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Cellular/Molecular

Tiaml is Critical for Glutamatergic Synapse Structure
and Function in the Hippocampus

Sadhna Rao,' Yuni Kay,' and Bruce E. Herring'-

Department of Biological Sciences, and 2The Bridge Institute, University of Southern California, Los Angeles, California 90089

Mounting evidence suggests numerous glutamatergic synapse subtypes exist in the brain, and that these subtypes are likely defined by
unique molecular regulatory mechanisms. Recent work has identified substantial divergence of molecular composition between com-
monly studied Schaffer collateral synapses and perforant path- dentate gyrus (DG) synapses of the hippocampus. However, little is
known about the molecular mechanisms that may confer unique properties to perforant path-DG synapses. Here we investigate whether
the RhoGEF (Rho guanine-nucleotide exchange factor) protein Tiam1 plays a unique role in the regulation of glutamatergic synapses in
dentate granule neurons using a combination of molecular, electrophysiological, and imaging approaches in rat entorhino-hippocampal
slices of both sexes. We find that inhibition of Tiam1 function in dentate granule neurons reduces synaptic AMPA receptor function and
causes dendritic spines to adopt an elongated filopodia-like morphology. We also find that Tiam1’s support of perforant path-DG
synapse function is dependent on its GEF domain and identify a potential role for the auto-inhibitory PH domain of Tiam1 in regulating
Tiaml function at these synapses. In marked contrast, reduced Tiam1 expression in CAl pyramidal neurons produced no effect on
glutamatergic synapse development. Together, these data identify a critical role for Tiam1 in the hippocampus and reveal a unique
Tiam1-mediated molecular program of glutamatergic synapse regulation in dentate granule neurons.
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(s )

Several lines of evidence independently point to the molecular diversity of glutamatergic synapses in the brain. Rho guanine-
nucleotide exchange factor (RhoGEF) proteins as powerful modulators of glutamatergic synapse function have also become
increasingly appreciated in recent years. Here we investigate the synaptic regulatory role of the RhoGEF protein Tiam1, whose
expression appears to be remarkably enriched in granule neurons of the dentate gyrus. We find that Tiam1 plays a critical role in
the development of glutamatergic perforant path- dentate gyrus synapses, but not in commonly studied in Schaffer collateral-
CAL1 synapses. Together, these data reveal a unique RhoGEF-mediated molecular program of glutamatergic synapse regulation in
dentate granule neurons. j
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structure and function through their ability to catalyze actin po-
lymerization (Kang and Schuman, 1995; Penzes et al., 2003, 2008;
Fu et al., 2007; Xie et al., 2007; Margolis et al., 2010; Miller et al.,
2013; Ryan et al., 2015; Herring and Nicoll, 2016; Hamilton et al.,
2017; Martin-Vilchez et al., 2017). However, efforts to character-
ize the role of RhoGEFs and other synaptic proteins have been
largely restricted to synapses between neurons of unknown iden-
tity in dissociated neuronal preparations or to Schaffer collateral—
CA1 synapses, which are used as models for all glutamatergic

Introduction

Glutamatergic synapse maturation and function are governed by
a diverse assortment of synaptic molecules. Of these, Rho guani-
ne—nucleotide exchange factor (RhoGEF) proteins have been
increasingly implicated in supporting glutamatergic synapse
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synapses. This reductionist approach to studying synaptic pro-
teins overlooks a growing body of evidence that points to the
existence of heterogeneous populations of glutamatergic syn-
apses in the brain (Zhao et al., 2001; Datson et al., 2004, 2009;
Lein et al., 2004; Coultrap et al., 2005).

Recent whole-brain synaptome cartography has identified
substantial divergence in molecular composition between com-
monly studied CA3—CAL1 Schaffer collateral synapses and ento-
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rhinal cortex—dentate gyrus (DG) perforant path synapses of the
hippocampus (Zhu et al., 2018). Such data suggest that pathway-
specific molecular programs regulating glutamatergic synapse
maturation and function are likely to exist. In fact, little is known
of the unique molecular mechanisms that may operate within
perforant path—DG synapses. This pathway serves as the primary
gateway of information flow from the cortex to the hippocampus
and delivers glutamatergic input to granule neurons of the den-
tate gyrus (DG granule neurons).

Interestingly, the RhoGEF protein Tiaml has substantially
higher transcript expression in DG granule neurons relative to
CA3 and CALl pyramidal neurons (Ehler et al., 1997; Lein et al.,
2004), predicting possible differential influence between hip-
pocampal subregions. Although previous reports have impli-
cated endogenous Tiaml in synapse regulation (Chen and
Macara, 2005; Tolias et al., 2005, 2007; Zhang and Macara, 2006;
Um et al., 2014), the synaptic role of Tiam1 in DG granule neu-
rons has not been explored.

In this study, we examine whether Tiam1 plays a pathway-
specific role in the regulation of synaptic transmission in the
hippocampus. We use a combination of molecular, imaging, and
electrophysiological techniques to compare the role of Tiam1 in
perforant path-DG and Schaffer collateral-CA1 hippocampal
synapses. We find that the inhibition of Tiam1 function in DG
granule neurons results in a significant and selective reduction
in synaptic AMPA receptor function that is accompanied by
dendritic spines adopting an elongated and filopodial appear-
ance. In marked contrast, inhibition of Tiam1 in CA1 pyrami-
dal neurons produced no detectable effect on glutamatergic
synapse development.

Previous work has suggested that Tiam1 regulates actin po-
lymerization in dendritic spines via activation of the small
GTPase Racl through its GEF domain (Penzes and Rafalovich,
2012; Duman et al., 2013). However, a recent study delineates a
GEF-independent mechanism by which Tiam1 regulates neurons
(Tang et al., 2019). Here, we find that the GEF/DH (Dbl-
homology) domain of Tiam1 is essential for its influence on per-
forant path-DG synapse development. We also find that the
Pleckstrin homology coiled-coil extra (PH,-CC-Ex) domain of
Tiaml -an auto-inhibitory region that restricts the GEF activity
of Tiam1- negatively regulates Tiam1 function at DG granule
synapses. Together, our data identify a pathway-specific and
GEF-dependent role for Tiam1 in the hippocampus and reveal a
unique RhoGEF-mediated molecular program of glutamatergic
synapse regulation in DG granule neurons.

