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Transsynaptic N-Cadherin Adhesion Complexes Control Presynaptic Vesicle and Bulk Endocytosis at Physiological Temperature
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At mammalian glutamatergic synapses, most basic elements of synaptic transmission have been shown to be modulated by specific transsynaptic adhesion complexes. However, although crucial for synapse homeostasis, a physiological regulation of synaptic vesicle endocytosis by adhesion molecules has not been firmly established. The homophilic adhesion protein N-cadherin is localized at the peri-active zone, where the highly temperature-dependent endocytosis of vesicles occurs. Here, we demonstrate an important modulatory role of N-cadherin in endocytosis at near physiological temperature by synaptophysin-pHluorin imaging. Different modes of endocytosis including bulk endocytosis were dependent on N-cadherin expression and function. N-cadherin modulation might be mediated by actin filaments because actin polymerization ameliorated the knockout-induced endocytosis defect. Using super-resolution imaging, we found strong recruitment of N-cadherin to glutamatergic synapses upon massive vesicle release, which might in turn enhance vesicle endocytosis. This provides a novel, adhesion protein-mediated mechanism for efficient coupling of exo- and endocytosis.
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INTRODUCTION

A variety of transsynaptic adhesion protein complexes have been molecularly characterized at mammalian CNS synapses, and are thought to have important specific roles in synapse formation, synapse function, and synaptic plasticity (Scheiffele et al., 2000; Schreiner et al., 2017; Südhof, 2018). At excitatory glutamatergic synapses, a diversity of synaptic adhesion molecules have been proposed to crucially regulate initial and specific synapse formation (e.g., Sando et al., 2019), active zone and vesicle pool formation (e.g., Han et al., 2018), presynaptic Ca2+ channel localization (e.g., Brockhaus et al., 2018), postsynaptic AMPA and NMDA receptor recruitment (e.g., Südhof, 2017), and morphological spine plasticity (e.g., Bozdagi et al., 2010). In sharp contrast, no specific molecular adhesion system has been firmly established for transsynaptic regulation of another fundamental aspect of synaptic transmission, physiological synaptic vesicle endocytosis.

The mammalian N-cadherin transsynaptic adhesion complex at glutamatergic synapses is based on pre- and postsynaptic transmembrane N-cadherin proteins containing five extracellular cadherin domains (Takeichi, 2007; Benson and Huntley, 2012), which are interacting in cis and trans configurations (Brasch et al., 2012; Friedman et al., 2015). N-cadherin signaling impacts the organization of actin filaments in both pre- and postsynaptic compartments via its direct intracellular binding partner beta-catenin and cytoplamic alpha-catenin (Arikkath and Reichardt, 2008; Hirano and Takeichi, 2012). Most importantly, N-cadherin is highly localized at the peri-active zone in the periphery of the synaptic cleft and thus in an optimal strategic position to potentially interfere with actin-dependent vesicle recycling at the endocytic zone (Uchida et al., 1996; Elste and Benson, 2006; Hua et al., 2011; Wu et al., 2016). However, previous studies of N-cadherin functions at the synapse using standard knockout approaches had been difficult, because constitutive N-cadherin knockout mice are lethal at early embryonic stages (Radice et al., 1997), and conditional N-cadherin knockout mice showed strongly impaired neuronal migration during cortex development leading to largely disorganized cortical structures (Kostetskii et al., 2005; Kadowaki et al., 2007).

At the postsynaptic side, a conditional N-cadherin knockout induced after the major period of cortex development revealed an important role of N-cadherin in long-term potentiation (LTP), and a crucial role in LTP-associated morphological spine stabilization in hippocampal neurons in vivo (Bozdagi et al., 2010). This study strongly confirmed previous studies using expression of a dominant-negative, function-blocking N-cadherin mutant protein lacking the extracellular cadherin domains (Ncad-ΔE), that had suggested an important function of N-cadherin in postsynaptic spine formation and plasticity (Togashi et al., 2002; Mysore et al., 2008; Mendez et al., 2010; Bian et al., 2015). This purely postsynaptic function of N-cadherin was suggested to be mediated by regulating the spine actin cytoskeleton via catenins (Murase et al., 2002; Abe et al., 2004; Arikkath and Reichardt, 2008; Li et al., 2017). In line with this idea, beta-catenin knockout studies revealed defects in postsynaptic AMPA receptors (Okuda et al., 2007).

In addition to this well established postsynaptic role in spine formation and stabilization, presynaptic functions of the transsynaptic N-cadherin adhesion complex in synaptic vesicle clustering and exocytosis have also been suggested (Bamji et al., 2003; Jüngling et al., 2006; Stan et al., 2010; Vitureira et al., 2011). Subtle defects in short–term plasticity (Jüngling et al., 2006), and in recovery from depletion upon strong stimulation (Jüngling et al., 2006; Vitureira et al., 2011) were demonstrated. In line with the latter findings altered presynaptic vesicle pools have been described as interfering with beta-catenin expression and function (Bamji et al., 2003; Chen et al., 2017). Although a few first hints for a potential role of N-cadherin in the regulation of presynaptic vesicle endocytosis have been published (Jüngling et al., 2006; Vitureira et al., 2011; van Stegen et al., 2017), a thorough analysis of synaptic vesicle endocytosis in N-cadherin knockout neurons at close to physiological temperature conditions has not been performed. This is particularly needed because the modes and kinetics of synaptic vesicle endocytosis are well known to be highly sensitive to temperature (e.g., Fernández-Alfonso and Ryan, 2004; Granseth and Lagnado, 2008; Soykan et al., 2016; Chanaday and Kavalali, 2018).

In this article, we have investigated the functional role of N-cadherin in presynaptic vesicle cycling with particular emphasis on vesicle endocytosis at near physiological temperature. We studied vesicle exo- and endocytosis by using synaptophysin-pHluorin fluorescence imaging and by endocytic uptake of fluorescent dyes, thus enabling sensitive monitoring of synaptic vesicle endocytosis in cultured cortical neurons. In N-cadherin deficient neurons, we observed a strong impairment of vesicle endocytosis at the physiological temperature at autaptic and axonal release sites. Both, individual vesicle endocytosis, as well as bulk endocytosis, were similarly affected by N-cadherin knockout. Mechanistically, signaling of the N-cadherin complex to actin filaments appeared to be involved as indicated by ameliorated vesicle endocytosis upon actin polymerization. Furthermore, we demonstrate a release activity-induced recruitment of N-cadherin to glutamatergic synapses by using super- resolution microscopy. N-cadherin recruitment might in turn enhance vesicle endocytosis, thus forming the basis of a molecular mechanism for efficient coupling of exo- and endocytosis.



MATERIALS AND METHODS

Methods were carried out in accordance with all relevant guidelines.


Cell Culture

Primary neuronal mass cultures were obtained from cortices of C57/BL6 wildtype mice, and from Ncadflox/flox mice (Kostetskii et al., 2005) as described previously (van Stegen et al., 2017; Dagar and Gottmann, 2019). In brief, cortices from E18 fetuses were dissected into small pieces and were treated with trypsin for 5 min. These pieces were mechanically triturated in Basal Medium Eagle (BME) media (Gibco) after removal of trypsin. Dissociated neurons were pelleted down by centrifugation, resuspended, and 20,000–30,000 neurons were seeded on poly-L-ornithine coated glass coverslips. Fresh Neurobasal (NB) medium (Gibco) with B27 supplement (2%, 50×; Gibco) containing penicillin-streptomycin (Gibco) and Glutamax-1 (Gibco) was added to the cells after 1–2 h. These mass cultures were further cultivated and maintained in a humidified incubator with 5% CO2 at 37°C for 12–15 days in vitro (DIV).

Autaptic glial microisland cultures were done as described previously (Mohrmann et al., 2003; van Stegen et al., 2017). In brief, mouse astrocytes were obtained by dissociating cortices of P0-P2 pups from C57/BL6 wildtype mice and culturing the cells in BME medium for 10–12 days to form a confluent monolayer. These astrocytes were then re-dissociated, seeded at low density on glass coverslips, and further cultured for 5–7 days in BME medium to form glial microislands. Then, 20,000–30,000 dissociated cortical neurons (see above) were seeded per coverslip. After 5–6 h, the BME medium was replaced by the NB medium containing B27 supplement, penicillin-streptomycin (Gibco), and Glutamax-1 (Gibco). The culture medium was exchanged every 3 days during further cultivation (12–16 DIV).



