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Necl2/3-mediated mechanism for tripartite synapse formation

Osamu Nozawa'*, Muneaki Miyata’*, Hajime Shiotani', Takeshi Kameyama', Ryouhei Komaki',
Tatsuhiro Shimizu', Toshihiko Kuriu?, Yutaro Kashiwagi®, Yuka Sato3, Michinori Koebisu?, Atsu Aiba*,
Shigeo Okabe?, Kiyohito Mizutani'+ and Yoshimi Takai'*

ABSTRACT

Ramified, polarized protoplasmic astrocytes interact with synapses
via perisynaptic astrocyte processes (PAPs) to form ftripartite
synapses. These astrocyte-synapse interactions mutually regulate
their structures and functions. However, molecular mechanisms for
tripartite synapse formation remain elusive. We developed an in vitro
co-culture system for mouse astrocytes and neurons that induced
astrocyte ramifications and PAP formation. Co-cultured neurons were
required for astrocyte ramifications in a neuronal activity-dependent
manner, and synaptically-released glutamate and activation of
astrocytic mGIuR5 metabotropic glutamate receptor were likely
involved in astrocyte ramifications. Astrocytic Necl2 trans-interacted
with axonal Necl3, inducing astrocyte-synapse interactions and
astrocyte functional polarization by recruiting EAAT1/2 glutamate
transporters and Kir4.1 K* channel to the PAPs, without affecting
astrocyte ramifications. This Necl2/3 trans-interaction increased
functional synapse number. Thus, astrocytic Necl2, synaptically-
released glutamate and axonal Necl3 cooperatively formed tripartite
glutamatergic synapses in vitro. Studies on hippocampal mossy fiber
synapses in Necl3 knockout and Necl/2/3 double knockout mice
confirmed these previously unreported mechanisms for astrocyte-
synapse interactions and astrocyte functional polarization in vivo.

KEY WORDS: Tripartite synapse, Astrocyte, Neuron, Cell adhesion
molecule, Necl, Glutamate transporter

INTRODUCTION

Synapses connect individual neurons to form an information-
processing neuronal network that is crucial for learning and memory
(Takeuchi et al., 2014). Synapses interact with intricate terminal
processes of highly ramified and polarized astrocytes, called
perisynaptic  astrocyte processes (PAPs). Presynaptic and
postsynaptic components, together with the PAPs, form
functional units, known as tripartite synapses (Araque et al.,
1999; Haydon, 2001; Mauch et al., 2001). Astrocytes secrete
various synaptogenic molecules, such as apolipoprotein E3
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(ApoE3), cholesterol, thrombospondin, secreted protein acidic and
cysteine rich (SPARC), hevin, glypican, transforming growth factor
B (TGF-B) and chordin-like 1 (Allen et al., 2012; Blanco-Suarez
et al., 2018; Christopherson et al., 2005; Diniz et al., 2012; Jones
et al., 2011; Kucukdereli et al., 2011; Perea et al., 2009; Sun et al.,
1998). In turn, astrocyte morphology is regulated by factors, such as
fibroblast growth factor 2 (FGF2), BMP2/4, LIF and TGF-f, some
of which may be secreted from neurons (Bonaguidi et al., 2005;
Reilly et al., 1998). Direct cell-cell interactions are thought to be
involved in astrocyte-synapse interactions. Previously reported cell
adhesion molecules (CAMs) include NCAM, Ng-CAM, ephrin A3,
Necl2 (SynCAM1; CADM1), protocadherin-yC5, neuroligin 1/2/3
and neurexins (Garrett and Weiner, 2009; Li et al., 2010; Pannasch
et al., 2014; Stogsdill et al., 2017; Takano et al., 2020). Astrocyte-
synapse interactions are involved not only in learning and memory,
but also in age-related dysfunction and degeneration of synapses,
leading to the decline of cognitive functions (Blanco-Suérez et al.,
2017). Furthermore, astrocytes are believed to be crucial in synaptic
degeneration and neuronal death caused by neuropathological
conditions, such as Alzheimer’s disease, Parkinson’s disease,
epilepsy and stroke (Blanco-Suarez et al., 2017).

The PAPs are enriched with EAAT1 (GLAST; SLC1A3) and
EAAT2 (GLT1; SLC1A2) glutamate transporters and Kir4.1
(KCNJ10) inward rectifier K" channel, which are essential
molecular components in astrocyte functional polarization (Danbolt
et al., 1992; Lehre et al., 1995; Nagelhus et al., 2004). EAAT1/2 and
Kir4.1 take up excess extracellular glutamate and K" released from
glutamatergic presynaptic terminals (Danbolt et al., 2016; Djukic et al.,
2007). Excess extracellular glutamate leads to neuronal cell death
through supranormal activation of glutamate receptors, known as
excitotoxicity (Danbolt, 2001). Furthermore, an aberrant increase in
extracellular K" is associated with epilepsy (Nwaobi et al., 2014,
2016). Therefore, precisely controlled placement and functions of the
PAPs in tripartite synapses may crucially affect the vulnerability of
neurons and neuronal networks. However, molecular mechanisms for
astrocyte ramifications, astrocyte-synapse interactions and astrocyte
functional polarization during tripartite synapse formation have not
been fully understood. In addition, mechanisms for synapse
degeneration associated with astrocytic dysfunction in aging and
diseases are largely unknown.

To better understand molecular mechanisms supporting these
processes, it is helpful to develop co-culture systems for astrocytes
and neurons that replicate tripartite synapse formation in vivo, but
the technical hurdles to obtain fully differentiated astrocytes in vitro
have been challenging to overcome. Recently, Stogsdill et al.
developed an in vitro co-culture system for rat cortical astrocytes
and neurons (Stogsdill et al., 2017), which showed that neuregulins
and neurexins are involved in astrocyte-synapse interactions.
However, the astrocytes in their co-culture system did not fully
ramify to form many numerous fine terminals as observed in vivo,
and the functions of these cell adhesion molecules in recruiting
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EAATI1/2 and Kird.1 to the PAPs for astrocyte functional
polarization remained unknown. Here, we developed a novel in
vitro co-culture system for mouse ganglionic eminence astrocytes

and mouse hippocampal neurons that induced astrocyte
ramifications, astrocyte-synapse interactions and astrocyte
functional polarization, forming tripartite synapses

morphologically and functionally similar to those in vivo. Using
this system, we discovered mechanisms supporting major astrocyte
functions.

RESULTS
Co-cultured neurons are required for astrocyte ramifications
in a neuronal activity-dependent manner
We first prepared mouse ganglionic eminence astrocytes expressing
membrane anchored GAP43 fragment fused to GFP (GFP-Mem-
astrocytes) to visualize the intricate structure of terminal processes
(Moriyoshi et al., 1996). Without neurons, GFP-Mem-astrocytes
frequently showed round and flat shapes with no fine terminal
processes (Fig. 1A), or they took polygonal shapes with several thick
processes, as described previously (Bambrick et al., 1996; Booher and
Sensenbrenner, 1972; Chojnacki and Weiss, 2008). However,
astrocytes co-cultured with neurons formed radially oriented and
highly ramified processes that gradually branched into finer terminal
processes, ending near VGLUT1 (SLC17A7) signal-positive
glutamatergic synapses (Fig. 1B, see Fig. 2A), although the extent
of ramifications varied depending on co-culture conditions (Fig. ST1A).
Of the VGLUT]1 signal, 91.844.5% (mean=s.e.m.) colocalized with
the postsynaptic density (PSD) protein PSD95 (DLG4) signal (Cho
et al., 1992) and 90.2+3.4% with neurabin II (spinophilin; PPP1R9D)
signal (Allen et al., 1997; Nakanishi et al., 1997; Satoh et al., 1998),
indicating that the VGLUT] signal is a reliable synaptic marker in our
newly developed co-culture system (Fig. 1C). Neurons functionally
inactivated with methanol did not induce astrocyte ramifications with
numerous fine terminal processes (hereafter referred to as
‘ramifications’) (Fig. S2A). Time-lapse imaging revealed that
undifferentiated GFP-Mem-astrocytes were motile and showed
round morphology with a few short processes (Movie 1). This
highly branched astrocytic morphology was established through
repetitive extension and retraction of individual branches and their
progressive stabilization (Movies 1 and 2). Some of the thin terminal
branches contacted neuronal processes, resulting in either process
retraction or further extension using neuronal processes as guides. The
latter events seemingly facilitate astrocytic processes reaching synaptic
sites. These results indicate that co-cultured neurons induce branching
of astrocytic processes through dynamic cell-cell interactions.
Astrocyte ramifications induced by co-cultured neurons were
blocked by the sodium channel blocker tetrodotoxin (TTX),
although some fine terminal processes continued to move
(Fig. 1D,E; Movie 3). Application of glutamate to the TTX-
pretreated culture did not restore branching activity of astrocytes
(Fig. 1D,E). Furthermore, TTX treatment was ineffective at
eliminating already-established branched processes of mature
GFP-Mem-astrocytes (Fig. S2B; Movie 4). Glutamate did not
induce ramifications of GFP-Mem-astrocytes cultured without
neurons (Fig. S2C,D). Extensive ramifications of GFP-Mem-
astrocytes induced by co-cultured neurons were inhibited by the
mGluR3/5 antagonist MCPG and the mGIuRS5 antagonist MPEP
(Fig. 1F,G), but not by the mGIuR3 antagonist LY395756, the
AMPA receptor antagonist CNQX or the NMDA receptor
antagonist D-AP5 (Fig. S2E,F). These results indicate that
co-cultured neurons are required for astrocyte ramifications in a
neuronal activity-dependent manner and suggest that at least