Materials and Methods

Experimental constructs. A previously characterized Tiam1 shRNA target
sequence against rat Tiaml was used (5'-GAGGGAGAAGGAAGTG
GTCT-3'; Tolias et al., 2005). The Tiam1 shRNA was subcloned behind
the H1 promoter region of a GFP-expressing pFHUGW expression
vector. The human Tiam1 cDNA sequence was acquired from a con-
struct containing human Tiam1 cDNA (accession #BC117196, Open
Biosystems).

The shRNA-resistant Tiam1 was generated by introducing five silent
point mutations within the RNAI target sequence (AAGAGAAAAA
GAGGTGGTCT). All cloning was performed using overlap-extension
PCR followed by Clontech In-Fusion Cloning (Takara Bio). Both human
Tiaml cDNA and shRNA-resistant Tiaml cDNA were cloned into a
PCAGGS-IRES-mCherry expression vector and coexpressed with a
pFUGW vector containing GFP for easy visualization of transfected neu-
rons. The Tiam1 ADH mutant was generated by deleting the ~200 resi-
due DH domain (Lys1040-Glul233) using overlap-extension PCR
followed by Clontech In-Fusion Cloning (TaKaRa) into a pCAGGS-
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IRES-mCherry expression vector and coexpressed with a pFUGW vector
containing GFP. The Tiam1 APH_-CC-Ex mutant was generated by de-
leting the ~300 residue PH -CC-Ex domain (Ala428-Thr702) using the
same method as described above. The GFP construct also served as a
control vector for spine-imaging experiments.

Immunohistochemistry. Postnatal day 7 (P7) rat hippocampi were dis-
sected and fixed in 4% paraformaldehyde (PFA) in 1X PBS for 30 min,
followed by overnight suspension in 60% sucrose in 1X PBS. The tissue
was then frozen in cryoprotectant freezing media (catalog #72592, Elec-
tron Microscopy Services) and sectioned into 15 um slices at —20°C.
Tissue sections were mounted on microscope slides and probed with
antibodies against Tiam1 (1:100; sheep anti-Tiaml; catalog #AF5038,
R&D Systems) and Prox1 (1:2000; anti-Prox1; catalog #ab5475, Milli-
pore). Fluorophore-coupled secondary antibodies were used for detection,
and slides were imaged using a Zeiss model 510 Confocal Microscope
equipped with an EC Plan Neofluoar 40X/1.3 oil-immersion differential
interference contrast (DIC) objective. The z-stacks were captured at 0.5 wm
intervals and were processed to create maximum intensity projections.

Electrophysiology. Organotypic entorhino-hippocampal slice cultures
were prepared from P6 to P8 Sprague Dawley rats of both sexes as previ-
ously described (Stoppini et al., 1991; Prang et al., 2001; Bonnici and
Kapthammer, 2009). Tissue was isolated and a MX-TS tissue slicer (Sis-
kiyou) was used to make 400 pwm transverse sections. Tissue slices were
placed on squares of Biopore Membrane Filter Roll (Millipore) and
placed on Millicell Cell Culture inserts (Millipore) in 35 mm dishes. The
slices were fed on alternate days with 1 ml of culture media (Invitrogen
MEM + HEPES; catalog #12360—038, Thermo Fisher Scientific; horse
serum (25%); HBSS (25%); and L-glutamine 1 mm).

Sparse biolistic transfections were performed on day in vitro 1 (DIV1)
as previously described (Stoppini etal., 1991; Schnell et al., 2002; Lu et al.,
2009). Recordings were made on DIV7 or DIV9 in slice cultures on an
upright Olympus BX50WI Microscope and perfused at 2.5 ml min "
with artificial CSF (aCSF) containing 119 mm NaCl, 2.5 mm KCl, 1 mm
NaH,PO,, 26.2 mm NaHCO;, 11 mm glucose, 4 mm CaCl,, and 4 mm
MgSO, adjusted to osmolality of 305-315 mOsm, supplemented with 5
M 2-chloroadenosine to dampen epileptiform activity and 0.1 mM pi-
crotoxin to block GABA, receptors. Borosilicate recording electrodes
were filled with an internal solution containing 135 mm CsMeSO,;, 8 mm
NaCl, 10 mm HEPES, 0.3 mm EGTA, 5 mm QX-314, 4 mm Mg-ATP, and
0.3 mm Na-GTP adjusted to pH 7.3-7.4 and osmolarity of 290-295
mOsm. The aCSF was bubbled with 95% (v/v) O, and 5% (v/v) CO, to
maintain pH.

DG granule neurons and CAl pyramidal neurons were identified
using differential interference phase contrast microscopy, while GFP-
expressing transfected cells were identified using epifluorescence micros-
copy. Postsynaptic currents were elicited by stimulation of either stratum
radiatum or perforant pathway afferents with a monopolar glass elec-
trode. Membrane voltage was held at =70 mV to measure AMPAR-
evoked EPSCs (eEPSCs), and at +40 mV to measure NMDAR-eEPSCs,
both of which were usually measured from the same paired recording.
No more than one pair was recorded from a single entorhino-
hippocampal slice. Membrane holding current, pipette series resistance,
and input resistance were monitored throughout recording sessions.
Data were gathered through a MultiClamp 700B amplifier (Molecular
Devices), filtered at 2 kHz, and digitized at 10 kHz.