Transfection and Plasmids

Cultures were transfected by using magnetic nanobeads (NeuroMag; OZ Biosciences) as described previously (van Stegen et al., 2017; Dagar and Gottmann, 2019). Briefly, plasmid DNA and Neuromag were mixed in NB medium without any supplement and were incubated for 20 min at room temperature to form complexes. These complexes were then directly added to the neurons. To enhance transfection efficiency, an oscillating magnetic field was applied for 30 min by placing the cultured neurons (6-well plate) on a magnetic plate (MagnetofectionTM, magnefect LT; nanoTherics). After transfection, 500 μl of fresh culture medium was added. The following plasmids were used: EBFP2-N1 (a gift from Dr. Michael Davidson, Florida, USA; addgene #54595), pDsRed2-N1 (Clontech), SypHy-A4 (gift from Dr. L. Lagnado, Cambridge, UK, addgene #24478), pBS598EF1alpha-EGFPcre (addgene), and pcDNA3.1-FLAG-NCadCTF1 (ΔE N-cadherin expression plasmid; Andreyeva et al., 2012).



Wide-Field Fluorescence Microscopy and Electrical Stimulation

Wide-field fluorescence imaging was performed using an inverted motorized Axiovert 200 M microscope (Zeiss) with a 12 bit CoolSnap ES2 CCD camera (Photometrics) and 40×/1.3 oil objective using MetaVue or Visiview software (Molecular Devices/Visitron Systems) unless mentioned. The following filter sets (Zeiss) were used: (1) for SypHy and FM1–43: excitation 485/20 nm, beam splitter 510 nm, emission 515/565 nm; (2) for DsRed2 and TM-dextran: excitation 545/25 nm, beam splitter 570 nm, emission 605/70. To induce synaptic vesicle exo- and endocytosis by electrical stimulation (for SypHy imaging, and for FM1–43 / TMR-dextran imaging), cortical neurons were mounted in a stimulation chamber (Chamlide, Live Cell Instrument, Republic of Korea) on the stage of an Axiovert 200 M microscope. Extracellular field stimulation with 1 ms biphasic pulses of 100 mA (A385/A382 World Precision Instruments) at 20 Hz was used.



Synaptophysin-pHluorin (SypHy) Imaging and Data Analysis

To study synaptic vesicle exocytosis and endocytosis, Synaptophysin-pHluorin (SypHy) imaging was performed according to standard protocols (Granseth et al., 2006; Royle et al., 2008). In brief, autaptic microisland cultures were co-transfected with SypHy-A4 and DsRed2 (and CreEGFP or NcadΔE), and SypHy experiments were performed 3–5 days post-transfection. The transfected cultures were mounted in a stimulation chamber (Live Cell Instrument) onto the stage of an Axiovert 200 M microscope (Zeiss), and were maintained in extracellular solution (in mM: 136 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 10 HEPES, 10 glucose, pH = 7.3). DL-AP5 (50  μM) and DNQX (10  μM) were added to the extracellular medium to prevent recurrent network activity. Synaptic vesicle cycling was induced by electrical stimulation. Fluorescence images were taken at time intervals of 2 s, and in total, a 4 min image sequence was done to record the stimulation-induced changes in SypHy fluorescence. At the end of each experiment, an extracellular solution containing a high concentration of NH4Cl (in mM: 50 NH4Cl, 86 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 10 HEPES, 10 glucose, pH = 7.3) was added to the cells to alkalize the total vesicle pool. This resulted in a maximal SypHy fluorescence signal that was used for normalization required for quantitative data analysis.

