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Postsynaptic Neuroligin-1 Mediates
Presynaptic Endocytosis During
Neuronal Activity

Jiaqi Keith Luo't, Holly Melland'?t, Jess Nithianantharajah’*t* and Sarah L. Gordon'2*t*

' The Florey Institute of Neuroscience and Mental Health, The University of Melbourne, Parkville, VIC, Australia, > Melbourne
Dementia Research Centre, The Florey Institute of Neuroscience and Mental Health, The University of Melbourne, Parkville,
VIC, Australia

Fast, high-fidelity neurotransmission and synaptic efficacy requires tightly regulated
coordination of pre- and postsynaptic compartments and alignment of presynaptic
release sites with postsynaptic receptor nanodomains. Neuroligin-1 (Nign1) is a
postsynaptic cell-adhesion protein exclusively localised to excitatory synapses that is
crucial for coordinating the transsynaptic alignment of presynaptic release sites with
postsynaptic AMPA receptors as well as postsynaptic transmission and plasticity.
However, little is understood about whether the postsynaptic machinery can mediate
the molecular architecture and activity of the presynaptic nerve terminal, and thus it
remains unclear whether there are presynaptic contributions to Nign1-dependent control
of signalling and plasticity. Here, we employed a presynaptic reporter of neurotransmitter
release and synaptic vesicle dynamics, synaptophysin-pHIuorin (sypHy), to directly
assess the presynaptic impact of loss of Nigni. We show that lack of Nign1 had
no effect on the size of the readily releasable or entire recycling pool of synaptic
vesicles, nor did it impact exocytosis. However, we observed significant changes in the
retrieval of synaptic vesicles by compensatory endocytosis, specifically during activity.
Our data extends growing evidence that synaptic adhesion molecules critical for forming
transsynaptic scaffolds are also important for regulating activity-induced endocytosis at
the presynapse.

Keywords: neuroligin, endocytosis, postsynaptic, presynaptic, synaptic vesicle, synapse, transsynaptic,
neurotransmission

INTRODUCTION

Activity-dependent neural signalling and plasticity relies on the coordination of pre- and
postsynaptic compartments. The alignment of presynaptic release sites with postsynaptic receptor
nanodomains is important for tightly regulating synaptic efficacy and for fast, high fidelity
neurotransmission. This critically relies on transsynaptic organisation by adhesion molecules such
as the neurexin-neuroligin complex (Sudhof, 2008; Haas et al., 2018). Presynaptic neurexin drives
active zone formation (Missler et al., 2003) and postsynaptic neuroligin-1 (Nlgn1) recruits scaffolds,
such as PSD-95, and NMDA and AMPA receptors (Graf et al., 2004; Heine et al., 2008; Mondin
etal., 2011; Budreck et al., 2013).
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Neuroligin-1 is the only member of the neuroligin family
of synaptic cell-adhesion proteins (Nlgnl-4) that is exclusively
localised to the postsynaptic membrane of excitatory synapses
(Song et al., 1999). Nlgnl is a single pass transmembrane
protein with an extracellular catalytically inactive acetylcholine
esterase domain and an intracellular c-terminus which interacts
with scaffolding proteins such as PSD-95 (Ichtchenko et al.,
1995; Irie et al., 1997). It forms a constitutive homo- or
heterodimer (with its family member neuroligin-3, Nlgn3), and
via its extracellular N-terminal domain binds to two presynaptic
neurexin molecules in a calcium-dependent manner to mediate
transsynaptic cell adhesion (Nguyen and Sudhof, 1997; Arac
et al, 2007). Constitutive knockout or widespread loss of
Nlgnl in the hippocampus or amygdala does not alter synapse
number and structure (Varoqueaux et al., 2006; Kim et al,
2008; Blundell et al., 2010; Kwon et al., 2012). While Nlgnl
overexpression or knock-down does alter synapse number and
spine morphology (Dean et al., 2003; Graf et al., 2004; Boucard
et al., 2005; Chih et al, 2005; Chubykin et al., 2007; Kwon
et al.,, 2012), this may be explained by relative levels of Nlgnl
providing a competitive advantage in excitatory synaptogenesis
through a transcellular competitive mechanism (Kwon et al,
2012). Furthermore, Nlgnl is important for coordinating the
alignment of presynaptic release sites with postsynaptic AMPA
receptors that is required for synaptic efficacy (Haas et al., 2018).
Importantly, Nlgnl has been consistently shown to be crucial
for postsynaptic transmission and plasticity mediated by NMDA
receptors (NMDAR). NMDAR-mediated EPSC amplitude and
NMDA/AMPA ratio are robustly reduced in both in vitro and
in vivo Nlgnl knockdown or knockout systems (Chubykin et al.,
2007; Kim et al., 2008; Blundell et al., 2010; Jung et al., 2010;
Kwon et al., 2012; Budreck et al.,, 2013; Espinosa et al., 2015;
Jiang et al., 2017).