Coefficient of variation (CV) analysis was performed on AMPAR-
eEPSCs by calculating the mean (M) and standard deviation (SD)
(Kokaia et al., 1998) of 20 consecutively recorded current amplitudes for
both control and transfected cells within a pair from a dual whole-cell
patch-clamp recording. From several such pairs, the CV was calculated as
SD/M. It has been shown both theoretically and experimentally that
CV ~2(M?*/SD?) is invariant with changes in quantal size (i.e., the num-
ber of AMPA receptors at all synapses) and that CV ~2 varies predictably
with changes in quantal content (i.e., the number of functional synapses
containing AMPA receptors) according to the following equation CV ~2
= n X Pr/(1 — Pr) where n is the number of vesicle release sites, and Pr is
the probability of presynaptic release. To compare the eEPSC variance
with changes in mean amplitude, the CV 2 values for transfected and
control cells were plotted on the y-axis, against the ratios of means for
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transfected and control cells that were plotted on the x-axis. Values above
the 45° (y = x) line indicate increases in quantal content, while values
approaching the horizontal line (y = 1) indicate a change in quantal size
as ultimately responsible for the difference in AMPAR-eEPSC amplitude
between the control and transfected cells.

Failure analysis was performed by analyzing AMPAR-eEPSCs from
dual whole-cell patch-clamp recordings where stimulation levels elicited
failures that could be easily distinguished from currents by eye. Events
were assigned as failures if their absolute magnitudes were less than or
equal to noise for each sweep. The number of failures for each cell was
estimated as the number of events with absolute current amplitude
greater than noise divided by the total number of events to yield the
percentage failure rate.

Imaging and spine analysis. Cultured entorhino-hippocampal slices
were transfected with pFHUGW-GFP shRNA constructs alone or
pFHUGW-GFP shRNA and pCAGGS-mCherry cDNA constructs ~18—
20 h after plating using biolistic transfection. The experimenter was
blinded to genotype during subsequent processing and imaging. Slices
were fixed in 4% PFA, 4% sucrose in PBS, and washed three times with
PBS, then cleared with an abbreviated SeeDB-based protocol (Ke et al.,
2013) and mounted on microscope slides. High-resolution confocal
z-stacks of spine-containing DG granule neuron apical dendrites and
CALl pyramidal neuron apical dendrites were acquired on a Zeiss 510
using a Plan Apochromat 63X/1.4 oil-immersion DIC objective. The
z-stacks were collected at maximum X-Y pixel dimensions (2048 X 2048
pixels) at 12 bits with X-Y spatial resolution of 70 nm and axial resolution
of 500 nm with a 488 nm laser excitation wavelength. Automated analysis
of dendritic segments and spines was performed using the commercially
available software Filament Tracer (Imaris 9.1.2, Bitplane). For each cell,
an ~60 wm dendritic segment was manually selected for analysis, and
thresholds for dendritic surface and spine rendering were set (minimum
spine diameter and maximum spine length were set to 0.2 and 10 um,
respectively). Data were exported into Microsoft Excel and graphed us-
ing R Studio (version 1.1.423).

Western blotting. Embryonic day 16.5 hippocampi were dissected, dis-
sociated, and cultured in DMEM with 10% FBS. The neurons were plated
onto six-well plates and treated with 20 ul virus (pFUGW-GEFP lentivirus
or pFHUGW-H1-Tiam1shRNA-UbC-GFP lentivirus) at DIVO, and at
DIV21 cell lysates were prepared. In experiments involving the expres-
sion of Tiam1 and Tiam1l ADH in HEK293T cells (ATCC), cells were
transfected with 2 ug of DNA (pFUGW-GEFP alone, pFUGW-GFP and
pCAGGS-Tiam1-ADH-IRES-mcherry, pFUGW-GFP, and pCAGGS-
Tiam-IRES-mcherry), and cell lysates were prepared after 72 h of expres-
sion. For knock-down experiments in HEK cells, a Tiam1 shRNA/Tiam1
c¢DNA DNA ratio of 20:1 was used, and lysates were prepared 40 h later.
All lysates were run on a 4—15% Mini-PROTEAN TGX Precast Protein
Gel (Bio-Rad) with 50 pg of protein loaded per lane. Membranes were
probed with antibodies specific for Tiam1 (1:100; sc-393315, Santa Cruz
Biotechnology) and B-actin (1:1000; (13E5) Rabbit mAb; catalog #4970,
Cell Signaling Technology). Horseradish peroxidase-coupled secondary
antibodies were then used for detection. Membranes were scanned using
the Bio-Rad Chemidoc Imaging System.

Experimental design and statistical analysis. All electrophysiological
data are expressed as the mean = SEM. For all experiments, at least three
male and female rat pups were used. All imaging analysis was performed
blind to genotype. Statistical significance was determined using the
Wilcoxon signed-rank test for paired dual whole-cell patch-clamp data,
Wilcoxon rank-sum test for imaging data, and Student’s ¢ test for paired-
pulse facilitation (PPF) data. For RNA sequencing (RNA-seq) data in
hippocampal subregions, post hoc analysis was performed on data down-
loaded from the Hipposeq RNA-seq Atlas (Cembrowski et al., 2016) and
imported into R Studio (version 1.1.423). For CV ~ 2 analysis, linear re-
gression analysis was performed using the least-squares method with
GraphPad Prism. All p values <0.05 were considered significant and
denoted with a single asterisk, p values <0.01 were denoted with a double
asterisk, and p values <0.001 were denoted with a triple asterisk. All error
bars represent SE measurement. Sample sizes in the present study are
similar to those reported in the literature (Herring and Nicoll, 2016;
Incontro et al., 2018).
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Results