SypHy fluorescence intensities over time were analyzed offline using Metamorph software. For this, DsRed2 images were overlayed on maximum SypHy fluorescence images obtained by adding high NH4Cl containing extracellular solution at the end of each experiment. Regions of interest (ROIs) were defined around SypHy puncta located on dendrites of the transfected neuron for autaptic contacts, and around SypHy puncta not contacting any dendrite of the transfected neuron for axonal release sites. These ROIs were transferred to the fluorescence image sequence (including response to electrical stimulation) to obtain average SypHy fluorescence intensities over time for each punctum, and these intensity values were transferred to Microsoft Excel software for further analysis. The average fluorescence intensity within an ROI was first background subtracted at each time point, and then the baseline fluorescence intensity (value of time point just prior to the beginning of electrical stimulation) was subtracted to compensate for differences in baseline fluorescence (for Figure 5, the average of 10 successive baseline values before the beginning of electrical stimulation was used to subtract baseline intensity). Finally, these intensity values were normalized to the maximal fluorescence signal (background subtracted) obtained at the same punctum after adding NH4Cl containing extracellular solution at the end of each experiment. SypHy puncta not showing a fluorescence increase upon stimulation (non-releasing sites) were excluded from the analysis. Because significant compensatory endocytosis takes place at near physiological temperature already during the relatively long stimulation period (20 s used; Fernández-Alfonso and Ryan, 2004), we did not utilize the stimulation-induced SypHy fluorescence increase at the end of stimulation for determining stimulus-induced exocytosis. For determining stimulus-induced exocytosis, experiments were done in the presence of bafilomycin A1 (Figure 5).
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FIGURE 1. N-cadherin knockout resulted in impaired synaptic vesicle endocytosis at near physiological temperature (34°C) at autapses. (A) Example overlay image of cultured cortical neuron processes showing the expression of DsRed2 (transfection marker, red) and the NH4Cl-induced SypHy fluorescence (green) at 14–15 DIV. White arrows indicate autapses, and yellow arrows indicate axonal release sites. Scale bar: 10 μm. (B) Scheme of quantification of vesicle endocytosis from a SypHy fluorescence signal. Monoexponential fitting (blue) was used to determine decay time constants. (C–E) Increasing temperature from room (25°C) to near physiological (34°C) temperature enhanced synaptic vesicle endocytosis at autapses. n = 12 (25°C)/15 (34°C) cells, total SypHy puncta analyzed were 267/203. (C) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) in response to 400 stimuli at 20 Hz at room temperature (25°C, black) and at 34°C (green). (D) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM at room and near physiological temperature (right). P = 0.023. (E) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEM at room and near physiological temperature (right). P = 0.003. (F–H) Conditional knockout of N-cadherin did not significantly affect synaptic vesicle endocytosis at room temperature (25°C). n = 12 (control)/14 (knockout) cells, total SypHy puncta analyzed were 267/268. (F) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (co-expressing DsRed2 + SypHy; black) and N-cadherin knockout (co-expressing DsRed2 + SypHy + CreEGFP; red) neurons at 25°C. (G) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM for control and N-cadherin knockout neurons (right). (H) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEM for control and N-cadherin neurons (right). (I–K) Conditional knockout of N-cadherin resulted in significantly impaired vesicle endocytosis at near physiological temperature (34°C). n = 15 (control)/14 (knockout) cells, total SypHy puncta analyzed were 203/268. (I) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (black) and N-cadherin knockout (red) neurons at 34°C. (J) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM for control and N-cadherin knockout neurons (right). P = 0.022. (K) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEMs for control and N-cadherin knockout neurons (right). P = 0.005. ns: non-significant, *P < 0.05, **P < 0.01, Student’s t-test (D,E,G,J,K). Whenever the normality test failed, Mann-Whitney’s test on ranks was performed (H). Data shown in (C–E) are the same as control data in (F–H) and (I–K). n (cells) is indicated on bars.
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FIGURE 2. N-cadherin knockout resulted in impaired synaptic vesicle endocytosis at near physiological temperature (34°C) at axonal release sites. (A–C) Increasing temperature from room (25°C) to near physiological (34°C) temperature enhanced synaptic vesicle endocytosis at axonal release sites. n = 14 (25°C)/12 (34°C) cells, total SypHy puncta analyzed were 299/191. (A) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) in response to 400 stimuli at 20 Hz at room temperature (25°C, black) and at 34°C (green). (B) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM at room and near physiological temperature (right). P = 0.010. (C) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEM at room and near physiological temperature (right). P < 0.001. (D–F) Conditional knockout of N-cadherin did not significantly affect synaptic vesicle endocytosis at room temperature (25°C). n = 14 (control)/15 (knockout) cells, total SypHy puncta analyzed were 299/370. (D) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (co-expressing DsRed2 + SypHy; black) and N-cadherin knockout (co-expressing DsRed2 + SypHy + CreEGFP; red) neurons at 25°C. (E) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM for control and N-cadherin knockout neurons (right). (F) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEM for control and N-cadherin neurons (right). (G–I) Conditional knockout of N-cadherin resulted in significantly impaired vesicle endocytosis at near physiological temperature (34°C). n = 12 (control)/13 (knockout) cells, total SypHy puncta analyzed were 191/237. (G) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (black) and N-cadherin knockout (red) neurons at 34°C. (H) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM for control and N-cadherin knockout neurons (right). P = 0.028. (I) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEMs for control and N-cadherin knockout neurons (right). P = 0.01. ns: non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test (B,C,E–G). Whenever the normality test failed, Mann-Whitney’s test on ranks was performed (I). Data shown in (A–C) are the same as control data in (D–F) and (G–I). n (cells) is indicated on bars.
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FIGURE 3. Knockout of N-cadherin resulted in impairment of different modes of endocytosis at near physiological temperature (34°C). (A–C) Experimental paradigm to distinguish between individual vesicle endocytosis and bulk endocytosis. (A) Representative overlay images showing FM1–43 (green puncta) and TMR-dextran (red puncta) uptake induced by 200 stimuli (at 20 Hz) in cortical neurons in mass culture at 25°C (left) and at 34°C (right). The White arrow indicates a typical synaptic punctum with only FM1–43 uptake. Scale bar: 5 μm. (B) Example overlay images showing FM1–43 (green puncta) and TMR-dextran (red puncta) uptake induced by 400 stimuli (at 20 Hz) in cortical neurons in mass culture at 25°C (left) and at 34°C (right). The Blue arrow indicates a typical punctum (yellow) showing co-uptake of both FM1–43 and TMR-dextran. Scale bar: 5 μm. (C) Quantification of the percentage of FM1–43 positive puncta co-localizing with TMR-dextran uptake (black 25°C; magenta 34°C) with 200 (n = 8/11) and 400 stimuli (n = 6/9, n represents fields of view). (D,F–H) Cre mediated conditional (postsynaptic) knockout of N-cadherin resulted in reduced individual vesicle endocytosis at 25°C in cortical neurons at 14–15 DIV. Cortical neurons were sparsely co-transfected at 9 DIV with EBFP2 (to visualize dendrites) and CreEGFP. FM1–43 and TMR-dextran uptake was induced by electrical stimulation (200 stimuli at 20 Hz at 25°C). (D) Example overlay images of dendrites (blue) from transfected neurons with FM1–43 (green) and TMR-dextran puncta (red) overlayed. Scale bar: 5 μm. (F) Quantification of the dendritic density of total FM1–43 labeled puncta in individual transfected neurons (left) and means ± SEM (black: control; red: N-cadherin knockout; n = 16/13 cells, right). P = 0.043. (G) Quantification of the dendritic density of FM1–43 puncta co-localizing with TMR-dextran in individual neurons (left) and means ± SEM (right). Note that dextran uptake was very weak at this experimental condition (baseline uptake). (H) Quantification of the dendritic density of FM1–43 puncta not co-localizing with TMR-dextran in individual neurons (left) and means ± SEM (right). P = 0.013. (E,I–K) Postsynaptic knockout of N-cadherin by sparse Cre transfection (+EBFP2) resulted in a significant reduction in both, individual vesicle endocytosis and bulk endocytosis at near physiological temperature (34°C). Vesicle cycling was induced by 400 stimuli at 20 Hz. (E) Example overlay images of dendrites (blue) from transfected neurons with FM1–43 (green) and TMR-dextran puncta (red) overlayed. Scale bar: 5 μm. (I) Quantification of the dendritic density of total FM1–43 puncta in individual neurons (left) and means ± SEM (black: control; red: N-cadherin knockout; n = 23/28 cells, right). P < 0.001. (J) Quantification of the dendritic density of FM1–43 puncta co-localizing with TMR-dextran in individual neurons (left) and means ± SEM (right). P = 0.044. Note the reduction in TMR-dextran uptake in N-cadherin knockout neurons indicating impaired bulk endocytosis. (K) Quantification of the dendritic density of FM1–43 puncta not co-localizing with TMR-dextran in individual neurons (left) and means ± SEM (right). ns: non-significant, P = 0.001. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test (F,G). Whenever the normality test failed Mann-Whitney’s test on ranks was performed (H–K).
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FIGURE 4. Inhibition of N-cadherin function by NcadΔE expression resulted in reduced synaptic vesicle endocytosis. (A–C) Inhibiting the function of N-cadherin by co-expressing a dominant-negative N-cadherin fragment (NcadΔE) lacking the extracellular domains (with DsRed2 and SypHy at 9 DIV in individual cortical neurons) resulted in a significant reduction in synaptic vesicle endocytosis at autapses at near physiological temperature (34°C). SypHy imaging was performed at 12–14 DIV with 400 stimuli at 20 Hz. n = 16 (control)/11 (NcadΔE) cells, the total number of SypHy puncta analyzed were 463/192. (A) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (co-expressing DsRed2 + SypHy; black) and NcadΔE expressing (co-expressing DsRed2 + SypHy + NcadΔE; red) neurons at 34°C. (B) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM for control and N-cadΔE expressing neurons (right). P = 0.007. (C) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEM for control and N-cadΔE expressing neurons (right). P = 0.005. (D–F) Postsynaptic functional block of N-cadherin by sparse NcadΔE expression in mass cultures of cortical neurons did not result in a significant change in vesicle endocytosis at 25°C, as studied by uptake of FM1–43 and TMR-dextran induced by 200 stimuli at 20 Hz. (D) Quantification of the dendritic density of total FM1–43 puncta in individual transfected neurons (left), and means ± SEM (black: control; red: N-cadΔE expression; n = 16/18 cells, right). (E) Quantification of the dendritic density of FM1–43 puncta co-localizing with TMR-dextran in individual neurons (left), and means ± SEM (right). TMR-dextran uptake is very low at this experimental condition (baseline uptake). (F) Quantification of the dendritic density of FM1–43 puncta not co-localizing with TMR-dextran in individual neurons (left), and means ± SEM (right). (G–I) Postsynaptic inhibition of N-cadherin function by NcadΔE expression resulted in significant impairment in bulk endocytosis at 34°C (400 stimuli at 20 Hz). (G) Quantification of the dendritic density of total FM1–43 puncta in individual transfected neurons (left), and means ± SEM (black: control; red: NcadΔE expression; n = 21/28 cells, right). P < 0.001. (H) Quantification of the dendritic density of FM1–43 puncta co-localizing with TMR-dextran in individual neurons (left), and means ± SEM (right). P < 0.001. (I) Quantification of the dendritic density of FM1–43 puncta not co-localizing with TMR-dextran in individual neurons (left), and means ± SEM (right). **P < 0.01, ***P < 0.001, Student’s t-test (B,C). Whenever the normality test failed Mann-Whitney’s test on ranks was performed (D–I).
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FIGURE 5. Knockout of N-cadherin resulted in reduced synaptic vesicle exocytosis with short-term stimulation at near physiological temperature (34°C). (A,B) Effect of N-cadherin knockout on synaptic vesicle exocytosis studied with shortterm stimulation at autapses in cultured cortical neurons. (A) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (co-expressing DsRed2 + SypHy; black) and N-cadherin knockout (co-expressing DsRed2 + SypHy + CreEGFP; red) neurons in response to 100 stimuli at 20 Hz at 34°C. (B) Quantification of mean SypHy intensities at the end of stimulation (5 s; maximal SypHy signal) in individual neurons (left), and means ± SEM (right) for control (black) and N-cadherin knockout (red) neurons. n = 20/20 cells, total SypHy puncta analyzed were 333/383. P = 0.047. (C,D) Effect of N-cadherin knockout on synaptic vesicle exocytosis studied with short-term stimulation at axonal release sites. (C) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (black) and N-cadherin knockout (red) neurons in response to 100 stimuli at 20 Hz at 34°C. (D) Quantification of mean SypHy intensities at the end of stimulation (5 s; maximal SypHy signal) in individual neurons (left), and means ± SEM (right) for control (black) and N-cadherin knockout (red) neurons. n = 16/13 cells, total SypHy puncta analyzed were 212/130. P = 0.023. The Student’s t-test was used for statistical analysis, *P < 0.05 (B,D). (E,F) Effect of N-cadherin knockout on synaptic vesicle exocytosis studied in the presence of bafilomycin-A1 at autapses. (E) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (black) and N-cadherin knockout (red) neurons in response to 400 stimuli at 20 Hz at 34°C in the presence of bafilomycin-A1 (1 μM). (F) Quantification of mean SypHy intensities at the end of stimulation (20 s; exocytosis signal) in individual neurons (left), and means ± SEM (right) for control (black) and N-cadherin knockout (red) neurons. n = 15/15 cells, total SypHy puncta analyzed were 361/403. P = 0.004. (G,H) Effect of N-cadherin knockout on synaptic vesicle exocytosis studied in the presence of bafilomycin-A1 at axonal release sites. (G) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control (black) and N-cadherin knockout (red) neurons in response to 400 stimuli at 20 Hz at 34°C in the presence of bafilomycin-A1 (1 μM). The dotted blue line indicates the end of stimulation. (H) Quantification of mean SypHy intensities at the end of stimulation (20 s; exocytosis signal) in individual neurons (left), and means ± SEM (right) for control (black) and N-cadherin knockout (red) neurons. n = 15/12 cells, total SypHy puncta analyzed were 289/275. P = 0.039. Student’s t-test was used for statistical analysis, *P < 0.05, **P < 0.01.





