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Development/Plasticity/Repair

Trim9 Deletion Alters the Morphogenesis of Developing and
Adult-Born Hippocampal Neurons and Impairs Spatial
Learning and Memory

Cortney C. Winkle,'* Reid H. J. Olsen,?* Hyojin Kim,' Sheryl S. Moy,>* Juan Song,>* and Stephanie L. Gupton>5’
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During hippocampal development, newly born neurons migrate to appropriate destinations, extend axons, and ramify dendritic arbors
to establish functional circuitry. These developmental stages are recapitulated in the dentate gyrus of the adult hippocampus, where
neurons are continuously generated and subsequently incorporate into existing, local circuitry. Here we demonstrate that the E3 ubiq-
uitin ligase TRIM9 regulates these developmental stages in embryonic and adult-born mouse hippocampal neurons in vitro and in vivo.
Embryonic hippocampal and adult-born dentate granule neurons lacking Trim9 exhibit several morphological defects, including exces-
sive dendritic arborization. Although gross anatomy of the hippocampus was not detectably altered by Trim9 deletion, a significant
number of Trim9 ~'~ adult-born dentate neurons localized inappropriately. These morphological and localization defects of hippocam-
pal neurons in Trim9 ~'~ mice were associated with extreme deficits in spatial learning and memory, suggesting that TRIM9-directed
neuronal morphogenesis may be involved in hippocampal-dependent behaviors.
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Appropriate generation and incorporation of adult-born neurons in the dentate gyrus are critical for spatial learning and memory
and other hippocampal functions. Here we identify the brain-enriched E3 ubiquitin ligase TRIM9 as a novel regulator of embry-
onicand adult hippocampal neuron shape acquisition and hippocampal-dependent behaviors. Genetic deletion of Trim9 elevated
dendritic arborization of hippocampal neurons in vitro and in vivo. Adult-born dentate granule cells lacking Trim9 similarly
exhibited excessive dendritic arborization and mislocalization of cell bodies in vivo. These cellular defects were associated with
severe deficits in spatial learning and memory. j
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The hippocampus is a subcortical structure associated with learn- Bradke and Dotti, 2000). Neuronal processes ramify to innervate
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zone (SGZ) of the dentate gyrus (DG), migrate locally within the
granule cell layer (GCL), mature into granule neurons, and inte-
grate into existing circuitry. Aberrant adult neurogenesis is linked
to neurological disorders (Deng et al., 2010; Christian et al.,
2014). For instance, deletion of Pten or DISC1 knockdown is
associated with aberrant adult-born granule cell morphology
linked to epilepsy or behavioral deficits (Deng et al., 2009; Pun et
al., 2012; Zhou et al., 2013). Although aberrant development of
adult-born neurons may disrupt behavior and elicit pathology,
the molecular factors that regulate development, morphogenesis,
and integration of adult-born hippocampal neurons are largely
unknown.

TRIMO is an evolutionarily conserved member of the TRIpar-
tite Motif (TRIM) family of ubiquitin ligases (Berti et al., 2002;
Tanji et al., 2010). We recently identified TRIM9 as a regulator of
neuronal morphogenesis in cortical neurons (Winkle et al., 2014;
Menon et al.,, 2015). TRIM9 directly interacts with exocytic
t-SNARE SNAP25 (Li et al.,, 2001), the actin polymerase VASP
(Menon et al., 2015), and DCC, a receptor for the axon guidance
cue netrin (Winkle et al., 2014). Deletion of Trim9 in cortical
neurons is associated with elevated exocytosis, increased stability
of growth cone filopodia, and loss of netrin responsiveness in
vitro. These phenotypes are associated with aberrant branching
and projection of cortical axons both in vitro and in vivo (Winkle
etal.,, 2014; Menon et al., 2015), suggesting that TRIMO regulates
membrane delivery and cytoskeletal dynamics powering cortical
neuron morphogenesis.

The role for TRIMY in neuronal morphogenesis is evolution-
arily conserved and may extend toward the organization of
synapses. In invertebrates, Trim9 orthologs are implicated in
netrin-dependent cell migration, axon guidance, and branching
(Hao et al., 2010; Morikawa et al., 2011; Morf et al., 2013). In
Drosophila, neural activity regulates TRIM9 expression to estab-
lish sensory afferent topographic maps (Yang et al., 2014).
TRIMY localizes to the somal compartment and proximal den-
drites of hippocampal neurons (Tanji et al., 2010) and is a com-
ponent of the postsynaptic density (Jordan et al., 2004), yet little
is known regarding the role of TRIMY in dendrites. Netrin-1 and
DCC are present in the developing and adult hippocampus, and
mice deficient in either genes exhibit neuroanatomical defects
(Serafini etal., 1996; Fazeli et al., 1997; Bin et al., 2015; Yung et al.,
2015) and altered spontaneous neural activity (Barallobre et al.,
2000). TRIM9 mRNA is also enriched in maturing adult-born
neurons (Chatzi et al., 2016). Thus, TRIMY is poised to function
in netrin-dependent hippocampal development and adult
neurogenesis.

Here we identify a role for TRIM9 in the control of hippocampal
neuron morphogenesis in the developing and adult hippocampus.
Deletion of murine Trim9 caused exuberant arborization and/or
protrusion of dendrites and axons in embryonic and adult-born
hippocampal neurons, mislocalization of adult-born neurons in
vivo, and decreased dendritic spine density. These defects were asso-
ciated with severely impaired hippocampal-dependent memory.
Our study supports a role for TRIM9-mediated morphogenesis in
higher neural processes, which is bolstered by the evolutionarily con-
served function of TRIM9 in neuronal morphogenesis, and a recent
genome-wide association study that identified top-ranked SNPs
within the human TRIM9 gene in patients with schizoaffective dis-
order (Kanazawa et al., 2013).

Materials and Methods

Animals. All mouse lines were on a C57BL/6] background and bred at the
University of North Carolina with approval from the Institutional Ani-
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mal Care and Use Committee. Timed pregnant females were obtained by
placing male and female mice together overnight; the following day was
designated as E0.5 if the female had a vaginal plug. Trim9 ~'~, Trim9"",
and Thyl-GFP mice were described (Feng et al., 2000; Winkle et al.,
2014). A Nex-Cre line (from Dr. Klaus Nave) (Goebbels et al., 2006) and
a Tau'@P-s°PXPGEP Jine (from Dr. Eva Anton) (Higginbotham et al.,
2012) were crossed with Trim9"" mice.

Antibodies, reagents, and plasmids. Antibodies include the following:
NH2-terminal TRIM9 rabbit polyclonal (generated using murine
TRIMY recombinant protein amino acids 158-271), COOH-terminal
TRIMO rabbit polyclonal raised against COOH of human TRIM9 (Tanji
etal.,2010), mouse monoclonal against human BIII-tubulin (TujI SCBT,
1:2000), mouse anti-Myc (SCBT, 1:1000), anti-GFP chicken (Aves,
ab1020, 1:2000), rabbit anti GFAP (Invitrogen, 1:3000), goat anti-GFP
(Rockland, 1:250), goat anti-doublecortin (DCX) (SCBT, 1:500), mouse
anti-nestin (EMD Millipore, 1:250), rat anti-mCherry (ab167453), and
rabbit anti-prox1 (Abcam, 1:500). Fluorescent secondary antibodies and
fluorescent phalloidin labeled with AlexaFluor-488, AlexaFluor-568, or
AlexaFluor-647 were from Invitrogen. DAPI was from Thermo-Fisher
(Molecular Probes). Netrin-1 was concentrated from conditioned media
from netrin-1-expressing HEK293 cells (Serafini et al., 1994; Lebrand et
al., 2004). AAV viruses for expressing mCherry or GFP under control of
the CaMKIIpromoter (AAV2-CaMKII-eGFP and AAV2-CaMKII-
mCherry) were obtained through the UNC vector core at a titer of 102,
GFP-expressing retroviruses were a generous gift from the laboratory of
Dr. Hongjun Song and have been previously described (Song et al.,
2013). Fluorescent and epitope-tagged TRIM9 mammalian expression
plasmids were previously described (Winkle et al., 2014). The pHluorin-
DCC plasmid is similar to the mCherry-DCC plasmid described by Win-
kle et al. (2014), except that the fluorophore has been switched.

Immunoblotting, coimmunoprecipitation. SDS-PAGE and immuno-
blot analysis were performed using standard procedures with far-red-
conjugated 2°antibodies (LiCor). Signal was detected with Odyssey
Imager (LiCor). The coimmunoprecipitation in Figure 1 was performed
using IgG-conjugated A/G beads (SCBT) to preclear lysates for 1.5 h at
4°C with agitation. NH2-terminal TRIM9 antibody was incubated with
precleared lysates for 2 h before the addition of agarose protein A/G
beads (SCBT) overnight at 4°C to precipitate target proteins. For TRIM9
and DCC coimmunoprecipitations, lysates were precleared with a fluo-
rescent chicken anti-goat 594 or protein A/G beads (SCBT). NH2-
TRIM? antibody was incubated with precleared lysates for 2 h before the
addition of agarose protein A/G beads (SCBT) overnight at 4°C to pre-
cipitate target proteins. In a separate reaction, goat polyclonal DCC an-
tibody conjugated to A/G (SCBT, A-20) beads were incubated in lysates
overnight at 4°C to precipitate target proteins. Beads were washed three
times with lysis buffer, and bound proteins were prepared in sample
buffer, resolved by SDS-PAGE, and analyzed by immunoblotting. Im-
munoblots were probed with COOH-terminal TRIM9 (see Fig. 1) (Tanji
et al,, 2010), or NH2 TRIM9 (see Fig. 2), goat polyclonal DCC (SCBT)
and mouse monoclonal GAPDH (SCBT) as a loading control.

