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We recently identified an autism spectrum disorder/intellectual disability (ASD/ID)-related de novo mutation hotspot in the Rac1-activat-
ing GEF1 domain of the protein Trio. Trio is a Rho guanine nucleotide exchange factor (RhoGEF) that is essential for glutamatergic syn-
apse function. An ASD/ID-related mutation identified in Trio’s GEF1 domain, Trio D1368V, produces a pathologic increase in
glutamatergic synaptogenesis, suggesting that Trio is coupled to synaptic regulatory mechanisms that govern glutamatergic synapse for-
mation. However, the molecular mechanisms by which Trio regulates glutamatergic synapses are largely unexplored. Here, using bio-
chemical methods, we identify an interaction between Trio and the synaptogenic protein Neuroligin 1 (NLGN1) in the brain. Molecular
biological approaches were then combined with super-resolution dendritic spine imaging and whole-cell voltage-clamp electrophysiology
in hippocampal slices from male and female rats to examine the impact ASD/ID-related Trio mutations have on NLGN1-mediated synap-
togenesis. We find that an ASD/ID-related mutation in Trio’s eighth spectrin repeat region, Trio N1080I, inhibits Trio’s interaction with
NLGN1 and prevents Trio D1368V-mediated synaptogenesis. Inhibiting Trio’s interaction with NLGN1 via Trio N1080I blocked NLGN1-
mediated synaptogenesis and increases in synaptic NMDA Receptor function but not NLGN1-mediated increases in synaptic AMPA
Receptor function. Finally, we show that the aberrant synaptogenesis produced by Trio D1368V is dependent on NLGN signaling. Our
findings demonstrate that ASD/ID-related mutations in Trio are able to pathologically increase as well as decrease NLGN-mediated effects
on glutamatergic neurotransmission, and point to an NLGN1-Trio interaction as part of a key pathway involved in ASD/ID etiology.
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Significance Statement

A number of genes have been implicated in the development of autism spectrum disorder/intellectual disability (ASD/ID) in
humans. It is now important to identify relationships between these genes to uncover specific cellular regulatory pathways that con-
tribute to these disorders. In this study, we discover that two glutamatergic synapse regulatory proteins implicated in ASD/ID, Trio
and Neuroligin 1, interact with one another to promote glutamatergic synaptogenesis. We also identify ASD/ID-related mutations
in Trio that either inhibit or augment Neuroligin 1-mediated glutamatergic synapse formation. Together, our results identify a syn-
aptic regulatory pathway that, when disrupted, likely contributes to the development of ASD/ID. Going forward, it will be important
to determine whether this pathway represents a point of convergence of other proteins implicated in ASD/ID.

Introduction
Increasing evidence suggests that autism spectrum disorder
(ASD) pathogenesis can be attributed to excitatory synapse dys-
function (Bourgeron, 2015; Volk et al., 2015; Martinez-Cerdeno,
2017). Glutamatergic synapses, the primary excitatory synapses
in the brain, are formed on mushroom-like protrusions called
dendritic spines. These spines are filled with and supported by a
dense skeletal meshwork of actin filaments. Exome sequencing
studies reveal that many ASD risk factors influence dendritic
spine structure and function (De Rubeis et al., 2014; Forrest et
al., 2018; Joensuu et al., 2018). The small GTPase Rac1, a key reg-
ulator of actin polymerization in dendritic spines, has also been
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proposed as a promising candidate of convergence of many ASD
risk factors (Schenck et al., 2003; Dolan et al., 2013; Zeidán-
Chuliá et al., 2013; Duffney et al., 2015; Tian et al., 2018; Guo et
al., 2021).

The Rho guanine nucleotide exchange factor (RhoGEF) Trio
and its paralog, Kalirin, play an essential role in glutamatergic
synapse structure and function through their ability to activate
Rac1 (Bellanger et al., 2000; Penzes et al., 2001; Penzes and Jones,
2008; Penzes and Remmers, 2012; Herring and Nicoll, 2016;
Katrancha et al., 2019; Paskus et al., 2020). We recently identi-
fied a cluster of disruptive ASD/ID-related de novo muta-
tions in the Rac1-activating domain of Trio, GEF1
(Sadybekov et al., 2017). One missense mutation, Trio
D1368V, increases Trio’s ability to activate Rac1 and results
in a pathologic increase in glutamatergic synaptogenesis.
The molecular mechanisms by which Trio D1368V facili-
tates synaptogenesis are unresolved. Understanding how
ASD/intellectual disability (ID)-related mutations give rise
to elevated synaptogenesis is of great interest given that patho-
logic elevations in glutamatergic synapse formation have been
observed in a number of animal models of ASD/ID as well as in
many individuals with ASD/ID (Comery et al., 1997; Irwin et al.,
2001; Hutsler and Zhang, 2010; Tang et al., 2014).

To identify ASD/ID-related Trio protein interactions that are
involved in synaptogenesis, we investigated the ASD/ID-related
mutation Trio N1080I within Trio’s eighth spectrin repeat.
Spectrin repeats support protein interactions that govern a pro-
tein’s participation in cellular regulatory pathways (Djinovic-
Carugo et al., 2002). Here, we found that the aberrant synapto-
genesis produced by the Trio D1368V mutation was abolished
by adding the N1080I mutation to our Trio D1368V expression
construct. This finding led us to ask whether Trio N1080 sup-
ports Trio’s ability to interact with synaptogenic proteins. We
have shown previously that both Trio and Kalirin bind to the
highly synaptogenic protein Neuroligin 1 (NLGN1) in the brain
(Bemben et al., 2015; Paskus et al., 2019). While Kalirin was
found to bind to NLGN1 more strongly than Trio, an interaction
between Trio and NLGN1 was detectable (Paskus et al., 2019).
NLGN1 is a member of the NLGN protein family. NLGNs are
well-established postsynaptic cell-adhesion molecules that share
considerable similarity in protein domain structure. Through
their interaction with presynaptic neurexins, NLGN proteins
play essential and overlapping roles in glutamatergic synaptogen-
esis (Bemben et al., 2015). In the present study, we confirm that
Trio binds to NLGN1 in the brain and supports NLGN1 func-
tion. This relationship between Trio and NLGN1 is of particular
interest given that both Trio and NLGN1 are implicated in ASD/
ID-related disorders (Blundell et al., 2010; Nakanishi et al., 2017;
Sadybekov et al., 2017; Barbosa et al., 2020). Here, we discover
that Trio N1080I inhibits Trio’s ability to bind to NLGN1, and
that Trio N1080I expression inhibits NLGN1-mediated synapto-
genesis and NLGN1’s influence on synaptic NMDA Receptor
(NMDAR) function but not synaptic AMPA Receptor (AMPAR)
function. Together, these findings led us to ask whether Trio
D1368V’s ability to increase synaptogenesis is supported by
NLGN1. As predicted, we find that inhibition of NLGN signaling
in neurons prevents Trio D1368V from generating new synapses.
Thus, elevated Rac1 activation produced by the D1368V mutation
serves to boost NLGN-mediated glutamatergic synapse formation.
Together, our findings demonstrate that that ASD/ID-related
mutations in Trio are able to increase as well as decrease NLGN-
mediated synaptogenesis, and point to an NLGN1-Trio interaction
as part of a key pathway involved in ASD/ID-related disorders.