FM1–43 and TMR-Dextran Co-staining and Data Analysis

To differentially label synaptic vesicle endocytosis occurring by different mechanisms, cultured neurons were co-stained by using the styryl dye FM1–43 and Tetramethylrhodamine (TMR)-dextran at room (25°C) and at near physiological temperature (34°C) (Clayton and Cousin, 2009b). In N-cadherin knockout and function-blocking experiments, the expression of EBFP2 in individual transfected neurons was used as a transfection marker. Cultured neurons were mounted in a stimulation chamber (Live Cell Instrument) and synaptic vesicle turnover was induced by electrical stimulation (at 20 Hz). TMR-dextran (40 kDa, 50 μM) and FM1–43 (10 μM) were present during the stimulation, and were removed after the end of stimulation by immediate washing for 3–5 min in Ca2+-free extracellular solution containing 1 mM ADVASEP-7. To ensure the specificity of TMR-dextran uptake, quantitative analysis was done only for TMR-dextran puncta co-localizing with FM1–43 puncta, puncta with only TMR-dextran staining were excluded. For quantitative analysis of FM1–43 and TMR-dextran co-stainings, fluorescence images were thresholded offline using MetaMorph software (Molecular Devices/Visitron Systems), and a low pass filter was applied to remove single pixel noise. FM1–43 and TMR-dextran fluorescence images were then overlayed on the images of EBFP2 expressing neurons to identify FM1–43 puncta on dendrites of transfected neurons. Regions of interest (ROI) were created around FM1–43 puncta to quantify the puncta density/10 μm of dendrite length (total endocytosis signal). To identify the bulk endocytosis component, the density of FM1–43 puncta co-localizing with TMR-dextran on the dendrite of transfected neurons was determined (bulk endocytosis signal). We also analyzed the mean pixel intensity per punctum for both FM1–43 and TMR-dextran puncta using ImageJ (see Supplementary Figure S1).



Stimulation by High Extracellular [K+] and Immunocytochemistry

To study the structural changes associated with strong synaptic vesicle release, cultured cortical neurons (12–13 DIV) were stimulated for 5 min by using an extracellular solution containing high [K+] (in mM: 88.5 NaCl, 50 KCl, 2 CaCl2, 1.3 MgCl2, 10 HEPES, 10 glucose, pH = 7.3). After stimulation, cultures were immediately fixed with 4% paraformaldehyde (PFA). For control, cultured neurons were incubated in a standard extracellular solution (in mM: 136 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 10 HEPES, 10 glucose, pH = 7.3) for 5 min before fixation. In addition, neuronal cultures were allowed to recover for 30 min in a standard extracellular solution (2.5 mM [K+]) after stimulation (5 min in 50 mM [K+]), and then fixed with 4% PFA (20 min). After stimulation and fixation, cells were subjected to triple immunocytochemical staining according to a standard protocol. In brief, cells were permeabilized with 0.3% Triton X-100 in blocking buffer (10% fetal bovine serum (FBS), 5% sucrose, 2% bovine serum albumin (BSA, in PBS, pH 7.4) for 30 min at room temperature. Cells were then incubated for 1 h with primary antibodies, followed by washing 3 × 10 min with phosphate-buffered saline (PBS). After this, cultures were incubated with Alexa Fluor (AF) conjugated secondary antibodies (Invitrogen) for 1 h at room temperature. Then, cultures were again rinsed 3 × 10 min with PBS, and coverslips were mounted to reduce photobleaching. The following primary antibodies were used: anti-N-Cadherin (rabbit polyclonal, 1:500, Abcam; Cat. No. 18203), anti-VGLUT1 (guinea pig polyclonal, 1:500, Synaptic Systems Cat.No.135304), and anti-PSD95 (mouse monoclonal, 1:500, Thermo Fisher Scientific MA1-046). The following secondary antibodies were used: AF 555 (goat anti-rabbit, 1:500, Cat. No. A21429), AF488 (goat anti-guinea pig, 1:500, Cat. No. A11073), and AF647 (goat anti-mouse, 1:500, Cat. No. A21241).



Structured Illumination Microscopy (SIM) Imaging and Data Analysis

Super-resolution structured illumination microscopy (SIM) imaging was performed using an ELYRA PS microscope (Zeiss) at the Center for Advanced Imaging (CAI), HHU Düsseldorf. Three different diode lasers with 488 nm, 561 nm, and 642 nm wavelengths were used to excite different fluorophores in triple immunostained cultured cortical neurons (see above). Images were captured with an alpha Plan-Apochromat 63×/1.4 oil DIC M27 objective (Zeiss) as z-stacks using an EM-CCD camera with 1002 × 1002 pixels for maximum resolution. To obtain super-resolution, out-of-focus light was computationally removed (optical sectioning) and super-resolution images were reconstructed offline. Maximum intensity projections were used for further analysis. First, images (individual channels) were thresholded based on the intensity profile using ImageJ Fiji, and single pixel noise was removed using a median filter. The thresholded images were given pseudo colors, and an overlay was created using VGLUT1 and PSD95 images. The overlay was then searched for co-localizing VGLUT1+PSD95 puncta (glutamatergic synapses), and regions of interest were created around them. The corresponding N-cadherin image was then superimposed on the overlay, and N-cadherin localization was determined in relation to synapses (VGLUT1+PSD95 puncta). To exclude potential investigator bias, one complete K+ stimulation and recovery experiment was analyzed blinded to experimental conditions.



Statistics

All data are given as individual values and as means ± SEM. Statistical significance was determined by Student’s t-test, if applicable (whenever normality test failed, Mann-Whitney’s test on ranks was performed), and by one-way ANOVA in combination with Tukey‘s posthoc test. SigmaPlot 11 software was used.




RESULTS


SypHy Imaging Revealed Pronounced Temperature Dependence of Synaptic Vesicle Endocytosis

In this study, we investigated the functional roles of the synaptic adhesion molecule N-cadherin in both synaptic vesicle exo- and endocytosis in cultured mouse cortical neurons. In an initial experimental approach, we used synaptophysin-pHluorin (SypHy) expression and focussed on the quantitative study of synaptic vesicle endocytosis at individual release sites (Granseth et al., 2006). SypHy fluorescence signals at discrete autaptic and axonal puncta (vesicle accumulations; Figure 1A) increase during synaptic vesicle exocytosis, because of neutralization of the acidic pH of synaptic vesicles, and decrease during synaptic vesicle endocytosis and re-acidification (Royle et al., 2008; Figure 1B). To reveal all autaptic and axonal puncta expressing SypHy in individual transfected cortical neurons, the pH of synaptic vesicles was neutralized by the addition of NH4Cl (50 mM) at the end of each experiment (Figure 1A). To identify SypHy transfected cells, cortical neurons were co-transfected with DsRed2 visualizing dendrites (MAP2 immuno-positive) and small caliber (tau immuno-positive, MAP2 immuno-negative) axons. SypHy puncta located on dendrites were regarded as autaptic release sites, whereas SypHy puncta located in small caliber axonal processes (without apposed dendrite) were regarded as axonal release sites (Figure 1A). The SypHy fluorescence signal observed during NH4Cl application was used for normalization of the SypHy signals elicited by electrical stimulation at physiological pH at individual autaptic and axonal puncta. Synaptic vesicle endocytosis was quantified by two measures (Figure 1B): (i) by the amount of fluorescence decay at 90 s after the end of stimulation, and (ii) by the monoexponential decay time constant of the SypHy signal.

SypHy imaging was performed in cultured cortical neurons at 14–15 DIV at two different temperatures: (i) at 25°C (room temperature, and (ii) at 34°C (near physiological temperature). Both autaptic (Figures 1C–E) and axonal (Figures 2A–C) SypHy puncta were analyzed separately. As expected, a quantitative comparison of the amount of fluorescence decay (endocytosis) at 90 s revealed a significantly increased amount of endocytosis at 34°C at autaptic release sites (Figure 1D). Similarly, quantitative comparison of decay time constants revealed a significantly increased rate of endocytosis at 34°C (Figure 1E). The stimulation-induced SypHy fluorescence increase was reduced at 34°C (from 40.3 ± 2.4% to 28.7 ± 1.8%), however, this was most likely caused by the enhanced endocytosis ongoing already during the 20 s stimulation period and thus reducing the exocytosis related increase in SypHy fluorescence (Fernández-Alfonso and Ryan, 2004). At axonal SypHy puncta very similar results were obtained (Figures 2A–C). In summary, our results confirm that synaptic vesicle endocytosis is highly temperature sensitive, as has been described also in several previous studies (e.g., Fernández-Alfonso and Ryan, 2004; Renden and von Gersdorff, 2007; Watanabe et al., 2014; Delvendahl et al., 2016; Chanaday and Kavalali, 2018).



