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SUMMARY

Altering AMPA receptor (AMPAR) content at synapses is a key mechanism underlying the
regulation of synaptic strength during learning and memory. Previous work demonstrated that
SynDIG1 (synapse differentiation-induced gene 1) encodes a transmembrane AMPAR-associated
protein that regulates excitatory synapse strength and number. Here we show that the related
protein SynDIG4 (also known as Prrtl) modifies AMPAR gating properties in a subunit-dependent
manner. Young SynDIG4 knockout (KO) mice have weaker excitatory synapses, as evaluated by
immunocytochemistry and electrophysiology. Adult SynDIG4 KO mice show complete loss of
tetanus-induced long-term potentiation (LTP), while mEPSC amplitude is reduced by only 25%.
Furthermore, SynDIG4 KO mice exhibit deficits in two independent cognitive assays. Given that
SynDIG4 colocalizes with the AMPAR subunit GIuA1 at non-synaptic sites, we propose that
SynDIG4 maintains a pool of extrasynaptic AMPARSs necessary for synapse development and
function underlying higher-order cognitive plasticity.
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Matt et al. show that mice lacking the AMPAR-associated protein SynDIG4/Prrtl display deficits
in synaptic plasticity and cognition. SynDIG4 modifies AMPAR biophysical properties in
heterologous cells, but synaptic AMPAR Kkinetics are unchanged, suggesting that SynDIG4
establishes a pool of extrasynaptic AMPARS necessary for higher-order cognitive plasticity.

wild-type ) SynDIG4 KO

synaptic AMPA

extrasynaptic - M
GluAi

INTRODUCTION

AMPA receptors (AMPARS) are responsible for fast excitatory synaptic transmission in the
brain. AMPARSs are implicated in plasticity mechanisms such as long-term potentiation
(LTP) (Huganir and Nicoll, 2013) and synaptic scaling (Lee et al., 2014; Turrigiano, 2012).
A diverse family of AMPAR auxiliary factors regulates AMPAR trafficking and gating
(Jackson and Nicoll, 2011). Stargazin, the prototypical transmembrane AMPAR regulating
protein (TARP), promotes surface expression and alters biophysical properties of AMPARS
in heterologous cells such that they more closely resemble those of endogenous receptors
(Chen et al., 2000). In addition to TARPs, several other unrelated protein families have been
identified as auxiliary AMPAR factors with distinct and overlapping functions (Chen et al.,
2000; Chen et al., 2014; Diaz, 2010; Jackson and Nicoll, 2011; Schwenk et al., 2009, 2014;
Shanks et al., 2012; von Engelhardt et al., 2010).

SynDIG1 (synapse differentiation-induced gene 1) encodes a type Il transmembrane protein
that interacts with AMPARSs in brain and heterologous cells and regulates synaptic strength
(Kalashnikova et al., 2010). SynD/G1 mutant mice exhibit deficits in excitatory synapse
maturation (Chenaux et al., 2016). In contrast to other AMPAR accessory proteins,
SynDIG1 does not regulate AMPAR dynamics (Lovero et al., 2013), suggesting that
SynDIG1 is an atypical AMPAR auxiliary factor.

SynDIG defines a family of genes that encodes brain-specific transmembrane proteins
(Kalashnikova et al., 2010). SynDIG4, also known as Prrtl (proline-rich transmembrane
protein 1), was identified in several independent proteomic studies as a candidate AMPAR-
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associated protein (Chen et al., 2014; Schwenk et al., 2012, 2014; Shanks et al., 2012; von
Engelhardt et al., 2010), as well as a component of the postsynaptic density (PSD) (Jordan et
al., 2004). Surprisingly, SynDIG4 is not enriched at synapses; the major fraction of
SynDIG4 colocalizes with the AMPAR subunit GIUA1 at extrasynaptic sites in rat cortical
neurons (Kirk et al., 2016). Here we show that SynDIG4 plays a critical role in excitatory
synapse function with a combination of electrophysiology, immunocytochemistry,
biochemistry, and behavior. We propose that SynDIG4 maintains a pool of extrasynaptic
AMPARSs necessary for synapse development and function underlying higher-order
cognitive plasticity.