synaptically-released glutamate and astrocytic mGIluRS are
involved in astrocyte ramifications, although the possible
involvement of other neurotransmitters and neuronal mGIluRS5 in
astrocyte ramifications could not be completely excluded.

Astrocytic Necl2 and axonal Necl3 are involved in
astrocyte-synapse interactions and astrocyte functional
polarization in vitro

If the ramified morphology of astrocytes reflects their functional
maturation, molecules essential for astrocytic regulation of synapses
may be recruited to the PAPs. To test this possibility, we first
analyzed the localization of EAAT2, the predominant glutamate
transporter in the PAPs in vivo (Lehre et al., 1995). The EAAT2
signal localized near VGLUT1 signal-positive synapses in GFP-
Meme-astrocytes co-cultured with neurons (Fig. 2A-1-A-3,C, see
Fig. 4A), indicating that the PAPs of ramified astrocytes co-cultured
with neurons recruited the molecular component essential for the
uptake of synaptically-released glutamate. The EAAT?2 signal that
did not colocalize with the GFP-Mem signal was observed (Fig. 2A-1),
but this signal was derived from astrocytes into which GFP-Mem
was not introduced, because the transfection efficiency of GFP-
Mem into astrocytes was ~30%.

We previously demonstrated crucial roles of the nectin and Necl
family members in the localization and functions of other
membrane receptors and integrins via their cis-interactions (Takai
et al., 2008a,b). Immunolocalization of the nectin and Necl family
proteins in the mouse hippocampal CA3 region (CA3) supports
their possible involvement in synaptogenesis, especially nectin 1/3
localized at puncta adherentia junctions (PAJs) of hippocampal
mossy fiber tripartite synapses (Mizoguchi et al., 2002). Strong
enrichment of the Necl2 and Necl3 (CADM2) signals, together with
weak accumulation of the Necll (CADM3) and Necl4 (CADM4)
signals, was observed at the CA3 stratum lucidum where mossy
fiber tripartite synapses are located, and the Necl2/3 signals
localized near the EAAT2 signal (see Fig. 7A,B). Screening of
Necl immunoreactivity in our culture preparation revealed astrocytic
expression of Necll1/2/4, a negligible level of astrocytic Necl3 and
neuronal expression of all Necl family proteins (Fig. 3A).

The Necl2/3 signals colocalized with the EAAT2 signal in
astrocytes co-cultured with neurons near VGLUT]1 signal-positive
synapses (Fig. 2A-1-A-3,C, see Fig. 4A), consistent with the in vivo
localization of the Necl2/3 signals near the EAAT2 signal (see
Fig. 7B). More than 70% of astrocytic processes reached VGLUT1
signal-positive synapses and colocalized with the Necl2/3 and
EAAT?2 signals. This EAAT?2 signal accumulation in astrocytic fine
terminal processes near VGLUT! signal-positive synapses was
reduced but faintly remained in the co-culture of Necl2-knockout
(KO) astrocytes expressing GFP-Mem (Necl2-KO GFP-Mem-
astrocytes) with wild-type (WT) neurons (Fig. S3A-1-A-3; see
Fig. 4B). The Necl2-KO astrocytes were prepared from the systemic
Necl2-KO mice (Fig. S4A,B). In this condition, the Necl3 signal
accumulation near VGLUT! signal-positive synapses was not
significantly reduced (Fig. S3A-3, see Fig. S8). The Necl2 signal
still accumulated at VGLUT signal-positive puncta (Fig. S3A-1-A-3;
see Fig. 4B), but it was derived from co-cultured neurons, because
the Necl2 signal disappeared in the co-culture of Nec/2-KO GFP-
Mem-astrocytes with Nec/2-KO neurons, although the faint
background signal remained (Fig. S5). Conversely, the EAAT2
and Necl3 signals near VGLUT1 signal-positive synapses, where
the exogenous GFP-Necl2 signal colocalized, increased when
astrocytes exogenously expressing GFP-Necl2 (GFP-Necl2-
astrocytes) were co-cultured with WT neurons (Fig. 3B-1-B-2,
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Fig. 1. Astrocyte ramifications induced by co-cultured neurons. Representative IF images using the antibodies indicated in respective panels. (A)
Astrocytes cultured without neurons for 7 days. Astrocytes could not be maintained more than 7 days; thus, analysis of neuron-free astrocytes to <7 days
after plating was limited. (B) Neurons precultured for 10 days, followed by co-culture with GFP-Mem-astrocytes for an additional 14 days. Left panel shows an
image using the anti-GFP monoclonal antibody; center panel shows a high magnification image of the boxed region of the left panel using both anti-GFP and
anti-VGLUT1 antibodies; and right panel shows a high magnification image of the boxed region of the center panel using both anti-GFP and anti-VGLUT1
antibodies. (C) Colocalization of the VGLUT1 signal with the PSD95 and neurabin Il signals. Neurons precultured for 10 days, followed by co-culture with
GFP-Mem-astrocytes for an additional 14 days. Yellow arrowheads indicate the PAPs with the VGLUT1, PSD95 or neurabin Il signal. Boxed regions are
magpnified in insets. (D) Neurons precultured for 10 days, followed by co-culture with GFP-Mem-astrocytes for an additional 2 days in the absence or presence of
TTXor TTX plus glutamate (Glu). (E) Sholl analysis of astrocyte ramifications in D. (F) Morphology of GFP-Mem-astrocytes in the absence or presence of MCPG
or MPEP co-cultured for 2 days with neurons that had been precultured for 10 days. (G) Sholl analysis of astrocyte ramifications in F. Data were compared using
two-way ANOVA with the Bonferroni post-hoc test. Data are meants.e.m. Images are representative of three independent experiments.
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Fig. 2. Astrocytic Necl2- and axonal Necl3-dependent localization of EAAT2 at the PAPs in vitro. Representative IF images using the antibodies
indicated in respective panels. WT or Nec/3-KO neurons precultured for 10 days, followed by co-culture with GFP-Mem- or Nec/2-KO GFP-Mem-astrocytes
for an additional 14 days. Boxed regions are magnified in insets. (A) WT neurons and GFP-Mem-astrocytes. Yellow arrowheads indicate the PAPs with the
VGLUT1, EAAT2, Necl2 or Necl3 signal. The Necl2/3 signals colocalized with the EAAT2 signal near VGLUT1 signal-positive synapses. The labels A-1, A-2
and A-3 each refer to images in the same field. (B) Nec/3-KO neurons and Nec/2-KO GFP-Mem-astrocytes. Yellow double arrowheads indicate the PAPs
without the EAAT2 or VGLUT1 signal. The EAAT2 signal was diminished near VGLUT1 signal-positive synapses. The labels B-1 and B-2 each refer to
images in the same field. (C) Quantification of the astrocytic terminal processes that reached VGLUT1 signal-positive synapses and of the localization of the
Necl2 and EAAT2 signal-positive puncta in A and B. The astrocytic terminal processes that reached VGLUT1 signal-positive synapses were defined as
‘synaptic astrocyte processes’ and those that did not were defined as ‘non-synaptic astrocyte processes’. Data are meants.e.m. **P<0.01 (one-way ANOVA,
followed by Tukey-Kramer honestly significant difference post-hoc test). NS, not significant. Images are representative of three independent experiments.