Whether there are presynaptic drivers that contribute to
the signalling and plasticity changes induced by loss of
Nlgnl remains unclear, as relatively little has been done to
examine whether the postsynaptic machinery can mediate the
molecular architecture and activity of the presynaptic nerve
terminal. Nlgnl complexes containing postsynaptic PSD-95 and
presynaptic neurexin can modulate release probability (Futai
et al, 2007). More recently, overexpression of Nlgnl was
shown to increase the number of synaptic vesicles undergoing
exocytosis in response to a 20 Hz stimulus train (van Stegen
et al, 2017). Additionally, loss of Nlgnl has no effect on
release probability or the rate of exocytosis (Futai et al,
2007; Wittenmayer et al., 2009), but does decrease the degree
to which presynaptic nerve terminals take up a fluorescent
marker of cycling vesicles, suggesting perturbation of the
synaptic vesicle cycle (Wittenmayer et al, 2009). Absence
of a- and P-neurexins also reduces the size of the readily
releasable pool of vesicles, as does expression of truncated
neurexin which is unable to bind its postsynaptic partners
(Quinn et al, 2017), but the number of docked vesicles
are unchanged in cultured neurons from Nlgnl-3 triple
knockout mice (Varoqueaux et al., 2006). Collectively, these data
suggest that the transsynaptic binding of Nlgnl with neurexin
may be important for modulating presynaptic activity and

neurotransmitter release. However, whether Nlgn1 is necessary
for specific processes in the synaptic vesicle cycle remains
an open question.

Here, we aimed to directly examine the effect of loss
of Nlgnl on presynaptic function in a manner which is
not impacted by alterations to postsynaptic signalling. To do
this we employed a fluorescent reporter which exclusively
monitors presynaptic neurotransmitter release and synaptic
vesicle dynamics, synaptophysin-pHluorin (sypHy), allowing us
to directly assess the impact of loss of Nlgn1 on the functioning
of the nerve terminal at single synapse resolution and in a
manner that does not rely on measures of postsynaptic signalling.
Surprisingly, we found that absence of Nlgn1 leads to changes
in the retrieval of synaptic vesicles by compensatory endocytosis,
specifically during activity.

MATERIALS AND METHODS

Materials

Synaptophysin-pHluorin was provided by Prof. Leon Lagnado
(University of Sussex, United Kingdom). Neurobasal media,
B-27 supplement, L-glutamine, penicillin/streptomycin, Minimal
Essential Medium (MEM), Dulbecco’s Modified Eagle Medium
(DMEM), Lipofectamine 2000 were obtained from Thermo
Fisher Scientific. Bafilomycin Al, 6-cyano-7-nitroquinoxaline-
2,3-dione and DL-2-Amino-5-phosphonopentanoic acid were
obtained from Sapphire Bioscience. All other reagents were
obtained from Sigma-Aldrich.

Hippocampal Neuronal Cultures

All procedures were approved by the Florey Animal Ethics
Committee and performed in accordance with the guidelines
of the National Health and Medical Research Council Code
of Practice for the Care and Use of Animals for Experimental
Purposes in Australia. Heterozygous Nilgn™/~ mice were
obtained from Prof. Nils Brose (Varoqueaux et al, 2006)
and backcrossed on a C57BL/6 background as described (Luo
et al,, 2020). Nignl~/~ mice and WT littermate controls were
generated at The Florey by mating Nlgn™/~ females and males.
Mouse colonies were maintained in a temperature controlled (~
21°C) room on a 12 h light/dark cycle (lights on at 07:00) and
group housed in individually ventilated cages with food and water
available ad libitum. WT x WT and Nignl~/~ x Nignl=/~
mice were time mated overnight and visualisation of a
vaginal plug on the following morning was considered as
embryonic day (E) 0.5. Dissociated primary hippocampal
enriched neuronal cultures were prepared from E16.5-18.5 WT
and Nlgnl~/~ mouse embryos of both sexes by trituration
of isolated hippocampi to obtain a single cell suspension,
which was plated at a density of 5 x 10* cells/coverslip on
poly-D-lysine and laminin-coated 25 mm coverslips. Cultures
were maintained in neurobasal media supplemented with B-
27, 0.5 mM L-glutamine and 1% v/v penicillin/streptomycin.
After 72 h cultures were further supplemented with 1 pM
cytosine 3-d-arabinofuranoside to inhibit glial proliferation. Cells
were transfected after 7 days in culture with Lipofectamine
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2000 as described (Gordon et al., 2011), which results in sparse
transfection of neurons (<5% neurons transfected). In all
experiments cells were co-transfected with 1 g each of mCherry
(as a transfection marker) and sypHy. Cells were imaged after
13-15 days in culture.