Tiaml1 is required for AMPAR-mediated neurotransmission
in DG granule neurons

In situ hybridization and RNA-seq data show a significantly
higher level of Tiam1 mRNA expression in the DG relative to CA1
and CA3 subregions of the hippocampus [Lein et al., 2006; Cem-
browski et al., 2016; DG vs CAl, p = 0.0014; DG vs CA3, p =
0.0013; one-way ANOVA and post hoc Tukey HSD; Fig. 1A,B
(modified from Allen Brain Atlas)]. As expected, we observe ro-
bust Tiam1 protein expression in Proxl-positive DG granule
neurons in hippocampal slices (Fig. 1C). To examine whether
Tiaml depletion affects glutamatergic neurotransmission in the
DG, we generated a Tiam1 shRNA construct based on a previ-
ously validated Tiam1l shRNA target sequence (Tolias et al.,
2005). We find that this Tiam1 shRNA construct produces a
substantial reduction of recombinant Tiaml expression in
HEK293 cells and endogenous Tiam1 in hippocampal neurons
(Fig. 1D). Then we biolistically transfected DG granule neurons
in rat organotypic entorhino-hippocampal slice cultures (Schnell
et al., 2002; Elias et al., 2008) with our Tiam1 shRNA. Six days
after transfection, a dual whole-cell patch-clamp approach was
used to simultaneously measure AMPA and NMDA receptor-
mediated eEPSCs (AMPAR-EPSCs and NMDAR-eEPSCs) in
transfected and neighboring untransfected DG granule neurons
in response to perforant pathway stimulation (Fig. 1E). This si-
multaneous pairwise measurement of currents from both trans-
fected and untransfected control neurons allows an internally
controlled test of the genetic manipulation. Using this approach,
we found that DG granule neurons expressing Tiam1 shRNA
exhibited an ~50% reduction (n = 12 pairs, p = 0.00049, Wil-
coxon signed-rank test) in average AMPAR-eEPSC amplitude
compared with paired control neurons (Fig. 1F). A significant
effect on NMDAR-eEPSC current amplitudes was not observed
(n = 12 pairs, p = 0.09, Wilcoxon signed-rank test; Fig. 1G).
Together, these data establish Tiam1 as an important regulator of
synaptic AMPAR-mediated glutamatergic neurotransmission at
perforant path-DG synapses.

To determine whether of Tiam1 in DG granule neurons alters
presynaptic neurotransmitter release, we examined PPF in neu-
rons transfected with Tiam1 shRNA and neighboring control
neurons. We observed no changes in paired-pulse facilitation
following the knockdown of Tiam1 (p = 0.216, n = 7, Student’s
t test; Fig. 1H ). Thus, the synaptic effects we observe in DG gran-
ule neurons are due to alteration of the postsynaptic side of the
synapse.

Following Tiam1 knockdown, we observe a reduction in syn-
aptic AMPAR function but not NMDAR function. This selective
reduction in AMPAR function may be caused by a reduction in
AMPARSs across all functional glutamatergic synapses or arise
from a subset of functional synapses losing all their AMPARs and
thus becoming “silent synapses.” To determine which of these
possibilities had occurred, we first performed coefficient of
variation analysis on AMPAR-eEPSC current amplitudes. Coef-
ficient of variation analysis can be used to determine the quantal
parameters of glutamatergic transmission in control and trans-
fected neurons. By comparing the normalized variance in
AMPAR-eEPSC amplitudes from two neurons receiving the
same stimulus, it is possible to estimate relative quantal size and
quantal content (del Castillo and Katz, 1954; Bekkers and Ste-
vens, 1990; Malinow and Tsien, 1990; Gray et al., 2011; Levy et al,,
2015). Changes in quantal size precisely change both the mean
eEPSC and the variance such that the normalized ratio of mean?/
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variance, also known as coefficient of variation (or CV ~2), re-
mains constant. Changes in quantal size cause the marker of the
mean to fall on the horizontal line seen in Figure 11 and, in the
context of this preparation, indicate a change in the number of
glutamate receptors at all synapses. In contrast, changes in quan-
tal content will produce proportional changes of equal magni-
tude in CV ~? and mean eEPSC amplitudes that cause the marker
of the mean to fall on the diagonal line. Here, changes in quantal
content indicate a change in the number of synapses expressing
glutamatergic receptors. We observed proportional reductions in
CV ™ and mean AMPAR-eEPSC amplitude following Tiam1
knockdown in DG granule neurons. This result identified a clear
reduction in quantal content rather than quantal size as respon-
sible for the reduction of AMPAR-eEPSC amplitude we observe
(Fig. 1I). Such data suggest that knocking down Tiam1 results in
a reduction in the number of synapses that contain AMPARs.
To more directly determine whether Tiam1 knockdown re-
duces the number of glutamatergic synapses that contain
AMPARs, we performed failure analysis of AMPAR-eEPSCs
from Tiam1 knock-down neurons and neighboring control neu-
rons. Changes in AMPAR-eEPSC failure rate are produced by
alterations of the number of synapses containing AMPARs
(Goold and Nicoll, 2010; Gray et al., 2011). Consistent with our

CV analysis, we find that knocking down Tiaml1 results in a sig-
nificant increase in the number of failures we observe relative to
control cells (p = 0.0059, n = 12, Student’s ¢ test; Fig. 1]).
Together, our findings strongly suggest that reducing Tiam1 ex-
pression in DG granule neurons decreases the number of gluta-
matergic synapses that express AMPARSs.

AMPAR- and NMDAR-mediated neurotransmission are
normal in CA1 pyramidal neurons following Tiam1
knockdown

In situ hybridization and RNA-seq data for Tiam1 shows high
transcript expression levels in the DG, but considerably lower
levels in other hippocampal subregions (Figs. 1 A,B, 2A). While
we observed robust Tiam1 protein expression in DG granule neu-
rons, Tiam1 expression in CA1 pyramidal neurons was below the
detection threshold of our antibody (Fig. 2B). Consistent with the
Tiam1 mRNA and protein expression data, we observed no de-
tectable differences in AMPAR-eEPSC or NMDAR-eEPSC am-
plitudes in Tiaml shRNA expressing CAl pyramidal neurons
following Schaffer collateral stimulation (for AMPAR-eEPSC:
p = 0.8, n = 9 pairs; for NMDAR-eEPSC: p = 0.5, n = 8 pairs,
Wilcoxon signed-rank test; Fig. 2C—E). Together, these data sug-
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shRNA expression did not significantly affect AMPAR-eEPSCamplitude (n = 9 pairs) or NMDAR-eEPSCamplitude (n = 8 pairs) in CA1 pyramidal neurons. n.s., Not significant, Wilcoxon signed-rank

test.

gest that Tiam1 plays a pathway-specific role in the regulation of
glutamatergic synapse function in the hippocampus.