SynDIG4 Modifies AMPAR Gating Kinetics in a Subunit-Dependent Manner

To test direct effects of SynDIG4 on AMPAR properties, heterologous expression in
Xenopus oocytes and outside-out patch-clamp electrophysiological recordings were used to
compare it with TARP-y8, which is highly expressed in hippocampus (Tomita et al., 2003).
SynDIG4 slows deactivation kinetics of both GluA1 homomers and GluA1/2 heteromers,
albeit less than TARP-y8; however, a synergistic effect was observed with both SynDIG4 and
TARP+y8 (Figure 1A). SynDIG4 reduces desensitization of GIuA1 homomers with or
without TARPy8 but has no significant effect on desensitization of heteromeric GIuA1/2
(Figure 1B). SynDIG4 does not alter recovery from desensitization of GIuA1 homomers or
GluA1/2 heteromers (Table S1).

Expression Profile of Prrt1/SynDIG4 Mutant Reporter Mice

These results motivated investigation of a SynD/G4 null reporter line [Prrttm(KOMP)Vicg]
obtained from the Knock Out Mouse Project (KOMP) consortium (Valenzuela et al., 2001),
in which the SynDIG4 protein-coding region is replaced with a B-galactosidase (-gal)
cassette (Figure 2A). The resulting reporter protein, driven by the SynDIG4 promoter, is
retained within the soma. To verify loss of SynDIG4 protein, brain lysates were collected
from homozygous mutant mouse (referred to here as SynD/G4'~) and compared with wild-
type (WT) littermates at postnatal day (P) 14. No detectable levels of SynDIG4 in
postnuclear (S1), membrane (P2), synaptosomal (Syn), or PSD-enriched fractions were
detected in SynD/G4~ mice (Figure 2B). PSD-95 was enriched and synaptophysin was
undetectable in PSD fractions, while -actin indicated equivalent loading between fractions.

To investigate potential changes in subcellular composition of mutant brain tissue, candidate
synaptic proteins were analyzed (Table S2). Except for an increase in GIUA2 in the
synaptosomal fraction of SynD/G4~ samples (p = 0.045), there were no significant
changes in glutamate receptor subunits (GluAl, GluA2, GIuN1, and GIuN2B), and the
distribution of synaptic scaffolds PSD-93 or PSD-95 was not altered in SynDIG4~/~ (Figures
S1A-S1D).

To investigate SynDIG4 expression /n vivo, mutant mouse brain sections were stained for p-
gal activity. Sagittal sections from P7 SynDI/G4'~ mice show B-gal reporter activity
throughout hippocampus, with weak expression in olfactory bulb and neocortex (Figure
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S1E). Coronal sections of P14, P28, and P62 brains show p-gal expression remains high
throughout hippocampus and increased in olfactory bulb and neocortex (Figure S1F).

Reduced Extrasynaptic AMPARs and Weaker Synapses in SynDIG4~/~ Mice

To investigate effects of SynDI1G4 deficiency, a combination of electrophysiology and
immunocytochemistry was employed. Dissociated hippocampal neurons from WT and
SynDIG47!~ littermates were fixed and stained for GIuA1 at synapses (defined as overlap
with vGlutl) and at extrasynaptic sites (defined as no overlap with vGlutl) at 14 days /n
vitro (DIV) (Figure 2C). We observed decreased GIuA1 density at extrasynaptic sites and a
corresponding increased density of GIUAL at synapses in SynDI/G4~'~ neurons compared
with WT (Figure 2D; Table S1). GluAl puncta size and intensity were reduced at both
synaptic and extrasynaptic sites in SynD/G4™'~ neurons compared with WT (Figures 2E and
2F; Table S1). We did not observe significant changes in synaptic GIuUA2 puncta; however,
extrasynaptic GIuA2 puncta density was significantly reduced (Figures S2A and S2B).

Extrasynaptic AMPARs are localized to different locations: mobile pools at the cell surface
and intracellular compartments, including recycling endosomes and transport vesicles that
might not be fully captured in our analysis of extrasynaptic puncta. Therefore, we evaluated
the level and area of total GluA1 and GIuA2 signal that does not overlap with vGlutl;
similar results were obtained with this analysis (Table S3). SynD/G4™~ neurons did not
show significant differences in dendrite complexity compared with WT (Figures S2C and
S2D). Staining with primary antibodies individually and both secondary antibodies indicated
no cross-reactivity or bleed-through that might contribute to the immunofluorescence signal
observed (Figures S2E and S2F).

