced sensitivity of
the Nxphl/aNrxn complex to Ca**-
dependent binding activities could sug-
gest that the Nxphl association with the
LNS2 domain of aNrxn blocks the inter-
action with a-dystroglycan at the same
LNS2 domain (Reissner et al., 2014). Such
a scenario should be particularly promi-
nent for the most abundant splice variant
in cortical neurons, aNrxn(+SS4) (Ull-
rich et al., 1995; Aoto et al., 2013), which
favors association with neuroligins lack-
ing the B insert (Reissner et al., 2014) and
consistently showed a large increase in
surface mobility when Ca*" was chelated
(Fig. 3D).

Surface targeting and mobility of
Nxphl requires aNrxn

The strong effect of Nxph1 on aNrxn dif-
fusion raised the question of whether
Nxphl is only active when bound to
aNrxn. Based on our analysis of the bind-
ing epitope (Reissner et al., 2014), we hy-
pothesized that correct folding of Nxphl
and formation of the Nxph1/aNrxn com-
plex requires coexpression in the same
cell. Here, we addressed this idea directly
by transfecting GFP_Nxph1 alone and in
combination with Flag Nrxnla into
heterologous cells that contain neither
molecule endogenously (Fig. 4A4). We dis-
covered that efficient targeting of Nxphl
to the surface required coexpression with
aNrxn and that, in transfections of Nxph1
alone, no surface population could be
detected by live incubation with antibo-
dies against Nxphl (Fig. 4A). Moreover,
cotransfection of Nxphl with an aNrxn
carrying a single point mutation that
strongly reduces binding (1401D; Reissner
etal.,, 2014) showed only very little Nxph1
at the surface (Fig. 4A). These data indi-
cate that normal complex formation with
aNrxn is necessary and sufficient to de-
liver Nxph1 to the surface, at least in het-
erologous cells.

We next validated the strong depen-
dence of Nxphl on aNrxns in neurons.
The pHluorin-tagged constructs failed to
detect significant surface populations of
Nxphl when it was transfected alone
(Fig. 4B, C). Coexpressed Nxphl/aNrxn,
in contrast, was reliably observed at the
neuronal surface independently of which
partner carried the pHluorin moiety (Fig.

Ca’* concentration (Fig. 3B). Importantly, coexpression of  4B,C). Interestingly, a proportion of the pHluorin_Nxphl/
Nxphl with aNrxn(+SS4) or aNrxn(—SS4) strongly increased ~ aNrxn complex remained intracellularly, as evident from the
the Ca** sensitivity for both variants (Fig. 3C,D). Although our  lower surface expression compared with pHluorin_aNrxn alone
experiments with Ca®" chelation or alternative splicing did  (Fig. 4C). Coexpression of a pHluorin_aNrxn/Nxphl complex,
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Figure6. Distinctvelocities and requlation of aNrxn- and BNrxn ™ STVs. A—C, Example of GFP_Nrxn1a comigrating with mCherry_synaptophysin at the speed of fast axonal transport in axons
of primary hippocampal neurons. D, E, No comigration and different speed was observed with cotransfected bassoon as marker protein of PTVs. Scale (Figure legend continues.)
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in which oNrxn carried the fluorochrome, displayed an interme-
diate surface fluorescence (Fig. 4C). We therefore hypothesized
that not all aNrxn molecules were complexed to Nxphl, even
when coexpressed in the same cell. We tested this idea by com-
paring the surface mobility of the two coexpression versions
of the complex, pHluorin/GFP_Nxphl/aNrxn or pHluorin/
GFP_aNrxn/Nxphl, using QD-coupled anti-GFP for SPT. We
observed that the diffusion coefficient was always lower when
Nxphl carried the tracked pHluorin/GFP moiety (Fig. 4D). This
result indicates that a proportion of uncomplexed aNrxn mole-
cules reached the surface when pHluorin/GFP_aNrxn and
Nxphl were cotransfected. This effect was particularly promi-
nent inside synaptic terminals compared with extrasynaptic sites
(Fig. 4D) without increasing confinement strongly (Fig. 4E). To-
gether, these findings indicate that neurons restrict the amount of
more immobile Nxphl/aNrxn complexes at their surface com-
pared with aNrxns alone. Such a restriction raises the question,
however, of if and how delivery from intracellular pools contrib-
utes to the surface population of Nrxn.