Loss of Tiam1 expression in DG granule neurons results in
increased spine length

RhoGEF proteins have been previously implicated in glutamater-
gic synapse regulation. Generally, these proteins influence
synapse function through their ability to regulate actin polymer-
ization in dendritic spines. The actin cytoskeleton in dendritic
spines plays a critical role in determining spine morphology. Pre-
vious studies examining the function of synaptic regulatory Rho-
GEFs frequently report changes in dendritic spine number and
morphology due to alterations of the synaptic actin cytoskeleton
(Fu et al., 2007; Tolias et al., 2007; Herring and Nicoll, 2016).
Tiaml is a well known Rac1-specific RhoGEF (Habets et al., 1994;
Michiels et al., 1995). Therefore, we reasoned that the reduction
in AMPAR-eEPSC amplitude we observe following Tiaml
knockdown may stem from actin-mediated alterations of den-
dritic spine morphology. To quantify and compare the effect of
Tiam1 knockdown on dendritic spine morphology in CA1 pyra-
midal and DG granule neurons, z-stacks of confocal images were
collected, and spine-bearing dendrites were reconstructed (Fig.
3A,B,D,E). We found that knocking down Tiam1 expression in
DG granule neurons had no effect on spine density (p = 0.6; for
GFP, n = 19 segments; for Tiaml shRNA, n = 17 segments;
Wilcoxon rank sum test; Fig. 3 B, C). However, quantitative mor-
phometric analysis revealed a significant increase in spine length,

largely accounted for by an increase in spine neck length in DG
granule neurons relative to GFP-expressing controls (p =
0.00024 for spine length; p = 0.0014 for spine neck length; for
GFP, n = 19 segments; for Tiam1 shRNA, n = 17 segments;
Wilcoxon rank sum test; Fig. 3 B, C). Thus, Tiam1 knockdown in
DG granule neurons causes spines to take on a filopodia-like
appearance. Filopodia represent immature precursors of gluta-
matergic synapses exhibiting reduced AMPAR expression (Dai-
ley and Smith, 1996; Durand et al., 1996; Matsuzaki et al., 2001;
Okabe et al., 2001; Cohen-Cory, 2002). This finding is consistent
with the reduction we observe in the number of synapses express-
ing AMPARs following Tiam1 knockdown (Fig. 11,]). Together,
our data suggest that the downregulation of Tiam1 function in
DG granule neurons results in the inhibition of glutamatergic
synapse function by impeding synaptic maturation. In marked
contrast to DG granule neurons and consistent with our electro-
physiological results, we found no significant differences in any
spine parameters in Tiaml shRNA-expressing CA1 pyramidal
neurons (p = 0.26 for spine length; p = 0.55 for spine neck
length; p = 0.17 for head volume; p = 0.7 for spine density; for
GFP, n = 12 segments; for Tiaml shRNA, n = 25 segments;
Wilcoxon rank sum test; Fig. 3E, F).

To confirm that the effects we observe on glutamatergic syn-
apses in DG granule neurons are due to the specific knockdown
of Tiaml, we coexpressed Tiaml shRNA with an shRNA-
resistant form of Tiam1 in DG granule neurons. We then per-
formed paired recordings with DG granule neurons coexpressing
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Figure 3.

Tiam1 knockdown increases dendritic spine length in DG granule neurons, but not in CA1 pyramidal neurons. 4, D, Schematic representation of areas of image acquisition from DG

granule neuron dendrites and apical CA1 pyramidal neuron dendrites, respectively. B, E, Representative dendritic segments and corresponding reconstructed segments from GFP and Tiam1
shRNA-expressing DG granule neurons and CA1 pyramidal neurons. Scale bars, 4 um. €, F, Boxplots show significant differences in spine length and spine neck length in DG granule neurons
expressing Tiam1 shRNA (colored boxes) compared with GFP-expressing control neurons (gray boxes; p = 0.00024 for spine length; p = 0.0014 for spine neck length; for GFP, n = 19 segments;
for Tiam1 shRNA, n = 17 segments), no significant differences in head volume or spine density were detected (p = 0.9 for head volume; p = 0.6 for spine density; for GFP, n = 19 segments; for
Tiam1 shRNA, n = 17 segments). No significant differences were detected in any spine parameters in Tiam1 shRNA-expressing spines in CA1 pyramidal neurons compared with corresponding
GFP-expressing control neurons (for GFP, n = 12 segments; for Tiam1 shRNA, n = 25 segments; p = 0.26 for spine length; p = 0.55 for spine neck length; p = 0.17 for head volume; p = 0.7 for
spine density; Wilcoxon rank-sum test) ***p < 0.001, **p < 0.01, Wilcoxon rank-sum test. n.s., Not significant.

the Tiam1 shRNA and shRNA-resistant Tiam1. We found that
AMPAR-eEPSC amplitude in these neurons was restored to wild-
type levels (n = 10 pairs; p = 0.56, Wilcoxon signed-rank test;
Fig. 4A,C). We then examined whether shRNA-resistant Tiam1
expression rescues the filopodia-like spine morphology observed
with Tiam1 knockdown. Analysis of dendritic segments from DG
granule neurons coexpressing Tiaml shRNA and shRNA-
resistant Tiam1 revealed no detectable differences in spine den-
sity or morphology compared with GFP-expressing controls
(p = 1 for spine length; p = 0.96 for spine neck length; p = 0.60
for head volume; p = 0.14 for spine density; for GFP, n = 28
segments; for Tiam1 rescue, n = 29 segments, Wilcoxon rank-
sum test; Fig. 4E,F). From these results, we conclude that the
synaptic phenotypes observed in DG granule neurons following
Tiam1 knockdown result from the targeted depletion of Tiam1.