see Fig. 4C). Thus, manipulation of astrocytic Necl2 in vitro Necl3 in tripartite synapse formation. Nec/3-KO neurons did not
indicated an essential role of astrocytic Necl2 in recruitment of induce proper placement of the EAAT2, Necl2 and GFP-Necl2
EAAT?2 to the PAPs. We next evaluated the function of neuronal  signal-positive puncta near VGLUT]! signal-positive synapses in
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Fig. 3. Astrocytic Necl2-increased axonal
Necl3-dependent localization of EAAT2 at
the PAPs in vitro. (A) Western blot of Necl1/
2/3/4 in WT neurons and astrocytes.
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neurons were prepared from the systemic Necl3-KO mice
(Fig. S4C,D). Finally, genetic Necl2 ablation in astrocytes combined
with genetic Nec/3 ablation in neurons in the co-culture system resulted
in a reduction of the astrocytic EAAT?2 and neuronal Necl2 signals near

GFP-Necl2-astrocytes
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(B,C) Representative IF images using the
antibodies indicated in respective panels. WT
neurons or Nec/3-KO neurons precultured for
10 days, followed by co-culture with GFP-
Necl2-astrocytes for an additional 14 days.
Boxed regions are magnified in insets.

(B) WT neurons and GFP-Necl2-astrocytes.
Yellow arrowheads indicate the PAPs with
the VGLUT1, EAAT2, Necl2 or Necl3 signal.
The labels B-1 and B-2 each refer to images
in the same field. (C) Nec/3-KO neurons and
GFP-Necl2-astrocytes. Yellow arrows
indicate the PAPs with the EAAT2 signal

and without the VGLUT1 signal. (D)
Quantification of the astrocytic terminal
processes that reached VGLUT1 signal-
positive synapses and of the localization of
the Necl2 and EAAT2 signal-positive puncta
in B and C. The astrocytic terminal processes
that reached VGLUT1 signal-positive
synapses were defined as ‘synaptic astrocyte
processes’ and those that did not were
defined as ‘non-synaptic astrocyte
processes’. Data are meants.e.m. *P<0.05,
**P<0.01 (one-way ANOVA, followed by
Tukey-Kramer honestly significant difference
post-hoc test). NS, not significant. Images
are representative of three independent
experiments.
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VGLUT! signal-positive synapses (Fig. 2B-1-B-2,C, see Fig. 4E).
Essentially the same results were obtained for EAATI and Kir4.1
(Figs S6A-G, S7A-G; see Fig. 4). Collectively, these results indicate
that astrocytic Necl2 trans-interacts with axonal Necl3 and recruits
EAATI1/2 and Kird.1 to the PAPs, causing astrocyte-synapse
interactions and astrocyte functional polarization. It was noted that
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Fig. 4. Schematic of the localization of Necl2/3 and EAAT1/2/Kir4.1 at tripartite synapses in various co-culture conditions. (A-F) Differences for each
combination of the co-cultures are shown in the boxes. AZ, active zone; GR, glutamate receptor; PSD, postsynaptic density; SV, synaptic vesicles.

the numbers of the Necl3 signal-positive puncta were not
significantly different among conditions in which either GFP-
Meme-astrocytes, GFP-Necl2-astrocytes or Nec/2-KO GFP-Mem-
astrocytes were co-cultured with WT neurons, whereas the Necl3
signal-positive puncta were not detected when either GFP-Mem-
astrocytes, GFP-Necl2-astrocytes, Nec/2-KO GFP-Mem-astrocytes
were co-cultured with Nec/3-KO neurons (Fig. S8).

Even without astrocytic Necl2, astrocytic terminal processes still
extended and reached VGLUT1 signal-positive synapses but were
associated with the reduced EAATI1/2 and Kird.1 signal-positive
puncta (Fig. 2A-1-A-3,C; Fig. S3A-1-A-3,C; see Fig. 4A.B). In
addition, the Necl3 signal accumulation near VGLUT1 signal-positive
synapses was not significantly reduced (Fig. S3A-1-A-3,C, Fig. S8).
These results suggest the presence of an unidentified astrocytic X
factor other than Necl2 that might #rans-interact with axonal Necl3 for
extension of astrocytic terminal processes to synapses and the axonal
localization of Necl3. Conversely, even without neuronal Necl3,
astrocytic terminal processes were associated with the delocalized
Necl2, EAAT1/2 and Kir4.1 signal-positive puncta, although they
failed to reach VGLUTI signal-positive synapses (Fig. 2A-1-A-3;
Fig. S3B-1,B-2,C; see Fig. 4A,D). These results suggest the presence
of an unidentified axonal Y factor other than Necl3 that might trans-
interact with astrocytic Necl2 for the localization of Necl2, EAAT1/2
and Kir4.1 at astrocytic terminal processes, but the unidentified axonal
factor Y might be unable to extend them to reach synapses.

Furthermore, exogenous GFP-Necl2 expression in astrocytes,
genetic Necl? ablation in astrocytes or genetic Necl3 ablation in
neurons did not affect overall astrocyte ramifications (Fig. S9),
indicating that neither astrocytic Necl2 nor neuronal Necl3 is essential
for the initial branching step.

In transmission electron microscopy (TEM), the elaborate
terminal processes of GFP-Mem-astrocytes co-cultured with WT
neurons approached synapses, but hardly enwrapped them
(Fig. 5A). However, overexpression of GFP-Necl2 in astrocytes
induced more extensive interactions of astrocytes with synapses
to form tripartite-like glutamatergic synapses (Fig. 5B). The
extrasynaptic interactions of axons with astrocytic processes were
observed, and the extrasynaptic interactions of dendrites with
astrocytic processes were observed to a lesser extent. The length of
axons and dendrites in contact per 100 um? of the PAPs of GFP-
Meme-astrocytes was 13.38 um and 5.92 um, respectively, with the
ratio of axons:dendrites being 69%:31%; whereas for GFP-Necl2
astrocytes the results were 23.08 um and 5.66 um, respectively,
with a ratio of 80%:20% (Fig. 5A,B). Furthermore, the plasma
membranes of the PAPs and presynaptic axons at their interaction
sites were not thickened, compared with those at postsynaptic
densities. These results indicate the preferential interactions of
astrocyte fine terminal processes with axons, possibly through
astrocytic Necl2 and axonal Necl3, and subsequent tripartite-like
synapse formation.

Astrocytic Necl2 and axonal Necl3 promote an increase in
functional synapse number in vitro

Astrocytes release many substances that increase synapse number
and size (Nishida and Okabe, 2007; Ullian et al., 2001). Therefore,
we next evaluated synaptic properties of neurons co-cultured with
astrocytes using the whole-cell patch-clamp technique. Frequencies
of miniature excitatory postsynaptic current (mEPSCs) were
unaltered by co-culture of WT neurons with GFP-Mem-astrocytes
(Fig. 6A-D). However, the co-culture of WT neurons with
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Fig. 5. Astrocytic Necl2-increased tripartite synapse formation in vitro. (A,B) Representative IF images using the anti-GFP monoclonal antibody and
TEM. WT neurons precultured for 10 days, followed by co-culture with GFP-Mem-astrocytes (A) or GFP-Necl2-astrocytes (B) for an additional 14 days. Left
images show IF images; center images show TEM images of a synapse; right images show TEM images of an axon shaft. The length of axons and
dendrites in contact per 100 um? of PAP are shown in the bar graphs. Ax, axon shaft; PAP, perisynaptic astrocyte process; Pre, presynapse; Post,

postsynapse. Images are representative of three independent experiments.