STVs transport Nrxn toward synapses

To analyze how Nrxns and the Nxphl/aNrxn complex are tar-
geted to the surface and to synapses, we built on an earlier study in
which we revealed that Nrxns require their C-terminal PDZ-
recognition motif to traverse the secretory pathway via a hitherto
uncharacterized class of transport vesicles (Fairless et al., 2008).
Although this earlier study relied on immunolabeling of fixed
neuronal cultures, we now used live imaging to characterize the
dynamic trafficking of Nrxns. We first transfected primary hip-
pocampal neurons separately with GFP- or mCherry-tagged
aNrxns and BNrxns and then studied the migration of their
transport vesicles in axonal and dendritic processes (Fig. 5SA-C).
We observed that Nrxn ™ vesicles primarily show a unidirec-
tional, anterograde movement in axons, whereas they moved
more bidirectionally in dendrites. This was quantitatively re-
flected by a tendency, albeit not significant, for more pausing
vesicles (axon: 0.013 = 0.001 pauses/s, dendrite: 0.017 % 0.003;
p = 0.18), which is consistent with published data (Sabo et al.,
2006; Bury and Sabo, 2011). To determine the velocity of mobile
Nrxn ™ transport vesicles, we analyzed their kymographs (Fig.
5D). Strikingly, we found that Nrxns generally move faster within
axons (Nrxn,,) than in dendrites (Nrxn,.) and that aNrxns mi-
grate more slowly than BNrxns (aNrxn,: 1.2 * 0.071 pm/s,
aNrxng.: 0.8 = 0.070, p = 0.0091; BNrxn,: 1.7 = 0.067,
BNrxny.: 1.0 = 0.062, p = 0.0001; n = 45—47 cells/4 transfected
cultures per condition). Although the values in axons are within
the published range of fast vesicular transport (Vallee and Bloom,
1991) and argue for transport on STVs or DCVs, other pathways
such as PTVs or endosomes cannot be excluded based on veloc-
ities alone. We therefore performed colabeling experiments with
known marker proteins (Fig. 5E-J ) and quantified colocalization
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(Figure legend continued.) ~ bar, 5 wm. F, Comparison of comigrating ceNrxn/synaptophy-
sin ~ and BNrxn/synaptophysin ™ STVs in axons (gray bars) and dendrites (black bars). G,
Comparison of aNrxn/synaptophysin mobility in control (WT) and TKO neurons lacking all
endogenous aeNrxn. H, aNrxn ™ STV migrate faster than bassoon * PTVs when cotransfected
into the same neurons. I-K, Coexpression of Nxph1 with ceNrxn has no effect on the velocity of
intracellular traffic in axons and dendrites. -0, Kymographs and average velocities of Nrxn *
STVs under control conditions and after incubation with TTX or K to modulate neuronal
activity. Datain F—H, K, N, and 0 are expressed as means == SEM and were derived from a total
of >220 neurons/24 transfected cultures. Statistical significance was tested by Student’s ¢ test.
**%p < 0.001.
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by percentage of colabeled vesicles (Fig. 5K). aNrxns and BNrxns
showed a high degree of colocalization with synaptophysin, syn-
apsin, and synaptotagmin-1 (60-75%; Fig. 5K), established
markers of STVs (Ahmari et al., 2000; Sabo et al., 2006). In addi-
tion, proteins directly or indirectly associated with the C termi-
nus of Nrxn, such as CASK or Rimla, were also frequently
colocalized during trafficking (Fig. 5K), confirming earlier data
(Fairless et al., 2008). In contrast, markers such as Rab3a for
synaptic vesicle precursors, Rab5a for early endosomes, Rab7b
for late endosomes/lysosomes, Rab11 or NEEP21 for recycling
endosomes, and chromograninA for DCVs revealed only moder-
ate or little colocalization (Fig. 5K). These data suggest that
Nrxns are primarily transported as cargo on STVs, pointing to a
major pathway toward synapses.