To assess whether the change in AMPAR distribution reflected functional alterations, acute
slices from 2- to 3-week-old WT and SynD/G4~/~ mice were used in whole-cell patch-clamp
experiments. Miniature excitatory postsynaptic currents (MEPSCs) were recorded in
hippocampal CA1 pyramidal cells (Figures 2G and 2H). The mEPSC amplitude in
SynDIG47!~ acute slices was significantly reduced and the mEPSC frequency was increased
compared to WT (Figures 2l and 2J; Table S1). However, there was no significant difference
in decay kinetics between WT and SynD/G47/~ neurons (Figure 2K; Table S1).

SynDIG4~~ Mice Show Impaired Schaffer-Collateral LTP

To test synaptic transmission, we recorded excitatory postsynaptic potentials (EPSPS) as
extracellular field potentials (FEPSPS) in 8- to 12-week-old mice. By applying paired pulses,
we did not observe alterations in presynaptic facilitation in SynD/G4~~ mice (Figure S3A).
No differences were detected in signal strength in relation to stimulus intensity (Figure
S3B). To test synaptic plasticity, we induced LTP of Schaffer-collateral synapses using a
single 100 Hz/1 s tetanus, a paradigm that successfully elicits significant LTP in WT mice.
Surprisingly, SynDI/G4'~ synapses were not potentiated following tetanic stimulation;
rather, there was a slight depression in transmission strength (Figure 3A; Table S1). To test
whether LTP induction in SynD/G4~ mice was generally impaired, we recorded LTP
induced with 10 theta-burst stimulations, a different stimulus paradigm also known to elicit
robust LTP in Schaffer-collateral synapses. TBS produced robust LTP in 8- to 12-week-old
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WT mice, as well as SynDIG4'~ mice (Figure 3B; Table S1). These results were
recapitulated in 2- to 4-week-old animals (Figures S3C and S3D).

To investigate further the difference in LTP between WT and SynD/G47/~, we used the
pairing-induced LTP paradigm in which the presynaptic high-frequency stimulus is applied
while the postsynaptic cell is depolarized using a patch electrode. Pairing removes the Mg2*
block from the NMDA-type receptor (NMDAR), forgoing the necessity of AMPAR-
dependent postsynaptic depolarization. We found no difference in pairing-induced LTP
between 2-week-old WT and SynD/G47~ neurons (Figure 3C; Table S1).

SynDIG4 KO Mice Display Deficits on Two Independent Cognitive Tasks

We investigated the impact of SynDI1G4 deletion on cognitive function /7 vivo using two
established learning and memory tasks: Morris water maze and novel object recognition. A
battery of general health parameters did not indicate any significant differences that might
contribute to behavioral analysis (Table S4).

In the Morris water maze assay, mice were trained over a period of 5 days to swim to a
hidden, submerged platform using visual cues, according to methods previously described
(Brielmaier et al., 2012). The average latency to find the platform decreased over the training
period for WT animals, while the average latency for SynD/G47'~ mice only decreased
slightly and was significantly different when compared to WT animals (Figure 4A; Table
S1). After the last training trial, the platform was removed and mice underwent a probe trial
to measure time spent exploring the target quadrant that previously contained the hidden
platform. WT mice spent significantly more time in the target quadrant than in the other
three quadrants, in contrast to SynD/G4~/~ mice (Figure 4B; Table S1), confirming that the
deficit in spatial learning was caused by failure to use distal environmental cues to acquire
the spatial location of the hidden platform.