N-Cadherin Knockout Resulted in Impaired Endocytosis at Near Physiological Temperature

To study the potential role of N-cadherin in synaptic vesicle endocytosis, we induced a conditional N-cadherin knockout in individual cortical neurons (with floxed N-cadherin gene; Kostetskii et al., 2005) in culture by sparse co-transfection with cre and SypHy (+DsRed2). At room temperature (25°C) with the application of 400 stimuli at 20 Hz, SypHy imaging at autaptic release sites revealed only a non-significant trend to a reduction in the amount of endocytosis at 90 s after the end of stimulation in N-cadherin knockout neurons (pre- and postsynaptic knockout; Figures 1F,G). Similarly, the SypHy signal decay time constant showed only a non-significant trend to be increased (Figure 1H). The stimulation-induced SypHy fluorescence increase was not significantly altered in N-cadherin knockout neurons. At axonal SypHy puncta, very similar results were obtained (Figures 2D–F), despite the fact that only the presynaptic cell was an N-cadherin knockout neuron. Most importantly, at 34°C with a near physiological rate of endocytosis SypHy imaging at autaptic release sites clearly demonstrated a significant reduction in the amount of endocytosis at 90 s after the end of stimulation in N-cadherin knockout neurons (pre- and postsynaptic knockout; Figures 1I,J). In addition, the SypHy signal decay time constant was significantly increased (Figure 1K). Again, the stimulation-induced SypHy fluorescence increase was not significantly altered in N-cadherin knockout neurons. At axonal SypHy puncta (only presynaptic knockout) a similar significant impairment of endocytosis was observed (Figures 2G–I). In summary, our results with conditional N-cadherin knockout experiments indicate that N-cadherin plays an important role in enabling highly efficient endocytosis at near physiological temperature. At room temperature endocytosis occurs in a much less efficient way and consequently, the effects of N-cadherin deficiency were much less pronounced.



N-Cadherin Deficiency Impaired Both Single Vesicle Endocytosis and Bulk Endocytosis

Synaptic vesicle endocytosis is well known to occur in at least two, at the subcellular level, clearly distinct modes: (i) endocytosis of individual synaptic vesicles, and (ii) bulk endocytosis of large membrane invaginations. We next wanted to investigate whether individual vesicle endocytosis and bulk endocytosis are both modulated by N-cadherin. We decided to study this by using two rather different experimental conditions: (i) a stimulation paradigm under which bulk endocytosis is almost completely absent, and (ii) a second stimulation paradigm under which bulk endocytosis is prominent. To specifically label bulk endocytosis events, we stimulated the neurons in the presence of extracellular fluorescent TMR-dextran (40 kD), because it is well established to be taken up selectively into large membrane invaginations (Clayton and Cousin, 2009b). To unspecifically visualize all endocytosis events, we co-added the styryl dye FM1–43 (Gaffield and Betz, 2006) to the extracellular solution. We reasoned that individual vesicle endocytosis events will be labeled only by FM1–43, whereas bulk endocytosis events will be labeled by both FM1–43 and TMR-dextran (Clayton and Cousin, 2009b). We initially used two different electrical stimulation paradigms (200 stimuli and 400 stimuli at 20 Hz), which were each applied at two different temperatures (25°C and 34°C) to mass cultures of cortical neurons at 12–13 DIV (Figures 3A,B). We observed that with 200 stimuli at 25°C only rather few FM1–43 puncta were co-labeled with TMR-dextran (Figure 3C) thus representing a stimulation condition where bulk endocytosis is largely absent. In contrast, with 400 stimuli at 34°C more than 50% of the FM1–43 puncta were co-labeled with TMR-dextran (Figure 3C) thus representing a stimulation condition where bulk endocytosis is prominent.

After having established these two distinctive stimulation paradigms, we studied FM1–43 and TMR-dextran uptake in individual transfected cortical neurons (with floxed N-cadherin genes) that were visualized by EBFP2 as transfection marker (transfection at 9 DIV) at 14–15 DIV in mass culture (Figures 3D,E). Co-expression of cre was used to induce a conditional N-cadherin knockout in individual transfected neurons (postsynaptic knockout). With bulk endocytosis (and TMR-dextran uptake) largely absent (200 stimuli at 25°C), we observed a significant decrease in the dendritic density of FM1–43 puncta in N-cadherin deficient neurons (Figures 3F–H). The mean fluorescence intensity of puncta remaining in N-cadherin knockout neurons was only slightly reduced (Supplementary Figure S1). Our results indicate an important dependence of individual vesicle endocytosis on N-cadherin expression. With bulk endocytosis occurring in addition (400 stimuli at 34°C), we again observed a significant reduction in the dendritic density of FM1–43 puncta in N-cadherin knockout neurons (Figure 3I). The selective analysis of FM1–43 puncta that were co-labeled with TMR-dextran revealed a significant decrease of the dendritic density of FM1–43 puncta co-localizing with TMR-dextran (Figure 3J). The mean fluorescence intensity of TMR-dextran puncta remaining in N-cadherin knockout neurons was not changed (Supplementary Figure S1). Taken together, our results indicate a strong dependence also of bulk endocytosis on N-cadherin expression. The selective analysis of FM1–43 puncta that were not co-labeled again revealed a significant reduction of the dendritic density of FM1–43 only puncta (individual vesicle endocytosis, Figure 3K). In summary, our experiments analyzing the N-cadherin dependence of FM1–43 and TMR-dextran uptake revealed that both individual vesicle endocytosis and bulk endocytosis are impaired in N-cadherin deficient neurons.



Inhibition of N-Cadherin Function Resulted in Impaired Endocytosis at Near Physiological Temperature

We next wanted to study, whether an inhibition of N-cadherin function leaving the N-cadherin gene intact has similar effects on synaptic vesicle endocytosis as the complete knockout of the N-cadherin gene. Overexpression of a transmembrane C-terminal fragment of N-cadherin without the extracellular cadherin domains (NcadΔE) is a well-established experimental approach to inhibit N-cadherin function (Togashi et al., 2002; Andreyeva et al., 2012). We first investigated the effects of NcadΔE overexpression on synaptic vesicle endocytosis by using SypHy imaging in microisland cultures of mouse cortical neurons at near physiological temperature (34°C). At 9 DIV individual neurons were co-transfected with a transfection marker (DsRed2), a SypHy vector, and a NcadΔE vector. At 12–13 DIV SypHy fluorescence signals were elicited by extracellular stimulation (400 stimuli at 20 Hz), and SypHy signals from autaptic puncta were analyzed as described above (Figure 4A). In NcadΔE overexpressing neurons we found a significant reduction in the fraction of endocytosis at 90 s after the end of stimulation (Figure 4B), and a significant increase in the decay time constant of the SypHy signal (Figure 4C). The stimulation-induced SypHy fluorescence increase was not altered. These results demonstrate that inhibition of N-cadherin function results in impaired synaptic vesicle endocytosis.

We further investigated the effects of NcadΔE overexpression on the endocytotic uptake of FM1–43 and TMR-dextran, which was studied as described above. In line with inhibition of N-cadherin function being a somewhat weaker interference than N-cadherin gene knockout, we did not observe a significant reduction of FM1–43 uptake (vesicle endocytosis) at 25°C upon NcadΔE overexpression (Figures 4D–F). In contrast, at a near physiological temperature (34°C) we found a significant decrease in the dendritic density of FM1–43 puncta (Figure 4G). This was mainly due to a significant reduction of FM1–43 puncta co-localizing with TMR-dextran (Figure 4H), whereas the dendritic density of FM1–43 puncta not co-localizing with TMR-dextran did not change (Figure 4I). The mean fluorescence intensity of the puncta remaining upon inhibiting N-cadherin function was only slightly changed (Supplementary Figure S1). In summary, these results indicate that partial inhibition of N-cadherin function results in an impairment of bulk endocytosis, whereas direct individual vesicle endocytosis is largely maintained. This is in line with the idea that bulk endocytosis is a more complex process than direct vesicle endocytosis, and therefore is more dependent on full N-cadherin function, which potentially controls the complexity of actin organization.



N-Cadherin Knockout Additionally Resulted in an Impaired Exocytosis of Synaptic Vesicles

Based on patch clamp recordings, it had been described previously by our group, that an N-cadherin knockout in mouse ES cell-derived neurons resulted in a defect in exocytosis of synaptic vesicles when a two-pulse stimulation paradigm was used (Jüngling et al., 2006). However, in the above described SypHy imaging experiments, we did not observe a significantly reduced SypHy fluorescence signal when using a relatively long-lasting stimulation paradigm (400 stimuli at 20 Hz). Differences in exocytosis might have been obscured with this stimulation paradigm by the fact that endocytosis already limits SypHy signal amplitude during the 20 s stimulation period (Fernández-Alfonso and Ryan, 2004). Therefore, we further studied synaptic vesicle cycling with SypHy imaging with a shortened stimulation paradigm (100 stimuli at 20 Hz, 34°C). Using this 5 s stimulation and identical transfection and cultivation conditions as described above, we indeed found a significant reduction of the stimulation-induced SypHy fluorescence increase at autaptic sites in N-cadherin knockout neurons (Figures 5A,B). The analysis of axonal sites revealed a similar reduction of the stimulation-induced SypHy fluorescence increase in N-cadherin deficient neurons (Figures 5C,D). Despite the weaker stimulation, the analysis of the endocytosis-related SypHy signal decay revealed a similar tendency towards impairment of endocytosis in N-cadherin knockout neurons (Supplementary Figure S2) as found above with the 400 stimuli at 20 Hz stimulation paradigm.