Materials and Methods
Electrophysiology. Organotypic hippocampal slice cultures (400mm)

were prepared from P6-P8 Sprague Dawley male and female rat pups as
described previously (Stoppini et al., 1991). Culture media was exchanged
every other day. Sparse biolistic transfections of organotypic slice cul-
tures were conducted on DIV1 as previously described (Schnell et
al., 2002). Construct expression was confirmed by GFP and
mCherry cotransfection. Paired whole-cell recordings from trans-
fected neurons and nontransfected control neurons were per-
formed on DIV7 slices. This study was conducted in accordance
with the National Institutes of Health’s Guide for the care and use
of laboratory animals, and the protocol was approved by the
University of Southern California Institutional Animal Care and
Use Committee.

Coefficient of variation (CV) analysis. CV analysis was performed on
AMPAR-eEPSCs by comparing the change in eEPSC variance with the
change in mean amplitude as previously described (Bekkers and Stevens,
1990; Malinow and Tsien, 1990; Gray et al., 2011; Tian et al., 2018; Rao
et al., 2019). Briefly, the mean and SD of eEPSCs were measured, nor-
malized, and plotted for a concurrent set of stimuli from a control and
its neighboring transfected cell. It has been shown theoretically and
experimentally that changes in CV�2 (mean2/SD2) are independent of
quantal size but vary in a predictable manner with quantal content:
number of release sites n � presynaptic release probability, Pr; CV�2 =
nPr/(1� Pr) (Del Castillo and Katz, 1954; Bekkers and Stevens, 1990;
Xiang et al., 1994). CV analysis is presented here as scatterplots with
CV�2 values calculated for transfected cell/control cell pairs on the y axis
and mean eEPSC amplitude values of transfected cell/control cell pairs
on the x axis. Filled circles represent the mean6 SEM of the entire data-
set. Simple linear regression was obtained using the least-squares
method. Regression lines that fall on or near the 45° (y= x) line suggests
changes in quantal content, whereas regression lines approaching the
horizontal line (y=1) suggests a change in quantal size. Unsilencing of
synapses can mimic an increase in the number of release sites when pre-
synaptic release probability is unchanged.

Spine density analysis. For spine density analysis, control and experi-
mental CA1 pyramidal neurons in organotypic hippocampal slice cul-
tures made from P6-P8 rat pups were biolistically transfected with
FUGW-GFP and pCAGGS-IRES-mCherry constructs ;18-20 h after
plating (Kay and Herring, 2021). Images were acquired at DIV7 using
super-resolution microscopy (Elyra Microscope System, Carl Zeiss). Z
stacks were made of 30mm sections of secondary apical dendrites
;30mm from the soma. Images were acquired with a 100� oil objective
(100�/1.46) in SIM mode using a supplied 42mm SIM grating and proc-
essed and reconstructed using supplied software (Zen, Carl Zeiss). An
experimenter, blinded to the condition of the image, performed image
analysis on individual sections using ImageJ to count spines extending
laterally from the dendrite.

Immunoblotting and immunoprecipitation. For coimmunoprecipita-
tion experiments of endogenous protein, Sprague Dawley outbred adult
rat brains (.3months of age) were homogenized and fractionated as
described previously (Paskus et al., 2019). Brains were homogenized in
ice-cold TEVP buffer containing 320 mM sucrose with protease and
phosphatase inhibitors. Samples were centrifuged and supernatants were
centrifuged once more to collect crude synaptosomes (P2). P2 pellets
were solubilized for 30 min at 37°C. The resultant solution was incu-
bated on ice for 30 min and centrifuged again for 20min. The superna-
tant was used for immunoprecipitation of endogenous proteins. For
immunoprecipitation of proteins expressed in heterologous cells,
HEK293T cells were maintained and processed as described previ-
ously (Paskus et al., 2019). Briefly HEK293T cells were transfected
using Lipofectamine 2000. Forty-eight hours following transfec-
tion, cells were washed and lysed. Lysates were rocked for 1 h and
centrifuged. Supernatants were collected and used for immunopre-
cipitation with HA beads incubated overnight at 4°C. Blots were
quantified using Fiji.

Rac1 and RhoA activity assays. Rac1 activity was assessed using the
Thermo Scientific Active Rac1 Pull-Down and Detection Kit (catalog
#16118) according to the manufacturer’s instructions. Briefly, HEK293T

Tian, Paskus et al. · ASD/ID Mutations Disrupt NLGN1 Synaptogenesis J. Neurosci., September 15, 2021 • 41(37):7768–7778 • 7769



cells were transfected with 5 mg of either WT Trio-9 or N1080I Trio-9.
After 18-24 h, HEK293T cells were lysed and subjected to Rac1 pulldown
and run on 12% SDS-PAGE, for Rac1 blotting, or 6% SDS-PAGE, for
Trio-9 blotting, at 60-100 V for 1.5 h, then transferred in 10% methanol
buffer at 350mA for 1.5 h. Blots were probed with manufacturer-pro-
vided Rac1 antibody or Trio antibody (Paskus et al., 2019) at 4°C over-
night, then incubated with HRP-conjugated secondary antibody at room
temperature for 1 h. Western blot images were collected on the Bio-Rad
ChemiDOC imaging system. RhoA activity was assessed using the Cell
Signaling Technology Active Rho Detection kit (catalog #8820S) accord-
ing to the manufacturer’s instructions. Sample preparation and Western
blotting were accomplished as in the Rac1 activity assay.

Experimental design and statistical analyses. Data were analyzed
using a combination of in-house software in Igor Pro (WaveMetrics),
ImageJ, Microsoft Excel, and R. For electrophysiological data, Wilcoxon
Signed Rank Test was used for pairwise comparisons and Wilcoxon
Rank Sum Test was used to compare across independent conditions. For
CV analysis, linear regression analysis was performed using the least-
squares method with R. Imaging analysis was performed blind to geno-
type. At least 2 male and 2 female rat pups were used for all electrophysi-
ological and imaging experiments. Student’s t tests were performed in
the analysis of spine density, coimmunoprecipitation assays, and Rac1/
RhoA activity assays. Sample sizes for all experiments are consistent with
those reported in the literature. For all statistical analysis, p values of
,0.05 (indicated by *) were considered significant and data are pre-
sented as mean6 SEM throughout the study.