We further tested whether SynD/G4~'~ mice had deficits in a second cognitive task with
different sensory and motor demands: the novel object recognition task (Brielmaier et al.,
2012; Cohen et al., 2013; Vogel-Ciernia and Wood, 2014). Given a choice between two
neutral objects of equal salience but with differing shapes and textures, one familiar and one
novel, rodents will usually spend more time investigating the novel object. As previously
described (Yang et al., 2015), mice were first habituated to the open-field testing
environment, and a familiarization session with two identical objects indicated no left-right
biases in either genotype (Figure 4C; Table S4). After exposure to the two identical objects,
the chamber was cleaned and animals were allowed to explore one of the now-familiar
objects and one novel object. WT mice displayed normal novel object recognition, spending
significantly more time investigating the novel object than the familiar object. SynDIG47~
mice failed to display novel object recognition, spending approximately equal time with the
novel and the familiar objects (Figure 4D; Table S4).

We observed moderately higher exploratory activity in SynD/G4~ mice compared to WT
in the open field (Figures S4A and S4B). On the elevated plus-maze, more open arm time
and entries were seen in SynD/G47'~ mice compared to WT; however, total number of
entries was elevated (Figures S4C and S4D), indicating higher general exploratory activity
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rather than reduced anxiety-related behavior. Similarly, the number of light <> dark
transitions was higher in SynD/G4~~ mice than in WT (Figures S4E and S4F). Higher
exploratory locomotion in SynDIG47/~ mice in these three assays suggests that deficits in
cognitive function are unlikely to be due to a motor disability.

DISCUSSION

Although SynDIG4 shares sequence similarity with SynDIG1, it has distinct expression in
rat brain and is enriched with GluA1-containing AMPARs at extrasynaptic sites (Kirk et al.,
2016). Based on the results presented here, we propose that SynDIG4 establishes a pool of
extrasynaptic AMPARs necessary for synapse development and function underlying higher-
order cognitive plasticity.

SynDIGs belong to a larger superfamily, named dispanin, based on sequence similarity
(Sallman Almén et al., 2012). However, SynDIG4/Prrt1 shares only 35% sequence similarity
with SynDIG1. In contrast to other AMPAR-associated transmembrane proteins, SynDIG1
does not promote AMPAR surface expression or alter channel gating when coexpressed with
GluA1/2 subunits in HEK cells (Lovero et al., 2013), suggesting that SynDIG1 is an atypical
AMPAR auxiliary factor. We tested whether coexpression of SynDIG1 altered biophysical
properties of AMPARSs in oocytes, and we did not find significant changes (data not shown),
consistent with results in HEK cells (Lovero et al., 2013). However, there was a significant
and high reduction in total current amplitude measured by whole-cell two-electrode voltage-
clamp (TEVC) recordings (data not shown), so there may be minor changes associated with
SynDIG1 coexpression that we could not detect in oocytes.