Generally, RhoGEFs are believed to regulate synaptic function
through their influence on the actin cytoskeleton. RhoGEF pro-
teins promote actin polymerization by activating small GTPases
through their GEF domains. However, a GEF-independent role
for Tiam1 in neurons was recently reported (Tang et al., 2019).
Does the ability of Tiam1 to support glutamatergic synapse func-
tion in DG granule neurons depend on its ability to activate small
GTPases? To answer this question, we generated a shRNA-
resistant Tiam1 construct lacking the DH domain (Tiam1 ADH).
This domain alone binds directly to the small GTPase Racl and is
required for the ability of Tiam1 to activate Racl and influence

the actin cytoskeleton (Zheng et al., 1996; Worthylake et al., 2000,
Karnoub et al., 2001). When expressed in heterologous cells, we
find that our Tiam1 ADH construct produces levels of protein
expression that are comparable to our wild-type Tiam1 construct
(Fig. 4D). We then examined whether Tiam1 ADH rescues the
Tiam1 knockdown phenotype. When Tiam1 shRNA and Tiam1
ADH were coexpressed in DG granule neurons, we found that
AMPAR-eEPSC amplitude was reduced to a degree very similar
to that observed in DG granule neurons transfected with the
Tiaml shRNA alone (p = 0.02148, n = 13, Wilcoxon signed-
rank test; Fig. 4B, C). Together, our data demonstrate that the
region necessary for Tiam1-mediated small GTPase activation is
required for the influence of Tiaml on glutamatergic synapse
function in DG granule neurons.

The PH,-CC-Ex domain of Tiam1 negatively regulates Tiam1
function at DG granule synapses

It has been previously shown that increasing the expression levels
of synaptic regulatory RhoGEFs (i.e., Kalirin-7 and Trio-9) in
CA1 pyramidal neurons produces synaptic activity-dependent
increases in the strength of glutamatergic neurotransmission
(Herring and Nicoll, 2016; Sadybekov et al., 2017). Such effects
have been used as evidence supporting the role of these RhoGEF
proteins in bidirectional regulation of synaptic strength. In con-
trast to Kalirin-7 and Trio-9, the overexpression of Tiam1 in CA1
pyramidal neurons was found to have no effect on AMPAR-
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Figure4. Full-length Tiam1 but not Tiam1 ADH expression rescues Tiam1 shRNA-mediated effects on glutamatergic synapses of DG granule neurons. 4, B, Scatterplots with AMPAR-eEPSC and
NMDAR-eEPSCamplitudes for DG granule neurons coexpressing Tiam1 shRNA and Tiam1 ADH, respectively, plotted against paired control neuron eEPSCs (open circles) with corresponding mean =
SEM (filled circles). Barplots show average AMPAR-eEPSC and NMDAR-eEPSC amplitudes (== SEM) of DG granule neurons expressing Tiam1 shRNA (gray bars) and DG granule neurons coexpressing
Tiam1 shRNA, Tiam1 ¢cDNA (yellow bars), and Tiam1 ADH (blue bars) normalized to respective control cell average eEPSC amplitudes (black bar). ***p <<0.001, *p << 0.05, Wilcoxon signed-rank
test. A, Tiam1 cDNA expression restores AMPAR-eEPSC amplitude in DG granule neurons coexpressing Tiam1shRNA (n = 10 pairs). Inset, Representative current traces from control and transfected
(yellow) neurons stimulation artifacts removed. Calibration: 20 pA, 20 ms for AMPAR-eEPSC. B, Tiam1 ADH expression does not restore AMPAR-eEPSC (p = 0.02148, n = 13 pairs, Wilcoxon
signed-rank test) and has no significant effect on NMDAR-eEPSC amplitudes in DG granule neurons coexpressing Tiam1 shRNA (p = 0.47,n = 7, Wilcoxon signed-rank test). Insets, Representative
current traces from control and transfected (blue) neurons. Calibration: 20 pA, 20 ms for AMPAR-eEPSC. C, Average AMPAR-eEPSC and NMDAR-eEPSC amplitudes (== SEM) of DG granule neurons
expressing Tiam1 shRNA (gray bar) and DG granule neurons coexpressing Tiam1 shRNA, Tiam1 (yellow bar), and Tiam1 ADH normalized to respective control cell average eEPSC amplitudes (black
bar). ***p < 0.001, *p << 0.05, Wilcoxon signed-rank test. D, Western blot showing Tiam1 ADH is expressed in HEK293 cells. E, Representative dendritic segments and corresponding reconstructed
filaments from control neurons expressing GFP and Tiam1 and Tiam1 shRNA-expressing DG granule neurons. Scale bars, 4 m. F, Boxplots show no detectable differences in any spine parameters
in DG granule neurons coexpressing Tiam1and Tiam1 shRNA (colored boxes) compared with GFP-expressing control neurons (gray boxes; p = 1for spine length; p = 0.96 for spine neck length; p =
0.60 for head volume; p = 0.14 for spine density; for GFP, n = 28 segments; for Tiam1 rescue, n = 29 segments). n.s., Not significant, Wilcoxon rank-sum test.

eEPSC or NMDAR-eEPSC amplitude (Herring and Nicoll,  contrast to wild-type Tiaml, the overexpression of Tiaml
2016). Given that endogenous Tiam1 plays a synaptic regulatory ~ APHCCEx in DG granule neurons produced a 70% increase in
role in DG granule neurons, we were interested in whether in- ~ AMPAR-eEPSC amplitude (p = 0.04, n = 12 pairs, Wilcoxon
creasing Tiam1 expression and presumably function in DG gran-  signed-rank test; Fig. 5B, C) No effect of Tiam1 APHCCEx over-
ule neurons might lead to the strengthening of glutamatergic ~ expression on NMDAR-eEPSC amplitude was observed (p =
neurotransmission. To answer this question, we overexpressed ~ 0.50, n = 8 pairs, Wilcoxon signed-rank test; Fig. 5D—E). Such
wild-type Tiam1 (Fig. 5A) in DG granule neurons for 6 d before ~ data suggest that the PH, -CC-Ex domain of Tiam1 exerts a neg-
recording AMPAR-eEPSCs and NMDAR-eEPSCs in these neu-  ative influence on Tiam! function at DG granule neuron syn-
rons. We found that wild-type Tiam1 overexpression produced  apses and potentially reveal a mechanism by which synaptic
no change in AMPAR-eEPSC or NMDAR-eEPSC amplitudes ~ Tiam1 function is dynamically regulated.