Fluorescence Imaging

Hippocampal cultures adhered to coverslips were mounted in
a Warner imaging chamber with embedded parallel platinum
wires (RC-21BRFS) and placed on the stage of Leica SP8
confocal microscope for determining surface expression of sypHy
and synaptic vesicle pool size, and Zeiss Axio Observer 7
epifluorescence microscope for experiments assessing exocytic
and endocytic dynamics. Neurons expressing sypHy were
visualised with a x40 oil immersion objective (NA 1.3) at
475 nm (Zeiss) or 488 nm (Leica) excitation wavelength
with a GFP filter. Z-stacks were acquired on the confocal
fluorescence microscope (Leica) which included the entire
volume of presynaptic terminals. Nyquist sampling was used for
calculation of z-step size. Neurons were subjected to continuous
perfusion with imaging buffer (in mM: 136 NaCl, 2.5 KCl,
2 CaCly, 1.3 MgCly, 10 glucose, 10 HEPES, and pH 7.4)
throughout image acquisition unless noted otherwise. Electrical
stimulations (100 mA, 1 ms pulse width; 60 action potentials
delivered at 30 Hz, 1200 action potentials delivered at 10 Hz,
or 300 action potentials at 10 Hz) were delivered in the
presence of 10 pM 6-cyano-7-nitroquinoxaline-2,3-dione and
50 pM DL-2-Amino-5-phosphonopentanoic to inhibit network
activity. 1 pM bafilomycin Al was added to the imaging
buffer to inhibit reacidification of synaptic vesicles and allow
assessment of synaptic vesicle pools and exocytosis. At the final
stage of image acquisition, neurons were perfused with alkaline
imaging buffer (50 mM NH4CI substituting 50 mM NaCl) to
reveal total sypHy fluorescence. All experiments were conducted
at 37°C.

Measuring Vesicular
Synaptophysin-pHIluorin

The cell surface fraction of sypHy was revealed by bathing
neurons in imaging buffer, and then perfusing with acidic
imaging buffer [20 mM 2-(N-morpholino) ethanesulfonic acid
substituted for HEPES, pH 5.5] to quench cell surface sypHy
fluorescence and retain background autofluorescence. Neurons
were washed in imaging buffer, and then exposed to alkaline
imaging buffer to reveal total sypHy fluorescence. The vesicular
fraction of sypHy as a percentage of total was calculated as {[(total
— background) — (surface — background)]/(total — background)
x 100}. The second period of normal imaging buffer perfusion
was taken as the baseline.

Data Analysis

Experimenters were blinded to genotype during analysis. Regions
of interest of identical size (within each experiment) were
placed over synaptic boutons using FIJI to measure changes in
fluorescence intensity over time. Synaptic boutons which did
not respond to stimulation or whose maximum fluorescence

falls outside the period of alkaline buffer perfusion were
excluded. Details of quantification of fluorescence imaging
can be found in Supplementary Material. Curve fitting was
performed in MATLAB R2019. Statistical testing was performed
using GraphPad Prism 8. Unpaired t-tests were used for
hypothesis testing where response did not deviate significantly
from normality and Welchs t-test was used where variances
differed significantly between genotypes. To generate a single
N, the fluorescence intensity was averaged from multiple
regions of interest from an individual field of view (mean of
43 synaptic boutons per field of view; 40 for WT, and 46
for Nign1=/~) from an independent coverslip. Additionally,
analyses at the level of single synaptic boutons are presented in
Supplementary Material. Coverslips were sampled from at least
three independent cultures for each experiment.

RESULTS

To investigate whether Nlgn1 can act in a transsynaptic manner
to impact presynaptic function, we employed sypHy, a genetically
encoded pH-sensitive fluorescent protein which has been
extensively used to characterise synaptic vesicle dynamics. The
pHluorin moiety is tagged to the lumenal domain of a synaptic
vesicle protein (synaptophysin); its fluorescence is quenched
at rest by the acidic intravesicular pH and increases upon
exocytosis as the vesicle fuses with the plasma membrane and
the pHluorin is exposed to the neutral extracellular environment
(Figure 1A). sypHy fluorescence decreases as the vesicle
membrane and protein cargo are retrieved by compensatory
endocytosis and vesicles reacidify, but this can be blocked by
the use of the vATPase inhibitor bafilomycin (Figure 1A).
Perfusion with NH4Cl reveals the total sypHy fluorescence
in the presynaptic terminal. To probe the contribution of
Nlgnl to synaptic vesicle dynamics, cultured hippocampal
neurons, which comprise predominantly excitatory neurons
(<10% GABAergic) (Benson et al., 1994), were prepared from
embryonic wild-type (WT) or null mutant mice lacking Nlgnl
(Nlgn1=/~) and sparsely transfected with sypHy. Changes in
sypHy fluorescence were measured at single synapse resolution
and analysed at both a population (single field of view from a
single coverslip) and individual synapse level to provide a readout
of vesicle dynamics.