Results
The ASD/ID-related mutation Trio N1080I disrupts Trio
protein function and blocks synaptogenesis mediated by the
ASD/ID-related mutation Trio D1368V
We recently discovered a large cluster of disruptive ASD/ID-
related de novo mutations in Trio’s Rac1-activating domain,
GEF1 (Fig. 1A) (Sadybekov et al., 2017). Outside of increased
Rac1 activation, the molecular mechanism supporting the synap-
togenic properties of the hyperfunctional mutation Trio D1368V
remains unknown. This is because of our very limited current
understanding of the glutamatergic synapse regulatory pathways
that involve Trio. Interestingly, ASD/ID-related de novo muta-
tions also reside outside of Trio’s GEF domains (Fig. 1A). Such
mutations likely impact protein–protein interactions that govern
Trio’s influence on glutamatergic synapses. One ASD/ID-related
de novo missense mutation, Trio N1080I, resides within Trio’s
eighth spectrin repeat (Fig. 1A) and was identified in an individ-
ual with severe phenotypes, including no verbal communication,
hand stereotypies, and aggressive episodes (Pengelly et al., 2016).
We were therefore interested in studying Trio N1080I in an
effort to better understand the importance of this spectrin repeat
in synaptic function and to uncover the molecular mechanism(s)
that are disrupted by this ASD/ID-related mutation. We first gen-
erated the N1080I mutation in Trio-9, the most abundant Trio
isoform in the brain (McPherson et al., 2005; Portales-Casamar et
al., 2006). In order to determine the impact of Trio-9 N1080I on
synaptic function, we expressed Trio-9 N1080I in CA1 pyramidal
neurons of organotypic rat hippocampal slice cultures using biolis-
tic transfection. Six days after transfection, we recorded evoked
AMPAR and NMDAR excitatory postsynaptic currents (AMPAR-
and NMDAR-eEPSCs) from Trio-9 N1080I transfected neu-
rons and neighboring untransfected (WT) neurons simultane-
ously during stimulation of Schaffer collaterals (Fig. 1B). This
approach permits a pairwise, internally controlled comparison
of the consequences of the genetic manipulation (Herring and
Nicoll, 2016; Paskus et al., 2019; Rao et al., 2019). We have
shown previously that overexpression of Trio-9 produces a

twofold increase in AMPAR-eEPSC amplitude (Fig. 1C)
(Sadybekov et al., 2017). In contrast, expression of Trio-9 N1080I
failed to increase the amplitude of AMPAR-eEPSCs (Fig. 1C,D).
NMDAR-eEPSC amplitude was not affected by expression of either
Trio-9 or Trio-9 N1080I (Fig. 1C,D). These data demonstrate that,
in neurons, Trio N1080I inhibits Trio’s influence on glutamatergic
synapse function.

We have previously shown that, in contrast to WT Trio-9,
expression of the hyperfunctional ASD/ID-related Trio mutant,
Trio-9 D1368V, in CA1 pyramidal neurons markedly increases
dendritic spine density as well as both AMPAR- and NMDAR-
eEPSC amplitude (Sadybekov et al., 2017). One possibility is that
the increased Rac1 activation caused by the D1368V mutation
amplifies a synaptogenic regulatory pathway involving Trio. It
stands to reason that Trio’s involvement in such a synaptogenic
regulatory pathway may be mediated by Trio’s association with
upstream synaptogenic proteins through its spectrin repeat
region. Given the importance of Trio’s eighth spectrin repeat in
Trio function, its implication in ASD/ID, and potential to sup-
port protein–protein interactions, we were interested in
whether disruption of this domain by Trio N1080I might pre-
vent Trio’s interaction with an upstream synaptogenic protein
and prevent Trio D1368V’s ability to form new glutamatergic
synapses. As shown previously, we find here that expression
of Trio-9 D1368V in CA1 pyramidal neurons for 6 d leads to a
nearly fivefold increase in AMPAR-eEPSC amplitude (Fig. 1C,
D), an ;3.5-fold increase in NMDAR-eEPSC amplitude (Fig.
1C,D), and a significant increase in dendritic spine density
(Fig. 1E). We then introduced the N1080I mutation into Trio-
9 D1368V generating a mutant form of Trio-9 harboring both
the D1368V mutation and the N1080I mutation. Remarkably,
we found that adding the N1080I mutation to Trio-9 D1368V
completely blocked Trio-9 D1368V’s ability to increase both
AMPAR- and NMDAR-eEPSC amplitude (Fig. 1C,D) and its
ability to increase dendritic spine density (Fig. 1E). We find
that the Trio-9 N1080I mutation does not affect the ability of
Trio-9’s GEF1 domain to activate Rac1 (Fig. 1F). The Trio-9
N1080I mutation also did not alter the limited RhoA activa-
tion produced by Trio-9’s autoinhibited DH2 domain (Fig.
1F) (Lutz et al., 2007). Together, such data suggest that Trio
N1080I prevents a protein–protein interaction that is required
for Trio D1368V-mediated synaptogenesis.

Trio N1080I inhibits Trio’s interaction with NLGN1 and
blocks NLGN1-mediated synaptogenesis
We recently found that Trio and its paralog Kalirin bind to
NLGN1, a prominent driver of glutamatergic synapse formation
(Chubykin et al., 2007; Shipman et al., 2011; Bemben et al., 2014;
Paskus et al., 2019). To confirm Trio’s interaction with NLGN1
in the brain, we performed an immunoprecipitation assay of en-
dogenous Trio from the P2 fraction of whole rat brain homoge-
nates. Indeed, our coimmunoprecipitation assay revealed that
Trio interacts with NLGN1 at synapses in vivo (Fig. 2A). The ab-
sence of Trio binding to another synaptic protein, synaptophy-
sin, in this assay revealed that Trio’s interaction with NLGN1
was specific (Fig. 2A). Immunoprecipitation of Trio-9 with
NLGN1 in HEK293 cells strongly suggests that a direct interac-
tion exists between these two proteins (Fig. 2B). We then rea-
soned that Trio-9 N1080I’s ability to prevent Trio-9 D1368V-
mediated glutamatergic synaptogenesis may stem from Trio
N1080I inhibiting an interaction between Trio and NLGN1. To
test this hypothesis, we coexpressed Trio-9 N1080I and NLGN1
in HEK293 cells. Remarkably, we found that NLGN1’s ability to

7770 • J. Neurosci., September 15, 2021 • 41(37):7768–7778 Tian, Paskus et al. · ASD/ID Mutations Disrupt NLGN1 Synaptogenesis



B

CA3

CA1

Dentate
gyrus

EC

Stimulate
Schaffer

Collaterals

Dual Patching of 
CA1 Pyramidal

Neurons

A
PH2

GEF2
(RhoA)

Sec14 Spectrin Repeats DH1PH1SH3
Trio-9

DH2

{ {GEF1
(Rac1)

p.N1080I
NDD (confirmed Autistic traits†)

p.D1368V
NDD

NDD
p.P1461T

NDD
p.P1461L

p.K1431M
Autism

Autism
p.R1312W

NDD
16 exon deletion

p.R1428Q
NDD (confirmed Autistic traits†)