(for AMPAR-eEPSCs: p = 0.22, n = 14 pairs; for NMDAR-eEP- . .

SCs: p = 0.38, n = 7 pairs; Wilcoxon signed-rank test; Fig. 5B—E). Discussion

Unlike Kalirin and Trio, Tiam1 contains a PH,-CC-Ex domain  Previous studies have relied on dissociated hippocampal neurons
(Fig. 5A). It was recently shown that the GEF activity of Tiaml is  to characterize the role of endogenous Tiaml in glutamatergic
auto-inhibited by this PH,-CC-Ex domain (Matsuzawa et al.,  synapse development (Chen and Macara, 2005; Tolias et al., 2005;
2016; Xu et al., 2017). We wondered whether removing the PH,-  Zhang and Macara, 2006; Um et al., 2014). In these preparations,
CC-Ex domain from Tiam1 would allow Tiam1 overexpression  glutamatergic synapses form between neurons of uncertain iden-
to increase AMPAR-mediated neurotransmission at performant  tity. Thus, the role of Tiam1 in synaptic maturation at naturally
path-DG synapses. To answer this question, we generated a  occurring glutamatergic synapses is unknown. In sifu studies sug-
Tiaml construct lacking the PH_ -CC-Ex domain (Tiaml  gest Tiaml expression is enriched in granule neurons in the den-
APHCCEx; Fig. 5A) and expressed this construct in dentate gran-  tate gyrus (Lein et al., 2006), suggesting that Tiam1 regulation of
ule neurons of entorhino-hippocampal slices for 6 d. In marked ~ glutamatergic neurotransmission may be most relevant at per-
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Figure5.  Tiam1 APHCCEx expression increases AMPAR-mediated neurotransmission in DG
granule neurons. 4, lllustration of the protein domains of Tiam1; full-length Tiam1 (top) and
Tiam1 APH, CC-Ex (bottom). B, D, Scatterplots with AMPAR-eEPSC amplitudes for DG granule
neurons expressing Tiam1 plotted against paired control neuron eEPSC (open circles) with
corresponding mean == SEM (filled circles). Insets, Representative current traces from control
and transfected (blue for Tiam1 OE; vermillion for Tiam1 APH, -CC-Ex) neurons with stimulation
artifacts removed. Calibration: 20 pA for both AMPAR-eEPSC and NMDAR-eEPSC, 20 ms for
AMPAR-€EPSC, 50 ms for NMDAR-eEPSC. B, Tiam1 overexpression (OE) produces no detectable
differences in AMPA-eEPSC amplitude (p = 0.67, n = 9 pairs); Tiam1 APHCCEx expression
increases AMPAR-eEPSC amplitude (p = 0.04, n = 12 pairs). D, NMDAR-eEPSC amplitudes
were not significantly affected in Tiam1 or Tiam1 APH, -CC-Ex-expressing neurons and paired
controls (p = 0.38,n = 7 pairs for Tiam1 OF; p = 0.50, n = 8 pairs for Tiam1 APHCCEx). C, E,
Bar plots of average AMPAR-eEPSCand NMDAR-eEPSC amplitudes (= SEM) of DG granule neu-
rons overexpressing Tiam1 (blue for Tiam1 OE; vermillion for Tiam1 APHCCEx OE) respective
control cell average eEPSC amplitudes. Wilcoxon signed-rank test was used to compare across
independent conditions. *p << 0.05, n.s., Not significant, Wilcoxon signed-rank test.

forant path-DG synapses in the hippocampus. In the present
study, we find that inhibition of Tiam1 function in DG granule
neurons results in a significant reduction in glutamatergic syn-
apse function. In marked contrast to dentate granule neurons,
Tiam]1 expression appears to be very low in CA1 pyramidal neu-
rons. Consistent with Tiam1 mRNA and protein expression data,
we find that knocking down Tiam1 in CAl pyramidal neurons

J. Neurosci., November 20, 2019 - 39(47):9306-9315 * 9313

has no impact on baseline glutamatergic neurotransmission at
Schaffer collateral-CA1 synapses. Together, these results strongly
support a pathway-specific role for Tiam1 in glutamatergic syn-
apse regulation in the hippocampus. Going forward, it will be
interesting to determine whether Tiam1 differentially supports
medial and lateral perforant pathway function in the dentate
gyrus and whether glutamatergic pathways in other brain regions
are regulated by Tiaml.