Loss of Neuroligin-1 Does Not Affect
Size of Vesicle Pools

Previous studies have demonstrated that the neurexin-Nlgnl
complex may regulate synaptic vesicle pools (Wittenmayer
et al,, 2009; Quinn et al., 2017; van Stegen et al., 2017). To
examine whether loss of Nlgnl impacts the size of distinct
synaptic vesicle pools, WT and Nignl~/~ neurons expressing
sypHy were subjected to two different trains of electrical
field stimulation to mobilise the readily releasable pool [60
action potentials (AP), 30 Hz] and the reserve pool (1200
AP, 10 Hz), which together comprise the recycling pool
of vesicles. When assayed in the presence of bafilomycin,
the cumulative increase in sypHy fluorescence induced
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FIGURE 1 | Lack of Nign1 has does not impact the size of synaptic vesicle pools. Nlgn7~/~ and WT cultured neurons were transfected with sypHy. (A) sypHy is a
genetically encoded, pH-sensitive fluorescence reporter of synaptic vesicle (SV) dynamics. (B) Scatter plot of total sypHy fluorescence in Nign1~/~ and WT neurons,
as assessed by perfusion with NH4Cl; mean + SEM indicated. N = 14-15 individual fields of view from independent coverslips, unpaired t-test, p = 0.8601. (C)
Stimulation protocol for assessing specific synaptic vesicle pools. Neurons were stimulated with 60 action potentials (AP) at 30 Hz to trigger fusion of the readily
releasable pool (RRP), followed by 1200 AP at 10 Hz to mobilise the reserve pool of vesicles (together composing the total recycling pool), in the presence of
bafilomycin to inhibit vesicle reacidification. The remaining vesicles, which do not undergo fusion, comprise the resting pool. Fluorescence change was monitored
over time, and neurons were then perfused with NH4Cl to reveal total sypHy fluorescence; fluorescence change from baseline was normalised to the total sypHy
fluorescence. (D) Synaptic vesicle pool sizes in Nign1~/~ and WT synapses. Size of distinct vesicle pools (readily releasable, reserve, and resting as a proportion of
total sypHy fluorescence) averaged over individual coverslips are shown in stacked column graphs. N = 10-13 individual fields of view from independent coverslips,
values represent mean + SEM. Two-way ANOVA with Sidak’s multiple comparison test; RRP p = 0.4256, reserve pool p = 0.7539; resting pool p = 0.0744. (E)
Representative images of neurons transfected with sypHy following perfusion with different imaging buffers. Neurons were perfused with normal saline (norm)
imaging buffer, followed by acidic buffer (pH 5.5; acid) which quenches cell surface fluorescence (i.e., sypHy localised to plasma membrane) to reveal background
autofluorescence. Neurons were washed with normal saline imaging buffer before being perfused with NH,Cl buffer to reveal total sypHy fluorescence. Scale bar
indicates 10 wm. Images are false coloured to show relative sypHy fluorescence, with brighter, warmer colours indicating increased fluorescence intensity. (F)
Fluorescence trace for quantifying the partitioning of sypHy to distinct membranous compartments in Nign1~/~ and WT synapses. Values are mean + SEM. (G)
Scatter plots shows % vesicular sypHy {[(total — background) — (surface — background))/(total — background) x 100} averaged over individual coverslips. N = 18-20
individual fields of view from independent coverslips, mean + SEM indicated. Forest plot shows estimated difference between genotype with 95% Cl, Welch'’s t-test,
p =0.2674.
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by each stimulation paradigm, as a proportion of total
fluorescence revealed by NH4Cl, provides a measure of
the relative amount of synaptic vesicles occupying each
pool (Figure 1C). The remaining vesicles, which do not
undergo activity-dependent fusion and thus are not part
of the recycling pool, comprise the resting pool. The size
of the readily releasable, reserve, and resting pools are
similar in both WT and Nlgnl~/~ neurons (Figure 1D,
two-way ANOVA with Sidaks multiple comparison test;
readily releasable pool, WT = 242 4+ 1.4% total sypHy
fluorescence, Nignl=/~ = 20.7 + 1.3%, p = 0.4256; reserve
pool, WT = 36.1 & 1.7, NlgnI~/~ = 33.9 £ 2.1, p = 0.7539;
and resting pool, WT = 39.8 4 1.6, Nignl~/~ = 454 + 2.2,
p = 0.0744). Similar results were observed when assessed at the
level of individual synapses (Supplementary Figure 1). Thus,
Nlgnl does not act in a transsynaptic manner to modulate the
partitioning of vesicles to different pools.