Autism

p.I1329HLAL*

Autism
p.V2220L

Autism
p.E883D

Trio-9 N1080I
AMPAR-eEPSC

Tr
io

-9
 N

10
80

I (
pA

)

0

150
100

50

200

501001502000
wild-type (pA)

0

40

80

120

0 40 80 120

Trio-9 N1080I
NMDAR-eEPSC

Tr
io

-9
 N

10
80

I (
pA

)

wild-type (pA)

Trio-9 D1368V
AMPAR-eEPSC

Tr
io

-9
 D

13
68

V 
(p

A)

0

150
100

50

200

50 1001502000

0

40

80

120

0 40 80 120

Trio-9 D1368V
NMDAR-eEPSC

Tr
io

-9
 D

13
68

V 
(p

A)

Trio-9 N1080I D1368V
AMPAR-eEPSC

Tr
io

-9
 N

10
80

I 
D

13
68

V 
(p

A)

0

150
100
50

200

50 1001502000

0

40

80

120

0 40 80 120

Trio-9 N1080I D1368V
NMDAR-eEPSC

Tr
io

-9
 N

10
80

I
 D

13
68

V 
(p

A)

wild-type (pA)

wild-type (pA)

wild-type (pA)

wild-type (pA)

DC

Trio
-9

Trio
-9 

N10
80

I

N10
80

I D
13

68
V

Trio
-9

3

1

2

0

4

AM
PA

R
-e

EP
SC

 a
m

pl
itu

de
 (n

or
m

)

6

5

*

*
*

Trio
-9 

D13
68

V

AMPAR-eEPSC Summary

N
M

D
AR

-e
EP

SC
 a

m
pl

itu
de

 (n
or

m
)

3

1

2

0

4 *

NMDAR-eEPSC Summary

*

*

wild
-ty

pe
Trio

-9

Trio
-9 

N10
80

I

N10
80

I D
13

68
V

Trio
-9

Trio
-9 

D13
68

V

wild
-ty

pe

FE
Spine Density Analysis

Trio-9 D1368V Trio-9 N1080I D1368V

co
ntr

ol

Tri
o-9

 D
13

68
V

sp
in

e 
de

ns
ity

 (/
um

)

0

0.1

0.2

0.3

0.4

0.5

Tri
o-9

 D
13

68
V

*

co
ntr

ol

Tri
o-9

 N
10

80
I 

    
    

 D
13

68
V

sp
in

e 
de

ns
ity

 (/
um

)

0

0.1

0.2

0.3

0.4

0.5

Tri
o-9

 N
10

80
I

    
  D

13
68

V

n.s.

co
ntr

ol

co
ntr

ol

(%
 A

ct
iv

e 
R

ac
1 

/in
pu

t T
rio

no
rm

. t
o 

W
T 

co
nt

ro
l

Tri
o-9

Tri
o-9

N10
80

I

Input Trio

Active Rac1

GDP
N10

80
I

N10
80

I

GTPyS

+ + +
Tri

o-9

+

Input Trio

Active RhoA

GDP
N10

80
I

N10
80

I

GTPyS

+ + +
Tri

o-9

+

n.s.

0

0.5

1.0

1.5

2.0

Active Rac1

(%
 A

ct
iv

e 
R

ho
A 

/in
pu

t T
rio

no
rm

. t
o 

W
T 

co
nt

ro
l

0

0.5

1.0

1.5

2.0

Tri
o-9

Tri
o-9

N10
80

I

Active RhoA

n.s.

Figure 1. The ASD/ID-related mutation Trio-9 N1080I disrupts Trio protein function and blocks synaptogenesis mediated by the ASD/ID-related mutation Trio-9 D1368V. A, ASD/ID-related de
novo mutations in Trio. NDD, Neurodevelopmental disorder. †https://decipher.sanger.ac.uk. B, Electrophysiology recording setup. C, Summary of AMPAR- and NMDAR-eEPSC amplitudes (mean
6 SEM) for each condition tested normalized to their respective neighboring untransfected paired control neurons (black bar). Significance was determined by Wilcoxon Signed Rank Test in
each condition. Gray bars showing the effects of WT Trio-9 overexpression on AMPAR- and NMDAR-eEPSC amplitude represent previously published data (Herring and Nicoll, 2016) and are
repeated here for clarity. Trio-9 N1080I expression failed to increase AMPAR-eEPSC amplitude (n= 9, p= 0.8203). Expression of WT Trio-9 (previously published) or Trio-9 N1080I (n= 16,
p= 0.2114) does not affect NMDAR-eEPSC amplitude. The ASD/ID-related mutant Trio D1368V significantly increased both AMPAR- (n= 8, *p= 0.0078) and NMDAR-eEPSC amplitude (n= 8,
*p= 0.0078). A mutant form of Trio-9 harboring both N1080I and D1368V failed to increase either AMPAR- (n= 8, p= 0.25) or NMDAR-eEPSC amplitudes (n= 6, p= 1). Wilcoxon Rank Sum
Tests were used to compare across independent conditions (i.e., AMPAR-eEPSCs: WT Trio-9 vs Trio-9 D1368V, *p = 0.0093; Trio-9 N1080I D1368V vs Trio-9 D1368V, *p= 0.0003; NMDAR-
eEPSCs: Trio-9 N1080I D1368V vs Trio-9 D1368V, *p= 0.0426). D, Scatterplots showing the data for the individual conditions summarized in C. Open circles represent individual paired record-
ings. Filled circles represent mean6 SEM. Traces show representative currents for each condition, with the transfected cell in color and the control cell in black (vertical scale bars, 20 pA; hori-
zontal scale bars, 20ms for AMPA, 50ms for NMDA). E, Representative dendritic spine images from neurons transfected with Trio-9 D1368V and double mutant Trio-9 N1080I D1368V are
shown with their corresponding GFP transfected control dendrites. Scale bars, 2mm. Boxplots represent the 25th, 50th, and 75th percentiles of each condition with the means (represented by
diamonds). Trio-9 D1368V expression resulted in an increase in spine density (Control, n= 6; D1368V, n= 7; *p= 0.0029, Student’s t test). Trio-9 N1080I D1368V expression failed to produce
an increase in spine density (Control, n= 6; Trio N1080I D1368V, n= 7; p= 0.7452, Student’s t test). F, Trio N1080I has no effect on Trio-9’s ability to activate Rac1 (n= 3, p= 0.727 Student’s
t test) or RhoA (n= 3, p= 0.842, Student’s t test).
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coimmunoprecipitate Trio-9 N1080I was significantly reduced
by ;50% compared with WT Trio-9 (Fig. 2B). Thus, Trio
N1080I inhibits Trio’s ability to associate with NLGN1.