Embryonic hippocampal neuron culture, transfection, and imaging.
E15.5 dissociated hippocampal neuron cultures were prepared as de-
scribed previously (Viesselmann et al., 2011). Briefly, hippocampi were
microdissected, and neurons were dissociated with trypsin and plated on
poly-p-lysine (Sigma)-coated coverglass, glass-bottom movie dishes
(Matek) or tissue culture plastic in Neurobasal media (Invitrogen)
supplemented with B27 (Invitrogen). For transfection of Myc-tagged
TRIMY variants, or cotransfection of mCherry-TRIM9 and DCC-
pHluorin, neurons were resuspended after dissociation in Lonza Nucleo-
fector solution (VPG-1001) and electroporated according to the
manufacturer’s protocol. To assay the effects of netrin-1 stimulation, 250
ng/ml netrin-1 was bath-applied for 24 h followed by fixation and im-
munofluorescence. Control and netrin-1-treated cells were fixed in 4%
PFA at the indicated time points, permeabilized for 10 min in 0.1%
Triton X-100, blocked for 30 min in 10% BSA, and stained with indicated
primary antibodies for 1 h at room temperature. Following three washes,
species-appropriate, spectrally distinct fluorescent secondary antibodies
were added and allowed to incubate for 1 h at room temperature. Fol-
lowing three washes, cells were mounted in a TRIS/glycerol/n-propyl-
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gallate-based mounting media for imaging. Wide-field epifluorescence
images of neurons were analyzed.

Live cell imaging. Time-lapse total internal reflection fluorescence im-
ages of Trim9*/* hippocampal neurons expressing mCherry-TRIM9
and DCC-pHluorin at 2 DIV were acquired with an Olympus IX81-
ZDC2 inverted microscope with MetaMorph acquisition software, an
Andor iXon EM-CCD, and a Tokai Hit environmental chamber, which
maintained 37°C and 5% CO,. Pearson’s correlation of colocalization
between mcherry-TRIM9 and DCC-pHlurin was performed using
whole-cell ROIs and an Intensity Correlation Analysis (Coloc2) plugin
for Image] (Schindelin et al., 2012). Scrambled images were used as cor-
relative controls.

In vivo. All Thy1-GFP and Tau NEX-Cre mice used for neuroanatomical
studies were anesthetized with an intraperitoneal injection of 1.2% avertin
and intracardially perfused with 4% PFA. Brains were removed and fixed in
49 PFA for a subsequent 48 h, rinsed with 1 X PBS, and rested in 70% EtOH
for at least 24 h before vibratome sectioning. For projection analysis in Nex-
Cre/Tau '@ PGEP Jjttermates, 100 um coronal sections were cut, and
every other section was permeabilized in detergent solution (1 X PBS + 0.1%
Triton X-100 + 0.2% Tween 20) for 1 h on a shaker at room temperatures.
Sections were blocked in 10% BSA in 1X PBS for 5 h, then placed in primary
antibody solution (anti-GFP chicken [Aves, ab1020] 1:2000, anti-GFAP rab-
bit [Abcam, ab7260] 1:2500 in 1% BSA in PBS) for 24 h on a shaker at 4°C.
Primary antibodies were removed and sections were rinsed in 1 X PBS for 1 h
before the addition of secondary antibody solution (AlexaFluor-488
chicken, AlexaFluor-561 or AlexaFluor-647 rabbit + 1% BSA in 1 X PBS) for
24 h on a covered shaker at 4°C. After postsecondary rinsing with 1X PBS,
sections were mounted in DPX mountant (VWR) and were imaged with the
10X objective on the LSCM described below. Brains from Thy1-GFP litter-
mates were similarly prepared and imaged with the 20X objective on the
LSCM described below. Maximal projections of multiarea Z stacks of serial
coronal sections containing the hippocampus of 5-week-old NEX-Cre/
Tau'OF*P1PGEP/Trim9™  and ~ NEX-Cre/Tau'®"P1*GFp/
Trim9™/™ littermates were collected.

For in vivo viral injections, 6-week-old Trim9"’" and Trim9 '~ were
stereotaxically injected with a GFP-expressing retrovirus driven by the
ubiquitin promoter (300 nl at 100 nl/min, using a pump-driven 5 ul
Hamilton syringe and a 33 gauge needle). Stereotaxic coordinates tar-
geted the DG (anteroposterior —2.0, mediolateral = —1.5, dorsoventral
—2.3). At 14 and 28 d post injection (DPI), mice were deeply anesthetized
with a ketamine/xylazine mixture and transcardially perfused with 10 ml
PBS, pH 7.4, followed by 10 ml 4% PFA pH 7.4. Brains were removed and
fixed overnight at 4°C in 4% PFA, followed by cryoprotection with 30%
sucrose for 48 h. Brains were sectioned coronally using a Leica sliding
microtome at 40 um and stored in ethylene-glycol/sucrose/PBS contain-
ing antifreeze solution until immunohistochemical processing. For in
vivo labeling of mature neurons in CAl and the DG of the adult hip-
pocampus, a similar injection paradigm was followed, substituting
AAV2-CaMKII-mCherry (CAl: anteroposterior —2.0, mediolateral =
—1.5, dorsoventral —1.25) and AAV2-CaMKII-eGFP (DG granule-cell
layer: anteroposterior —2.0, mediolateral = —1.5, DV —2.0). After 2
weeks, mice were transcardially perfused and brains processed as de-
scribed above.

Immunohistochemistry. For DAB staining, floating sections were sub-
jected to heat-induced antigen retrieval in 10 mm sodium citrate, pH 6.0,
for 10 min followed by blocking for an hour in 1% BSA and overnight
incubation in 5 ug/ml antibody solution in 1% BSA with 0.3% Triton
X-100 in PBS. After 3 X 10 min rinses in PBS, sections were treated with
DAB chromogen solution for 20 min and rinsed with deionized water
3 X before mounting. For immunofluorescence, for all experiments ex-
cept for detection of TRIM9 by immunohistochemistry in GFP-labeled
adult-born neurons, floating sections were permeabilized in PBS con-
taining 0.5% Triton X-100 (PBST) for 1 h. For TRIM9 fluorescence
immunohistochemistry, slide-mounted tissues were permeabilized by
incubation in 100% methanol at —20°C for 30 min, followed by three 10
min washes in PBS. With the exception of the removal of Triton X-100
for TRIM9 immunofluorescence staining, tissues were then blocked in
5% donkey serum in PBST (PBST-DS) for an additional hour. Subse-
quently, tissue sections were incubated with primary antibody overnight
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at room temperature before 3 X 10 min washes in PBST and incubation
in Alexa-conjugated secondary antibody for 2 h at room temperature in
PBST-DS. Sections were again washed 3 X in PBST followed by 3 washes
in PBS. Nuclei were counterstained with DAPI at a concentration of 1.2
uM in the penultimate wash. Tissues were subsequently mounted on
charged slides before confocal imaging.

Microscope descriptions. Immunocytochemistry images were collected
on an Olympus IX81-ZDC2 inverted microscope with the following ob-
jective lenses: a UPLFLN 40X/1.39 NA objective (Olympus, 1, 2, and 3
DIV), UPlanSapo 20X 0il/0.85 NA objective (Olympus, 5 DIV), an au-
tomated XYZ stage (Prior), and an Andor iXon EM-CCD. Images were
acquired by MetaMorph software. Confocal imaging of brain sections
was performed using a Fluoview FV1000 microscope (Olympus)
equipped with 405, 488, 568, and 633 nm lasers. Acquisition of neuro-
anatomical images at 3 and 5 weeks postnatal were captured with a 20X/
0.75 NA PlanApochromat objective lens and 10X/0.4 NA Plan
Apochromat objective lens, respectively. Acquisition of retrovirally la-
beled neurons 14 DPI was performed using a tiling method via 10X
objective (NA 04) to capture the entire DG for both somatic location and
axonal targeting. Dendrites of neurons 14 DPI were captured using a 40X
o0il 1.3 NA with a I um step size. Synapses of retrovirally labeled neurons
28 DPI were captured with a 60X oil objective at 2X zoom and 0.33 um
step size. Images of DCX and nestin-stained retrovirally naive tissue were
acquired with a 40X 1.3 NA 1.42 objective. Axons from GFP " adult-
born granule cells 28 DPI were imaged in CA3 using an Olympus confo-
cal microscope with a 60X oil objective.

Image analysis. In vitro cell images at 1 and 2 DIV were analyzed as
follows: Stage 1 was defined by a lack of BIII-tubulin and F-actin-positive
neurites extending from the soma. Stage 2 is defined by the presence of
BIII-tubulin and F-actin-positive neurites extending from the soma.
Stage 3 neurons are defined similarly but also have a single neurite that is
at least 2 times the length of other neurites, presumed to be the axon
(Dotti et al., 1988). For in vitro images at 3 and 5 DIV, all neurites were
measured for length and identified as primary (extending from the
soma), secondary (extending from the primary neurites), or tertiary (ex-
tending from secondary). The longest neurite extending from the soma
was defined as the axon (n = 3 separate experiments, at least 50 cells per
condition).

Position-matched sections between littermates were analyzed for axon
projection comparisons and dendritic complexity. For Thy1-GFP litter-
mates, the number of GFP ' soma were counted and divided by the
number of total nuclei in a given ROI To compare GFP ™ dendritic
arbors, the Z-stacks of littermates were processed into maximum projec-
tion images, a threshold was applied to the area of GFP " fibers. The
resulting area was then divided by the number of GFP * soma within the
ROI. To measure axonal material, ROIs were drawn in ImageJ around
the area containing GFP ¥ fibers in maximum projection images of
position-matched coronal sections of NEX-Cre/Tau'o*F-stor-loxPGEp
littermates.

To quantify somal localization in vivo, the GCL of a whole DG (average
of 6/animal, n = 3 per group) was horizontally divided into three equal-
sized compartments (see Fig. 5B), and the number of soma residing in
these three layers (inner layer, middle layer, outer layer) as well as the
hilar region were quantified. Data were analyzed using ANOVA with post
hoc t tests using a Bonferroni correction.