We also examined whether there was any difference in
the total number of vesicles present in nerve terminals from
Nign1=/~ and WT neurons. To investigate this, we looked
at the partitioning of sypHy between different membranous
components by perfusing neurons with acidic buffer (pH 5.5)
to quench any surface pHluorin fluorescence thus leaving
only background fluorescence, and then with NH4Cl to reveal
total pHluorin fluorescence (Figures 1E,F). This allowed us to
assess vesicular fluorescence as a proportion of total sypHy
fluorescence, which was not changed for Nignl~/~ neurons
compared to WT (Figure 1G; WT = 59.8 £ 3.6% total
sypHy fluorescence, Nignl~/~ = 642 + 1.3, p = 02674,
unpaired t-test). There was also no difference in total sypHy
fluorescence in Nignl=/~ and WT neurons (Figure 1B;
WT = 4686 + 300 AU, ngn17/7 = 4598 £ 394 AU, p = 0.8601,
unpaired t-test). Together, this demonstrates that absence of
Nlgnl has no impact on the total number of vesicles in
nerve terminals.

Loss of Neuroligin-1 Causes a Change in
the Balance of Stimulation-Induced

Exocytosis and Endocytosis

Having established that loss of Nlgnl does not affect vesicle
pools, we next sought to ascertain whether Nlgnl has any
impact on the dynamic cycling of vesicles. To examine
this, we stimulated WT or Nignl~/~ neurons with 300
action potentials (10 Hz) in the absence of bafilomycin and
measured changes in sypHy fluorescence (Figures2A-C).
We observed that Nlgnl~/~ neurons displayed a dramatic
reduction in the peak magnitude of pHluorin fluorescence
measured during stimulation in this assay, both when
results were analysed at the level of a single field of
view (Figure 2D; WT = 054 + 0.04 maximal evoked
fluorescence, Nignl=/~ = 0.39 + 0.03, p = 0.0055, unpaired
t-test) as well as when assessed at the single synapse level
(Supplementary Figure 2). The peak height in this assay is
a measure of net change in fluorescence during stimulation,
and reflects a change in the equilibrium between exocytosis
and endocytosis of synaptic vesicles during the stimulus train;

thus a change in either of these parameters can lead to a
change in peak height.

Change in Equilibrium Between
Exocytosis and Endocytosis in Nign1—/—
Neurons Is Not Caused by Slower Rate

of Exocytosis

To examine whether a slowing in the rate of exocytosis
was responsible for the decrease in net change in evoked
sypHy fluorescence in Nlgnl~/~ neurons (Figure 2), we again
stimulated the neurons (1200 AP, 10 Hz) in the presence of
bafilomycin to prevent vesicle reacidification (Figure 3A) and
monitored the change in pHluorin fluorescence (Figure 3B),
which purely reflects exocytosis of vesicles. Intriguingly, there
was no global difference in exocytosis between Nignl~/~ and
WT neurons (Figure 3C). Similarly, there was no change in the
rate of exocytosis, either over the entire length of the stimulus
train (measured as tau, Figure 3D, t WT = 385 £ 59 s,
Nignl=/= = 339 4+ 62 s, p = 0.5997, unpaired t-test) or
over the initial portion of the stimulus train where the rate
is largely linear (Figures 3E,F; WT = 0.02 £ 0.002 s},
Nignl=/~ = 0.02 & 0.002 s~ 1, p = 0.6186, unpaired t-test). We
then normalised the traces to total sypHy fluorescence revealed
by perfusion with NH4Cl, to ascertain the proportion of vesicles
mobilised by stimulus train (Figure 3G). We found no change to
the total recycling pool of vesicles (Figure 3H; WT = 59.5 & 3.7%
total vesicles, Nlgn1=/~ = 59.8 + 3.9%, p = 0.9445, unpaired
t-test), in line with our earlier observation of lack of Nlgnl
having no effect on the readily releasable and reserve pools
(Figure 1D). Lack of Nlgnl also had no impact on the rate
of exocytosis (Supplementary Figures 3A,B) or recycling pool
(Supplementary Figure 3C) when assessed at the individual
synapse level. These data indicate that loss of Nlgnl does not
change the efficiency of exocytosis, and instead causes an increase
in the rate of endocytosis during stimulation. Additionally, there
was no change to the size of the recycling pool of vesicles.