To prove that Nrxns not only colocalize with relevant markers,
but actually comigrate with STVs, we cotransfected GFP-tagged
aNrxn or BNrxn along with mCherry-tagged synaptophysin and
observed mostly synchronous movements (Fig. 6A—C). As a negative
control, we repeated the experiment with mCherry_oNrxn and
GFP_Bassoon, a marker for PTVs that move at slower speed, and
found no comigration (Fig. 6 D, E). We then determined the velocity
of aNrxn/synaptophysin- and BNrxn/synaptophysin-colabeled
STVs from kymographs separately in axons and dendrites. Mobile
Nrxn/synaptophysin * STVs were present in all processes, in agree-
ment with our data from fixed cultures (Fairless et al., 2008), but they
were generally faster in axons compared with dendrites (Fig. 6F),
confirming our initial observation (Fig. 5). Interestingly, BNrxn
STVs moved with a higher velocity than aNrxn in axons, whereas no
significant difference was found in dendrites (Fig. 6F). To rule out
the possibility that these differences were simply caused by the pres-
ence of endogenous protein, of which there is more aNrxns than
BNrxns in brains (Schreiner et al., 2015), we performed the experi-
ment in TKO neuronslacking all eNrxns (Missler et al., 2003 ). How-
ever, no difference was observed between the velocity of aNrxn/
synaptophysin © STVs in control and TKO neurons (Fig. 6G),
suggesting that overexpressed Nrxns reliably reflected their intracel-
lular trafficking. Finally, to evaluate the presence and velocity of
different classes of transport vesicles in the same neuron, we cotrans-
fected labeled aNrxns and bassoon and found higher speed for
Nrxn © STVsin axons and dendrites compared with bassoon * PTVs
(Fig. 6H), consistent with their nonoverlapping migration (Fig.
6D, E). Similar to surface mobility, these data from intracellu-
lar transport reveal distinct dynamics for aNrxns and SNrxns,
but with opposite results; that is, BNrxn ™ STVs migrated
faster than aNrxns, at least in axons.

Determinants of intracellular transport of Nrxns differ from
surface diffusion

To determine whether intracellular transport of Nrxn is regu-
lated by Nxphl binding, as was shown for surface mobility
(Figs. 2, 3, 4), we cotransfected Nxph1/aNrxn and determined
the velocities from kymographs compared with uncomplexed
aNrxn (Fig. 61,]). Unlike its effect on surface mobility, com-
plex formation of Nxph1/aNrxn did not change the velocity of
STVs in axons or dendrites (Fig. 6K). To rule out the possibil-
ity that coexpression of Nxph1 acts by altering the preference
of aNrxns for axonal targeting, we compared pHluorin-
(SEP)_Nxphl and HA_Nrxnlea fluorescence intensity nor-
malized to cotransfected soluble RFP (Biermann et al., 2010)
and found a similar axon-to-dendrite ratio [Nxphl/RFP =
2.86, Nrxnla/RFP = 2.34, n = 7 cells, nonsignificant (n.s.)].
Together, these results suggest that Nrxn © STVs move with
defined velocity independently of the binding of Nxphl.
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Because several studies indicated that
neuronal activity modulates the velocity
of STVs carrying other synaptic cell adhe-
sion molecules (de Wit et al., 2006; Wit-
tenmayer et al., 2009), we also addressed
this aspect. We reduced activity with 1 um
TTX or enhanced it with high potassium
stimulation (60 mm K ™ for 30 min before
imaging). As was evident from represen-
tative kymographs (Fig. 6L,M), aNrxn "
and BNrxn * STVs within axons reduced
their velocity under TTX, but increased
migration with stimulation (Fig. 6N, O).
In contrast, we observed no alterations of
the velocity of Nrxn* STVs in dendrites
under identical conditions (Fig. 6N, O),
suggesting that the axonal, but not den-
dritic, population of Nrxn ™ STVs is regu-
lated by changes in neuronal activity.
Interestingly, the difference in axonal ve-
locity between aNrxns and BNrxns disap-
peared under reduced activity and became
much less apparent with enhanced activ-
ity (Fig. 6N, O), revealing that Nrxns are
cargo on the same type of STVs, as sus-
pected from their colocalization (Fig. 5G).