Dendrites of GFP ™ neurons 14 DPI were analyzed using the simple-
neurite tracer plugin for ImageJ (Schindelin et al., 2012). Neurons (10
per animal, n = 3 per group) were traced in three dimensions to allow for
accurate reconstruction of complexity and path length. The length of the
primary (longest) dendrite was measured, as well as the total number of
branches, and the order of these branches (secondary, tertiary, etc.). Sholl
analysis was performed by counting the number of crossings by dendrites
of concentric circles originating at the soma with increasing radii of 10
pum. Sholl analysis data were analyzed using a two-way ANOVA with
distance from soma and genotype as the independent variables. Addi-
tionally, cumulative branching was analyzed using Kolmagorov—
Smirnoff test of best fit. Post hoc multiple comparisons were conducted
using the Holm—Sidak correction. Length of longest dendrite, the highest
branch order (e.g., primary, secondary, tertiary), total branches, and
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total length were analyzed using a two-tailed # test. In all tests, data were
analyzed for equality of variances. Initial dendrite cross-sectional areas
and lengths were analyzed using the surface renderer and object analyzer
advanced tools in Huygens software (version 14.10, Scientific Volume
Imaging). The dendrite arising from the soma and extending to the first
branch point was selected, and its volume and length were quantified
using Huygens software. The average cross-sectional area was calculated
by volume divided by length of the initial dendrite segments.

Analysis of spine density and classification of the subtype spines was
performed on 3D image stacks using NeuronStudio (n = 3 animals per
group, >1800 spines per animal). NeuronStudio supports automated
labeling and classifying of spines (mushroom, stubby, and thin) using
the threshold-based segmentation (Rodriguez et al., 2008). Three-
dimensional image stacks were loaded, auto-aligned, and smoothed us-
ing a Gaussian filter. Spine density was quantified by dividing the
number of spines by dendrite length. Spines from secondary and tertiary
branches were scored, and analyses were performed by an experimenter
blind to genotype and the experimental manipulation.

GFP * axonal segments adult-born granule cells at 28 DPI were semi-
manually traced in 3D using the simple-neurite tracer plugin for FIJI
(Schindelin et al., 2012). The density of protrusions per 100 wm for any
individual animal was not normally distributed, negating comparing the
average per animal. Instead, the pooled data are shown per animal in
Figure 9D, and were compared by Mann—Whitney test. Gross hippocam-
pal morphology following viral labeling of mature CaMKII-expressing
pyramidal cells in CA1 and granule cells in the CA1 and the DG was
assessed qualitatively by microscopy, examined for displacement of CA1
pyramidal cells or DG granule cells, as well as the targeting location of
axons from the mature DG granule cells. Thickness of CA1 pyramidal cell
layer was assessed by imaging coronal sections (n = 3 per group, 3 or 4
sections per animal) at 40X on a laser-scanning confocal microscope.
The length of a line drawn from the top (dorsal) to the bottom (ventral)
of the dense band of nuclei was measured in FIJI and averaged within
each animal. Group means were compared via two-tailed t test.

Behavioral phenotyping. Subjects were 13 Trim9*/* mice (8 males and
5 females) and 20 Trim9 '~ mice (6 males and 14 females), taken from 8
litters. Testing began when animals were ~5-7 weeks of age. The testing
regimen was conducted across 10 weeks, so that mice were only exam-
ined in one or two procedures each week, to allow recovery between each
test. The regimen was also designed to have the least aversive assays, such
as elevated plus maze and open field, at the beginning of the study, and
the more stressful procedures, such as the Morris Water Maze, near the
end, to help minimize any carryover effects. This also allows for gradual
acclimation of the mice to handling, the laboratory environment, and
novel testing chambers, so that mice were familiar with being moved and
handled by the time testing began for more complex learning task in the
water maze. This phenotyping battery has been standardized and refined
across multiple inbred mouse strains and mutant lines (Pfankuch et al.,
2005; Moy et al., 2008, 2009a, b; Haley et al., 2013; Olsen et al., 2013a,
2013b; Raber et al., 2014; Vorhees and Williams, 2014; Urban et al.,
2015). For each procedure, measures were taken by an observer blind to
mouse genotype (Trim9"" or Trim9 '~). Behavioral data were ana-
lyzed using one-way or repeated measures ANOVA, with factor geno-
type. Fisher’s protected least-significant difference tests were used for
comparing group means only when a significant F value was determined.
Within-group comparisons were conducted to determine side prefer-
ence in the three-chamber test for social approach, and for quadrant
preference in the Morris Water Maze. For all comparisons, significance
was set at p < 0.05.

Elevated plus maze. Mice were given one 5 min trial on the plus maze,
which had two walled arms (the closed arms, 20 cm in height) and two
open arms. The maze was elevated 50 cm from the floor, and the arms
were 30 cm long. Animals were placed on the center section (8 cm X 8
cm) and allowed to freely explore the maze. Measures were taken of time
on, and number of entries into, the open and closed arms.

Marble-burying assay. Mice were tested in a Plexiglas cage located in a
sound-attenuating chamber with ceiling light and fan. The cage con-
tained 5 cm of corncob bedding, with 20 black glass marbles (14 mm
diameter) arranged in an equidistant 5 X 4 grid on top of the bedding.

J. Neurosci., May 4, 2016 - 36(18):4940 — 4958 + 4943

Subjects were given access to the marbles for 30 min. Measures were
taken of the number of buried marbles (two-thirds of the marble covered
by the bedding).

Buried food test for olfactory function. Several days before the olfactory
test, an unfamiliar food (Froot Loops, Kellogg) was placed overnight in
the home cages of the mice. Observations of consumption were taken to
ensure that the novel food was palatable. At 16—20 h before the test, all
food was removed from the home cage. On the day of the test, each
mouse was placed in a large, clean tub cage (46 cm length X 23.5 cm
width X 20 cm height), containing paper chip bedding (3 cm deep), and
allowed to explore for 5 min. The animal was removed from the cage, and
one Froot Loop was buried in the cage bedding. The animal was then
returned to the cage and given 15 min to locate the buried food. Measures
were taken of latency to find the food reward.

Hotplate test for thermal sensitivity. Individual mice were placed in a
tall plastic cylinder located on a hotplate, with a surface heated to
55°C (IITC Life Science). Reactions to the heated surface, including
hindpaw lick, vocalization, or jumping, led to immediate removal
from the hotplate. Measures were taken of latency to respond, with a
maximum test length of 30 s.

Open field test. Exploratory activity in a novel environment was as-
sessed by a 1 h trial in an open field chamber (41 cm X 41 cm X 30 ¢cm)
crossed by a grid of photobeams (VersaMax system, AccuScan Instru-
ments). Counts were taken of the number of photobeams broken during
the trial in 5 min intervals, with separate measures for locomotion (total
distance traveled) and rearing movements. Time spent in the center re-
gion of the open field was measured as an index of anxiety-like behavior.

Rotarod. Subjects were tested for motor coordination and learning on
an accelerating rotarod (Ugo Basile, Stoelting). For the first test session,
animals were given three trials, with 45 s between each trial. Two addi-
tional trials were given 48 h later. Revolutions per minute (rpm) was set
at an initial value of 3, with a progressive increase to a maximum of 30
rpm across 5 min (the maximum trial length). Measures were taken for
latency to fall from the top of the rotating barrel.

Sociability in a 3-chamber choice test. Mice were evaluated for the ef-
fects of Trim9 deficiency on social preference. The procedure consisted of
three 10 min phases: a habituation period, a test for sociability, and a test
for social novelty preference. For the sociability assay, mice were given a
choice between proximity to an unfamiliar conspecific (“stranger 1)
versus being alone. In the social novelty phase, mice were given a choice
between the already-investigated stranger 1, versus a new unfamiliar
mouse (“stranger 2”). The social testing apparatus was a rectangular,
3-chambered box fabricated from clear Plexiglas. Dividing walls had
doorways allowing access into each chamber. An automated image track-
ing system (Noldus Ethovision) provided measures of time in spent
within 5 cm of the Plexiglas cages (the cage proximity zone) and entries
into each side of the social test box.

At the start of the test, the test mouse was placed in the middle chamber
and allowed to explore for 10 min, with the doorways into the 2 side
chambers open. After the habituation period, the test mouse was en-
closed in the center compartment of the social test box, and an unfamil-
iar, sex-matched C57BL/6] adult (stranger 1) was placed in one of the
side chambers. The stranger mouse was enclosed in a small Plexiglas cage
drilled with holes, which allowed nose contact but prevented fighting. An
identical empty Plexiglas cage was placed in the opposite side of the
chamber. Following placement of the stranger and the empty cage, the
doors were reopened, and the subject was allowed to explore the entire
social test box for a 10 min session. Measures were taken of the amount of
time spent in each cage proximity zone, and the number of entries into
each chamber, by the automated tracking system. At the end of the so-
ciability phase, stranger 2 was placed in the empty Plexiglas container,
and the test mouse was given an additional 10 min to explore the social
test box. Time spent in cage proximity zones is reported.

Acoustic startle test. This procedure can be used to assess auditory
function, reactivity to environmental stimuli, and sensorimotor gat-
ing. The test is based on the reflexive whole-body flinch, or startle
response, that follows exposure to a sudden noise. Measures are taken
of startle magnitude and prepulse inhibition, which occurs when a
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weak prestimulus leads to a reduced startle in response to a subse-
quent louder noise.

Subjects were given two acoustic startle tests (San Diego Instruments,
SR-Lab system): one in week 5 of the behavioral study and one in week
10. Briefly, mice were placed in a small Plexiglas cylinder within a larger,
sound-attenuating chamber. The cylinder was seated upon a piezoelec-
tric transducer, which allowed vibrations to be quantified and displayed
on a computer. The chamber included a ceiling light, fan, and a loud-
speaker for the acoustic stimuli. Background sound levels (70 dB) and
calibration of the acoustic stimuli were confirmed with a digital sound
level meter (San Diego Instruments).

Each session consisted of 42 trials that began with a 5 min habituation
period. There were 7 different types of trials: the no-stimulus trials, trials
with the acoustic startle stimulus (40 ms; 120 dB) alone, and trials in
which a prepulse stimulus (20 ms; 74, 78, 82, 86, or 90 dB) occurred 100
ms before the onset of the startle stimulus. Measures were taken of the
startle amplitude for each trial across a 65 ms sampling window, and an
overall analysis was performed for each subject’s data for levels of pre-
pulse inhibition at each prepulse sound level (calculated as 100 — [(re-
sponse amplitude for prepulse stimulus and startle stimulus together/
response amplitude for startle stimulus alone) X 100].