Loss of Neuroligin-1 Specifically Impacts
Compensatory Endocytosis During

Stimulation

Nignl~/~ neurons have an increased rate of endocytosis during
the stimulus train which leads to a decrease in the peak height
of sypHy fluorescence during synchronous evoked release. To
determine whether these changes to the rate of endocytosis
persist following cessation of action potential stimulation, we
examined the decay in pHluorin fluorescence following 300 AP
(10 Hz) stimulation. Traces normalised to the peak fluorescence
during stimulation revealed there was no difference in sypHy
fluorescence between WT and Nignl~—/~ synapses across any
time points (Figure 4A, same data as Figure 2C normalised to
peak of stimulation, mixed model ANOVA with Sidak’s multiple
comparison test, p > 0.05 across all time points). We then
performed exponential curve fitting to the post-stimulus portion
of the sypHy trace, and confirmed that there was no change
to the rate of compensatory endocytosis following the cessation
of the stimulus train either at the level of a single field of
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FIGURE 2 | Nign1~/~ synapses display a change in the balance of exocytosis and endocytosis. Nign?~/~ and WT neurons transfected with sypHy were stimulated
with 300 action potentials at 10 Hz, and change in fluorescence monitored over time. Neurons were then perfused with NH4Cl to reveal total sypHy fluorescence. (A)
Overview of experimental paradigm. (B) Representative images of relative sypHy fluorescence at baseline, following 300 action potentials (end 300 AP), 120 s after
cessation of stimulus train (recovery), and following perfusion with NH4ClI. Scale bar indicates 5 wm. Images are false coloured to show relative sypHy fluorescence,
with warmer colours indicating increased fluorescence intensity. (C) Time trace of mean (+ SEM) changes in sypHy fluorescence, normalised to total fluorescence.
(D) Peak sypHy fluorescence during stimulus train, normalised to total fluorescence. Scatter plots show individual n, bars indicate mean + SEM. Forest plot shows
estimated difference between group means with 95% Cl, unpaired t-test, “o < 0.05 (p = 0.0055).N = 14-15 individual fields of view from independent coverslips.
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view (Figure 4B; T WT = 27.3 &+ 1.7, Nignl~/~ = 23.8 £ 2.4,
p = 0.2332, unpaired ¢-test) or when individual synapses were
analysed (Supplementary Figure 4). Thus, absence of Nlgnl
results in an increase in the rate of activity-dependent endocytosis
specifically during neuronal activity.

DISCUSSION

In this study, through specific examination of presynaptic activity
independent of postsynaptic signalling, we have revealed that
the loss of Nlgnl has transsynaptic impacts on synaptic vesicle
cycling. In keeping with the number of docked vesicles being
unchanged in neuronal cultures from Nlgnl-3 triple knockout
mice (Varoqueaux et al., 2006), loss of Nlgnl has no effect
on the size of the readily releasable pool, nor does it impact
the recycling pool of synaptic vesicles. Instead, there was a
large decrease in the change in pHluorin fluorescence during
electrical field stimulation in Nlgnl~/~ neurons, leading to a
lower stimulation-induced peak height. This was not driven by
an altered rate of exocytosis, and thus likely reflects an increase
in the rate of activity-dependent endocytosis and pHluorin
retrieval to synaptic vesicles during neuronal activity, which
is not accompanied by a change in the rate of compensatory
endocytosis following the cessation of synchronous evoked
neurotransmitter release. Thus, this is the first study to reveal

that a cell adhesion protein that is localised exclusively to the
postsynaptic compartment alters presynaptic endocytosis.

Synaptic vesicle endocytosis occurs on multiple time scales
and encompasses several different pathways which have different
retrieval capacities, are controlled by different molecular
mediators, and may be spatiotemporally separable (Kononenko
and Haucke, 2015; Cousin, 2017; Watanabe and Boucrot, 2017;
Chanaday and Kavalali, 2018). Ultrafast endocytosis occurs
over a 50-500 ms time frame at physiological temperatures
(Watanabe et al, 2013) and contributes a relatively small
fraction of vesicle retrieval during trains of activity. The
majority of membrane retrieval is driven by alternate forms of
endocytosis (Soykan et al., 2017), including activity-dependent
bulk endocytosis, which is strongly linked to neuronal activity,
such that its activity dissipates immediately after the cessation
of a stimulus train (Clayton and Cousin, 2009). Other
forms of endocytosis, including clathrin-mediated and clathrin-
independent compensatory endocytosis, are active both during
and after the end of neuronal depolarisation. The transsynaptic
complex formed by Nlgnl may be important for shaping the
endocytic pathways during neuronal activity, such that loss of
Nlgn1 leads to a faster mode of vesicle recycling (such as ultrafast
or bulk endocytosis) becoming dominant.