GFP-Necl2-astrocytes increased mEPSC frequency. The increase in
mEPSC frequency may reflect an increase in the number of AMPA
receptor and/or glutamate release sites, but the co-culture of WT
neurons with GFP-Mem- or GFP-Necl2-astrocytes did not affect
mEPSC amplitude. These results suggest that the co-culture of WT
neurons with GFP-Necl2-astrocytes increases sites of glutamate
release from presynaptic axon terminals. To confirm this effect, we
next counted the number of synapses along dendrites in neurons
co-cultured with astrocytes. The co-culture of WT neurons with
GFP-Meme-astrocytes increased the number of synapses with the
VGLUT]1 and neurabin II signals, and the co-culture of WT neurons
with GFP-Necl2-astrocytes further enhanced this number (Fig. 6E,F).
Collectively, these results suggest that astrocytic Necl2 at least partly
increases the number of functional excitatory synapses presumably by
its trans-interaction with axonal Necl3.

Astrocytic Necl2 and axonal Necl3 are involved in astrocyte
functional polarization and tripartite synapse formation

in vivo

In the next set of experiments, we confirmed our in vitro findings in
the co-culture system for astrocytes and neurons by taking
advantage of in vivo analysis using Necl2-KO, Necl3-KO and
Necl2/3 double KO (dKO) mice. First, immunolocalization of the
Necl family proteins in WT mice confirmed their localizations in

astrocytes and neurons. Low magnification immunofluorescence
(IF) microscopy showed the robust accumulation of the Necl2/3
signals and the presence of the Necl1/4 signals at the CA3 stratum
lucidum (Fig. 7A). Super-resolution structured illumination
microscopy (SIM) revealed the Necl2/3 signal localization at
mossy fiber synapses, which were identified by the presynaptic
marker VGLUT! and the PAJ marker Nectin3 (Fig. 7B, see
Fig. 9F). The Necl2/3, VGLUTI! and Nectin3 signals partly
overlapped one another and the EAAT?2 signal. In immunoelectron
microscopy (IEM), the Necl2 immunogold particles localized at a
process-like structure of putative astrocytes facing pyramidal cell
dendrites, whereas the Necl3 particles localized at mossy fiber axon
terminals facing a process-like structure of putative astrocytes
(Fig. 8, see Fig. 9F). In addition, the Necl2/3 particles localized at
both pyramidal cell dendrites and associated mossy fibers,
respectively (Fig. 8, see Fig. 9F). These analyses of Necl2/3
localization are consistent with their distributions in the co-culture
system for astrocytes and neurons.

We next examined distributions of Necl2/3 and EAAT2 in
multiple KO mice. IF confocal microscopy (IFCM) and SIM on
Necl2-KO mice did not detect a reduction in the Necl3 and EAAT2
signal-positive puncta at the CA3 stratum lucidum (Fig. S10A,B),
which was inconsistent with the in vitro co-culture results
(Fig. S3A,C). The exact reason for this difference is unknown,
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Fig. 6. Astrocytic Necl2- and axonal Necl3-increased functional synapse number in vitro. (A-D) Basic electrophysiological properties of synaptic
transmission. WT neurons cultured alone for 24 days or precultured for 10 days, followed by co-culture with GFP-Mem- or GFP-Necl2-astrocytes for an
additional 14 days. (A,C) Sample traces of mMEPSCs recorded from these cultured neurons. (B,D) mEPSC inter-event intervals and amplitude. Left panel
shows averaged inter-event intervals and amplitude; right panel shows cumulative probability of inter-event intervals and amplitude of mMEPSCs. *P<0.05
(Kolmogorov—Smirnov test). (E,F) Synapse number. (E) Representative IF images using antibodies indicated in respective panels. WT neurons cultured
alone for 24 days or precultured for 10 days, followed by co-culture with GFP-Mem- or GFP-Necl2-astrocytes for an additional 14 days. Yellow arrowheads
indicate the puncta with the VGLUT1 and neurabin Il signal. (F) Number of the VGLUT1 and neurabin Il double-immunolabeled puncta along a dendritic
segment in E. *P<0.05, **P<0.01 (one-way ANOVA, followed by Tukey-Kramer honestly significant difference post-hoc test). Data are meants.e.m. Images
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Fig. 7. Localization of Necl2/3 in the hippocampus in vivo. Representative IF images of hippocampi in WT mice at P56 using the antibodies indicated in
respective panels. (A) Low-magnification images. Dotted lines indicate the stratum lucidum. (B) SIM images of the CA3 stratum lucidum. Arrowheads indicate
colocalization of the Necl2/3 signals or the Necl2/3 and EAAT2 signals. Images are representative of three independent experiments.
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Necl3

Fig. 8. Ultrastructural localization of Necl2/3 in the hippocampus in vivo. IEM images of Necl2/3 at mossy fiber synapses. Yellow arrowheads (left panel)
indicate localization of the Necl2 immunogold particles at a process-like structure of putative astrocytes facing pyramidal cell dendrites; yellow arrowheads
(center panel) indicate localization of the Necl2 particles at mossy fiber-pyramidal cell dendrite contact; red arrowheads (center panel) indicate localization of
the Necl2 particles in pyramidal cell dendritic shafts; yellow arrowheads (right panel) indicate localization of the Necl3 immunogold particles at mossy fiber
axon terminals facing to a process-like structure of putative astrocytes; red arrowheads (right panel) indicate localization of the Necl3 particles along the
surface of small-caliber axons. Ax, axon; Dn, dendrite; PA, puncta adherentia junctions; SV, synaptic vesicle. Images are representative of three independent

experiments.

but the less severe phenotype of Necl2-KO in vivo may reflect
developmental compensation of Necl2 function by other molecules
and/or the possible existence of an unidentified astrocytic X factor that
trans-interacts with mossy fiber axon terminal Necl3. In Necl3-KO
mice, IFCM detected a reduction in the Necl2 signal at the CA3
stratum lucidum (Fig. S10A). SIM on Necl3-KO mice revealed an
expansion of EAAT2-negative spaces (Fig. S10C,D), consistent
with the in vitro co-culture results (Fig. S3B). This SIM analysis
failed to detect misplaced EAAT2 signal-positive puncta near
mossy fiber synapses (Fig. S10B), which were detectable in vitro
(Fig. S3B). This discrepancy may be due to the limited ability of
SIM analysis to detect subtle changes in the position of EAAT2
signal-positive puncta in fixed brain sections having a high
density of synapses. IFCM analysis on Necl/2/3-dKO mice
detected a reduction in the EAAT2 signal at the CA3 stratum
lucidum (Fig. 9A-C), and detailed SIM analysis on Nec/2/3-dKO mice
revealed the fragmented and shortened EAAT? signal, compared with
that in WT mice (Fig. 9D,E). Essentially the same results were
obtained for EAATI and Kir4.1, although a reduction in the Kir4.1
signal in Necl2/3-dKO mice was observed in the hippocampal CAl
region (CAl), but not in CA3 (Fig. SI1A-E). The reason why the
reduction in the Kir4.1 signal was not observed in CA3 was due to the
technical difficulty of comparing it between WT and Necl/2/3-dKO
mice, because it was not uniformly distributed in the hippocampus,
particularly in CA3; therefore, it seems prudent to reserve judgment
regarding the reduction in the Kir4.1 signal in CA3. In addition,
although the size of mossy fiber synapses estimated by the synapse
marker bassoon did not change, the astrocyte area covering each
synapse was reduced in Necl2/3-dKO mice, compared with those in
WT mice (Fig. 9D,E; Fig. S11D,E). These in vivo data support the idea
of Necl2/3-dependent mechanisms for astrocyte-synapse interactions
as summarized in Fig. 9F, in which Necl2 localization at the PAPs,
the presence of Necl3 at mossy fibers, their #rans-interactions and
subsequent functional differentiation of mossy fiber tripartite synapses
are shown.