We next examined whether NLGN1-mediated synaptogenesis
is affected by Trio N1080I. NLGN1 is essential in the formation
of glutamatergic synapses and expression of NLGN1 in neurons
results in a significant increase in dendritic spine density (Chih
et al., 2005). We expressed NLGN1 for 6 d in CA1 pyramidal
neurons of the hippocampus and found that this resulted in a
;40% increase in spine density compared with control neurons
transfected with GFP (Fig. 2C). In the brain, both Trio and
Kalirin associate with NLGN1; thus, both proteins may support
NLGN1’s effects on glutamatergic synapse formation. However,
Trio is generally expressed in greater abundance than Kalirin in
neurons early in postnatal development and stands to play a
larger role in supporting NLGN1 effects on glutamatergic syn-
apse formation during this time (McPherson et al., 2002; Ma et
al., 2005). In order to isolate the role Trio plays in NLGN1-medi-
ated synaptogenesis and determine whether Trio can support
NLGN1-mediated synaptogenesis in the absence of Kalirin, we
molecularly replaced endogenous Kalirin and Trio with recombi-
nant Trio-9. We transfected CA1 pyramidal neurons with our
previously validated RNAi’s against Kalirin and Trio (Herring
and Nicoll, 2016), a RNAi-resistant Trio-9 and our NLGN1
expression construct. In these neurons, we observed an increase
in dendritic spine density that was nearly identical to NLGN1

overexpression alone in WT neurons (Fig. 2D). These results
were consistent with Trio-9 supporting NLGN1’s ability to
create new glutamatergic synapses. In marked contrast, we
found that replacing endogenous Trio and Kalirin with Trio-9
N1080I completely abolished NLGN1’s ability to increase den-
dritic spine density (Fig. 2E). Together, these data suggest that
Trio is sufficient to support NLGN1-mediated synaptogenesis
and that inhibiting Trio’s ability to associate with NLGN1 pre-
vents NLGN1’s ability to promote new glutamatergic synapse
formation.

Trio N1080I prevents NLGN1 from increasing NMDAR- but
not AMPAR-mediated synaptic transmission
Our observation that Trio-9 N1080I expression prevents NLGN1-
mediated increases in dendritic spine number prompted us to
perform a detailed electrophysiological examination of how
Trio N1080I affects NLGN1’s influence on glutamatergic
synapse function. In addition to increasing dendritic spine
number, synaptogenesis produced by NLGN1 expression is
manifested as augmentations of synaptic function (Bemben
et al., 2014). For example, we as well as others find that
expression of NLGN1 in CA1 pyramidal neurons results in a
;2.5-fold increase in AMPAR- and NMDAR-eEPSC ampli-
tude (Fig. 3A,B) (Bemben et al., 2014; Paskus et al., 2019).
First, to test whether Trio and Kalirin are necessary for
NLGN1-mediated increases in AMPAR- and NMDAR-
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Figure 2. Trio-9 N1080I inhibits Trio’s interaction with NLGN1 and blocks NLGN1-mediated synaptogenesis. A, Immunoblots showing coimmunoprecipitation of NLGN1 but not synaptophysin
(SYP) with Trio in adult rat P2 brain fractions. B, Left, Immunoblot analysis showing coimmunoprecipitation of HA-NLGN1 with Trio-9 or Trio-9 N1080I in HEK293T cells. Right, Total Trio-9 and
Trio-9 N1080I lysate levels (mean6 SEM) normalized to control. Compared with WT Trio, Trio-9 N1080I has significantly less interaction with NLGN1. *p= 0.02 (Student’s t test).
C–E, Representative dendritic spine images from transfected neurons of each condition are shown with their corresponding control image. Scale bars, 2mm. Boxplots represent the 25th, 50th,
and 75th percentiles of each condition with the means indicated by diamonds. C, Expression of NLGN1 resulted in an increase in dendritic spine density (control, n= 9; NLGN1, n= 8).
*p= 0.0192 (Student’s t test). D, Replacing endogenous Kalirin and Trio with WT Trio-9 supports a NLGN1-mediated increase in dendritic spine density (control, n= 6; Kalirin/Trio KD & Trio-9
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Trio KD & Trio-9 N1080I & NLGN1, n= 7). p= 0.9691 (Student’s t test). KD, Knockdown.
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Figure 3. Trio-9 N1080I prevents NLGN1 from increasing NMDAR but not AMPAR-mediated synaptic transmission. Summary of AMPAR- (A) and NMDAR-eEPSC (B) amplitudes (mean 6
SEM) for each condition tested normalized to their neighboring untransfected paired control neurons (black bar). Bar showing the NLGN1 expression phenotype (Paskus et al., 2019) was previ-
ously published and is repeated here for clarity. Significance was determined by Wilcoxon Signed Rank Test in each condition. Aligned control graphs represent fold eEPSC amplitude change of
NLGN1 expression on the WT background versus the Trio-9 N1080I replacement background. C-H, Scatterplots showing the individual conditions summarized in A and B. Open circles represent
individual paired recordings. Filled circles represent mean6 SEM. Traces show representative currents for each condition, with the transfected cell in color and the control cell in black (vertical
scale bars, 20 pA; horizontal scale bars, 20 ms for AMPA, 50ms for NMDA). C, Knocking down Kalirin and Trio significantly reduced AMPAR- and NMDAR-eEPSC amplitudes (AMPAR-eEPSC,
n= 8, *p= 0.0078; NMDAR-eEPSC, n= 7, *p= 0.0312). D, NLGN1 expression on the Kalirin and Trio double knockdown did not increase either AMPAR-eEPSC or NMDAR-eEPSC amplitude com-
pared with Kalirin and Trio double knockdown (Kalirin/Trio KD & NLGN1: AMPAR-eEPSC, n= 8, *p= 0.0078; NMDAR-eEPSC, n= 7, p= 0.2188; Kalirin/Trio KD vs Kalirin/Trio KD & NLGN1,
Wilcoxon Rank Sum Tests: AMPA-eEPSC, p= 1, NMDAR-eEPSC, p= 0.9015). E, Replacing Kalirin and Trio with WT Trio-9 produced AMPAR- and NMDAR-eEPSC amplitudes that were similar to
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eEPSC amplitude, we knocked down both Kalirin and
Trio in CA1 pyramidal neurons. As previously published
(Herring and Nicoll, 2016), we found here that simultane-
ous knockdown of Kalirin and Trio results in substantial
reductions in AMPAR- and NMDAR-eEPSC amplitude
(Fig. 3A–C). We then tested the effect of NLGN1 expression
on this Kalirin/Trio double knockdown background. We
found that simultaneous knockdown of Kalirin and Trio
prevented NLGN1-mediated increases in AMPAR- and
NMDAR-eEPSC amplitude (Fig. 3A,B,D). These data dem-
onstrate that Kalirin and Trio are required for NLGN1-
mediated augmentation of AMPAR- and NMDAR-medi-
ated synaptic transmission.