Morris Water Maze. The water maze consisted of a large circular pool
(diameter = 122 cm) partially filled with water (45 cm deep, 24°C-26°C),
located in a room with numerous visual cues. The procedure involved
two different phases: a visible platform test and acquisition in the hidden
platform task. Two male mice (one Trim9"’" and one Trim9 /™) were
not tested in the water maze, due to injuries from home-cage fighting.
One female Trim9 '~ mouse failed to swim to the visible platform on 3
of the 4 trials conducted on the second day, and was not tested in the
spatial learning procedure.

Visible platform test. Each mouse was given 4 trials per day, across 2 d,
to swim to an escape platform cued by a patterned cylinder extending
above the surface of the water. For each trial, the mouse was placed in the
pool at 1 of 4 possible locations (randomly ordered), and then given 60 s
to find the visible platform. If the mouse found the platform, the trial
ended, and the animal was allowed to remain 10 s on the platform before
the next trial began. If the platform was not found, the mouse was placed
on the platform for 10 s and then given the next trial. Measures were
taken of latency to find the platform and swimming speed via an auto-
mated tracking system (Noldus Ethovision).

Acquisition in a hidden platform task. Following the visible platform
task, mice were tested for their ability to find a submerged, hidden
escape platform (diameter = 12 ¢cm). Each animal was given 4 trials
per day, with 1 min per trial, to swim to the hidden platform. Crite-
rion for learning was an average group latency of =15 s to locate the
platform. Mice were tested until the group reached criterion, with a
maximum of 9 d of testing. When criterion was reached, mice were
given a 1 min probe trial in the pool with the platform removed.
Quadrant selectivity, an index of spatial learning, was evaluated by
measuring number of crossings over the location where the platform
(the target) had been placed during training, versus the correspond-
ing area in the other three quadrants.

Statistics. At least three independent experiments were performed for
each assay. Data distribution normality was determined using the Shapi-
ro—Wilkes test. Normally distributed data were compared by unpaired ¢
test, for two independent samples, or ANOVA with Holm-Sidek (>5
comparisons) or Bonferroni (>2, <5 comparisons) post hoc correction,
For non-normal data, the Mann—Whitney test was used or Kruskal—
Wallis nonparametric ANOVA with Bonferonni post hoc correction for
>2 comparisons. All data are presented as mean * SEM.

Results

TRIMY is expressed in the embryonic and adult

murine hippocampus

Based on evolutionary conservation, presence and function in
developing neurons, and a possible role in human neuropathol-
ogy, we hypothesized that TRIM9 functioned in establishing or
maintaining hippocampal neuron morphology and connectivity.
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Previous studies suggested that TRIM9 was expressed in the hip-
pocampus, although RNA probe and antibody specificity were
not confirmed in Trim9 '~ samples (Li et al., 2001; Berti et al.,
2002; Tanji et al., 2010). We reported the generation of a condi-
tional Trim9 allele (Trim9") and germline deletion of murine
Trim9 using CMV-Cre Trim9 '~ (Winkle et al., 2014). In lysate
prepared from embryonic day 15.5 (E15.5) Trim9™/" hippocam-
pus, three expected TRIMY isoforms were observed, which were
absent from E15.5 Trim9 '~ hippocampus (Fig. 14). Similarly,
TRIMY-immunoreactive bands were present in adult Trim9*/*
hippocampus, but not Trim9 ~'~ hippocampus (Fig. 1A). To fur-
ther confirm the specificity of TRIM9 antibodies, lysate was im-
munoprecipitated with antibodies raised against NH2-terminal
BBox domains of TRIM9 (Winkle et al., 2014) and probed with
antibodies raised against the COOH terminus of human TRIM9
(Tanji et al., 2010). Immunoprecipitation enriched TRIMY-
immunoreactive bands in Trim9*/* hippocampus, but not in
Trim9 '~ hippocampus (Fig. 1A). Immunohistochemistry of
coronal sections through the hippocampus of adult littermates
revealed TRIM9 immunoreactivity throughout the intact hip-
pocampus of TRIM9'/* mice, including the CA1 and DG,
whereas Trim9 '~ animals exhibit only nonspecific background
immunoreactivity (Fig. 1B, C). Thus, TRIMY is present in both
the developing and adult murine hippocampus and absent from
the hippocampus of Trim9 '~ animals.

TRIMSY interacts and colocalizes with the netrin-1 receptor
DCC in hippocampal neurons

TRIMOY directly interacts with the netrin receptor DCC, and these
proteins colocalize in embryonic mouse cortical neurons (Win-
kle et al., 2014). To characterize the localization of TRIM9 and
DCC in hippocampal neurons, we introduced fluorescently
tagged TRIM9 and DCC into dissociated hippocampal neurons
and performed live cell total internal reflection fluorescence im-
aging (Fig. 2A). mCherry-TRIM9 and DCC-pHluorin exhibited
moderate colocalization (Pearsons coefficient 0.34 *+ 0.052),
which was greater than that observed upon scrambling of DCC-
pHluorin images (0.0008, p < 0.01). Such colocalization is de-
tected in the shafts of neurites and the tips of branches (Fig. 24,
zoomed insets). To determine whether endogenous TRIM9 and
DCC interact, we performed coimmunoprecipitation. Immuno-
precipitation with DCC or TRIM9-specific antibodies coprecipi-
tated TRIM9 or DCC, respectively, from Trim9"/" but not
Trim9 ~'~ E15.5 hippocampal lysate (Figure 2B). Similarly, im-
munoprecipitation with DCC antibodies coprecipitated TRIM9
from Trim9"/", but not Trim9 '~ adult hippocampus (Fig. 2C).
Although relatively low amounts of coimmunoprecipitated pro-
tein were observed in either embryonic or adult hippocampal
lysate, this is typical of interactions with E3 ubiquitin ligases (Kim
et al., 2015).

Deletion of Trim9 increases hippocampal dendritic and
axonal complexity in vitro

TRIMO regulates the branching and guidance of axons of devel-
oping murine cortical neurons (Winkle et al., 2014; Menon et al.,
2015) and in invertebrates (Hao et al., 2010; Morikawa et al.,
2011; Morfetal., 2013). TRIMY is present in cultured hippocam-
pal neurons, where its expression increases over time in vitro (Fig.
3A). Thus, we examined whether loss of Trim9 affected the ste-
reotypical morphological progression of hippocampal neurons
(Dotti et al., 1988) (Figure 3A). At 1 and 2 DIV, more Trim9 ™'~
hippocampal neurons had initiated neurites and an axon, char-
acteristics of later-stage polarized neurons, compared with
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Figure1.  TRIM9is expressed in the embryonic and adult hippocampus. 4, Western blot of hippocampal lysate from Trim9™*/* and Trim9 ~/~ embryonic day 15.5 (E15.5) mice (left), showing

the immunoreactivity of the three splice variants of TRIMO present in Trim9 ™

samples but absent from 7rim9 ~/~ samples. GAPDH shown as loading control. Western blot of inputs and TRIM9

immunoprecipitated from adult hippocampal lysate from Trim9 ™" and Trim9 /™ mice (right). TRIM9 was precipitated with antibodies that recognized the NH2 terminal BBox domains of TRIM9,
and probed with antibodies raised against the COOH terminus of TRIM9. GAPDH shown as loading control for inputs (first 2 lanes). B, DAB immunohistochemistry showing immunopositivity for
TRIMY in the hippocampus of adult Trim9™/* but not Trim9 ~/~ mice. Zoomed images demonstrate TRIM9 expression in the CA1 (middle) and DG (bottom) of adult Trim9 ™™ mice, but not
Trim9 '~ mice. €, Fluorescent immunohistochemistry showing immunopositivity for TRIM9 in the DG of adult Trim9 ™/ mice, but not Trim9 ~/~ mice. Red represents TRIM9. Blue

represents DAPI.

Trim9*"* neurons (p < 0.005 for 1 DIV, p < 0.01 for 2 DIV).
This suggests that the loss of Trim9 accelerates neuronal morpho-
genesis (Fig. 3B—E). Because TRIM9 and DCC interact and colo-
calize in hippocampal neurons, we tested netrin responses. Bath
application of netrin-1 accelerated neuronal morphogenesis in
Trim9"" neurons (p < 0.05) but did not further accelerate mor-
phological progression of Trim9 '~ neurons (Fig. 3B-E).

After establishing a polarized neuronal morphology, the pre-
sumed axon (longest neurite) and dendrites extend and ramify,
which increases the synaptic capacity of the neuron (Stage 4-5;
Fig. 3A). We compared the length and branching of axons and
dendrites at 3 and 5 DIV (Fig. 3C-E). The overall number and
length of neurites were unchanged by loss of Trim9. However,
Trim9 '~ hippocampal neurons exhibited increased density of
branching of both the axon and the remaining neurites at 3 DIV
(p < 0.0001 for both axons and dendrites). This continued at 5
DIV, when Trim9 '~ neurons exhibited a higher density of sec-
ondary and tertiary dendritic branching (p < 0.0001 for both
axons and dendrites). The 24 h bath application of netrin-1 in-
creased the density of axonal and dendritic branches at 3 DIV in
Trim9™"* (p < 0.01 for both axons and dendrites), whereas only
axon branching density increased following netrin-1 treatment in
Trim9 ™'~ neurons (p < 0.005). Bath application of netrin-1 for
24 h before fixation at 5 DIV only increased the density of tertiary
dendrites and secondary axon branches in Trim9 '~ hippocam-
pal neurons (p < 0.001 for both; Fig. 3E). These differences sug-
gest that TRIM9 normally restrains the acquisition of neuronal
complexity, which allows for a netrin-dependent promotion of
morphogenesis.