Intriguingly, other transsynaptic and cell adhesion proteins
have also been directly shown to influence presynaptic
endocytosis. Brain-specific deletion of the immunoglobulin
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FIGURE 3 | Rate of exocytosis is unchanged in Nlgn1~/~ synapses. Nign1~/~ and WT neurons transfected with sypHy were stimulated with 1200 AP (10 Hz) in the
presence of bafilomycin to inhibit vesicle reacidification. (A) Overview of experimental paradigm. (B) Representative images of relative sypHy fluorescence at
baseline, following 1200 action potentials (end 1200 AP), and following perfusion with NH4Cl. Scale bar indicates 5 wm. Images are false coloured to show relative
sypHy fluorescence, with warmer colours indicating increased fluorescence intensity. (C) Time trace of mean (+ SEM) change in sypHy fluorescence, normalised to
peak fluorescence during stimulation. (D) Mean (& SEM) exocytosis time constant (tau, s), p = 0.5997. (E) Time trace of mean (+ SEM) change in sypHy
fluorescence during first 10 s of stimulation, normalised to peak fluorescence during stimulation. (F) Mean (+ SEM) rate of exocytosis (AF/Fg s~ ') as assessed by
linear fit over first 10 s of stimulation (from C), p = 0.6186. (G) Time trace of mean (£ SEM) change in sypHy fluorescence, normalised to total fluorescence revealed
by NH4Cl perfusion. (H) Mean (+ SEM) size of total recycling pool assessed as peak fluorescence during stimulus train, as a % of total sypHy fluorescence revealed
by NH,Cl, p = 0.9445. (D,FH) Scatter plots show individual data points. Bars indicate mean + SEM. Forest plots show estimated difference between genotypes
with 95% Cl, unpaired t-test. N = 8-9 individual fields of view from independent coverslips.
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superfamily cell adhesion protein CAR (coxsackievirus and
adenovirus receptor; CAR-CNSKO mice), which, similarly to
Nlgnl interacts with a range of postsynaptic PDZ-containing
proteins including PSD-95, also results in an increase in the
rate of endocytosis (Wrackmeyer et al., 2019). However, unlike
Nlgnl, CAR is found in both presynaptic and postsynaptic
compartments (Wrackmeyer et al, 2019). N-cadherin is a
transsynaptic scaffold protein extracellularly localised between
the pre- and postsynaptic membranes, at the edge of the active
zone (Uchida et al., 1996), though it has also been observed more
centrally at the extracellular side of the active zone, where it
becomes enriched upon synaptic activity (Yam et al., 2013). Loss
of N-cadherin specifically impaired post-stimulus compensatory
endocytosis in nerve terminals which were subjected to intense
stimulus trains (800 AP at 20 Hz, but not 200 AP at 20 Hz) which
exhibited a high degree of exocytosis (van Stegen et al., 2017),
and recent studies suggest that both synaptic vesicle and bulk
endocytosis is impaired when total or postsynaptic N-cadherin
is depleted (under physiological temperatures) (preprint; doi:
10.1101/2021.02.05.429924). Conversely, overexpression of
cadherin increased the rate of post-stimulus compensatory
endocytosis (van Stegen et al., 2017).

Our study thus adds to growing evidence that transsynaptic
scaffolding and cell adhesion proteins are important for
controlling activity-induced endocytosis in presynaptic neurons,
amongst their other synaptic activities. N-cadherin and/or
CAR may modulate post-stimulus endocytosis, whilst neurexin
and neuroligin may help define the prevalent modes of
endocytosis during stimulation. Indeed, the post-stimulus rate
of compensatory endocytosis has previously been shown to
be unaffected by overexpression of Nlgnl (van Stegen et al.,
2017). Previous work has consistently demonstrated that Nlgn1
is required for inducing long-term potentiation (LTP) in the
postsynaptic terminal via high frequency (100 Hz) stimulus
trains (Blundell et al,, 2010; Jiang et al., 2017; Wu et al,, 2019).

Interestingly, the modulation of LTP by Nlgnl1 is dependent on
its transsynaptic binding to neurexin (Wu et al., 2019). While
postsynaptic mechanisms, such as changes to AMPA receptor
trafficking (Letellier et al., 2018; Letellier et al., 2020), are likely
the main driver of Nlgnl-mediated impacts to LTP, our findings
raise the possibility that control of presynaptic recycling of
synaptic vesicles may contribute to Nlgnl-dependent plasticity.
Synaptic vesicles that are generated by different recycling modes
undergo different sorting pathways across different timescales,
and repopulate distinct vesicle pools with different release
probabilities and synaptic localisation (Kokotos and Cousin,
2015; Rey et al., 2020; Ivanova et al., 2021). For example, vesicles
which are retrieved via activity-dependent bulk endocytosis
preferentially replenish the reserve pool of vesicles, whilst those
retrieved by clathrin-mediated endocytosis repopulate the readily
releasable pool (Cheung et al., 2010). Changes in the presynaptic
ultrastructure, including temporally distinct changes to docked
and total vesicle numbers, have also been shown to accompany
LTP (Bourne et al., 2013). Thus, changes in endocytosis may
alter the firing pattern of individual and groups of neurons
during sustained activity in vivo thereby altering the information
they encode.