DISCUSSION

In our in vitro co-culture system for astrocytes and neurons, highly
ramified astrocyte morphology and formation of the numerous
PAPs were regulated by the presence of neurons. Astrocyte
morphology in the co-culture could be classified into three types.

The first type has processes extensively branched to generate
numerous fine terminal processes, the second type has primary
branches radiating from cell somata with few fine terminal
processes, and the third type displays polygonal morphology with
few primary branches (Fig. S1B). Abundance of the first and second
types was sensitive to culture conditions and the two were inversely
correlated, indicating possible interconversion between these two
types. In contrast, the third type was present exclusively in spaces
without nearby neurons and morphologically similar to astrocytes
cultured without neurons. Without nearby synaptic sites releasing
glutamate, this third type of astrocyte may not receive appropriate
local triggers for ramifications.

During brain development, synapses are formed first, followed by
astrocyte ramifications to form tripartite synapses (Farhy-Tselnicker
and Allen, 2018). Synapse formation starts during the first postnatal
week, peaks on postnatal day (P) 14, and is stabilized between P21 and
P28. On the other hand, mouse cortical astrocytes are largely
underdeveloped on P7 but rapidly develop between P7 and P26,
and glutamatergic synapse signaling is involved in perisynaptic
ensheathing of astrocyte processes on synapses (Morel et al., 2014).
Therefore, mixing astrocytes during the synaptogenic period that
occurs after days in vitro (DIV) 10 in the in vitro co-culture system for
astrocytes and neurons makes sense and at least partly reflects
physiological astrocyte ramifications. Our detailed in vitro analysis
indicates that extensive astrocyte ramifications were dependent on the
number and maturational levels of synapses. These synapse-
dependent astrocyte ramifications were dependent on neuronal
activity and were inhibited by the mGIluRS antagonist, suggesting
the involvement of synaptically-released glutamate and astrocytic
mGIuRS5 in these processes. These in vitro results were consistent with
previous in vivo observations that genetic ablation of astrocytic
mGluR5 or pharmacological inhibition of mGIuRS using its
antagonist, MPEP, reduces astrocyte ramifications in mouse cortex
(Morel et al., 2014). Furthermore, another report confirmed the
mGluR5-dependent regulation of PAP remodeling by showing that
synaptic activity elevates PAP movement and spine coverage via
mGIuRS in the mouse hippocampus (Bernardinelli et al., 2014).
Multiple lines of evidence, including our present findings, support
essential roles of synaptically-released glutamate in astrocyte-synapse
interactions, although alternative signaling pathways, independent of
synaptic glutamate signaling, could not be completely excluded.
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The highly ramified morphology of astrocytes requires direct
interactions with neuronal processes (Araque et al., 1999; Haydon,
2001; Mauch et al., 2001). Astrocyte ramifications in mouse
cortex are initiated in parallel with the growth and functional
maturation of synapses (Freeman, 2010). However, the extent
of astrocyte ramifications in early postnatal neocortex is not as

putative unidentified astrocytic X
factor that may trans-interact with
mossy fiber axon terminal Necl3 or
the putative unidentified mossy fiber
axon terminal Y factor that may
trans-interact with astrocytic Necl2 is
not shown. Data are meants.e.m.

high as that of the first type of astrocytes in our in vitro co-culture
system for astrocytes and neurons. Our time-lapse imaging
revealed that the initial contact of astrocytes with neuronal
processes triggered the subsequent extensive ramifications. This
phenomenon is similar to the so called ‘contact inhibition of cell
movement’” (Abercrombie and Heaysman, 1954; Fisher and Yeh,
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1967). When moving cells make contact with each other, they stall
and then change direction to avoid further contact. Once
proliferating cells reach high confluency, they become stationary
and start to form cell junctions (Bell, 1978). In our co-culture
system, moving astrocytes stop moving upon contact with neurites
and then initiate ramifications. Once astrocytic terminal processes
reach synapses, they contribute to tripartite synapse formation. For
tripartite synapse formation, astrocytes first need to induce
ramifications and their processes need to extend closer to
synapses. Here, we showed that synaptically-released glutamate
was involved in this process. On the other hand, astrocytes secrete a
variety of factors that regulate synapse formation, including ApoE3,
cholesterol, thrombospondin, SPARC, hevin, glypican, TGF-$ and
chordin-like 1 (Allen et al., 2012; Blanco-Suarez et al., 2018;
Christopherson et al., 2005; Diniz et al., 2012; Jones et al., 2011;
Kucukdereli et al., 2011; Perea et al., 2009; Sun et al., 1998). These
factors may affect glutamate-mediated astrocyte ramifications,
extension of processes to synapses and synapse-PAP interactions.
Their possible involvement in astrocyte ramifications is currently
under investigation, but our newly developed co-culture system
might be useful for elucidating this issue.

Our in vitro co-culture system for astrocytes and neurons further
revealed that astrocyte-synapse interactions were mediated by
astrocytic Necl2 and axonal Necl3 trans-interaction and by
additional unidentified astrocytic X and axonal Y factors. These
in vitro observations were confirmed by in vivo analyses on
Necl3-KO and Necl2/3-dKO mice. However, the present study did
not show the evidence that the Necl2/3 frans-interaction is direct
and therefore the possibility that this frans-interaction is indirect
through other molecules cannot be completely excluded; however,
this possibility is unlikely because the direct Necl2/3 trans-
interaction has been previously shown (Fogel et al., 2007,
Mizutani and Takai, 2016; Mizutani et al., 2021). In addition,
Necl 2/3 localized at pyramidal cell dendritic spines and mossy fiber
axon terminals interacting with these dendritic spines, respectively,
possibly mediating mossy fiber axon terminal-dendritic spine
interactions (Fig. 9F). Cell adhesions formed by the Necl2/3
trans-interaction in hippocampal mossy fiber tripartite synapses
were structurally different from PAJs, but similar to the nectin/Necl
spots (Mizutani et al., 2021). Therefore, we refer to these sites of the
Necl2/3 trans-interaction as Necl2/3 spots.

Several astrocytic CAMs that are involved in astrocyte-synapse
interactions and their modes of action have been reported. For
example, y-protocadherins promote both excitatory and inhibitory
synaptogenesis in an astrocyte-neuron contact-dependent manner,
and loss of astrocytic y-protocadherins results in delayed
synaptogenesis in vivo (Garrett and Weiner, 2009). Connexin 30
regulates astrocyte morphology and motility in a manner
independent of its channel function, and loss of connexin 30
causes astrocyte invasion into synaptic clefts, resulting in an
enhanced glutamate uptake (Pannasch et al., 2014). NrCAM
expressed in neurons and astrocytes regulates GABAergic
synapse formation and function, and loss of perisynaptic NrCAM
trans-interaction results in significant deficits of GABAergic
transmission, with a slight reduction in the amplitude of
glutamatergic responses (Takano et al., 2020). In addition, it was
recently shown that astrocytic neuroligin 2 regulates cortical
glutamatergic synapse formation (Stogsdill et al., 2017).
Collectively, these previous and present results indicate that
astrocytic CAMs are involved not only in physical astrocyte-
synapse interactions but also in the proper function of astrocytes to
neurons. However, it remains unknown how these previously

reported CAMs and Necl2/3 cooperatively, complementarily or
independently regulate astrocyte-synapse interactions and astrocyte
functional polarization.

Molecules essential for astrocytic functions, such as EAAT1/2
and Kir4.1, show highly polarized distributions and are enriched in
the PAPs (Lehre et al., 1995; Olsen and Sontheimer, 2008).
However, mechanisms for this astrocyte functional polarization
remain unknown. We showed here for the first time that the Necl2/3
spots are involved in recruiting EAAT1/2 and Kir4.1 to the PAPs to
induce astrocyte functional polarization. It remains unknown how
the Necl2/3 spots interact with EAAT1/2 and Kir4.1, but direct or
indirect cis-interactions may be involved. The nectin/Necl family
members cis-interact with growth factor receptors, such as
platelet-derived growth factor, fibroblast growth factor, vascular
endothelial growth factor, prolactin receptors and ErbB2/3 through
their extracellular regions (Mizutani and Takai, 2016). Similar
mechanisms for higher-order membrane protein organization may
also apply to Necl2 interactions with EAAT1/2 and Kir4.1.