Expression of full-length TRIMY rescues aberrant
arborization in Trim9 ~'~ neurons

To confirm the aberrant dendritic and axonal arborization were
due to loss of TRIMY9, we introduced Myc-TRIM9 expression
plasmids into Trim9 ~'~ hippocampal neurons and assessed ar-
borization at 3 DIV (Fig. 4). Myc-TRIM9 expression decreased
constitutive dendritic and axonal arborization to wild-type levels
and restored netrin-1 sensitivity (p < 0.0001), thereby rescuing
aberrant arborization in Trim9 '~ neurons. To assess the role of
TRIMO ligase activity, we introduced MycTRIM9ARING, which
lacks the ubiquitin ligase RING domain (Winkle et al., 2014).
MycTRIM9ARING reduced the aberrant constitutive axonal and
dendritic arborization of Trim9 '~ neurons (Fig. 4; p < 0.0005
for both) but failed to restore sensitivity to netrin-1. Expression
of a TRIMY variant that lacks the DCC binding domain,
MycTRIM9ASPRY, reduced elevated arborization (Fig. 4; p <
0.0005), but similarly failed to restore netrin-1 sensitivity. These
data suggest that TRIM9 restrains morphogenesis of hippocam-
pal neurons and that TRIM9 ligase activity and binding to DCC
are necessary for netrin-1-dependent morphogenesis.

Deletion of Trim9 is associated with dendritic and axonal
defects in vivo

To determine whether arborization defects also occurred in vivo
in the absence of Trim9, we crossed Trim9 '~ mice with Thy1-
GFP mice (line M), which express GFP in a subset of hippocam-
pal neurons (Feng et al., 2000). Extensive overlapping dendritic
arbors of GFP-expressing (GFP ™) neurons at P21 prohibited
tracing of individual dendrites; we therefore compared the area of
GFP " dendritic material in a ROI in the molecular layer encom-
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passing dendritic termination points, rel-
ative to the number of GFP * soma in the
CA3 GCL. This revealed that Thyl-GFP/
Trim9 '~ hippocampal neurons had in-
creased dendritic material compared with
Thy1-GFP/Trim9""* littermates (Fig. 5A;
p < 0.05), with no changes in the percent-
age of GFP ™ neurons (14.1 = 2.1% vs
15.4 = 0.8%).

A subset of CA3 pyramidal cells project
to the septal nuclei (Gaykema et al., 1991;
Witter, 2007), and this projection is dis-
rupted by netrin-1 deficiency (Barallobre
et al., 2000). To determine whether deletion
of Trim9 also disrupted this projection, we
used NEX-Cre/Tau-LoxP-STOP-LoxP-
mGFP mice (Goebbels et al., 2006)

0.6

0.5 1

0.4

—~Qutlier Boxplot
—95% CI Mean Diamond

0.3

02| a1

0.1

—
scrambled

DCC:TRIM9
4

crossed with Trim9™" mice. The NEX
promoter drives Cre expression in post-
mitotic, excitatory neocortical and hip-
pocampal neurons, and is not detectably

expressed in neurons originating in the Trim9 +/+ /- +/+ -+t /- Trim9 :/: _/‘ AR A A
septum (Gong et al., 2003; Goebbels et al., L ————— L 190kDa| “! ""” |DCC

2006), thus allowing expression of mGFP
and deletion of Trim9 when the relevant
alleles are present. Although no gross an-
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served a 20 = 6.5% increase in the area
containing GFP* fibers in the septal
nuclei of NEX-Cre/Tau-LoxP-STOP-
LoxP-mGFP/Trim9™" mice compared
with  NEX-Cre/Tau-LoxP-STOP-LoxP-
mGFP/Trim9"/" littermates (Fig. 5C; p =
0.035). Increased axonal material within
the septal nuclei may originate from mis-
guided axons and/or elevated axonal
branching, as we have previously observed in the corpus callosum
of Trim9 '~ mice (Winkle et al., 2014). Although increased ax-
onal material is likely due to changes in the hippocampal projec-
tions that normally innervate the septal nuclei, a possible
contribution of neocortical GFP * fibers misprojecting into this
area is not ruled out. However, these data are consistent with the
hypothesis that morphology defects observed in Trim9 '~ hip-
pocampal neurons in vitro impact circuit assembly in vivo.

Figure 2.

Deletion of Trim9 causes somal mislocalization of adult-born
hippocampal neurons

As the analysis of neuronal morphology in the adult brain was
complicated by the complex, overlapping processes of hip-
pocampal neurons and the high level of neuronal labeling in
reporter mice, we sought another method to investigate the mor-
phology of hippocampal neurons in vivo. Because TRIMY is
present in the adult hippocampus where neurogenesis and mor-
phogenesis occur, we investigated whether deletion of Trim9 af-
fected the development of adult-born DG neurons and their
incorporation into local circuitry. Stereotaxic introduction of
GFP-containing retrovirus into the DG was used to sparsely label
and birth date newly born neurons, allowing for comparison of
their placement and morphology in vivo. Consistent with find-
ings that TRIM9 mRNA is enriched in maturing adult-born neu-
rons relative to mature counterparts (Chatzi et al., 2016), these
GFP™ adult-born neurons were immunopositive for TRIM9

TRIM9 colocalizes and interacts with the netrin-1 receptor DCCin hippocampal neurons. A, Hippocampal neurons at
2 DIV-expressing mCherry-TRIM9 and DCC-pHlourin showing colocalization along the neurite shaft, and at the tips of branches
(arrowheads). Graph represents Pearson’s colocalization coefficients of DCC to TRIM9 compared with scrambled images of the
DCC-pHIuorin (n = 7 neurons, mean colocalization = 0.34). B, Western blot of DCC and TRIM9 immunocomplexes precipitated
from Trim9™/" and Trim9 ~'~ E15.5 hippocampal lysate. TRIM9 was coimmunoprecipitated by DCC antibodies, and DCC was
coimmunoprecipitated by TRIM9 antibodies in Trim9™/* but not Trim9 '~ samples. €, Western blot of immunoprecipitates
shows the splice variants of TRIM9 coimmunoprecipitated by DCC antibodies in Trim9™/* but not Trim9 ~/~ samples. Goat IgG
precipitations shown as a negative control. GAPDH is shown as a loading control.

(Fig. 6A), suggesting that TRIM9 is expressed in these cells during
their maturation. Comparison of Trim9*’* and Trim9 '~ litter-
mates revealed unusual localization of adult-born neurons in
Trim9 ™'~ mice. Whereas newborn neurons generally reside in
the inner GCL at 14 days post injection (DPI) (Fig. 6B-D),
retroviral-labeled GFP * adult neurons in the DG were mislocal-
ized in Trim9 ~'~ animals (p < 0.0001; Fig. 6C,D). An increased
percentage of Trim9 '~ neurons localized within the middle
third of the GCL (p < 0.0001) and the hilar region (p = 0.0076),
with a reduced proportion of TRIM9 '~ neurons in the appro-
priate inner third region of the GCL (p < 0.0001; Fig. 6D). To
decipher whether this improper localization could be due to mis-
placed neural stem cells or aberrant migration of progenitors and
immature neurons, we stained retrovirus naive tissue in
Trim9 '~ mice for nestin, a stem cell marker, and DCX, an im-
mature neuronal marker. Nestin ™ stem cells resided within the
SGZ as expected (Fig. 6E). Although most DCX ™ cells resided
normally in the SGZ and inner GCL, a subset of DCX " immature
neurons or neuroblasts were present in the middle region of the
GCL and in the hilus (Fig. 6E). These data are consistent with
aberrant migration of neuroblasts and/or immature neurons,
rather than misplaced stem cell populations. Further, costaining
with Prox1, a granule cell marker, confirmed the identity of mis-
localized GFP ™ cells as maturing granule cells (Fig. 6F), suggest-
ing mislocalized Trim9 ~'~ adult-born cells continue maturation
along the granule-cell lineage.



Winkle, Olsen et al. ® TRIM9 Constrains Neuronal Form to Control Function

J. Neurosci., May 4, 2016 - 36(18):4940 — 4958

m Stage 1 Stage2 Stage 3

Stage 4

Stage\5
{}—» ;Et—» —
1DIV  1-2DIV 2-3DIV 3Dl 5DIV

in vitro

Trim9**

DIV 1 2 3514

37k0a - SZ == BGAPDH

Trim9**

Trim9”

»xxxx BSTAGE 3

3

|Control +Netrin][Control +Netrin]

(0]

£100 nSTAGE 2
» 80 0STAGE 1
£ 40

5 20 1DIV

8] 0 =y

3 79" T9”

2100

S 80

- 60

£ 40 2DIV

5 20

2 O

X 797" T9"

ControI+Netrin

{

=~
g 1 g sEa R S o
c cOoO ko N o
$— 80 co 3 9 S
aE oz 2T
=3 40 o2 £ 27
o > = o]
) o="1 5} Q=
< 0—+/+—./.égo g5 o ——D'Eo_i
919" = e 197 T97 O 197797 & T97 T9”
m Control| Trim9** |+Netrin Control [ Trim9” |+Netrin
_ Ee “”g" /-— - S : . \.)\{‘ ! O \v,

) A .

o7 B
L6 2100
°5 = 80
e S)
a4 S 60
o 3 |
B 1 5 20
oL 16 | g 0 -
T9* 797 QO T97" T97
300 23.5 7 15
€250 c 3
Qo 2
%1.5
c 1
805
& 0 =

O T9+/+ W T9+/+ 7-_/
-S 32 KKk “? ******
c ® 1.6
8 >2.5] [z S
m'g, 2 n12
8312 208
< 05 204

0 =l 2 0 & TOQ/-
797 T9- & T9"* T9

2.5 *kk
S 2
8>15 m Trim9**
I 0 Trim9™* +N
cS 1 .
28 B Trim9 -
205 O
< O Trim9” +N
& 0

T9"* T9”

Color Key

(| Primary dendrite (1°)
a Secondary dendrite (2°)

B Tertiary dendrite (3°)
l Axon

| Primary axon branch (1°)

O Secondary axon branch (2°)

J \( )\
N\ \ ES.SY v
T Jj/i\ <\
Figure3. Deletion of Trim9 results in increased dendritic arborization and axon branching in vitro. A, Graphical representation of neuronal stages of morphology. Stage 1 neurons lack neurites.