To further confirm changes in synaptic vesicle exocytosis in N-cadherin deficient cortical neurons, we performed SypHy imaging in the presence of bafilomycin A1 (1 μM). Bafilomycin A1 blocks the reacidifiction of newly endocytosed vesicles/membrane invaginations (Fernández-Alfonso and Ryan, 2004; Atluri and Ryan, 2006) thus leading to a non-decaying fluorescence increase upon stimulation that represents the exocytosis of synaptic vesicles (Figures 5E–G). As expected, we observed a significant reduction of the SypHy fluorescence signal at the end of a 20 s stimulation (400 stimuli at 20 Hz, 34°C) at both autaptic and axonal SypHy puncta in N-cadherin knockout neurons (Figures 5F–H). In summary, our results indicate that N-cadherin plays a significant role also in synaptic vesicle exocytosis, possibly by contributing via modulating the actin cytoskeleton to release site clearance after vesicle fusion.



Enhancing Actin Polymerization Ameliorated Endocytosis Defects in N-Cadherin Knockout Neurons

To address the molecular mechanisms underlying the enhancing role of N-cadherin in synaptic vesicle endocytosis, we studied whether promoting actin polymerization can ameliorate the endocytosis defects observed in N-cadherin knockout neurons. We used the pharmacological drug jasplakinolide to promote actin polymerization in cultured neurons (Soykan et al., 2017), and performed SypHy imaging at near physiological temperature (34°C) with standard stimulation (400 stimuli at 20 Hz). Acute (5 min) extracellular addition of jasplakinolide (5 μM) did not significantly alter the endocytosis-related SypHy signal decay at autaptic release sites in control cortical neurons, although a strong trend towards an enhancement of vesicle endocytosis was evident (Figure 6). Importantly, in N-cadherin knockout neurons, acute addition of jasplakinolide completely reversed the slow down of endocytosis kinetics that was induced by the N-cadherin deficiency (Figures 6A–C). Furthermore, a clear trend to an increased amount of endocytosis at 90 s after the end of stimulation was observed in N-cadherin knockout neurons upon acute addition of jasplakinolide (Figures 6A,B). These results are in line with the idea that N-cadherin modulates endocytosis by its well-known signaling to the actin network via β- and α-catenins thus leading to an improved organization of actin filaments. However, a more general compensatory effect of jasplakinolide cannot be excluded, because this drug has been described to enhance vesicle endocytosis also in wildtype neurons (Soykan et al., 2017).
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FIGURE 6. Polymerization of actin induced by Jasplakinolide in N-cadherin knockout neurons ameliorated impaired synaptic vesicle endocytosis. (A–C) SypHy imaging was performed at autapses (400 stimuli at 20 Hz at 34°C) in control and N-cadherin knockout neurons at 14–15 DIV (see Figure 1). Cultures were treated with 5 μM Jasplakinolide for 5 min before imaging to induce actin polymerization. (A1) Example time courses of mean SypHy fluorescence intensities (all puncta per cell averaged, normalized to NH4Cl signal) for control neurons (co-expressing DsRed2 + SypHy; black) and control neurons treated with 5 μM Jasplakinolide (green). (A2) Example time courses of mean SypHy fluorescence intensities for control neurons (black) and N-cadherin knockout neurons (co-expressing DsRed2 + SypHy + CreEGFP, red). (A3) Example time courses of mean SypHy fluorescence intensities for N-cadherin knockout neurons (red) and N-cadherin knockout neurons treated with 5 μM Jasplakinolide (blue). Note that SypHy traces for control (A1,A2) and N-cadherin knockout (A2,A3) neurons are shown twice for clarity. (B) Quantitative analysis of endocytosis at 90 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal) in individual neurons (left), and means ± SEM (right) for control neurons (black), control neurons treated with Jasplakinolide (green), N-cadherin knockout neurons (red), and N-cadherin knockout neurons treated with Jasplakinolide (blue). n = 15/13/16/13, total SypHy puncta analyzed were 341/382/430/311. P = 0.010 (ctrl vs. N-cad ko). (C) Quantification of SypHy signal decay time constant (tau, monoexponential fit) in individual neurons (left), and means ± SEM (right). P = 0.123 (ctrl vs. ctrl+jaspla); P = 0.003 (ctrl vs. N-cad ko); P < 0.001 (N-cad ko vs. N-cad ko+jaspla). Statistical analysis was done using one-way ANOVA with Tukey post hoc test, ns: non-significant, **P < 0.01; ***P < 0.001.





Release Activity-Dependent Recruitment of N-Cadherin to Glutamatergic Synapses

We further hypothesized that if N-cadherin is promoting vesicle membrane endocytosis, then it should be recruited to the endocytic/peri-active zone of synapses at high vesicle release activity to enhance the efficiency of vesicle endocytosis and thus ensure sufficient membrane retrieval. To study the localization of N-cadherin at synapses, we performed super-resolution fluorescence imaging using structured illumination microscopy (SIM) in cortical neurons in mass culture (12 DIV). To activate massive vesicle release, neurons were incubated in an extracellular solution with high potassium ion concentration (50 mM) to induce strong depolarization of presynaptic release sites. We immunostained the cortical neurons for N-cadherin, vGlut1 (presynaptic marker), and PSD95 (postsynaptic marker) after 5 min K+ depolarization (or addition of control extracellular solution), and after an additional recovery period of 30 min in control extracellular solution, and performed SIM imaging of fluorescent puncta. First, we analyzed K+ depolarization induced changes in N-cadherin and PSD95 puncta area. K+ depolarization led to a general increase in the area of N-cadherin puncta that tended to be reversible after the recovery period, whereas PSD95 puncta area was unchanged (Figures 7A–C). This result confirmed a previous observation by Tanaka et al. (2000), that was described prior to the advent of super-resolution techniques, indicating activity-induced alterations in N-cadherin localization. To deeper investigate activity-induced changes in N-cadherin localization, we focused our analysis on synaptic sites, which were identified as co-localizations of vGlut1 and PSD95 (Figures 7D,E). We found two clearly distinguishable categories of synapses in respect to N-cadherin localization: (i) synapses with N-cadherin localized at the synaptic cleft and the peri-active zone (cleft-associated; often asymmetric), and (ii) synapses without detectable N-cadherin. Without K+ stimulation about 60% of synapses had cleft-associated N-cadherin, and about 40% of synapses had no detectable N-cadherin (Figure 7F). Intriguingly, upon K+ depolarization we observed a significant, reversible increase in the fraction of synapses with cleft-associated N-cadherin and a corresponding reversible decrease in the fraction of synapses without detectable N-cadherin. These results suggest that N-cadherin gets recruited to synapses upon massive vesicle release, where it might strongly promote individual vesicle and bulk endocytosis to compensate for the release-associated membrane insertion (Figure 8).
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FIGURE 7. Recruitment of N-cadherin to glutamatergic synapses upon strong stimulation of vesicle release by high extracellular [K+]. (A–C) Structured illumination microscopy (SIM) revealed a significant increase in N-cadherin puncta area upon strong synaptic vesicle release induced by high extracellular [K+] (50 mM) in cultured cortical neurons (DIV 13–14). (A) Example images showing N-cadherin (upper panel) and PSD95 (lower panel) immunostaining in non-stimulated control cells (left), in 50 mM K+ stimulated cells (middle), and after 30 min recovery from K+ stimulation (right). Scale bar: 0.5 μm. (B) Quantification of mean N-cadherin puncta area (control: black; K+ stimulated: red; after recovery: gray). Means ± SEM, n = 22/16/14 dendrites (from four experiments). K+ stimulation resulted in a significant increase in N-cadherin puncta area. P = 0.014. (C) Quantification of mean PSD95 puncta area. Statistics were done using Kruskal-Wallis one-way ANOVA on Ranks with Dunn’s post hoc test, ns: non significant, *P < 0.05. (D,E) Schematic diagrams (left) and corresponding SIM overlay images (right) of glutamatergic synapses depicting two synapse categories as defined by the spatial expression of N-cadherin (red) in relation to VGLUT1 (presynaptic marker, green) and PSD95 (postsynaptic marker, magenta). (D) Synapses with cleft associated N-cadherin: N-cadherin is in close contact with synaptic cleft (at least at peri-active zone, left). Example SIM images showing VGLUT1, PSD95, N-cadherin signal overlay (upper right), and corresponding N-cadherin signal alone (lower right). (E) Synapses without N-cadherin expression (left). Example SIM images showing signal overlay (upper right) and absence of N-cadherin (lower right). Scale bar: 0.25 μm. (F) Quantification of the percentage of synapses in the two categories defined above (D,E) for non-stimulated controls (gray), in 50 mM K+ stimulated cells (red), and after 30 min recovery from K+ stimulation (black). Strong release of synaptic vesicles by K+ stimulation led to a significant increase in the number of synapses with cleft associated N-cadherin. n = 12 dendrites (from four experiments). P = 0.041 (ctrl vs. K+stim.); P = 0.026 (K+stim vs. recovery). Statistical analysis was done using one-way ANOVA with Tukey post hoc test, *P < 0.05. The two complementary categories were tested independently.
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FIGURE 8. Model of the regulation of synaptic vesicle endocytosis by N-cadherin. (A) At normal vesicle release, loss of N-cadherin at glutamatergic synapses leads to reduced synaptic vesicle endocytosis. Impaired endocytosis is ameliorated by pharmacologically enhancing actin polymerization. (B) At massive vesicle release induced by K+ depolarization, additional N-cadherin is recruited to glutamatergic synapses. Enhanced N-cadherin clustering promotes more efficient endocytosis.