The results of whole-cell patch-clamp recording and synapse
counting support the idea that Necl2/3 promotes an increase in
functional excitatory synapse number. This is the first
demonstration that CAM-mediated astrocyte-synapse interactions
facilitate formation and maturation of tripartite synapses. The effect
of direct cell-cell interactions mediated by the Necl2/3 spots may
cooperate with soluble factors released from astrocytes (Allen et al.,
2012; Blanco-Suarez et al., 2018; Christopherson et al., 2005; Diniz
etal., 2012; Jones et al., 2011; Kucukdereli et al., 2011; Perea et al.,
2009; Sun et al., 1998). Mechanisms underlying the synapse
number increase via the Necl2/3-mediated interaction require
further analyses, but one possibility is that the adhesion of the
PAPs and synapses reduces their physical distance, leading to
enhanced effects of astrocyte-derived factors by increasing their
local concentrations after release.

In this study, we provided evidence for the crucial roles of the
Necl2/3 spots in astrocyte-synapse interactions and astrocyte
functional polarization. Additional astrocytic X and axonal Y
factors for ramifications of astrocytic processes and polarized
molecular sorting may still exist (Fig. 4). It is unknown whether
these factors are previously reported CAMs or novel molecules, but
their identification will lead to better understanding of molecular
mechanisms for astrocyte-synapse interactions and astrocyte
functional polarization.

A co-culture system for astrocytes and neurons was previously
reported, but these results were different from ours in several aspects
(Stogsdill et al., 2017): (1) in their co-culture system, astrocytes did
not fully ramify and formed the second type of astrocyte morphology
shown in our co-culture system, whereas in our co-culture system,
astrocytes fully ramified to form the first type of astrocyte
morphology; (2) in their co-culture system, astrocyte ramifications
induced by co-cultured neurons were not inhibited by TTX, whereas
in our co-culture system, they were inhibited by TTX; (3) in their
co-culture system, methanol treatment of neurons did not eliminate
their ability to induce astrocyte ramifications, whereas in our
co-culture system, it eliminated the ability of neurons to induce
astrocyte ramifications. The exact reasons for these different results
between the two co-culture systems are not known but may be caused
by the following different experimental procedures and conditions:
(1) in their co-culture system, both neurons and astrocytes prepared
from the rat cortex were used, whereas in our co-culture system,
neurons and astrocytes prepared from the mouse hippocampus and
the mouse ganglionic eminence, respectively, were used; (2) in their
co-culture system, the astrocytes were prepared in the serum-
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containing condition and cultured in the serum-containing condition
for 11 days, whereas in our co-culture system, the astrocytes were
prepared in the serum-free condition and cultured in the serum-
containing condition for 2 days at most; and (3) in their co-culture
system, the astrocytes were co-cultured with the neurons for 2 days,
whereas our co-culture system, the astrocytes were co-cultured with
the neurons for 14 days. It is difficult to determine at present which
of'these differences in conditions is key for the discrepancy between
their and our results on astrocyte morphogenesis, but careful
comparison of these differences in conditions will lead to the
identification of novel factors that regulate astrocyte-synapse
interactions and astrocyte functional polarization.

Our newly developed in vitro co-culture system for astrocytes and
neurons should be a highly useful model to investigate physiological
functions of astrocyte-synapse interactions, astrocyte functional
polarization and their underlying mechanisms. Furthermore, our
co-culture system can be combined with experimental manipulations
of environmental and genetic factors related to neurodegeneration,
such as oxygen and glucose deprivation, application of amyloid j,
and with experimental manipulations of Alzheimer’s disease risk
genes, including ApoE proteins, amyloid B precursor protein and
presenilin. The sophisticated in vitro analytical system provides a
new venue for understanding pathological changes in tripartite
synapses related to human neurodegenerative diseases.

MATERIALS AND METHODS

Animals

C57BL/6J mice were purchased from CLEA Japan. PO was defined as the
day of birth. All animal experiments were performed in accordance with
institutional guidelines and approved by the administrative panel on
laboratory animal care of Kobe University. This study was approved by the
president of Kobe University after being reviewed by the Kobe University
Animal Care and Use Committee (approval No. 30-06-01), and animal
experiments were conducted in accordance with regulations for animal
experimentation of Kobe University.

Generation of Necl2-KO, Neci3-KO and Necl2/3-dKO mice
Necl2-KO mice were generated by gene targeting strategy. To replace the
Necl2 genomic region between the Spel site in intron 1 and the BamHI site in
intron 3 with an MC1 promoter-Neo-poly A cassette, a targeting vector was
constructed using a 12.7 kb Spel fragment (from the Spel site in intron 1 to
the Spel site in intron 3) and a 9.2 kb BamHI fragment (from the BamHI site
in intron 1 to the BamHI site in intron 3). The MC1 promoter-diphtheria
toxin A fragment-poly A cassette was used for negative selection. The
targeted region contained amino acids 99-199 of the Necl2 protein. The
linearized targeting vector was transfected into 129/Sv RW4 embryonic
stem cells (ESCs) (Genome Systems) by electroporation. ESCs harboring the
targeted allele were selected for G418 resistance and then microinjected into
C57BL/6 blastocysts to obtain chimeric mice. The chimeric mice were bred
with BDF1 mice to generate heterozygous mice carrying the mutant allele.
Mice were genotyped by PCR using DNA from tail biopsies. Primer
sequences for genotyping were as follows: forward, 5'-AGATCTC-
CCTTAGTTTGACTCATTTTGTG-3";  reverse, 5'-GCTCTGTAGC-
ACGACGATCTGGG-3'. The PCR reaction consisted of 2 min at 98°C,
followed by 40 cycles of 20 s at 98°C and 2 min at 68°C. The primer pair
forward and reverse gave a 2.5 kb band fora WT allele and a 1.5 kb band for
a mutant allele. NecI2*"~ mice that were used to produce Necl2~"~ mice had
been backcrossed with C57BL/6 mice for more than ten generations.
Necl3-KO mice were generated using the CRISPR/Cas9 system as
described previously, with slight modifications (Nagahama et al., 2020).
Briefly, four single-guide RNAs (sgRNAs) targeting exon 1 of the Nec/3
gene were selected using CRISPRdirect (http:/crispr.dbcls.jp/). Protospacer
sequences of sgRNAs were as follows: 5'-CTCAGAAGAACTTCGCA-
CCC-3', 5'-CGCCCCCTCGCGGTGGCGAT-3', 5'-GTAGCAGAAAG-
CTCCTTACG-3’ and 5'-TACGCGGCACCTTTCGCCTT-3'. Cas9/gRNA

ribonucleoprotein complex was delivered into fertilized C57BL/6 embryos
by electroporation. Embryos were washed three times with Opti-MEM [
(Thermo Fisher Scientific) supplemented with 0.1% polyvinyl alcohol
(PVA) and once with 0.1% PVA-Opti MEM I containing Cas9 protein
(200 ng/ul, Takara Bio) and sgRNAs (25 ng/ul each, Fasmac). Then
embryos were placed in a line in the gap of an electrode pair (LF501PT1-10,
BEX) filled with Cas9/gRNA containing 0.1% PVA-Opti-MEM I (total 5 pl
in volume) and electroporation was performed. Voltage pulses (30 V, 3 ms)
were applied seven times at intervals of 100 ms using an electroporator
CUY21EDIT 1I (BEX). After electroporation, embryos were immediately
collected from the electrode chamber and subjected to three washes with
modified Whitten’s medium. Electroporated embryos were transferred into
oviducts of 0.5-day-post-coitum ICR recipients (Charles River
Laboratories). Mice were genotyped by PCR using DNA from tail biopsies.
Primer sequences for genotyping were as follows: forward, 5'-CTATCGG-
GCCCCAGTTACAT-3'; reverse for the WT allele, 5'-AACAGCTGCAG-
TAGCAATCTT-3’; reverse for the mutant allele, 5'-GATGACAAGAGG-
TGGAAAGGGT-3’. The PCR reaction consisted of 2 min at 94°C,
followed by 30 cycles of 10 s at 98°C, 15 s at 64°C and 15 s at 68°C. The
size of the amplicon was 386 bp for a WT allele and 247 bp for a mutant
allele.