Given that Kalirin and Trio are paralogous proteins that both
interact with NLGN1, we reasoned that Kalirin and Trio should
be capable of supporting NLGN1-mediated synaptogenesis inde-
pendently. We have shown previously that Kalirin alone can sup-
port NLGN1-mediated increases in AMPAR- and NMDAR-
eEPSC amplitude in the absence of Trio (Paskus et al., 2019).
Here, we were interested in whether Trio is able to support
NLGN1-mediated increases in AMPAR- and NMDAR-
eEPSC amplitude in the absence of Kalirin. To answer this
question, we first expressed recombinant Trio-9 on a Trio
and Kalirin double knockdown background and found that
molecular replacement of Kalirin and Trio with recombinant
Trio-9 restored normal glutamatergic transmission (Fig. 3A,
B,E). This result is consistent with our previously published
results (Herring and Nicoll, 2016) and illustrates that Trio-9
is able to substitute for Kalirin in supporting basal synaptic
transmission. We then examined the effect of NLGN1
expression on this Trio-9 replacement background to deter-
mine whether NLGN1 can augment glutamatergic synapse
function through Trio in the absence of Kalirin. We found
that NLGN1 expression on this Trio-9 replacement back-
ground produced robust increases in both AMPAR- and
NMDAR-eEPSC amplitude compared with both paired
untransfected WT neurons and neurons where Kalirin and
Trio were molecularly replaced with Trio-9 (Fig. 3A,B,F).
These results were consistent with the effects we observed
with this genetic manipulation on dendritic spine density
(Fig. 2D) and demonstrate that Trio is able to support
NLGN1-mediated synaptogenesis in the absence of Kalirin.

We were then interested in whether Trio N1080I affects
NLGN1’s ability to augment glutamatergic neurotransmission.
To answer this question, we first cotransfected CA1 pyramidal
neurons with our Kalirin and Trio RNAi and our Trio-9 N1080I
expression construct. We found that molecularly replacing
Kalirin and Trio with Trio-9 N1080I resulted in AMPAR- and
NMDAR-eEPSCs that were similar to untransfected neurons
(Fig. 3A,B,G). In contrast to molecular replacement with WT
Trio, we found that molecular replacement with Trio-9 N1080I
completely blocked NLGN1’s ability to increase NMDAR-eEPSC
amplitude (Fig. 3B,H). This result was also consistent with the
effects we observed with this genetic manipulation on dendritic
spine density (Fig. 2E), given that NMDAR-eEPSC amplitude
phenotypes are often coupled with changes in spine density
(Woolley et al., 1997; Herring and Nicoll, 2016; Sadybekov et al.,
2017; Tian et al., 2018). However, molecular replacement with
Trio-9 N1080I failed to prevent NLGN1’s ability to increase
AMPAR-eEPSC amplitude. NLGN1 expression on the Trio-9
N1080I replacement background led to a greater than twofold
increase in AMPAR-eEPSC amplitude compared with AMPAR-
eEPSCs of Trio-9 N1080I replacement neurons that were not
transfected with NLGN1 (Fig. 3A,H). The magnitude of this
increase in AMPAR-eEPSC amplitude was nearly identical to
that observed when NLGN1 is expressed on a WT background
(Fig. 3A). Given that this increase in AMPAR-eEPSC amplitude
occurred in the absence of increased spine number and
NMDAR-eEPSC amplitude, we conclude that AMPAR function
is augmented at existing synapses. This increase in AMPAR-
eEPSC amplitudes could be because of a reduction in the number
of AMPAR-lacking (“silent”) glutamatergic synapses, or alterna-
tively because of a uniform modification in AMPAR-mediated
synapse transmission across all functional synapses. To deter-
mine the source of the increase in AMPAR-eEPSC amplitude
when expressing NLGN1 on Trio N1080I replacement back-
ground, we performed coefficient of variation (CV) analysis on
the AMPAR-eEPSC amplitudes of this condition. CV analysis
can be used to determine the quantal parameters of glutamater-
gic transmission in control and transfected neurons. By compar-
ing the normalized variance in AMPAR-eEPSC amplitudes from
two neurons receiving the same stimulus, it is possible to esti-
mate relative quantal size and quantal content (Del Castillo and
Katz, 1954; Bekkers and Stevens, 1990; Malinow and Tsien,
1990). Changes in quantal size precisely change both the mean
eEPSC and the variance such that the normalized ratio of mean2/
variance, also known as CV (or CV�2), remains constant.
Changes in quantal size cause the marker of the mean to fall on
the horizontal line seen in Figure 3I and, in the context of this
preparation, indicate a change in the number of glutamate recep-
tors at all synapses. In contrast, changes in quantal content will
produce proportional changes of equal magnitude in CV�2 and
mean eEPSC amplitudes that cause the marker of the mean to
fall close to the diagonal line. Here, changes in quantal content
indicate a change in the number of synapses expressing glutama-
tergic receptors. We observed proportional increases in CV�2

and mean AMPAR-eEPSC amplitude following NLGN1 expres-
sion on the Trio N1080I molecular replacement background
(Fig. 3I). This result identified a clear increase in quantal content
rather than quantal size as responsible for the increase in
AMPAR-eEPSC amplitude we observe. Therefore, we conclude
that NLGN1 expression on the Trio N1080I replacement back-
ground results in an increase in the number of synapses that con-
tain AMPARs. Together, our results show that the ASD/ID-
related mutation Trio N1080I leads to a selective inhibition of

/

paired controls (AMPAR-eEPSCs, n= 8, p= 0.6406; NMDAR-eEPSCs, n= 6, p= 0.2807). F,
When Kalirin and Trio were replaced by WT Trio-9, expression of NLGN1 increased AMPAR-
and NMDAR-eEPSC amplitudes compared with WT controls (AMPAR-eEPSCs, n= 8,
*p= 0.0019; NMDAR-eEPSCs, n= 7, *p= 0.0039) and neurons where Kalirin and Trio were
replaced with Trio-9 (AMPAR-eEPSCs, *p= 0.0062; NMDAR-eEPSCs, *p= 0.0119, Wilcoxon
Rank Sum Tests). G, Replacing Kalirin and Trio with Trio-9 N1080I produced AMPAR- and
NMDAR-eEPSC amplitudes that were similar to paired controls (AMPAR-eEPSCs, n= 11,
p= 0.5195; NMDAR-eEPSCs, n= 8, p= 0.9453). H, NLGN1 expression on the Trio-9 N1080I
replacement background did not increase AMPAR-eEPSC amplitude compared with paired
control neurons (n= 9, p= 0.2031, Wilcoxon Rank Sum Tests) but produced a significant
increase relative to replacing Kalirin and Trio with Trio-9 N1080I (*p= 0.0465, Wilcoxon
Rank Sum Tests, A). NLGN1 expression on the Trio-9 N1080I replacement background did not
affect NMDAR-eEPSC amplitude compared with paired control neurons (n= 8, p= 0.3125,
Wilcoxon Rank Sum Tests) or relative to replacing Kalirin and Trio with Trio-9 N1080I
(p= 0.8785, Wilcoxon Rank Sum Tests, B). I, CV analysis of AMPAR-eEPSCs from pairs of con-
trol neurons and neurons where NLGN1 was expressed on the Trio-9 N1080I molecular
replacement background. CV�2 ratios are graphed against the mean amplitude ratio for
each pair. Filled circles represent mean 6 SEM. Dashed lines indicate linear regression.
Highlighted region represents 95% CI (Kalirin/Trio KD & Trio N1080I & NLGN1, n= 9 pairs, R2