Stage 2 neurons have 1 or more neurites. Stage 3 neurons have a presumed axon at least 2 times the length of other neurites. Axonal and dendritic branches emerge in Stage 4 and Stage 5 neurons,
respectively. Western blot of TRIM in E15.5 hippocampal neurons in vitro over time. B, Immunofluorescence of Trim9 ™™™ (19 */*) and Trim9 —/~ (T9 /™) dissociated hippocampal neurons at
1and 2 DIV and quantifications of percentage of total cells per developmental stage, = SEM from three independent experiments. ¢, Immunofluorescence of Trim9 ™" and Trim9 ~/~ dissociated
hippocampal neurons at 3 DIV and quantifications of average length (rum), average number of neurites, and average branches/100 m primary neurite length at 3 DIV. Red represents SllI-tubulin.
Green represents F-actin (phalloidin). White arrows indicate secondary dendrite branches. Yellow arrows indicate axon branches. D, Immunofluorescence and color-coded tracings of Trim9™/* and
Trim9 '~ dissociated hippocampal neurons at 5 DIV. Images have been inverted from a grayscale merged F-actin and Blll-tubulin image. £, Quantifications of average length (wm), average

number of neurites, and average branches/100 rum primary neurite length for 5 DIV. Error bars indicate SEM. *p << 0.05. **p << 0.005. ***p << 0.0005. NS, Not significant.
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Figure 4.  Expression of full-length TRIMO rescues aberrant arborization in Trim9 ~/~ hippocampal neurons. A, Immunofluorescence of Trim9™/* and Trim9 ~/~ dissociated hippocampal
neurons transfected with Mycand Myctagged variants of TRIM9 at 3 DIV. T indicates full-length TRIM9. ARING and ASPRY represent TRIM9 lacking the RING domain and SPRY domain, respectively.
Red represents SllI-tubulin. Green represents Myc. Blue represents F-actin (phalloidin). White arrows indicate secondary dendrite branches. Yellow arrows indicate axon branches. B, Quantifications
of average branches/100 wm primary neurite length and average length (rum) at 3 DIV. Error bars indicate SEM. ***p << 0.0005. n.s., Not significant.
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Figure 5.  Deletion of Trim9 in vivo increases dendritic arborization and increases axonal
material in the septal nuclei. A, CA3 ROIs containing the cell bodies and molecular layer extend-
ing to dendritic termini from 3-week-old Thy1-GFP littermate in the hippocampus. Blue repre-
sents DAPI-stained nuclei. Green represents Thy1-GFP-positive neurons. Quantification of
GFP ™ dendritic area relative to the number of GFP * soma in the ROI (n = 3 littermate pairs).
B, Hippocampal sections in coronal (left) and sagittal (right) planes of 5-week-old NEX-Cre/
Tau ™ P1oPGED/ Trim9™" and NEX-Cre/Tau '™ P1PGEP/Trimg*/* littermates showing
no major neuroanatomical defects. ¢, Coronal image z-projections of 5-week-old NEX-Cre/
Tau™®-stP1oPGEP/ Trim9™ and NEX-Cre/Tau =P GFP/Trim9 ™ littermates show ab-
errant projections into the septal nuclei of NEX-Cre/Tau'™®©P'*PGFp/Trimg™ mice.
Quantification of the relative area of septal axonal projections. Red represents GFAP-staining.
Green represents GFP. p << 0.05.

Deletion of Trim9 results in increased dendritic complexity in
adult-born neurons.

To determine whether the hyperarborization of dendrites seen in
vitro and at early postnatal time points in vivo occurred in adult-
born neurons, we analyzed dendritic arborization patterns of
GFP " adult-born neurons at 14 DPI (Fig. 7). Both Trim9"’" and
Trim9 '~ neurons exhibited typical increases in dendritic
branching with distance from the soma (F;540) = 25.69, p <
0.0001, insignificant interaction with genotype); however, the
complexity was elevated in the Trim9 '~ neurons (F, 4, = 12.50,
p = 0.0241), with greater branch crossings in the Trim9 '~ mice
(Fig. 7B). Despite increased cumulative dendritic crossings at 80
wm and onward in the Trim9 '~ group (Fig. 7C, asterisks), the
difference in the pattern of branching (cumulative crossings)
only approached significance (Kolmogorov—Smirnov, D =
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0.4375, p = 0.0935; Fig. 7C), indicating that Trim9"’" and
Trim9 '~ dendrites branched at similar points along the den-
drite. Complexity of branching was increased in the Trim9 '~
dendrites (total number of branches, p = 0.0008; highest branch
order, p = 0.005; a trend toward an increase in secondary
branches, p = 0.0699; Fig. 7D—F). Similar to embryonic neurons
in vitro, the length of the longest (primary) dendrite was not
different between genotypes (Fig. 7G). These results largely reca-
pitulate our in vitro data and indicate that TRIM9 regulates the
density and complexity of dendritic arbors in adult-born neurons
in vivo.

Deletion of Trim9 results in increased thickness of the initial
dendrite and reduced dendritic spine density.

In addition to more complex dendritic trees at 14 DPI, the diam-
eter of the initial dendritic segment arising from the soma and
extending to the first branch point at 28 DPI was thicker in
Trim9 ™'~ mice compared with littermates (Trim9*’* vs
Trim9~'7;2.19 = 0.01 um? vs 3.17 * 0.32 wum?; p = 0.037; Fig.
8A). These changes were not associated with a significantly de-
creased distance between the soma and the initial dendritic
branch point (Fig. 8B; Trim9"/" vs Trim9 ' ~; 34.55 = 3.19 um
vs 24.40 * 3.73 um, p = 0.107). To determine whether Trim9
deletion affected dendritic spine morphogenesis, we investigated
spine architecture at 28 DPI, when synaptogenesis is occurring
(Fig. 8C). Analysis of 3D renderings of dendritic volumes (Fig.
8D) demonstrated that Trim9 '~ neurons exhibited reduced
density of dendritic spines (Fig. 8C,D; t,) = 2.864, p = 0.0458),
without alteration in the proportion of spine subtypes. Dendritic
spine development contributes to the initiation of the local den-
dritic spikes (Spruston, 2008), suggesting that the morphological
defects associated with deletion of Trim9 may disturb synaptic
inputs to the local circuit.

Disruptions in axonal targeting of DG neurons or placement
of CAl neurons were not detected in the absence of Trim9
Inspection of retrovirally labeled GFP * adult-born DG neurons
at 28 DPI demonstrated that their axons projected appropriately
to CA3 (Fig. 9A, arrowheads). Because embryonic hippocampal
neurons demonstrated excessive axon branching in the absence
of Trim9 in vitro (Fig. 3), we scored GFP " axons for axonal
protrusions, which often represent axon branch precursors
(Spillane et al., 2011; Winkle et al., 2014). The densities of pro-
trusions on both Trim9™’* and Trim9 ™'~ axons were not nor-
mally distributed, as a subset of axonal segments did not contain
such protrusions, and a subset did. As such, comparison of per
animal averages was misrepresentative. Therefore, observations
were pooled (Fig. 9B); compilation of data by genotype suggested
an increased density of axonal protrusions occurred in the ab-
sence of Trim9 (Fig. 9B; Trim9""" vs Trim9 ~'~;0.79 *+ 0.1 pro-
trusion per 100 wm vs 1.19 = 0.1 per 100 wm, Mann—Whitney
nonparametric comparison, p = 0.014).

Because both Trim9 ™'~ embryonic and adult-born neurons
exhibited similar arborization defects, we hypothesized that the
somal mislocalization observed in a subset of adult-born DG
neurons may also occur in developmentally generated Trim9 /'~
hippocampal neurons. To assess whether Trim9 deletion pro-
duced somal mislocalization outside the DG, we virally labeled
neurons in the pyramidal layer of CA1 with CaMKII-mCherry
(Fig. 9C) (Wenzel et al., 2001). The pyramidal cell layer in CA1
contains a densely packed band of principle cells generated dur-
ing development and importantly does not exhibit adult neuro-
genesis. Mislocalized mCherry © CA1 pyramidal-shaped neurons
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Loss of Trim9 increases somal mislocalization of newly born neurons in the hippocampus. A, GFP * newly born neurons and surrounding mature granule cells are immunoreactive for

TRIM9 in Trim9™/* adult brains. Immunostaining for TRIM9 (red), GFP (green), DAPI (blue). B, Diagram of DG anatomy and schematic of domains where retrovirally infected GFP * adult-born
neurons (magenta) were located. €, Representative images showing localization of adult-born neuron soma (green) in the DG at 14 DPl of Trim9™/* and Trim9 ~/~ mice. White arrowheads indicate
outer granule cell layer and hilar-located newborn neurons in Trim9 ~/~ mice. Red inset, High magnification of a hilar-located newborn neuron at 14 DPI shown in F. Scale bars = 200 m. D,
Quantification of somal localization. A significantly greater number of Trim9 '~ neurons mislocalized to the middle GCL (p < 0.001) and, strikingly, to the hilus (p << 0.01), whereas a greater
percentage of Trim9™/* neurons localized appropriately to the inner GCL (p << 0.001). The total number of mislocalized newborn neurons was significantly elevated compared with Trim9 ™"+
(p < 0.001). E, Images and zoomed images denoted by insets of nestin * neural stem cells (red) and DCX ™ neuroblasts and immature neurons (green) in the DG. Solid inset, DCX ™ cells mislocated
in the middle GCL. Nestin ™ stem cells are correctly localized in the GCL. Dashed inset, DCX * cells localized to the hilar region, where nestin ™ cells are absent. F, The GFP ™ neuron (green; () is

positive for the granule cell marker Prox1 (red). **p << 0.01. ***p < 0.001.
were not observed in Trim9™"" or Trim9 '~ littermates (Fig. 9C,
insets). This is consistent with our observations from earlier anal-
yses (Thyl-GFP, Golgi staining), where we did not observe het-
erotopic cell placements in regions such as CA1 (data not shown).
Finally, we found that the thickness of the CA1 pyramidal cell
layer as measured across the dorsal-ventral axis did not differ
between Trim9*’* and Trim9 '~ mice (58.8 = 1.25 um vs
57.76 £ 1.18 um, respectively, p = 0.603).