Finally, to determine whether intracel-
lular transport of Nrxn depends on the
microtubule cytoskeleton and on the mo-
tor protein KIF1A, as predicted for STVs
(Hirokawa et al., 2009), we performed
pharmacological experiments that inter-
rupt different cytoskeletal elements. We
treated transfected cultures with 5 uMm no-
codazol to inhibit microtubule polymer-
ization or with 2.5 um latrunculin-A to
block F-actin formation (de Wit et al.,,
2006; Wittenmayer et al, 2009). We
observed breakdown of the actin cytos-
keleton with fluorochrome-coupled phal-
loidin and of the microtubule integrity
with anti-tubulin antibodies (data not
shown). We then compared the effect on
Nrxn-STV migration (Fig. 7A,B) and
found that Nrxn * STVs moved with nor-
mal velocity under control conditions and
latrunculin-A (e.g., aNrxn in axons with
DMSO: 1.31 £ 0.08 wm/s; with latruncu-
lin-A: 1.36 = 0.14, n = 53 neurons/4
transfections, n.s.). Under nocodazol,
however, Nrxn ™ vesicles remained rela-
tively immobile, showing little movement
in axons or dendrites (aNrxn in axons
with nocodazol: 0.24 = 0.02 pm/s, p <
0.001). To support these data, we investi-
gated whether KIF1A is the molecular
motor involved in transporting Nrxn "
STVs. We determined a high degree of
colocalization and comigration of Nrxn
with transfected GFP_KIF1A (Fig. 7C-F),
but also with endogenous KIF1A vis-
ualized by immunolabeling (Fig. 7G).
The velocities of aNrxn/KIFIA™* and
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STVs under control conditions and after preincubation with DMSO (solvent control), latrunculin-A, and nocodazol to block F-actin (LatA) or microtu-
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BNrxn/KIF1A * vesicles mimicked the values for Nrxn/synap-
tophysin comigration, confirming the faster speed of BNrxn-
STVs in axons (Fig. 7F).

To prove directly that KIF1A is the molecular motor responsible
for moving Nrxns, we used a combined knock-down/rescue strategy
described previously (Xue et al., 2010; Liu et al., 2012). Transfecting
this shRNA against KIF1A, we knocked down the protein in our
primary neurons (data not shown), causing Nrxn ™ STV to accu-
mulate in the soma and axon initial segments of neurons expressing
the shRNA (Fig. 7H ). To ensure that this was not an off-target effect,
we rescued the knock-down phenotype with a myc-tagged KIF1A
resistant to the shRNA (Fig. 711). Under rescue conditions (KDR),
Nrxn* STVs distributed normally into neurites (Fig. 7I2) and mi-
grated with velocities indistinguishable from control cells (Fig.
7],K). Together, these data indicate that Nrxn ~ STVs and SNrxn *
STVs use the fast-microtubule-dependent transport to move toward
synapses. This leaves the question of where Nrxn * STVs are inserted
into the plasma membrane and how they are delivered to synaptic
terminals.