DISCUSSION

In this article, our novel approach towards understanding the role of the synaptic adhesion molecule N-cadherin in synaptic vesicle endocytosis was to investigate the functional consequences of N-cadherin gene knockout at near physiological temperature. This turned out to be of crucial importance because synaptic vesicle endocytosis is well known to be highly temperature sensitive (e.g., Fernández-Alfonso and Ryan, 2004; Granseth and Lagnado, 2008; Soykan et al., 2016; Chanaday and Kavalali, 2018). Using synaptophysin-pHluorin (SypHy) fluorescence imaging (Granseth et al., 2006; Royle et al., 2008; Kavalali and Jorgensen, 2014) in cultured cortical neurons, we were able to quantitatively study synaptic vesicle endocytosis. Because of the relatively long stimulation period used in most experiments, significant vesicle endocytosis already occurs during stimulation and thus reduces the vesicle exocytosis-related increase in SypHy fluorescence (Fernández-Alfonso and Ryan, 2004). We, therefore, did not use the SypHy fluorescence increase induced by stimulation with 400 APs to conclude about changes in vesicle exocytosis.

At both, autaptic and axonal release sites, synaptic vesicle endocytosis was strongly enhanced regarding the amount and the kinetics of vesicle endocytosis upon increasing temperature from 25°C to 34°C. With moderate stimulation, at near physiological temperature a significant reduction and slow down of vesicle endocytosis was clearly evident at both autaptic and axonal release sites in N-cadherin knockout neurons. However, at room temperature no significant impairment of vesicle endocytosis was observed, possibly explaining why previous studies described mainly defects in vesicle exocytosis upon inhibiting N-cadherin function (Jüngling et al., 2006; Vitureira et al., 2011). This impairment of vesicle endocytosis in N-cadherin deficient neurons affected different modes of endocytosis similarly, thus resulting in altered single vesicle as well as bulk endocytosis. The defects in vesicle endocytosis observed in N-cadherin knockout neurons were largely confirmed in experiments, in which N-cadherin function was inhibited by overexpression of a dominant-negative C-terminal fragment that lacked the extracellular cadherin domains (NcadΔE). In addition to strong defects in vesicle endocytosis, we also found more difficult to detect defects in vesicle exocytosis in N-cadherin knockout neurons at both autaptic and axonal release sites. This required specific experimental paradigms that involved blockade of reacidification of vesicles with bafilomycin.

We further addressed for the first time the molecular mechanisms involved in the boosting of vesicle endocytosis by N-cadherin. We found that pharmacologically enhancing actin polymerization was able to ameliorate the defects in vesicle endocytosis in N-cadherin deficient neurons. This suggests that N-cadherin modulates endocytosis via its signaling to the actin filaments (Arikkath and Reichardt, 2008; Hirano and Takeichi, 2012) that are crucial for the endocytosis processes at synapses (Wu et al., 2016; Soykan et al., 2017). Alternatively, enhancing actin polymerization might generally compensate for endocytosis defects, because it has been described to enhance vesicle endocytosis also in wildtype neurons (Soykan et al., 2017). In a second step, we addressed whether N-cadherin might be involved in the compensatory enhancement of vesicle endocytosis that occurs upon strong vesicle release. Using super-resolution imaging, we observed that massive vesicle release leads to additional recruitment of N-cadherin to glutamatergic synapses, where it is in an optimal strategic position to enhance vesicle endocytosis via signaling to actin filaments (Figure 8).

It has been well described by several recent studies and confirmed in this article, that synaptic vesicle endocytosis is a highly temperature-dependent process (e.g., Fernández-Alfonso and Ryan, 2004; Renden and von Gersdorff, 2007; Watanabe et al., 2014; Delvendahl et al., 2016). The temperature sensitivity of vesicle endocytosis is much more pronounced than the temperature dependence of vesicle exocytosis (Chanaday and Kavalali, 2018). This might be caused by the much more complex molecular mechanisms involved in vesicle endocytosis as compared to the comparatively simple molecular mechanism of vesicle exocytosis involving only a few crucial proteins. Therefore, gene-knockout-induced changes in vesicle exocytosis can well be studied at room temperature, which is used in the majority of articles on the function of specific proteins in exocytosis. In contrast, gene knockout studies on vesicle endocytosis at room temperature may be misleading, because even strong knockout effects might be obscured when vesicle endocytosis is analyzed at very low efficiency and speed. It is therefore absolutely needed to analyze specific gene knockout effects on vesicle endocytosis at near physiological temperature. In this article, we present to the best of our knowledge for the first time a detailed analysis of the effects of N-cadherin knockout on vesicle endocytosis at near physiological temperature in cortical synapses. We demonstrate that using near physiological temperature is crucial for clearly detecting the significant effects of N-cadherin deficiency on synaptic vesicle endocytosis.

In this study, we investigated the effects of N-cadherin knockout on synaptic vesicle exo- and endocytosis at two rather different types of release sites, autapses and axonal release sites using SypHy imaging. Autapses in microisland cultures are well known to be very similar to bona fide synapses (Bekkers, 2020) with distinct presynaptic vesicle pools, i.e., a readily releasable (docked) pool, a reserve pool, and a resting pool (e.g., Rosenmund and Stevens, 1996; Mohrmann et al., 2003). Because of this large overall vesicle accumulation, it is difficult with standard stimulation and SypHy imaging to obtain a mean exocytosis signal of more than 40% of the NH4Cl signal (SypHy signal from all vesicles) at autapses. In contrast, axonal release sites do not contain large reserve and resting vesicle pools (Verderio et al., 1999; Matteoli et al., 2004). In line with this, we observed that the normalized SypHy exocytosis signal at axonal release sites was always larger because the readily releasable pool represents a higher fraction of the total vesicle pool as compared to autapses. Autapses and axonal release sites also differ in respect to the consequences of the gene knockout for N-cadherin protein deficiency. At autapses N-cadherin is absent pre- and postsynaptically, while at axonal release sites N-cadherin is primarily absent only presynaptically. However, if a postsynaptic structure is present, presynaptic loss of N-cadherin might also induce a postsynaptic loss because of the transsynaptic homophilic interaction of N-cadherin. Despite these potential molecular differences between autapses and axonal release sites, we found that N-cadherin knockout resulted in similar defects in vesicle endocytosis as well as in vesicle exocytosis.

Synaptic vesicle endocytosis is well known to occur via several different modes with different kinetics (Clayton and Cousin, 2009a; Soykan et al., 2016, 2017; Chanaday and Kavalali, 2018; Gan and Watanabe, 2018). Depending on the exact experimental conditions slow clathrin-dependent individual vesicle endocytosis, fast kiss-and-run endocytosis, ultrafast endocytosis, and bulk endocytosis have been described. SypHy imaging appears to report well the more slow modes of endocytosis, i.e., individual vesicle endocytosis and bulk endocytosis. Here, we attempted to further distinguish between individual vesicle endocytosis and bulk endocytosis by studying the uptake of different fluorescent dyes (Clayton and Cousin, 2009b). These two modes were well separated by the specific experimental conditions and by the differential analysis used. Analysis of individual vesicle endocytosis confirmed impairment of this mode of endocytosis in N-cadherin knockout neurons. In addition, analysis of bulk endocytosis revealed a similar impairment in N-cadherin deficient neurons suggesting that vesicle endocytosis, in general, might require the presence of N-cadherin to show optimal efficiency. In these experiments, N-cadherin gene knockout was induced only in the postsynaptic neurons because we did a sparse cre transfection of cortical neurons in mass culture. This indicates that a postsynaptic N-cadherin deficiency is sufficient to obtain a similar impairment of vesicle endocytosis as occurring with both pre- and postsynaptic knockout (autapses). This might be explained by the transsynaptic homophilic interaction of pre- and postsynaptic N-cadherin enabling a complete loss of function of the molecular N-cadherin adhesion system with only a postsynaptic knockout. In line with this idea, we showed in a previous article (Jüngling et al., 2006) that postsynaptic N-cadherin knockout is sufficient to observe similar defects (on vesicle exocytosis) as obtained with both pre- and postsynaptic knockout.