In contrast, SynDIG4 influences AMPAR gating properties in a subunit-dependent manner.
We did not measure whether SynDIG4 influences AMPAR surface expression in oocytes
directly. However, average current amplitude measured by TEVC recordings in the presence
of the desensitization blocker cyclothiazide indicated ~35% reduction for GIuAl
coexpressed with SynDIG4 (p = 0.02) and ~20% reduction for GluA1/2 coexpressed with
SynDIG4 that did not reach significance (p = 0.06). These results are consistent with the
outside-out patch recordings for SynDIG4. There was no correlation between current
amplitude and the decay time in patch-clamp current recordings. That is, comparing currents
with the same amplitude with or without SynDI1G4 (as well as with or without TARP-y8)
exhibited a significant slower deactivation in the presence SynDIG4. Therefore, we have not
explored this observation further, although SynDIG4 might negatively affect surface delivery
of AMPARSs. These data support a direct and specific interaction of SynDI1G4 with GluA1-
containing AMPARs. SynDIG4 increased deactivation of GIuAl or GIuAL/2 in oocytes, yet
no significant change in decay time of mEPSC events in SynD/G4~'~ neurons was observed,
suggesting that SynDIG4 does not modulate GIuAl at synapses. In addition, we observed
synergistic effects on AMPAR biophysical properties upon coexpression of both SynDI1G4
and TARPy8, indicating that these accessory proteins can interact simultaneously with
AMPARs. TARPY8 is a critical Ca2*/calmodulin-dependent protein kinase Ila (CaMKlla)
substrate for hippocampal LTP, learning, and memory (Park et al., 2016). Future studies are
needed to address the relationship, if any, between SynDIG4 and TARP-y8-dependent LTP.
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Although SynDIG4 primarily colocalizes with GluA1-containing AMPARS at extrasynaptic
sites, biochemical fractionation indicates a portion of SynDIG4 is present in the PSD-
enriched fraction (Kirk et al., 2016). One possibility is that SynDIG4 traffics with GluA1-
containing AMPARs between extrasynaptic and synaptic sites, perhaps due to an activity-
dependent post-translational modification. For example, a CCFW motif in the juxta-
transmembrane-associated region is conserved in all SynDIG proteins. The two cysteine
residues in SynDIG1 are palmitoylated in an activity-dependent manner to regulate stability,
localization, and function (Kaur et al., 2016) and preliminary experiments indicate that
SynDIG4 is also palmitoylated (data not shown). It will be informative to investigate the
relationship, if any, between SynDI1G4 palmitoylation and its role in synapse function.
However, the SynDIG family does not contain a recognizable intracellular domain such as a
PDZ binding motif, and it is unclear how SynDIG proteins are localized at synapses.
Therefore, an alternative model is that SynDIG4 might physically restrain GluA1-containing
AMPARSs at extrasynaptic sites to maintain an extrasynaptic pool of AMPARs. Upon
stimulation, SynDIG4 might release GluAl-containing AMPARs from extrasynaptic sites
and allow other auxiliary factors such as TARP-y8 to transport them to synapses. Given that
SynDIG4 increased deactivation of GIuA1 and GIuA1/2 in oocytes yet no significant change
in decay time of mEPSC events in SynD/G47/~ neurons was observed, we interpret these
results as evidence that SynDIG4 does not act primarily on synaptic AMPARs. However,
SynDIG4 is not the only protein in which heterologous cell expression did not match the
phenotype observed in vivo. For example, CKAMPA44, which is a synaptic protein
interacting with synaptic AMPARS, also slows AMPAR deactivation and is additive to
TARPv8; however, there was no effect on mEPSC decay time upon overexpression or in
CKAMPA44 knockout (KO) mice (von Engelhardt et al., 2010). The reason for the
discrepancy is still not known. While we interpret our result as evidence for a primary role
of SynDIG4 on extrasynaptic AMPARSs, which is consistent with its localization, our
findings do not rule out a direct role of SynDIG4 on synaptic AMPARS.

A particularly intriguing aspect of this study is that synaptic plasticity is disrupted in
SynDIG4~ mice when tetanic stimulation is used to induce plasticity, while TBS is normal.
A previous study showed that TBS-induced LTP can be induced in GIuA1 null mice,
whereas tetanic-induced LTP cannot (Romberg et al., 2009). Given that SynDIG4
preferentially colocalizes with GluAl-containing AMPARs at non-synaptic sites (Kirk et al.,
2016), and loss of SynDIG4 significantly reduces non-synaptic GIuA1 and GIuA2 shown
here, these data are consistent with a model by which SynDI1G4 selectively regulates an
extrasynaptic pool of AMPARs during tetanic-induced LTP. Evidence suggests that LTP
requires a reserve pool of extrasynaptic glutamate receptors independent of receptor subunit
type (Granger et al., 2013). Furthermore, GIuA1/2 heteromers constitute 95% of the
extrasynaptic AMPAR pool (Lu et al., 2009), consistent with the observed reduced density
of extrasynaptic GIuA1/2 in SynDIG4™'~ neurons. The importance of SynDIG4 in cognitive
plasticity is underscored by the deficit in two independent mouse learning and memory
behaviors.