To obtain Nec/2/3-dKO mice, Necl2"~ mice were first crossed with
Necl3*'~ mice and Necl2"~; Necl3*~ mice generated were further crossed.
The resulting WT and Nec/2/3-dKO littermates were used.

Cell culture

Mouse hippocampal neurons for culture were prepared as described
previously (Toyoshima et al., 2014). Cytosine arabinoside (2 uM) was
added to the culture at DIV2. In the co-culture at DIV10 immediately before
the addition of astrocytes separately prepared, astrocytes were less than 5%.
Mouse astrocytes for culture were prepared by differentiation of
neurospheres prepared from the mouse ganglionic eminence at embryonic
day (E) 18.5, as described previously (Miyata et al., 2016). All cells were
maintained in culture at 37°C in a humidified 5% CO, incubator.

In vitro co-culture system for astrocytes and neurons

Hippocampal neurons (6x10* cells/well) were precultured for 10 days in
24-well plates and then astrocytes (1x10* cells/well) were added, followed
by co-culture for 14 days, unless otherwise specified. Experiments using
pharmacological agents were performed as follows: 1 uM TTX (Fuyjifilm
Wako Pure Chemical), 100 uM MCPG (Tocris Bioscience), 50 uM MPEP
(Tocris Bioscience), 10 uM LY395756 (Tocris Bioscience), 20 pM CNQX
(Tocris Bioscience) and 50 pM D-AP5 (Tocris Bioscience) were added to
the in vitro co-culture of astrocytes with neurons at the indicated time points.

Astrocyte transfection

Cultured astrocytes were prepared by differentiation of neurospheres in
medium mixed with Neurobasal medium and MEM at a ratio of 1:4,
supplemented with 1% fetal bovine serum. A day after differentiation,
astrocytes were transfected with pAcGFP1-Mem or pCMV-EGFP-Necl2
using Lipofectamine 2000 (Thermo Fisher Scientific), according to the
manufacturer’s protocol. The transfection efficiency of pAcGFP1-Mem into
astrocytes was ~30%.

Antibodies

Rabbit antiserum against Necll [1:300 for IF microscopy and 1:1000 for
western blotting (WB)] and Necl3 (1:300 for IF microscopy and 1:1000 for
WB) was prepared as described previously (Kakunaga et al., 2005; Shiotani
et al., 2021). A rat anti-Necl2 monoclonal antibody (1C4-2) (1:300 for IF
microscopy and 1:1000 for WB) was prepared as described (Shingai et al.,
2003). The antibodies listed below were purchased from commercial sources;
rat anti-GFP monoclonal antibody (1:300, Nacalai Tesque, 04404-84);
guinea pig anti-VGLUT1 polyclonal antibody (1:1000, Merck Millipore,
AB5905); rabbit anti-EAAT1 polyclonal antibody (1:300, Cell Signaling
Technology, 5684); guinea pig anti-EAAT2 polyclonal antibody (1:300,
Merck Millipore, AB1783); guinea pig anti-Kir4.1 polyclonal antibody
(1:300, Alomone Labs, AGP-012); mouse anti-Necl4 monoclonal antibody

13

DEVELOPMENT


http://crispr.dbcls.jp/
http://crispr.dbcls.jp/

RESEARCH ARTICLE

Development (2023) 150, dev200931. doi:10.1242/dev.200931

(1:300 for IF microscopy and 1:1000 for WB, NeuroMab, 75-247);
mouse anti-actin monoclonal antibody (1:1000, Merck Millipore,
MABI1501); rat anti-nectin 3 monoclonal antibody (1:300, MBL,
D084-3); mouse anti-bassoon monoclonal antibody (1:300, Enzo Life
Sciences, ADI-VAM-PS003); mouse anti-PSD95 monoclonal antibody
(1:300, NeuroMab, 75-028); chicken anti-MAP2 polyclonal antibody
(1:500, Abcam, ab5392); rabbit anti-neurabin II polyclonal antibody
(1:300, Cell Signaling Technology, 14136). Primary antibodies were
visualized using goat or donkey fluorochrome-conjugated secondary
antibodies. The fluorochromes, Alexa Fluor 488, 555, 568 and 647
(1:400, Thermo Fisher Scientific) were used.

IF microscopy

IF microscopy of cultured cells was performed as described previously (Miyata
et al., 2016). In brief, astrocytes cultured without hippocampal neurons,
neurons cultured without astrocytes, and astrocytes co-cultured with neurons on
coverslips were fixed in 2% paraformaldehyde (PFA)/PBS at room temperature
(RT) for 15 min and 0.25% Triton X-100 in PBS at RT for 10 min. They were
then incubated with a blocking buffer (10% normal goat or donkey serum, 1%
bovine serum albumin (BSA), 0.25% Triton X-100 in PBS) at RT for 30 min.
Samples were stained with the indicated antibodies at 4°C overnight, and then
with appropriate fluorophore-conjugated secondary antibodies.

IF microscopy of frozen brain sections was performed as described
previously (Toyoshima et al., 2014). Briefly, mice were deeply anesthetized
and transcardially perfused at RT with 1x HBSS with Ca*" and Mg2?"
(Thermo Fisher Scientific) containing 10 mM HEPES, 1 mM sodium
pyruvate, 4% sucrose, heparin and a protease inhibitor cocktail (cOmplete
Mini; Roche Diagnostics), followed by perfusion with 2% PFA in the
aforementioned HBSS-based buffer. After dehydration with 30% sucrose in
PBS, whole brains were embedded in OCT compounds (Sakura Finetek).
Cryostat sections were incubated at 62°C for 20 min in HistoVT One antigen
retrieval solution (Nacalai Tesque) and then incubated with 1% BSA, 10%
normal goat or donkey serum and 0.25% Triton X-100 in TBS at RT for
30 min. Sections were stained with the indicated antibodies, and then with
appropriate fluorophore-conjugated secondary antibodies. Fluorescence
microscopic image analyses were performed on a BZ-X710 All-in-One
Fluorescence Microscope (Keyence) using a 20x/0.95 objective lens (Plan
Apochromat numerical aperture objective lens; Nikon). Images captured on
the BZ-X710 were analyzed using BZ-X-Analyzer software (Keyence).
Confocal image analyses were performed on a C2 confocal laser-scanning
microscope (Nikon) using a 40%/0.95 objective lens [Plan Apochromat
numerical aperture lens (Nikon)]. Images captured on the C2 were analyzed
using NIS Elements acquisition software (Nikon). Structured illumination
image analyses were performed on an ELYRA PS.1 microscope (Carl Zeiss)
using a 100%/1.46 objective lens (Plan Apochromat numerical aperture oil
immersion objective lens, Carl Zeiss). Images were then reconstructed using
Zen software (Carl Zeiss), based on the structured illumination algorithm.

Quantification of astrocytic terminal processes that reached
VGLUT1 signal-positive synapses

For quantification of astrocytic terminal processes that reached VGLUTI1
signal-positive synapses, multiple images of astrocytes expressing GFP-Mem
or GFP-Necl2 were obtained and the number of terminal processes of those
astrocytes were counted manually. Among the astrocytic terminal processes,
those that reached VGLUT1 signal-positive synapses were defined as ‘synaptic
astrocyte processes’ and those that did not were defined as ‘non-synaptic
astrocyte processes’, and their percentages were calculated.