Unless some form of developmental compensation occurs,
defective migration of embryonic born neurons would be ex-
pected to result in hippocampal malformation regardless of the
contribution of adult-born neurons. The lack of gross anatomical
differences between the hippocampi of Trim9*’* and Trim9 '~
littermates (Figs. 1C,D, 5B, 6C, 9C), therefore, are inconsistent
with defective migration of embryonic-born neurons. Because
we did not observe such developmentally associated deficits
(Wenzel et al., 2001; Ghafari and Golalipour, 2014), this may
support a specific role of TRIM9 in the migration or placement of
adult-born DG neurons. Consistent with this, we labeled granule
cells in the DG with CaMKII-eGFP and observed occasional ma-
ture GFP * granule cells superficial to the GCL in Trim9 '~ lit-

termates (Fig. 9C, insets). This viral labeling approach also
further confirmed that axons of Trim9 '~ DG cells projected
into the CA3 as expected, similar to those of adult-born
Trim9 '~ neurons at 28 DPL.

Trim9 deletion does not impair motor function or affect
anxiety-like behavior

In light of the defects associated with Trim9 deletion, but no
detectable detriment to animal viability, we tested Trim9*/* and
Trim9 '~ littermates using a battery of well-established behav-
ioral assays (Pfankuch et al., 2005; Moy et al., 2008, 2009a, b;
Haley et al., 2013; Olsen et al., 2013a; Raber et al., 2014; Vorhees
and Williams, 2014; Urban et al.,, 2015) (Fig. 10), to ascertain
specific neural substrates of behavior affected. Deletion of Trim9
did not affect basic motor coordination in the rotarod test (Fig.
11A). Overall motor behavior in the open field test was not im-
paired, but Trim9 ~/~ mice failed to habituate to the environment
over the course of an hour, as measured by a lack of decrease in
exploratory behavior (genotype X time interaction, F(;; 34,y =
2.11, p = 0.0191). Trim9 '~ mice also exhibited a distinct pat-
tern of rearing movements during the 1 h test (genotype X time



Winkle, Olsen et al. ® TRIM9 Constrains Neuronal Form to Control Function

J. Neurosci., May 4, 2016 - 36(18):4940 — 4958 « 4951

o

— .
Trim9 Sholl Analysis 40 - Trim9** = Trim9~"
5- (2] * %
# 2 LRt
41 * % »n 30 4 x 2 Foxox ox x
5 S : k
£3 &)
@ © 20 1
©2 =
© | 310
13 S
S
0 . . © o0 : : :
0 50 100 150 0 50 100 150
Circle Radius (um) Distance from soma (um)
s H,: F) [9200)
*¥% *R¥
€
@4 2 23 S
o) o 3] )
c C [
S 515 g s
© G >0 5100
@ @ 8 &
g5 g0 5 o0
- 5 8 >
T n1 @ 50
T 05 £
o
0 0.0 0 0

Figure7.

Deletion of Trim9 increases dendritic arborization of adult-born hippocampal neurons from the DG in vivo. A, 3D traces overlaid on images of representative GFP * adult-born neurons

14 DPI. Green trace represents longest path from the soma (conventionally designated as the longest dendrite). Purple traces represent branches from this process. B, Sholl analysis of GFP *
adult-born neurons at 14 DPI identifies increased branching in Trim9 ~/~ mice, with significantly greater crossings at 70 and 80 um (*p < 0.05) and trends toward greater branching at 60 and
90 um (*p = 0.1178 for both). €, Cumulative crossings increased with distance from the soma for both genotypes, but Trim9 '~ mice exhibited greater crossings from 80 um and on. *p < 0.05.
*¥p < 0.01.%*%p << 0.001. ****p < 0.0001. Trim9 ~/~ dendrites exhibit a greater number of (D) total branches (p << 0.001) and (E) increased levels of higher order branching (p << 0.01). F, The
number of secondary branches (p = 0.0699) and (G) primary branch length did not differ between genotypes.

interaction, F(,, 3,,) = 4.21, p < 0.0001) (Fig. 11B). However, the
two genotype groups spent similar amounts of time in the center
region of the open field (Trim9"’*, a mean sum total of 191 +
41's, = SEM; and Trim9 '™, 227 * 17 s). Because of this lack of
difference in thigmotaxis, exploratory differences are not likely
due to anxiety provocation of the maze, and rather to a failure to
habituate, possibly consistent with impaired hippocampal func-
tion. To further assess anxiety-like behavior, we used the elevated
plus maze. Mice of both genotypes exhibited a strong preference
for the closed arms compared with the open arms of the elevated
plus maze. There were no significant differences between the
Trim9""" and Trim9 '~ mice for percentage time (10 = 3 vs 9 =
3) or percentage entries (20 * 3 vs 21 * 2) on the open arms, or
for total entries during the test (14 * 3, 11 * 1). These data
corroborate the open-field observations, suggesting that deletion
of Trim9 does not affect anxiety-like behaviors, but rather explo-
ration and habituation. To further investigate exploration behav-
ior, we used the marble burying test. Trim9 '~ mice buried
significantly fewer marbles in 30 min (10 * 1.3) compared with
Trim9™'* littermates (15 = 0.6), suggesting that the loss of Trim9
alters active exploration (F(, 5,, = 8.5, p = 0.0065). During the
acoustic startle tests (Fig. 11C), Trim9™’* and Trim9 ™'~ mice
demonstrated comparable startle amplitudes, except at higher
decibels during the initial testing period when Trim9 '~ mice

exhibited decreased startle responses. The acoustic startle re-
sponse is preserved across many species and is considered an
assay of negative affect. This process is thought to involve a com-
plicated pathway involving the hippocampus, amygdala, and bed
nucleus of the stria terminalis (Lee and Davis, 1997).

In the test for sociability (Fig. 11D), both Trim9"/" and
Trim9 '~ mice displayed a significant preference for spending
time in proximity to a stranger mouse, versus an empty cage
(within-genotype repeated-measures ANOVAs, following over-
all significant effect of side, F, 5;, = 40.59, p < 0.0001). In a
subsequent social novelty phase, when a novel stranger was in-
troduced (Fig. 11D), the two groups demonstrated a switch in
preference to the more novel stranger 2 (effect of side, F, 5,, =
31.32, p < 0.0001). However, the Trim9 '~ mice spent less time
than the Trim9™" mice in proximity to the first stranger mouse
(main effect of genotype, F(, 5,) = 8.7, p = 0.006), suggesting that
loss of Trim9 led to a mild decrease in social preference, and
perhaps an increased sensitivity to novelty. The Trim9™'" and
Trim9 '~ mice made similar numbers of entries during the ini-
tial habituation phase (data not shown). In this test (Fig. 11D),
the Trim9 '~ mice had overall lower numbers of entries, com-
pared with the Trim9™/" mice, and did not make a higher num-
ber of entries into the stranger 1 side, versus the empty cage side
(main effect of genotype, F(, 5;, = 5.69, p = 0.0233; effect of side,
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Figure8. Deletion of Trim9increases the cross-sectional area of the initial dendrite segment
and reduces dendritic spine density in vivo. A, 3D construction of the representative initial
dendrite segments in Trim9™/ ™" and Trim9 /™ mice. Red trace represents the circumference
of the initial dendrite segments. Quantification of average cross-sectional areas of the primary
dendrite initial segment showed that Trim9 ~/~ neurons exhibited larger cross-sectional areas
(Trim9™*"*, N = 3 mice, 18 cells; Trim9 —'~, N = 3 mice, 20 cells). B, Representative images
of GFP-labeled adult-born neurons show (and quantification of length of the initial dendrite
segments revealed) an insignificant reduction in length of the initial dendrite segment in
Trim9 ~'~ mice (Tim9™"*, N = 3 mice, 18 cells; Trim9 ~/~, N = 3 mice, 20 cells).
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F(1 31y = 6.68, p = 0.0147). No significant effects of genotype on
number of entries were found during the subsequent social nov-
elty phase (Fig. 11D).

Trim9 deletion impairs learning and memory

Finally, we assessed hippocampal-dependent learning and mem-
ory in the Morris Water Maze. This task requires the animal to
encode spatial information into a memory and use that memory
to complete an escape task. Briefly, animals must locate a plat-
form to escape a pool of water. Initially, this platform is marked
by an object that denotes the location. After learning this basic
task, the marker is removed and the submerged platform must be
located by relying on constant extra-maze cues that are used to
establish a spatial map. Both the Trim9"" and Trim9 '/~ mice
performed proficiently in the visible platform test (Fig. 11E),
suggesting that visual acuity, ability to swim, and acquisition of
procedural learning were intact. In contrast, whereas Trim9™/*
mice exhibited decreasing latency (F; g4y = 6.11, p = 0.0008) in
locating the hidden platform over subsequent trials, thus indicat-
ing spatial map formation and retrieval, Trim9 '~ littermates
failed to improve beyond their initial baseline in this task (Fig.
11E, interaction of trial with genotype, F(, ,5) = 13.8, p = 0.0009).
Retention of the task is evaluated by removing the platform, and
assaying persistence in attempting to locate the platform as mea-
sured by time spent in the quadrant of the pool where the plat-
form was previously located. Mice that fail to demonstrate a
preference for the target quadrant are considered to have poor
spatial memory. Subsequently, upon removal of the hidden plat-
form, the Trim9™"’" mice had a clear preference for crossing over
the former platform location (Fig. 11E, within-genotype analysis,
F(3 33y = 5.16, p = 0.0049), whereas the Trim9 '~ mice failed to
demonstrate significant quadrant selectivity (F;5,) = 1.0, p =
0.3984). Collectively, these data suggest that the genetic loss of
Trim9 severely disrupts spatial learning and memory.

Discussion

These data provide evidence for a role of the brain-enriched E3
ubiquitin ligase TRIM9 in hippocampal neuronal morphogene-
sis. Deletion of Trim9 accelerates acquisition of neuronal com-
plexity and aberrant dendritic and axonal arborization in
embryonic hippocampal neurons in vitro, which is recapitu-
lated in vivo with adult-born hippocampal neurons. These
morphological defects are associated with overt spatial learn-
ing and memory deficits.