The ~25% reduction in mEPSC amplitude in SynD/G4™/~ neurons reflects a reduction in
postsynaptic AMPAR responses, which could contribute to a decrease in tetanus-induced
LTP by decreasing NMDAR channel activity, but it cannot explain the complete lack of LTP
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that we observe. More than 50% inhibition of AMPARs by 20 pM GYKI152466 or 0.25 uM
NBQX does not diminish induction of LTP by tetanic stimulation in CA1 fEPSP recordings
(Kapus et al., 2000). Furthermore, knockdown of PORCN, which fosters AMPAR secretory
trafficking, reduces AMPAR mEPSC amplitude by ~25%, as does SynDIG4 KO. However,
it only reduces LTP induced by 100 Hz/1 s stimulation proportional to the degree it reduces
basal postsynaptic AMPAR responses, while the magnitude of LTP relative to basal synaptic
transmission is the same in WT and PORCN knockdown neurons (Erlenhardt et al., 2016).
Similarly, in knockin mice in which the last 4 residues of TARPy8 were deleted to impair
PSD-95 binding, postsynaptic AMPAR activity was reduced by ~40%, but the degree of
tetanus-induce LTP relative to basal synaptic transmission was comparable between WT and
knockin mice (Sumioka et al., 2011). Thus, it seems unlikely that a 25% reduction in
postsynaptic AMPAR activity would by itself abolish tetanus-induced LTP in SynDIG4™~
mice. Abrogation of LTP induced by tetanic stimulation, but not by TBS or pairing, is
consistent with the possibility that SynDIG4 is necessary for certain forms of synaptic
plasticity through its role to establish an extrasynaptic pool of AMPARSs that might also be
needed to maintain normal basal synaptic function involving AMPAR trafficking.

The proline-rich N terminus of SynDIG4/Prrtl is shared with Prrt2 (67% sequence
similarity,) and Prrt2 has been identified as a candidate AMPAR-associated protein (Chen et
al., 2014; Schwenk et al., 2012, 2014; Shanks et al., 2012; von Engelhardt et al., 2010).
However, a study demonstrated a presynaptic role for Prrt2 in regulated exocytosis of
neurotransmitter via interaction with synaptotagmin (Valente et al., 2016). Presynaptic
release failure is a valid concern in the interpretation of tetanic stimulation-induced LTP for
SynDIG4™!~ mice discussed earlier. However, paired-pulse facilitation is not affected. We
recognize that this result does not rule out all possible presynaptic deficiencies, but it does
not indicate possible defects either. Furthermore, the input-output relationship is unaltered
(if anything, SynDIG47!~ displays a tendency for increased fEPSP slope). If release
probability was altered, we would expect differences either at high or at low stimulus
intensities, depending on the deficit (Ca2* sensitivity of the release machinery versus vesicle
loading or density). Moreover, mEPSC frequency in SynD/G47~ is increased. If release
probability was decreased (to account for reduced LTP) we would expect a reduction in
mEPSC frequency. The increase in mEPSC frequency could also reflect a postsynaptic effect
by activating silent synapses in SynD/G4~ to which extrasynaptic GluA1-containing
AMPARSs are recruited (indicated by increased synaptic GIuAl in SynDIG47). The
reduction in mEPSC amplitude may reflect the reduction of synaptic GIuA1 puncta area and
intensity. Altogether, it is unlikely that presynaptic effects are the reason for the reduced
LTP; however, we cannot rule out this possibility at present.

Given that both SynDIG1 and SynDIG4 are expressed in hippocampus, it is not unexpected
that there are some similarities in phenotypes. For example, we observed that loss of
SynDIG4 leads to increased synapse number similar to that observed in SynD/GI mutant
mice (Chenaux et al., 2016). The increased synapse density observed in SynDIG4~ or
SynDIG1 mutant mice could be a consequence of reduced synaptic strength. Homeostatic
mechanisms lead to an increase in synapse number in the absence of potentiation to maintain
total input strength (Bourne and Harris, 2011; Turrigiano, 2008). However, there are key
differences between phenotypes in SynDI/G47~ and SynD/G1 mutant mice that illustrate the
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unique role of SynDIG4 in synapse function. First, the magnitude of reduction in mEPSC
amplitude is greater in SynDIG47!~ compared with SynD/G1 mutant mice. Second, LTP
induced by tetanic stimulation is abolished in both young and adult SynD/G47~ mice, while
mEPSC amplitudes were reduced by 25% and basal fEPSP transmission was unchanged,
which suggests an additional effect of SynDIG4 on synaptic plasticity beyond its role in
synapse development. In contrast, such LTP is reduced only in young SynD/G1 mutant
mice, likely as a consequence of reduced synaptic transmission (Chenaux et al., 2016).