Quantification of Necl2, EAAT1/2 and Kir4.1 on astrocytic
terminal processes

For quantification of Necl2, EAAT1/2 and Kir4.1 on each synaptic and non-
synaptic astrocyte process, the numbers of those in which the signals for the
indicated molecules were positive or negative were counted manually, and
the percentages of each of them were calculated. In order to minimize the
diffuse signal and the fusion of puncta, the contrast of each image was
adjusted by setting the cutoff threshold at 10-12% of the maximum signal
intensity in the linear range. Each channel was examined separately to

identify and manually count immunopositive puncta without reducing the
image resolution. For quantification of the Necl2 signal in GFP-Necl2-
astrocytes, it was based on the GFP signal of GFP-Necl2.

TEM and IEM

For correlative light microscopy and TEM observations, cells were fixed
with 4% PFA and 0.5% glutaraldehyde in PBS for 30 min. Samples were
immersed in 1% osmium tetroxide, 1.5% potassium ferrocyanide in 0.1 M
sodium cacodylate buffer for 1 h and stained with 1% tannic acid in 0.05 M
sodium cacodylate buffer for 45 min. Samples were dehydrated in an
ascending ethanol series and embedded in epoxy resin (Epon812, TAAB).
After being incubated for 2 days at 60°C, ultra-thin sections of 50-60 nm
were prepared in a Reichert ultramicrotome with a diamond knife and
mounted on Formvar-coated copper slot grids. Samples attached to the grids
were stained with 2% uranyl acetate and 0.4% lead citrate.

For IEM observations, WT mice (C57BL/6 male mice, P56) were deeply
anesthetized and perfused with 4% PFA and 0.1% glutaraldehyde in 0.1 M
phosphate buffer. Brains were removed, immersed in 4% PFA and 0.1%
glutaraldehyde in 0.1 M phosphate buffer for 2 h. Coronal sections (50 pm)
were made using a vibratome (VT-1000S, Leica). Sections were immersed
in 30% sucrose in 0.1 M phosphate buffer for 1 h and then frozen with liquid
nitrogen and subsequently thawed. Samples were blocked with 20% normal
goat serum (NGS) in TBS for 1 h and then reacted with primary antibodies
in 10% NGS in TBS at 4°C for 72 h. Samples were reacted with secondary
antibodies conjugated with 1.4 nm colloidal gold [Nanogold®-IgG goat
anti-rabbit IgG (H+L), Nanoprobes] in 2% NGS in TBS at 4°C overnight.
Silver intensification (HQ Silver Enhancement kit, Nanoprobes) of
immunogold-stained samples was performed for 7 min. Samples were
treated with 1% osmium tetroxide in 0.1 M phosphate buffer for 40 min and
were then stained with 2% aqueous uranyl acetate for 35 min. Samples were
dehydrated with ethanol and twice more treated with propylene oxide for
10 min. Samples were embedded in resin (Durcupan, Sigma-Aldrich) and
treated for 2 days at 60°C for curing. Ultra-thin sections of 50-60 nm were
prepared in a Reichert ultramicrotome with a diamond knife and mounted in
Formvar-coated copper slot grids. Samples attached to grids were stained
with 2% uranyl acetate and 0.4% lead citrate.

TEM images were acquired at 80keV on a transmission electron
microscope (JEM-1010, JEOL) with a CMOS camera (TemCam-F216,
TVIPS) at x5000 magnification for correlative light microscopy and TEM
observation, and x8000 magnification for IEM observation.

For quantification of the TEM images, 126.12 um? in 13 fields of the
images of astrocytes expressing GFP-Mem and 112.5 um? in 17 fields of
the images of astrocytes expressing GFP-Necl2 were analyzed to ensure that
the area of the PAPs to be analyzed was similar. Then, the lengths of axons
and dendrites interacting with the PAPs were measured. Axons and
dendrites were discriminated by the presence of synaptic vesicles and actin
filaments, respectively.

WB

Cells were lysed with a lysis buffer [SO mM Tris-HCI (pH 7.4), 140 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, cOmplete Mini
protease inhibitor cocktail tablets and phosphatase inhibitor cocktail 3 (Sigma-
Aldrich, P0044)] on ice for 15 min. Lysates were then centrifuged at 100,000 g
at 4°C for 30 min. Supernatants were subjected to SDS-PAGE and transferred
to Immobilon-P polyvinylidene difluoride membranes (EMD Millipore).
Membranes were blocked in 1% non-fat dry milk and then incubated with the
primary antibodies, followed by incubation with HRP-conjugated secondary
antibodies (1:1000, GE Healthcare Bioscience). Signals were visualized by
incubation with Immobilon Western Chemiluminescent HRP Substrate (EMD
Millipore, WBKLS0500) and detected using an ImageQuant LAS4000
(GE Healthcare Bioscience).

Electrophysiology

Whole-cell patch-clamp recordings from cultured hippocampal neurons
were performed as described previously (Kuriu et al., 2006; Okabe et al.,
1999). Cells in the culture dish were perfused with an extracellular solution
[25 mM HEPES (pH 7.4), 119 mM NacCl, 2.5 mM KCl, 30 mM D-glucose,
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2 mM CaCl, and 2 mM MgCl,]. For measurements of mEPSCs, electrodes
were filled with solution [10 mM HEPES (pH 7.4), 125 mM potassium
methanesulfonate, 6 mM KCI, 2 mM MgCl,, 0.6 mM EGTA, 3.2 mM
Mg-ATP and 1.2 mM Na-GTP) and membrane potentials were corrected for
the liquid junction potential (9 mV). mEPSCs were recorded from
pyramidal neurons held at =70 mV in extracellular solution supplemented
with 1 uM TTX, 1 puM strychnine (Sigma-Aldrich, S0532) and 10 uM
gabazine (SR-95531) (Toronto Research Chemicals, G122500). Membrane
currents were recorded using an EPC10 USB amplifier (HEKA Elektronik).
Records were filtered at 1.4-2.9 kHz and acquired at 10 kHz. Series
resistance was monitored during the experiments, and the cells were required
to have a series resistance <20 MQ for analysis. mEPSCs were analyzed
using an Origin 8.0 pro (OriginLab), Clampfit (Molecular Devices) and
Minianalysis 6.0.3 (Synaptosoft). mEPSCs were detected by setting the
amplitude threshold to 6 pA (root mean square, RMS, noise level <3 pA).

Quantification of mean fluorescence intensities for the EAAT1/2
and Kir4.1 signals in the hippocampus

For quantification of mean fluorescence intensities for the EAAT1/2 and
Kir4.1 signals in the hippocampus, multiple high magnification IFCM
images of the WT and KO mouse pairs to be compared were obtained under
the same conditions. For each image, the CA3 stratum lucidum or the area
around the CA1 pyramidal cell layer was selected using the ‘Freehand
Selections’ function of ImagelJ, and the mean gray values were calculated
using the ‘Mean Gray Value’ function. The mean gray value of the WT mice
for each pair was normalized as 100%, and the percentages of the mean gray
values for each pair of KO mice to be compared were calculated, then the
mean of those values were calculated.

Quantification of synapse size and synapse coverage in vivo

For quantification of synapse size and synapse coverage in vivo, ~50 cross-
sectional images of mossy fiber synapses at the CA3 stratum lucidum were
acquired every 0.101 um in the z-axis direction. In the image at the height of
the z-axis where the diameter of a certain synapse was the largest, the area of
the synapse was calculated using the ‘Freehand Selections’ function
of ImageJ. The length of the synaptic perimeter was also measured using the
‘Freehand Selections’ function, and the length of the fragmented EAAT1 or
EAAT?2 signal segments on the synapse perimeter was measured using the
‘Freehand Line’ function. Synaptic coverage was calculated by dividing the
sum of the EAAT1 or EAAT?2 signal segments at each synapse by the length
of the synaptic perimeter.

Statistical analysis

Statistical analysis of differences between mean values was performed with
two-tailed unpaired Student’s #-tests, and the Kolmogorov—Smirnov test. For
morphological analysis, one-way ANOVA was used, followed by Bonferroni
correction or Tukey-Kramer honestly significant difference post-hoc test.
Statistical significance was set at P<0.05. All values are reported as mean
+s.e.m.
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