Nrxns enrich at excitatory and inhibitory synapses after
surface delivery

To show that Nrxn ™ STVs actually fuse with the plasma mem-
brane, we used pHluorin-tagged aNrxns. We selected regions of
transfected processes for FRAP, bleached large areas by short
laser pulses, and monitored the spontaneous appearance of sur-
face Nrxns by live imaging at 2-10 Hz for 5-20 min (Fig. 8 A, B).
At different time points during image sequences, we observed
sharp increases of fluorescence intensity with longer decay (Fig.
8B). To determine whether these events actually corresponded to
fusion of Nrxn * STVs, we monitored in parallel the appearance
of pHluorin_Nrxn and pHTomato_synaptophysin cotransfected
into neurons (Fig. 8C). In virtually all cases recorded, the increase
in Nrxn fluorescence was accompanied by an increase of synap-
tophysin and vice versa, overlapping precisely in location and
kinetics (Fig. 8D). Because Nrxn and synaptophysin were strictly
colocalized in large fusion events, we used pHTomato_synapto-
physin in combination with the Ca** indicator dye GCaMP6f
(Chen et al., 2013) to determine whether STVs reached the
plasma membrane at active synaptic terminals, identified by
Ca*" influx upon stimulation (Fig. 8 F, F). Interestingly, synap-
tophysin * STVs appeared to fuse mostly outside of active syn-
apses because we did not see clear overlap of Ca** signals and
STV fusion (Fig. 8G,H). It should be noted, however, that the use
of pHTomato, which has a lower dynamic range than pHluorin,
to detect surface synaptophysin or Nrxn likely biased this analysis
toward large, full-collapse fusion events. It cannot be excluded at
present that additional smaller or more transient fusion events
also contribute to the surface delivery of STVs and Nrxns, possi-
bly also within synapses. Due to the high surface mobility and
only transient confinement in synaptic terminals (Fig. 2), a direct
insertion of Nrxn ™ STVs into the active zones may not be neces-
sary to deliver Nrxn. Therefore, we propose thata combination of
intracellular transport, STV fusion events outside of synaptic ter-
minals, and distribution via lateral diffusion, with all three steps
intricately regulated, targets Nrxn to synapses.

Such a scenario raises the question of if and how strongly
aNrxns and BNrxns enrich at synapses. For this, we compared
the relative amounts of aNrxns, BNrxns, and the Nxph1l/aNrxn
complex at excitatory and inhibitory terminals normalized to
extrasynaptic sites of transfected axons (Fig. 9A). We noticed that
BNrxns got more enriched than aNrxns at excitatory synapses
and cotransfected Nxphl caused an enrichment of its complex
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with aNrxns that exceeded the effect of Nrxns or BNrxns alone
(Fig. 9B). In addition, we found that both Nrxns enriched three-
fold at inhibitory synapses and accumulation was strongest for
the Nxph1/aNrxn complex (Fig. 9B). These results suggest that a
lower surface mobility, as determined for the complex above
(Figs. 2, 3, 4), does not limit its presence or enrichment in syn-
apses. Therefore, in addition to securing delivery of sufficient
molecules to terminals by lateral diffusion, the distinct surface
mobilities inside synapses found above may also point to direct
effects on synaptic function.

Synaptic enrichment of Nxph1/aNrxn affects GABA \Rs

To study how the Nxphl/aNrxn complex, which was most dis-
tinctive in surface mobility (Fig. 2) and synaptic enrichment (Fig.
9), may exert an effect on synaptic function, we analyzed changes
in postsynaptic receptor distribution. We chose the Nxphl/
aNrxn complex because we showed recently that transgenic ex-
pression of Nxph1 at excitatory synapses, which normally do not
contain this ligand, is able to change synaptic short-term plastic-
ity (Born et al., 2014). Because we observed more functional
GABA R at transgenic synapses in that study (Born et al., 2014),
we now tested directly the ability of Nxphl/aNrxn to recruit
GABA,R subunits at inhibitory and excitatory terminals com-
pared with uncomplexed aNrxns (Fig. 10). To monitor the accu-
mulation of GABA,R in primary hippocampal neurons, we first
labeled the surface population of these receptors in VGAT ~ and
VGlutl * synapses (Fig. 10A). The Nxph1/aNrxn complex was
able to accumulate GABA ,Ry2 subunits about twofold at inhib-
itory synapses (Fig. 10B). Nxphl/aNrxn was more efficient in
this process than aNrxns alone (Fig. 10C,D), reflecting their dif-
ferences in surface mobility (Fig. 2) and synaptic enrichment
(Fig. 9). Consistently, Nxph1/aNrxn recruited GABA,R also ec-
topically to excitatory terminals in primary neurons (Fig. 10B),
underscoring our recent data from transgenic mice (Born et al.,
2014).