= 0.787, *p= 0.0014, Simple Linear Regression). KD, Knockdown.
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Figure 4. NLGN signaling is required for Trio-9 D1368V-mediated synaptogenesis. Summary of AMPAR (A) and NMDAR-eEPSC (B) amplitudes (mean6 SEM) for each condition tested nor-
malized to their neighboring untransfected paired control neurons (black bar). Bars for the Trio-9 D1368V expression phenotype are shown in Figure 1 and are repeated here for clarity.
Significance was determined by Wilcoxon Signed Rank Test in each condition (AMPAR-eEPSCs: NLGN-miRs, n= 6, *p= 0.0313; NLGN-miRs & Trio-9 D1368V, n= 9, p= 0.0977; NLGN miRs &
NLGN1-DC, n= 7, *p= 0.0390; NLGN-miRs & NLGN1-DC & Trio-9 D1368V, n= 9, p= 0.2031; NMDAR-eEPSCs: NLGN-miRs, n= 6, *p= 0.0355; NLGN-miRs & Trio-9 D1368V, n= 7,
p= 0.2969; NLGN-miRs & NLGN1-DC, n= 6, p= 0.2188; NLGN-miRs & NLGN1-DC & Trio-9 D1368V, n= 8, p= 0.1094). Expression of Trio-9 D1368V did not increase AMPAR- or NMDAR-
eEPSC amplitude on the NLGN-miRs background (AMPAR-eEPSC, p= 1; NMDAR-eEPSC, p= 0.366, Wilcoxon Rank Sum Tests) or on the NLGN1-DC replacement background (AMPAR-eEPSC,
p= 0.9626; NMDAR-eEPSC, p= 0.9551, Wilcoxon Rank Sum Tests). C-F, Scatterplots showing the individual conditions summarized in A and B. Open circles represent individual paired record-
ings. Filled circles represent mean 6 SEM. Traces show representative currents for each condition, with the transfected cell in color and the control cell in black (vertical scale bars, 20 pA;
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NLGN1’s ability to create new synapses while preserving the abil-
ity of NLGN1 to convert AMPAR lacking silent synapses into
AMPAR-containing functional synapses.

NLGN signaling is required for Trio D1368V-mediated
synaptogenesis
Above we show that the ASD/ID-related mutation Trio N1080I
inhibits NLGN1’s association with Trio-9. We also show that the
Trio N1080I mutation prevents the synaptogenesis caused by the
hyperfunctional ASD/ID-related mutation Trio D1368V.
Together, these data are consistent with the idea that Trio
D1368V pathologically increases glutamatergic synapse for-
mation by amplifying NLGN1-mediated synaptogenesis. If
NLGN1 signaling is indeed required for the pathologic syn-
apse formation produced by Trio D1368V, knocking down
NLGN1 should prevent Trio D1368V from enhancing gluta-
matergic synapse function. Because of overlapping function,
the presence of other NLGN isoforms is believed to compen-
sate for the elimination of individual NLGN isoforms at syn-
apses (Shipman et al., 2011; Shipman and Nicoll, 2012).
Thus, elimination of the three major Neuroligin proteins
(NLGN1-NLGN3) that influence synaptic formation using a
chained NLGN1-NLGN3 miRNA construct (NLGN-miRs)
has been used to study the role of NLGN signaling in neu-
rons (Shipman et al., 2011; Shipman and Nicoll, 2012;
Bemben et al., 2014). It has been shown previously that
knockdown of NLGN1-NLGN3 in CA1 pyramidal neurons
results in a reduction in glutamatergic neurotransmission
(Shipman et al., 2011). Consistent with this study, we find
that expressing the chained NLGN-miRs construct in CA1
pyramidal neurons reduced both AMPAR- and NMDAR-
eEPSC amplitude (Fig. 4A–C). We then expressed Trio-9
D1368V on this NLGN knockdown background and asked
whether expression of Trio-9 D1368V enhances glutamatergic
synapse transmission in the absence of NLGN protein function.
We observed a similar reduction in both AMPAR- and NMDAR-
eEPSC amplitude compared with NLGN1-NLGN3 knockdown
(Fig. 4A,B,D). These data demonstrate that NLGN signaling is
required for Trio-9 D1368V to induce the generation of new
synapses.

As cell adhesion molecules, NLGN proteins are composed of
an extracellular domain, a transmembrane domain, and intracel-
lular cytoplasmic terminal (C-tail) domain, with the extracellular
domain being critical for NLGN protein interactions with pre-
synaptic Neurexin proteins. In order to investigate whether
NLGN1 intracellular signaling is specifically required for the
synapse formation produced by Trio-9 D1368V, we
expressed a form of NLGN1 lacking its intracellular C-tail
domain (NLGN1-DC) together with the NLGN-miRs. This
molecular replacement of endogenous NLGN1-NLGN3 pro-
teins with NLGN C-tail mutations was shown previously to
be necessary for isolating and studying the effects of
NLGN C-tail truncation mutations on synaptic function
(Shipman et al., 2011). We find that NLGN1-DC molecular
replacement resulted in reduced glutamatergic synaptic

transmission that was similar to the NLGN miRs alone (Fig.
4A,B,E), demonstrating an elimination of NLGN1 signaling
in these neurons. We then expressed Trio-9 D1368V on this
NLGN1-DC molecular replacement background and asked
whether expression of Trio-9 D1368V could still enhance
AMPAR- and NMDAR-eEPSC amplitude. Similar to expres-
sion of D1368V on NLGN knockdown background, we
observed no significant difference between NLGN1-DC mo-
lecular replacement and expression of Trio-9 D1368V on the
NLGN1-DC molecular replacement background (Fig. 4A,B,
F). Together, our results demonstrate that NLGN intracellu-
lar signaling is required for Trio D1368V-mediated
synaptogenesis.