Altogether, our studies use a combination of approaches, including biochemistry,
immunocytochemistry, electrophysiology, and behavior, to provide strong evidence that
SynDIG4 establishes a pool of extrasynaptic AMPARS necessary for excitatory synapse
development and function underlying higher-order cognitive plasticity.

EXPERIMENTAL PROCEDURES

Full experimental procedures are available in the Supplemental Information.

Animals

Frogs—Xenopus laevis frogs (females, age 1-3 years old) were used as the source for
oocytes for heterologous expression and outside-out patch-clamp electrophysiological
recordings. Maintenance of frogs and extraction of oocytes were performed in accordance
with the NIH guidelines for the Care and Use of Laboratory Animals and Israeli law for
animal experimentation and were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Hebrew University of Jerusalem.

Mice—The mutant allele [Prrz1™mUKOMP)VIcq] \as generated by Velocigene as part of
KOMP and maintained on a C57BL/6 background. Mice (males and females) were used at
the indicated ages for the following: biochemistry (P14), primary hippocampal culture (P1),
electrophysiology (whole-cell patch-clamp, P12-P15; fEPSP, 8-12 weeks), and behavior (3—-
5 months). The use and maintenance of mice were carried out according to NIH guidelines
and approved by the IACUC at University of California (UC), Davis.

Biochemical Fractionation and Quantitative Immunoblotting

The rostral two-thirds of P14 mouse brains were homogenized, and biochemical fractions
were analyzed as described (Chenaux et al., 2016).

Primary Culture of Dissociated Hippocampal Neurons

Neurons from hippocampi of P1 WT and SynD/G47/~ littermates were dissociated
individually in papain (Worthington) and plated (12,500 cells/cm?) on poly-L-lysine-coated
glass coverslips media supplemented with B-27 (Thermo Fisher Scientific). Neurons were
analyzed as previously described (Kirk et al., 2016).

Electrophysiology

Intra- and extracellular recordings were performed using standard methods as previously
described (Chenaux et al., 2016). Expression in Xenopus laevis oocytes and outside-out
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patch-clamp electrophysiological recordings were performed as described (Priel et al.,
2006).

Mouse Behavior

Founder mice generated on the C57BL/6N background were backcrossed four times (N4)
onto C57BL/6J to remove the rad8 mutation (Mattapallil et al., 2012). Heterozygous N4 mice
devoid of rd8were then intercrossed to produce WT and SynD/G4~'~ mice.

Statistical Analyses

Data were analyzed in GraphPad Prism with the following statistical tests: two-tailed
Student’s t test (immunocytochemistry); one-way ANOVA (electrophysiology in oocytes);
one-way ANOVA and Bonferroni’s multiple comparison test (fEPSP), unpaired Student’s t
test (MEPSC). For the Morris water maze, latency was analyzed using two-way repeated-
measures ANOVA with Bonferroni’s post hoc tests. Probe trial data were analyzed using
one-way ANOVA with Bonferroni post-tests. Novel object data were analyzed using paired
Student’s t test. All data are shown as mean + SEM. Significance was *p < 0.5, **p < 0.01,
and ***p < 0.001; NS indicates not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

SynDIG4 affects AMPAR biophysical properties in a subunit-dependent
manner

Loss of SynDIG4 results in reduced extrasynaptic AMPAR and weaker
synapses

SynDIG4 is necessary for tetanus-induced, but not theta-burst, LTP

SynDIG4 KO mice exhibit deficits in two independent cognitive behavior
tasks
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Figure 1. SynDIG4 Modifies AMPAR Gating Kinetics in a Subunit-Dependent Manner
(A and B) Representative normalized current responses of AMPAR recorded upon 1 ms (A)

and 500 ms (B) application of 10 mM glutamate (G, indicated above the current trace) to
giant outside-out patches excised from Xenopus laevis oocytes expressing homomeric
GluAl (top) and heteromeric GluA1/2 (bottom) alone (black) or in combination with
SynDIG4 (red), TARP-y8 (green), or both (blue). Graphs summarize weighted time constants
for deactivation (tyy deact) and desensitization (tyy des), as well as steady-state to peak
current (ss/peak). Data shown are mean = SEM; n = 10-20 patches.