Finally, we performed SPT experiments to determine whether
Nxphl/aNrxn affects the diffusion dynamics of GABA,R, an
important parameter that has been linked to synaptic plasticity
(Bannai et al., 2009). Using an antibody directed against the ex-
tracellular domain of the y-subunit of GABA Rs, as in the earlier
study (Bannai etal., 2009), we monitored the diffusion properties
of endogenous GABA,R in synapses. We compared the effect of
expressing aNrxns or the Nxph1/aNrxn complex on surface mo-
bility of GABA,Rs colocalizing with active synaptic terminals
(Fig. 10E). Coexpression of Nxphl/aNrxn(+SS4) strongly re-
duced the diffusion coefficient of GABA ,Rs, whereas expression
of aNrxn(+SS4) alone only revealed a tendency toward reduced
surface mobility. Interestingly, variants without the insert in S54,
Nxphl/aNrxn(—SS4) and aNrxn(—SS4), did not alter the sur-
face mobility of GABA,Rs (Fig. 10E), possibly reflecting prefer-
ence for other interaction partners such as a-dystroglycan
(Reissner et al., 2014). Together, our results indicate that the
dynamic trafficking and synaptic enrichment of Nxphl/aNrxn
may have effects on GABA,R and possibly other postsynaptic
receptors.

Discussion

Using single-particle tracking and time-lapse imaging, we ex-
plored the dynamic trafficking of Nrxns outside and inside of
synapses and during intracellular transport to the surface. We
studied overexpressed, epitope-tagged Nrxn/Nxphl molecules
because no antibodies are available against endogenous proteins
that would allow these experiments. Any such approach has to
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Figure 8.
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consider that epitope tagging and/or overexpression may pro-
duce artifacts or limit the conclusions derived from those exper-
iments. Therefore, we addressed the following, possibly
confounding aspects. First, the surface mobility of Nrxns was
tested with differently sized epitope tags (EGFP, Flag) and at-
tached fluorophores (QDs, nanobodies) because larger molecu-
lar complexes may bias mobility (Fig. 1). Interestingly, we
observed that all methods applied reliably revealed a highly mobile
population of aNrxns on axons as well as within synapses. However,
nanobodies showed a slightly more homogeneous distribution of

diffusion in synapses, whereas QD tracking typically revealed a sec-
ond, more immobile population, which is also apparent in the anal-
yses shown in Figure 2 (e.g., Fig. 2E or K). Despite this small
additional population, the QD data turned out to be robust enough
to reveal clear and significant differences between Nrxn variants or
between extrasynaptic regions and glutamatergic or GABAergic ter-
minals (Figs. 2, 3,4). Future research will have to explore whether the
presence of an additional, more immobile Nrxn population was due
to size limitations of QD tracking within synaptic terminals or to a
bias of nanobody tracking toward higher mobilities.
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Figure 9.  Enrichment of Nrxns and the Nxph1/aNrxn complex at synapses. A, Sample images of pHluorin(SEP)_Nrxn1ex * 2011; Miller et al, 2011). These results

axons of glutamatergic and GABAergic neurons. Strong accumulation of aeNrxns seen at VGAT/Syntag1 * putatively inhibitory
terminals compared with Syntag1 ™ putatively excitatory synapses is supported by corresponding line scans (right panels). Scale
bar, 10 wm. B, Enrichment of aeNrxns, BNrxns, and the Nxph1/aNrxn complex at excitatory (blue) and inhibitory (red) synapses
normalized to extrasynaptic axonal sites (set to 1). Data are means == SEM and were collected from 3 different cultures for each
construct with number of analyzed synapses indicated in bars. Statistical significance was tested by a one-way ANOVA test

followed by a Keuls—Newman post test. ***p << 0.0001, **p << 0.001.

Second, similar to the analysis of surface mobility, we used
different epitopes (EGFP, mCherry, HRP) in this and a previous
study to investigate the intracellular transport of Nrxns. In
addition, we have previously tested different positions within
the Nrxn molecules (N terminus, extracellular to transmembrane
region). These experiments all demonstrated that Nrxns are
transported as cargo on STVs (Figs. 5, 6; Fairless et al., 2008).
Moreover, the choice of EGFP or mCherry did not affect the
velocity of Nrxn-positive STVs (Figs. 5, 6).

Third, to validate our data on Nrxn surface mobility with
another method and to compare our data with published results,
we performed a set of FRAP experiments. We found that the
fraction of mobile Nrxn molecules was comparable between SPT
and FRAP measurements (Fig. 1) and between cultured primary
neurons (Fig. 1) and slice cultures (Fu and Huang, 2010).