In addition to inhibiting N-cadherin function by a gene knockout approach, we used overexpression of a dominant-negative C-terminal fragment of N-cadherin (NcadΔE) lacking the extracellular cadherin domains as an alternative approach to block N-cadherin function. The latter type of approach has been well established in the N-cadherin field by several studies (e.g., Togashi et al., 2002; Vitureira et al., 2011; Andreyeva et al., 2012). Using SypHy imaging at autapses in cultured cortical neurons, we observed very similar defects of NcadΔE expression as found with N-cadherin gene knockout strongly confirming an imporant role of N-cadherin in vesicle endocytosis. Interestingly, studying defects in endocytosis induced by postsynaptic NcadΔE expression by the uptake of fluorescent dyes revealed a clear impairment only for bulk endocytosis. Individual vesicle endocytosis directly from the plasma membrane appeared to be not affected by postsynaptic NcadΔE expression (see Figure 4). This finding indicates that inhibition of N-cadherin function with NcadΔE overexpression is weaker than functional inhibition induced by N-cadherin gene knockout. This further suggests that bulk endocytosis might be more sensitive against partial loss of N-cadherin function possibly by its more complex nature involving large membrane invaginations as compared to individual vesicle endocytosis.

Regarding the molecular mechanisms of action of N-cadherin on vesicle endocytosis, the in general well-known signaling of the N-cadherin adhesion complex from N-cadherin via beta-catenin and alpha-catenin to actin filaments (Arikkath and Reichardt, 2008; Hirano and Takeichi, 2012) is likely to be involved. It has been described recently, that vesicle endocytosis is strongly dependent on the state of actin filaments and is enhanced in the presence of actin polymerizing drugs (Soykan et al., 2017). In line with this mechanistic idea, we demonstrated here that the actin polymerizing drug jasplakinolide ameliorates the impairment of vesicle endocytosis that is induced by N-cadherin deficiency. Thus a modulatory influence of the N-cadherin adhesion complex on vesicle endocytosis via its classical signaling pathway to actin filaments appears conceivable, although a non-specific compensatory enhancement of vesicle endocytosis by actin polymerization cannot be excluded. Another cell adhesion molecule, CHL1, has previously been proposed to be involved in synaptic vesicle endocytosis (Leshchyns’ka et al., 2006). This was mainly based on the binding of the intracellular domain of CHL1 to the clathrin-uncoating ATPase Hsc70. This mechanism might be selectively involved in the modulation of clathrin-mediated vesicle endocytosis. In contrast, the regulatory effect of N-cadherin affected different modes of endocytosis more generally.

Endocytosis at the peri-active zone has two basic functions: (i) fast homeostatic membrane removal from the plasma membrane to compensate for the membrane addition that is occurring during vesicle exocytosis, and (ii) retrieval of synaptic vesicles to maintain the reserve/resting pool, which is at hippocampal/cortical synapses rather large and therefore does not require a fast refill. To enable fast homeostatic membrane removal, it appears to be needed that membrane endocytosis is enhanced upon massive vesicle release. Given the endocytosis enhancing action of N-cadherin demonstrated in this article, a vesicle release-induced recruitment of N-cadherin to synapses might provide a molecular regulatory mechanism for fast homeostatic membrane removal by bulk endocytosis. To investigate a release activity-dependent recruitment of N-cadherin to synapses, we studied the synaptic localization of N-cadherin using super-resolution imaging (structured illumination microscopy, SIM). In line with previous reports (Uchida et al., 1996; Elste and Benson, 2006; Yam et al., 2013), we found that N-cadherin is localized prominently at the peri-active zone of glutamatergic synapses, and also showed expression within the synaptic cleft. However, because of the projection of the 3D structure of synapses on 2D images and because of the limited super-resolution of SIM, it was not possible to unambigiously distinguish between N-cadherin in the synaptic cleft and at the peri-active zone. Similar to Yam et al. (2013), we unexpectedly observed a rather asymmetric accumulation of N-cadherin mainly on one side of the synapse. Upon stimulating massive synaptic vesicle release with K+ depolarization, we observed a reversible, general increase in N-cadherin puncta as described previously (Tanaka et al., 2000; Yam et al., 2013). By further focusing the image analysis on bona fide glutamatergic synapses (identified by apposition of pre- and postsynaptic markers), we, in addition, observed recruitment of N-cadherin to synapses upon K+ induced massive vesicle release. This release-induced recruitment of N-cadherin strongly supports a regulatory role of N-cadherin in homeostatic membrane removal (Figure 8).

Previous studies focusing on the analysis of synaptic vesicle exocytosis in N-cadherin knockout ES cell-derived neurons (Jüngling et al., 2006), or using expression of a dominant-negative N-cadherin fragment in hippocampal neurons (Vitureira et al., 2011) described slight deficits in vesicle release. These defects were only detectable upon stimulating vesicle release with repetitive action potentials indicating that the refill of the readily releasable vesicle pool was impaired (Jüngling et al., 2006; Vitureira et al., 2011). Here, we confirmed such defects in vesicle exocytosis in N-cadherin knockout cortical neurons using repetitive stimulation at 20 Hz with SypHy imaging at both autaptic and axonal release sites. Regarding the molecular mechanisms involved, two working hypotheses appear well conceivable. Loss of N-cadherin function might via dysregulation of actin filament organization lead to an impaired movement of vesicles from the reserve pool to the docked vesicle pool. Alternatively, loss of N-cadherin function might again via dysregulation of actin filaments result in an impairment of release site clearance thus inhibiting further vesicle release.



CONCLUSIONS

In addition to its well-established postsynaptic role in spine plasticity, the transsynaptic N-cadherin adhesion complex has an important presynaptic regulatory function in synaptic vesicle endocytosis as indicated by our N-cadherin knockout study in cortical neurons (Figure 8A). The endocytosis enhancing action of N-cadherin might be mediated by promoting presynaptic actin filament organization. Because N-cadherin was recruited to glutamatergic synapses upon massive vesicle release (Figure 8B), its endocytosis boosting effect might lead to enhanced membrane endocytosis thus compensating for the vesicle release-induced enlargement of the presynaptic plasma membrane.
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SUPPLEMENTARY FIGURE S1 | Mean fluorescence intensity of FM1–43 and TMR-dextran puncta in N-cadherin knockout neurons and upon inhibition of N-cadherin function. Quantitative analysis of mean pixel fluorescence was performed on thresholded images of FM1–43 and TMR-dextran puncta (see Figure 3 and Figure 4). (A–C) Cumulative probability plots of mean fluorescence intensity of individual puncta from control and N-cadherin knockout neurons. (A) Total FM1–43 puncta at room temperature. (B) Total FM1–43 puncta at near physiological temperature. (C) TMR-dextran puncta at near physiological temperature. (D–F) Cumulative probability plots of mean fluorescence intensity of individual puncta from control and N-cadherinΔE expressing neurons (dominant negative N-cadherin fragment). (D) Total FM1–43 puncta at room temperature. (E) Total FM1–43 puncta at near physiological temperature. (F) TMR-dextran puncta at near physiological temperature.

SUPPLEMENTARY FIGURE S2 | Reduced synaptic vesicle endocytosis was observed in N-cadherin knockout neurons using 100 stimuli at 20 Hz in SypHy imaging experiments. Quantitative analysis of synaptic vesicle endocytosis from the SypHy experiments (100 stimuli at 20 Hz at 34°C) shown in Figures 5A–D. (A) Quantitative analysis of endocytosis at 50 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal; values at 48, 50 and 52 s averaged; 100 stimuli at 20 Hz) at autapses in individual neurons (left), and means ± SEM for control (black) and N-cadherin knockout (red) neurons (right). n = 20/20 cells. P = 0.195. Student’s t-test was used for statistical analysis, ns: non-significant. (B) Quantitative analysis of endocytosis at 50 s after the end of stimulation (SypHy signal loss as % of maximal SypHy signal; values at 48, 50 and 52 s averaged; 100 stimuli at 20 Hz) at axonal release sites in individual neurons (left), and means ± SEM for control (black) and N-cadherin knockout (red) neurons (right). n = 16/13 cells. P = 0.0062. Mann-Whitney’s test on ranks was performed for statistical analysis.
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