How might transsynaptic protein complexes and signalling
contribute to the coding of presynaptic vesicle recycling
modalities? A C-terminally deleted version of Nlgnl, which
is unable to bind PDZ domain containing PSD proteins,
altered the alignment of the presynaptic active zone with
postsynaptic receptors in a dominant-negative manner,
impairing neurotransmission (Haas et al, 2018). Thus, we
know that Nlgnl can act in a transsynaptic manner to alter
the presynaptic molecular architecture, likely via interactions
with neurexin. Neurexin controls clustering and function of
presynaptic Ca?t channels (Gandini and Zamponi, 2021),
perhaps via changing the mobility of a28-1 auxiliary subunits
(Brockhaus et al., 2018). There is strong evidence that CaZt
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influx can mediate the speed of multiple forms of endocytosis,
including fast forms of endocytosis (Wu et al., 2005; Kononenko
and Haucke, 2015; Morton et al, 2015), though exactly how
Ca?* affects distinct modes of endocytosis in specific synapses
remains unclear (Leitz and Kavalali, 2016). Neurexin also
regulates F-actin assembly (Rui et al., 2017), which is essential
for multiple vesicle retrieval pathways, including ultrafast and
bulk endocytosis (Watanabe et al., 2014; Wu et al., 2016; Soykan
et al., 2017). Thus, Nlgnl may act via neurexin to control local
presynaptic F-actin stability or localise Ca?* microdomains,
thus impacting endocytic pathways. Future work is required to
ascertain the molecular mechanisms by which Nlgnl impacts
endocytosis, and indeed, which endocytic pathways are altered
by the absence of Nlgn1.

At the systems level, an interesting question is whether
disruptions to synaptic molecules involved in endocytosis lead to
the manifestation of overlapping behavioural symptoms. Human
mutations in the neuroligin gene family have been repeatedly
documented in neurodevelopmental disorders, including several
NLGNI1 variants identified in autism spectrum disorders, of
which the majority are loss-of-function mutations reducing
Nlgn1 expression (Vieira et al., 2021). Indeed, gene mutations in
various proteins that regulate endocytosis have been identified
in neurodevelopmental disorders, predominantly epilepsy and
intellectual disability (Bonnycastle et al., 2020; John et al., 2021),
including proteins such as VAMP4 which has specific roles in
activity-dependent bulk endocytosis (Monies et al., 2017). This
further strengthens the growing evidence that dysfunctions at
the synapse represents a core convergent pathway that underlies
disease mechanisms in these neurodevelopmental disorders or
synaptopathies (Grant, 2012).

However, behavioural and cognitive analyses of mouse
models reveal a complexity in behavioural disturbances. Previous
work indicated mice lacking Nlgnl showed no changes
across numerous behavioural measures including anxiety-like
behaviours in the elevated plus maze, but displayed impaired
spatial learning and memory in the Morris water maze (Blundell
et al,, 2010). We have recently shown, through a deep cognitive
characterisation using a series of touchscreen-based assays, that
while associative learning was not impacted due to loss of Nlgn1,
motivated behaviour and cost-reward processing was consistently
disrupted (Luo et al, 2020), having implications for mood
disorders. Whilst postsynaptic mechanisms are likely a major
driver to this altered behaviour, changes to endocytosis may
also contribute to these effects. Unsurprisingly, mouse models
involving disruption to core presynaptic endocytosis machinery
such as dynamin, synaptojanin, or auxilin often lead to early
lethality or seizures (Cremona et al., 1999; Ferguson et al., 2007;
Boumil et al., 2010; Yim et al., 2010; Luo et al., 2017). However,
other models, where endocytosis is partially compromised
but not ablated, exhibit varied alterations in exploratory and
locomotor behaviour, as well as learning and memory. For
example, amphiphysin 17/, endophilin A17/~, or intersectinl
mutant mice displayed learning deficits in the Morris water maze
and reduced contextual fear memory (Di Paolo et al., 2002;
Sengar et al., 2013; Yang et al., 2018). More detailed investigations
into the contribution of different molecular players at both the

pre- and postsynapse to the regulation of distinct components of
behaviour and cognition will help reveal how integration of these
factors controls complex behaviour in health and disease.

Synaptic adhesion molecules, including the neurexin-
neuroligin complex, have been theorised to define the
organisation and specialisation, or coding, of synapses (Sudhof,
2021). Perhaps a key distinguishing property of this synaptic
code is the capacity to sustain specific trains of stimulation
frequencies. Thus, control of the modality by which synapses
reset and recycle vesicles may be an important function of these
proteins, which would have knock-on effects on neural circuit
activity and complex behaviours.
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