Significance (one-way ANOVA): */$ p < 0.05; **/$$ p < 0.01; ***/$$$ p < 0.001; ns, not
significant. See also Table S1.
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Figure 2. Loss of SynDIG4 Leads to Altered GIuAl Distribution and Weaker Synapses
(A) Schematic showing the replacement of the coding region of the SynD/G4 locus with a

lacZ reporter and /oxP-flanked neomycin selection cassette.

(B) Immunoblots (10 pg of protein loaded per lane) stained for SynDIG4, PSD-95,
synaptophysin, and p-actin show postnuclear (S1), membrane (P2), synaptosomal (Syn), and
PSD biochemical fractions from postnatal day (P14) WT (+/+) and SynDI/G4 homozygous
mutant (—/=) mouse brain tissue.

(C-F) Primary dissociated hippocampal cultures (14 DIV) were used for
immunocytochemistry. Representative images of WT and SynD/G4™'~ neurons stained with
GluAl and vGlutl (C). Graphs depict quantification of synaptic (colocalized with vGlutl)
and extrasynaptic (no colocalization with vGlutl) GluAl puncta density (D), area (E), and
integrated density (ID) (F). Data are averaged from two independent experiments; n = 24-25
cells per genotype per experiment, and three dendrites per cell were selected for
measurement. Scale bar, 5 pm.

(G-K) Hippocampal pyramidal neurons in acute slices from 12- to 15-day-old mice were
used to record AMPAR mEPSC at —70 mV. Traces from representative recordings (G).
Averaged events from one representative cell per genotype are presented to scale (left) and
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normalized to peak (right) (H). Graphs represent average mEPSC amplitude (1), frequency
(3), and decay time (K) in SynDIG4~ and WT mice.

Significance (Student’s t test): *p < 0.05, ***p < 0.001. See also Figures S1 and S2 and
Tables S1, S2, and S3.
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Figure 3. LTP Induction by a Single Tetanus, but Not by Theta-Burst or Pairing Stimulation, Is
Impaired in S\/nDIG4_/_ Mice

(A and B) Schaffer-collateral fEPSPs were recorded from acute forebrain slices of 8- to 12-
week-old mice. A 100 Hz/1 s tetanus elicited LTP in WT mice while leading to a depression
of the fEPSP slope in SynDIG4~ mice (A). Theta-burst stimulus (TBS) led to robust LTP
in SynDIG47!~ mice that was not significantly different from LTP in WT (B).

(C) Hippocampal pyramidal neurons in acute slices from 12- to 15-day-old mice were used
to record evoked EPSC in whole-cell patch-clamp configuration following Schaffer-
collateral stimulation. Cells were held at =70 mV to record AMPAR-mediated currents. LTP
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elicited by pairing presynaptic stimulation with postsynaptic depolarization to 0 mV was not
significantly different in cells from SynD/G4~/~ mice compared to WT.

Insets show sample traces before (black) and 30 min after (gray) tetanization. Significance is
calculated by one-way ANOVA with Bonferroni’s post-test between baseline and tetanized
for each genotype and between tetanized of both genotypes. See also Figure S3 and Table
S1.
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Figure 4. SynDI G4~ Mice Are Deficient in Two Cognitive Learning and Memory Tasks

(A) Latency to find a hidden platform did not decrease significantly in SynDIG4™'~ mice
over a 5-day training period. Asterisks indicate significant differences in latency between
WT (+/+) and SynDI/G4homozygous mutant (—/=) mice on days 4 and 5.
(B) During the probe trial, WT mice spent significantly more time in the target quadrant than
in other quadrants, whereas SynD/G4~~ mice did not. Quadrants: T, target; L, left; R, right;

O, opposite.

(C) Neither WT nor SynDIG4™'~ mice exhibited left-right bias in the habituation session of

the novel object recognition task. L, left object; R, right object.

(D) WT mice spent significantly more time investigating the novel object (N) than the

familiar object (F), while SynD/G4'~ animals showed no preference, indicating a deficit in

object recognition.

For all experiments, WT, n=9; SynDIGI", n = 11. Significance: *p < 0.05, ***p < 0.001.

See also Figure S4 and Tables S1 and S4.
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