Finally, we tried to determine how much the overexpression
of tagged Nrxns influenced our results, arguably the most diffi-
cult variable to assess. The comparable surface mobilities derived
from FRAP (Fig. 1; Fu and Huang, 2010) and SPT experiments
(Fig. 2) suggest that the level and mode of overexpression (trans-
genic mice vs transfection) did not alter the diffusion coefficient
nor the fraction of mobile molecules. In addition, we observed
that the removal of endogenous aNrxns reduced the diffusion
rates of transfected aNrxn variants in TKO neurons, but did not
abolish the presence of highly mobile aNrxns (Fig. 2). This result
was expected if transfected Nrxns engage in normal protein—pro-
tein interactions because more ligands may be available in the
TKO to interact. The reduction in the diffusion coefficient actu-
ally demonstrates that transfected, overexpressed Nrxns behave
like endogenous Nrxns by taking their positions. This is sup-
ported by our finding that prevention of such interactions leads
to higher mobilities (Fig. 3). For the intracellular transport of

agree with a study in slice cultures from
transgenic mice that proposed a higher
population mobility for aNrxns by FRAP
(Fu and Huang, 2010). Our data are also
consistent with a diffusion coefficient
for BNrxns determined in slice cultures
(Biermann et al., 2014) that was only
moderately slower compared with primary neurons (Fig. 2).
In addition, the value determined here for extrasynaptic
aNrxn on axonal membranes (D ~ 0.07 wm?/s) is comparable
to other neuronal adhesion molecules with long extracellular
domains such as SynCAM (D =~ 0.05 um?/s) or N-cadherin
(D ~ 0.08 wm?/s; Heine, 2012). Therefore, the faster diffusion
dynamics of aNrxns compared with BNrxns indicates that
size-dependent passive mechanisms are not critical for surface
mobility.

In contrast, we demonstrate that Ca®"- and SS4-dependent
interactions are regulators of Nrxn surface mobility (Figs. 2, 3).
Although the list of identified binding partners is likely not
complete, neuroligins, LRRTMs, and dystroglycan (Ichtchenko
etal., 1995; Ichtchenko et al., 1996; Sugita et al., 2001; Reissner et
al., 2008; Ko et al., 2009; Siddiqui et al., 2010; Reissner et al.,
2014), and possibly also calsyntenin-3 (Pettem et al., 2013; Lu et
al., 2014; Um et al., 2014), are known to require Ca?" for their
interaction. Binding affinities are further regulated by splice site
S84 because neuroligins, LRRTMs, and dystroglycan favor insert-
less and cerebellin insert-containing variants (Ichtchenko et al.,
1995; Sugita et al., 2001; Boucard et al., 2005; Reissner et al., 2008;
Ko et al., 2009; de Wit et al., 2009b; Koehnke et al., 2010; Uemura
etal., 2010; Joo et al., 2011; Matsuda and Yuzaki, 2011; Lee et al.,
2012; Reissner et al., 2014). The fact that known splice-variant-
dependent binding properties of Nrxns are reflected by differ-
ences in mobility (Fig. 3) underscores the importance of
alternative splicing and transcriptional regulation (Chih et al.,
2006; lijima et al., 2011; Aoto et al., 2013; Ehrmann et al., 2013;
Runkel et al., 2013; Treutlein et al., 2014).