Discussion
Disruption of glutamatergic neurotransmission is widely
believed to underlie the development of ASD/ID-related disor-
ders (Rojas, 2014; Bourgeron, 2015; Volk et al., 2015). Trio
resides within dendritic spines where it promotes actin polymer-
ization through its ability to activate Rac1 (Herring and Nicoll,
2016; Sadybekov et al., 2017; Paskus et al., 2019). This function is
critical for the formation and maintenance of glutamatergic syn-
apses in the brain. The majority of ASD/ID-related mutations
identified in Trio are clustered in Trio’s GEF1 domain and alter
Trio’s ability to activate Trio’s downstream effector molecule
Rac1. The ASD/ID-related mutation Trio D1368V increases
Trio’s ability to activate Rac1 and produces a potentially patho-
logic increase in glutamatergic synapse formation. These data
suggest that Trio is coupled to molecular mechanisms that gov-
ern glutamatergic synapse formation. However, before this study,
the molecular mechanisms responsible for Trio D1368V-medi-
ated synaptogenesis have not been explored. The spectrin repeat
region of Trio likely supports protein–protein interactions that
govern Trio’s involvement in specific neuronal regulatory proc-
esses. We reasoned that this region may support an interaction
between Trio and proteins that promote glutamatergic synapse
formation. Another ASD/ID-related Trio mutation, Trio N1080I,
is located in Trio’s eighth spectrin repeat and inhibits Trio func-
tion without affecting Trio’s ability to activate small GTPases.
Remarkably, we found that a mutant form of Trio harboring both
the N1080I and D1368V mutations does not increase glutamater-
gic synapse formation. These data are consistent with the N1080I
mutation preventing Trio’s association with proteins involved in
glutamatergic synaptogenesis, and thus precluding Trio D1368V-
mediated elevations in Rac1 signaling from making more
synapses.

Trio and its paralog Kalirin interact with NLGN1, a postsy-
naptic protein that promotes glutamatergic synaptogenesis
through its interaction with presynaptic neurexin proteins.
NLGN1 overexpression in neurons increases dendritic spine
number and produces large increases in AMPAR- and NMDAR-
mediated synaptic currents. We have shown previously that
Kalirin can support NLGN1 function in the absence of Trio
(Paskus et al., 2019). Here, we now show that Trio can support
NLGN1 function in the absence of Kalirin (Fig. 4G). These data
provide additional evidence that Trio and Kalirin play overlap-
ping roles in the regulation of postsynaptic function. However,
Trio is generally expressed at higher levels than Kalirin early in
postnatal development with Kalirin expression peaking later in
development (McPherson et al., 2002; Ma et al., 2003, 2005).
Thus, the influence Trio and Kalirin have on synaptic regulation
may vary as the brain develops. It is currently unknown why the
brain utilizes Trio over Kalirin at early developmental time

/

horizontal scale bars, 20ms for AMPA, 50 ms for NMDA). G, Model illustrations: NLGN1 pro-
motes synaptogenesis through its interaction with Trio; Trio N1080I inhibits Trio’s interaction
with NLGN1 and prevents NLGN1-mediated synaptogenesis; Trio D1368V augments NLGN1-
mediated synaptogenesis through increased Rac1-mediated actin polymerization. KD,
Knockdown.
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points. Going forward, it will be important to identify the speci-
alized roles these proteins play in synaptic regulation.

In the present study, we find that the Trio N1080I inhibits
Trio’s ability to interact with NLGN1. In contrast to WT Trio,
we find that molecular replacement of Kalirin and Trio with
Trio-9 N1080I prevented NLGN1 expression from increasing
dendritic spine number and synaptic NMDAR-mediated current
amplitude. Thus, Trio-9 N1080I prevents NLGN1 from creating
new synapses. Surprisingly, Trio N1080I molecular replacement
did not prevent NLGN1’s ability to increase synaptic AMPAR-
mediated current amplitude. Such data suggest that Trio N1080I
may contribute to the development of ASD/ID by uncoupling
NLGN1’s effects on glutamatergic synapses, with this mutation
selectively preventing NLGN1-mediated synaptogenesis but leav-
ing NLGN1’s ability to increase synaptic AMPAR function at
existing synapses intact (Fig. 4G). Given that Trio N1080I does
not completely prevent Trio’s ability to interact with NLGN1, we
believe that NLGN1’s ability to increase synaptic AMPAR func-
tion is supported by Trio N1080I. Stronger interactions between
Trio and NLGN1 may be required for NLGN1-mediated synap-
togenesis given the larger cytoplasmic volume of the dendrites
relative to existing synapses. The smaller cytoplasmic volume of
existing synapses may result in higher Trio N1080I concentra-
tions relative to dendrites and allow functional NLGN1-Trio
N1080I interactions to occur within these structures. However, it
is alternatively possible that NLGN1 increases synaptic AMPAR
function at existing synapses via a Trio-independent mechanism.
We believe this explanation is less likely given that eliminating
Kalirin and Trio expression prevents NLGN1-mediated increases
in both AMPAR and NMDAR function.

The ASD/ID-related mutation Trio-9 D1368V increases the
ability of Trio-9 to activate Rac1 and results in aberrant synapto-
genic qualities not observed with WT Trio-9. In the present
study, we show that Trio-9 D1368V-mediated synaptogenesis is
blocked by inhibiting Trio’s interaction with NLGN1 via N1080I.
We also show that Trio-9 D1368V-mediated synaptogenesis is
blocked by eliminating intracellular NLGN signaling in neurons.
Therefore, we conclude that the synaptogenesis produced by
Trio-9 D1368V is mediated through a pathologic increase in
NLGN1-mediated glutamatergic synapse formation (Fig. 4G).
While Trio D1368V-mediated synaptogenesis relies on NLGN
signaling, it is interesting that molecular replacement of Kalirin
and Trio with Trio-9 N1080I largely restores baseline glutama-
tergic neurotransmission. This finding is consistent with our pre-
vious study in which a form of Kalirin that is unable to bind to
NLGN1 is able to support largely normal baseline synaptic trans-
mission (Paskus et al., 2019). Such data may be explained by
Kalirin and Trio interacting with other NLGN isoforms or other
postsynaptic trans-synaptic adhesion complex proteins which
compensate for reduced Kalirin and Trio binding to NLGN1.
Given that deficits in glutamatergic neurotransmission are only
observed when NLGN1 expression is reduced during late embry-
onic development (Shipman and Nicoll, 2012), it is possible that
deficits in baseline synaptic transmission resulting from the Trio
N1080I mutation only arise transiently during periods of robust
NLGN1-specific synaptogenesis during the earliest phases of syn-
aptic development. Going forward, it will be important to test
this hypothesis in animal models harboring the Trio N1080I
mutation.

This work now provides examples of ASD/ID-related muta-
tions in Trio that are able to augment as well as inhibit NLGN-
mediated signaling in neurons. Thus, either strengthening or
weakening this newly identified synaptic regulatory pathway

stands to produce alterations in glutamate-mediated synaptic
communication between neurons that contribute to the develop-
ment of ASD/ID-related disorders. As a result, the development
of therapeutics targeting NLGN1/Trio-mediated glutamatergic
synapse regulation may be a useful strategy in treating ASD/ID.
In addition to NLGN1, our proteomic work has revealed interac-
tions between Trio and other ASD-related genes as well (e.g.,
CTTNBP2, CRMP1, and DPYSL2) (Paskus et al., 2019). Future
investigation of the interactions between Trio and such ASD-
linked proteins will be essential to our understanding of how
Trio dysfunction contributes to the development ASD/ID-
related disorders.
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