In addition to a reduction in synaptic AMPAR function, we
found that knocking down Tiam1 expression in DG granule neu-
rons resulted in the elongation of dendritic spines. This alteration
of spine morphology was not observed following Tiam1 shRNA
expression in CAl pyramidal neurons. Tiaml promotes Racl
activation (Tolias et al., 2005). Racl activity is thought to be
critical for the maturation of glutamatergic synapses, resulting in
the conversion of immature elongated filopodia into shorter
more mature spines (Nakayama and Luo, 2000; Tashiro and
Yuste, 2004; De Rubeis et al., 2013). The elongated dendritic
protrusions we observe following the reduction of Tiam1 func-
tion are consistent with descriptions of immature filopodial
spines, suggesting that the inhibition of Tiam1 function results in
the inhibition of glutamatergic synapse maturation. Filopodia-
like spines are proposed to be the structural correlates of
NMDAR-expressing but AMPAR-lacking “silent” synapses that
mature through the synaptic insertion of AMPARs (Dailey and
Smith, 1996; Durand et al., 1996; Matsuzaki et al., 2001; Okabe et
al., 2001; Cohen-Cory, 2002; Tian et al., 2018). Consistent with
this idea, we performed coefficient of variation and failure anal-
ysis on AMPAR-eEPSCs from Tiam1 shRNA-expressing neurons
and found that reductions in AMPAR-eEPSC amplitude in these
neurons result from a decrease in the number of synapses ex-
pressing AMPA receptors. The inhibition of Tiam!1 function in
DG granule neurons did not affect presynaptic neurotransmitter
release or NMDAR-eEPSC amplitude. Together, these data
strongly suggest that the inhibition of Tiam1 function increases
the number of silent synapses of DG granule neurons and are
consistent with our morphological data supporting a role for
Tiaml in perforant path—-DG synapse maturation. It will now be
important to identify which Tiam1-dependent synaptic regula-
tory pathways are required for normal glutamatergic synapse
maturation in DG granule neurons. It will be particularly inter-
esting to examine the role of Tiaml in glutamatergic synapse
plasticity. While the present study was under review, a study was
published where Tiam1 knockdown was shown to inhibit struc-
tural long-term potentiation (sLTP) in CA1 pyramidal neurons
(Saneyoshi et al., 2019). Surprisingly, this finding suggests that
Tiaml plays an important role in activity-dependent structural
changes of synapses in CA1 pyramidal neurons despite very low
expression in these cells. The outcome of future studies compar-
ing the role of Tiam! in functional LTP in dentate granule and
CA1 pyramidal neurons will be of great interest.

Generally, the influence of Tiam1 is thought to be through
GEF domain-mediated regulation of the actin cytoskeleton. The
GEF domain of Tiam1 activates the small GTPase Racl, which
ultimately promotes actin polymerization. However, it was re-
cently reported that Tiaml is able to influence neuronal mor-
phology through a GEF-independent mechanism (Tang et al.,
2019). To determine whether the GEF domain is required for the
influence of Tiam1 on glutamatergic synapse function in the den-
tate gyrus, we engineered a mutant form of Tiam1 lacking its
GEF/DH domain (Tiam1 ADH). This mutation eliminates the
entire binding site for Racl (Worthylake et al., 2000) and thus
represents a truly “GEF-dead” form of Tiam1. Despite exhibiting
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a level of expression comparable to wild-type Tiam1, we found
that Tiam1 ADH cannot rescue the synaptic phenotype produced
by knocking down Tiaml expression. Thus, the support by
Tiam1 of synaptic function in dentate granule neurons is depen-
dent on an intact GEF domain. The most cogent explanation for
this observation is that Tiam1’s support of perforant path-DG
synapse function is dependent on the ability of Tiam1 to activate
small GTPases like Racl. However, we acknowledge that we can-
not rule out alternative explanations such as protein misfolding
or improper trafficking that might be produced by deleting the
GEF/DH domain.

Previously, the overexpression of synaptic regulatory RhoGEF
proteins in CAl pyramidal neurons was shown to result in a
significant increase in synaptic AMPAR function (Herring and
Nicoll, 2016). The overexpression of Tiam1 in CAl pyramidal
neurons, on the other hand, was found to have no impact on
Schaffer collateral-CA1 synapse function. Here, we overex-
pressed Tiam1 in DG granule neurons to determine whether el-
evated Tiaml function can augment the strength of perforant
path-DG neurotransmission. We found that the function of
these synapses was also unaffected by Tiam1 overexpression. One
explanation as to why Tiam1 overexpression fails to increase glu-
tamatergic neurotransmission in DG granule neurons is that
Tiam1 may exist in an inactive state in neurons and require ad-
ditional molecular mechanisms for activation (Fleming et al.,
1999; Crompton et al., 2000; Mertens et al., 2003; Terawaki et al.,
2010). In this case, a rate-limiting molecular mechanism may
exist within neurons preventing excess Tiam1 function at syn-
apses following overexpression. Previous in vitro studies have
shown that the PH,-CC-Ex domain of Tiam1 can negatively reg-
ulate Tiam1 GEF activity, suggesting that this domain is auto-
inhibitory (Xu et al., 2017). Consistent with this idea, we found
that the expression of a Tiaml mutant lacking the conserved
PH,,-CC-Ex domain produced an increase in AMPAR-eEPSC
amplitude. Our data suggest a potential role of the PH,-CC-Ex in
auto-inhibition of Tiam1 and reveals a possible regulatory mech-
anism that permits Tiam1-mediated increases in glutamatergic
synapse strength.

Recent evidence suggests that glutamatergic synapses exhibit
remarkable molecular diversity in the brain, with commonly
studied Schaffer collateral-CA1 synapses differing substantially
from perforant path—-DG synapses of the hippocampus. How-
ever, we know very little about the unique regulatory mecha-
nisms that exist at perforant path—-DG synapses. The present
study demonstrates that perforant path—-DG synapses are under
the control of a RhoGEF-mediated molecular program that is
distinct from Schaffer collateral-CA1 glutamatergic synapses in
the hippocampus. Going forward, it will be interesting to deter-
mine whether various RhoGEF proteins are a part of a unique
complement of synaptic proteins that are specific to different
glutamatergic synapse subtypes. Moreover, differential expres-
sion of RhoGEF proteins may define distinct molecular and func-
tional glutamatergic synapse subtypes in the brain. RhoGEF
proteins seem particularly well suited for this task. The RhoGEF
protein family has many members that exhibit considerable vari-
ability outside of their GTPase activation (GEF) domains, sug-
gesting unique molecular regulatory mechanisms are likely to
govern the function of specific RhoGEF proteins (Schmidt and
Hall, 2002). In future studies, it may be useful to look to specific
RhoGEF proteins as potential targets for treating brain-related
disorders that stem from glutamatergic synapse dysfunction in
specific regions of the brain.
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