We also reveal that the surface mobility of aNrxns is modu-
lated by complex formation with Nxphl (Missler et al., 1998). In
contrast to aNrxns (Ullrich et al., 1995), Nxphs are only ex-
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pressed by subpopulations of neurons
(Petrenko et al., 1996; Beglopoulos et al.,
2005). Our observation that efficient sur-
face targeting of Nxphl requires coex-
pression with aNrxna (Fig. 4), but not
vice versa, constitutes an asymmetric de-
pendence. This asymmetry unveils a sur-
prising twist because initial sequence
analysis, which identified a signal peptide,
preprodomain, and a bibasic proteolytic
cleavage site, suggested independently
secreted Nxph (Petrenko et al., 1996;
Missler and Siidhof, 1998; Missler et al.,
1998). Recent data from transgenic over-
expression of Nxphl showed alterations
of synaptic function and ectopic accumu-
lation of functional GABA, R subunits
(Born et al., 2014). Given the asymmetric
dependence on aNrxns (Fig. 4), the trans-
genic Nxphl phenotype might be based
on the slow diffusion and longer dwell
time of Nxph1/aNrxn complexes (Fig. 2).
Accordingly, biochemical data showed
that complex formation between the
LNS2 domain of aNrxn with Nxphl is
mutually exclusive with a-dystroglycan,
and thus favors association with particu-
lar Nlgn variants at the LNS6 domain (Re-
issner et al., 2014). This in turn may
decrease the surface mobility (Figs. 2, 3).
Enrichment of Nxph1/aNrxn at ter-
minals led to recruitment and stabiliza-
tion of endogenous GABA,R subunits
in transfected synapses (Figs. 9, 10),
consistent with Nxphl overexpression
in transgenic mice (Born et al., 2014).
The stronger effect found in presence of
Nxphl/aNrxn compared with aNrxns
and at inhibitory compared with excit-
atory synapses (Fig. 10), mirrors the dif-
ference in their surface mobilities (Fig.
2). In agreement, aNrxns expressed in
heterologous cells induced clustering of
GABA,R subunits in contacting den-
drites (Graf et al., 2004; Kang et al.,
2008) and inhibitory synapses were
reduced in TKO (Dudanova et al.,
2007). In addition, Nrxns were linked to
postsynaptic GABA,R function in
lentivirus-mediated knock-down ex-
periments in primary neurons (Zhang et
al., 2010). Therefore, the recruitment of
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Figure10.  aNrxnsand the Nxph1/aNrxn complex are effective in recruiting GABA,R subunits to synapses. A—C, Primary

hippocampal neurons transfected with the pHluorin(SEP)_Nxph1/aNrxn complex or SEP_aNrxns alone are colabeled
against GABA,Ry2, and VGAT or VGlut1 to distinguish inhibitory from excitatory terminals. Scale bar, 10 wm. D, aNrxns
and the Nxph1/aNrxn complex cause enrichment of GABA,Ry2 subunits at inhibitory synapses (red) and Nxph1/aNrxn
also at excitatory synapses (blue). Data are shown as means = SEM, with the number of analyzed transfected and
nontransfected (in paranthesis) synapses shown in bars. Statistical significance was tested by one-way ANOVA variance
test followed by Newman—Keuls test. *p << 0.05, ***p << 0.0001. E, SPT with QD-labeled antibodies against endogenous
GABA,Ry2 on axons of neurons transfected with aeNrxns or the Nxph1/aNrxn complex (== insert at SS4). Coexpression of
Nxph1 decreases diffusion coefficients of GABA,R-y when the insert is presentin ccNrxn (4 5S4). Data are shown as median
plus 1QR (25-75%) and were collected from 3 independent cultures. Significance was tested by a Kruskal-Wallis test
followed by a Dunn’s test. ***p < 0.0001.

GABA,R and the down-regulation of its diffusion dynamics
by Nxphl/aNrxn demonstrates that the complex can shape
synaptic function.

Although the diffusion coefficient of Nrxns is considerably
high, diffusion is only effective at short distances (Rusakov et
al., 2011), for example, within synaptic terminals or their im-
mediate vicinity. We therefore hypothesized that neurons rely
on fast intracellular transport of Nrxns and discovered that
they are transported as cargo via typical STVs (Figs. 5, 6, 7).
Unlike surface mobility, BNrxn™ STVs moved faster than
aNrxn * STVs within axons (Fig. 6), possibly because smaller

BNrxns can assemble more densely in sheet-like superstruc-
tures (Tanaka et al., 2012), providing more access for their
molecular motor KIF1A (Fig. 7). Velocities of 1-2 wm/s ap-
pear sufficient to deliver Nrxn © STVs even to distant termi-
nals, in particular because increased neuronal activity could
augment speed (Fig. 6). Therefore, the combination of fast
intracellular transport via STVs, fusion near active synapses
(Fig. 8), and lateral diffusion on the surface appears ideally
suited to maintain and modulate the amount of Nrxn variants
at synapses. Future work will have to address how their dy-
namic trafficking affects synaptic function.
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