TRIMOY regulates membrane expansion and actin dynamics
during morphogenesis

Neuronal morphogenesis involves dramatic remodeling of the
neuronal plasma membrane, mediated by underlying dynamics
of the cytoskeletal and membrane trafficking machinery and pro-
moted by extracellular cues, such as netrin-1 (Menon and Gup-
ton, 2016; Winkle and Gupton, 2016). TRIM9 is situated at the
junction of these cellular machines where it promotes robust

<«

C, Low-magnification views (left) of imaged 4-week-old adult-born GFP-labeled neurons and
high-magnification views (right) of the dendritic segments from dentate gyrus of Trim9™/*
and Trim9 ~'~ mice (left, middle, boxed segments). D, A 3D reconstruction of distinct spine
types: mushroom (M), thin (T), and stubby (S). Quantification of average density of dendritic
spines showing the decreased spine density in Trim9 ~/~ mice. Average percentage of thin,
stubby, and mushroom spines in Trim9™/* and Trim9 ~/~ mice remained unchanged
(Trim9™*/*, N = 3 mice, 6648 spines; Trim9 ~'~, N = 3 mice, 5148 spines). Student’s un-
paired t test. Error bars indicate SEM. *p << 0.05.
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Disruptions in axonal targeting of DG neurons or placement of CAT neurons are not detected in the absence of Trim9.
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bility of axonal growth cone filopodia
(Menon et al., 2015). In the absence of
Trim9, growth cones exhibit higher densi-
ties of stable filopodia. Filopodia are con-
sidered axon guidance sensors, and
correspondingly deletion of Trim9is asso-
ciated with axon guidance defects in vitro
and in vivo. These molecular targets of
TRIMY are likely involved in hippocam-
pal neuron morphogenesis as well. In-
deed, SNAP25, VASP, and TRIM9Y are
present within dendrites (Jordan et al.,
2004; Lin et al., 2010; Menna et al., 2011)
and may contribute to the alterations in
dendritic swelling, branching density, and
spine density observed here. The increase
in axonal protrusions present in vivo in
Trim9 '~ animals may indicate impaired
cytoskeletal function, a hypothesis consis-
tent with the involvement of TRIMY-
mediated regulation of VASP (Menon et
al., 2015). The hippocampal presence of
the TRIMY isoform lacking the DCC-
binding SPRY domain (Winkle et al.,
2014) is consistent with additional netrin-
independent functions for TRIMO.

Trimo"

A possible role for netrin and TRIM9 in
adult neurogenesis

The interaction between TRIM9 and the
netrin receptor DCC is conserved in in-
vertebrate orthologs, where it modulates
cellular response to netrin, including axon
guidance, branching, and cell migration
(Hao et al., 2010; Morikawa et al., 2011;
Winkle et al., 2014). Loss of the Trim9 or-
tholog in Caenorhabditis elegans is associ-
ated with a failure in migration of the
anchor cell toward an asymmetric netrin
source (Morf et al., 2013; Wang et al.,
2014). Because netrin-1 is absent from the
hilus (Yang et al., 2008), it is intriguing to
hypothesize that Trim9 '~ adult-born
DG neurons aberrantly migrate due to a
loss of sensitivity to normal netrin cues
located outside of the hilus. Migration of

A, At 28 DPI, adult-born Trim9™*/* and Trim9 ~/~ mice extended axons to CA3 (arrowheads). B, Representative renderings from
3D traces of GFP * newborn granule cell axons targeting CA3, demonstrating axonal protrusions (arrowheads) and quantification
of the number of protrusions/100 m length (Trim9™/*, N = 3 mice, 153 axonal segments; Trim9 '™, N' = 3 mice, 207 axonal
segments). *p << 0.05. Data from individual mice are represented in a distinct color. (, Gross adult hippocampal architecture is
largely preserved in Trim9 ~/~ mice. CaMKIl-eGFP-labeled granule cells project to CA3 (€1, C4). Somatic mistargeting is not
detected in CaMKIl-mCherry-labeled CA1 pyramidal cells (€2, €5). Occasional mature granule cells were observed in the inner

adult-born neurons from the DG to the
hilus occurs in epileptic conditions, and
Reelin, or ApoER2/VLDR2 impairments
(Hack et al., 2002). Notably, intense epi-
leptic conditions induce expression of the

molecular cell layer in Trim9 ~/~ mice.

changes in morphology. First, TRIM9 directly binds the SNARE
complex component SNAP25 (Li et al., 2001). Through this in-
teraction, TRIM9 blocks exocytic SNARE activity and thus the
plasma membrane expansion necessary for axon branching
(Winkle et al., 2014). TRIMO also directly interacts with the ne-
trin receptor DCC, and netrin stimulation inhibits the TRIM9
interaction with SNAP25, promoting exocytic and axon branch-
ing responses (Winkle et al., 2014). Second, TRIM9-mediated
ubiquitination of the actin polymerase VASP decreases the sta-

guidance cues netrin-1 and semaphorin
3A in the hilar region (Yang et al., 2008).
Similar to loss of Trim9, disruption of ree-
lin, the VLDLR, and ApoE systems also produce impairments in
hippocampal-dependent tasks (Olsen et al., 2012; Johnson et al.,
2014).

Neogenin, which is closely related to DCC, is predicted to
interact with TRIM9 (Meyerhardt et al., 1997; Morikawa et al.,
2011). Netrin and neogenin are involved in dendritic self-
avoidance in Drosophila melanogaster (Smith et al., 2012), which
may be consistent with altered dendritic arborization observed in
hippocampal neurons following netrin stimulation or Trim9 de-
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Week 2

the subventricular zone and rostral mi-
gratory stream in the mammalian fore-

|Open Field Test |Week 3

brain, which contain newly born,
migrating neural precursors (Bradford
etal.,2010). Neogenin directly regulates
the migration of adult-born neurons to
the olfactory bulb (O’Leary et al., 2015).
Similarly, closely related netrin-5 is ex-
pressed in the DG, rostral migratory
stream, and subventricular zones (Yam-
agishietal., 2015), and based on homol-
ogy to netrin-1, is likely recognized by
DCC and neogenin. The presence of dif-
ferent netrin proteins and netrin recep-
tors in neurogenic niches and migratory
streams (Bradford et al., 2010) suggests
that they may play a role in the generation, migration, or
morphogenesis of newborn neurons. Our findings of dis-
rupted morphogenesis and migration of Trim9 '~ adult-born
DG neurons are consistent with this. Investigation of netrin-1
function specifically in adult neurogenesis has been hindered,
as mice carrying a gene trap in Ntnl die perinatally (Serafini et
al., 1996). The recent development of conditional alleles for
the gene encoding netrin (NtnlI) (Bin et al., 2015; Yung et al.,
2015) makes exploration of this neurogenic role possible.

The role of TRIM9 in adult neurogenesis and
hippocampus-dependent tasks

Proper function of the hippocampus is crucial for high-order
cognition, such as spatial learning and memory, which is often
disrupted in neurological disorders (Boyer et al., 2007). Here we
illustrate that both Trim9*/* and Trim9 '~ mice acquire a basic
procedural task, specifically locating a visible escape platform in
the initial phase of the water maze. However, only Trim9™/"
animals learn, and subsequently recall, the portion of the task that
requires generating a spatial map to locate the platform.
Trim9 '~ mice never acquire this behavior, suggesting a selective
hippocampal-dependent learning deficit. Overall, the overt defi-
cits in spatial learning and memory and only subtle deficits in
other behavioral tasks indicate that deletion of Trim9 led to spe-
cific deficits in hippocampal-dependent learning, without severe
effects on other functions.

Hippocampal neurogenesis is implicated in the acquisition
of spatial reference memory during the learning phase of the
hidden water maze procedure (Xavier et al., 1999; Dupret et
al., 2008). New neurons in the DG are more selectively active
during spatial learning tasks, such as the water maze, and
maturing adult-born neurons actively contribute to learning
and memory processes (Deng et al., 2009; Snyder et al., 2009).
Morphological maturation of these cells is dependent on both
internal processes and feedback from the local environment
(Song et al., 2015).

The deficits we found in morphology and integration of
adult-born neurons in the absence of Trim9 may therefore
contribute to the learning deficits exhibited by these mice.
Trim9 ~'~ adult-born neurons displayed a higher incidence of
somal mislocalization and decreased synapse density but still
appeared to incorporate into the local circuitry. These changes
could affect their synaptic partners, with detrimental conse-
quences for hippocampal-dependent behavior. In addition, a

Rotarod test

Week 4

Figure 10.

| Social Approach Week 5

Marble Bury Assay/
Acoustic Startle Tést 1 Week 6

‘Buried Food Olfaction

| Week 7-9
| Morris Water Maze |Week 10

|Acoustic Startle Test|

The time frame and order in which behavioral tests were administered.

number of dendritic morphology changes observed in
Trim9 '~ neurons could alter their functional incorporation
into such circuitry. The hyperarborization of Trim9 '~ neu-
rons creates an extended receptive field for inputs, which
could disrupt the specificity of incoming excitatory stimuli
onto granule cells. Reduced dendritic spine density would fur-
ther alter the organization of excitatory inputs and reduce the
number of contacts received by each neuron (Spruston, 2008;
Stone et al., 2011). As granule cells are selectively recruited by
incoming stimuli, which facilitate learning and memory, sen-
sory integration, and pattern separation, this could produce
significant defects in any of these cognitive processes. Further-
more, newborn neurons are preferentially recruited in these
tasks (Kee et al., 2007), suggesting that the persistent deficits
observed in Trim9 '~ mice could be especially damaging to
learning and memory. The increased diameter of the initial
dendritic process of Trim9 '~ immature neurons may alter
passive-cable properties and reduce membrane resistance,
leading to reduced excitability, as suggested (Tran-Van-Minh
et al,, 2015). These morphology alterations could disrupt ap-
propriate synaptic input and integration, thus impairing the
hippocampal network. Such abnormalities in dendrites and
dendritic spines have been observed in neuropathological
conditions (Kaufmann and Moser, 2000; Gao et al., 2011;
Kirkwood et al., 2013) and may contribute to the behavioral
deficits observed in Trim9 '~ mice.

The TRIM family of E3 ligases are implicated in multiple
cellular processes, and mutations in TRIM genes occur in sev-
eral human diseases (Hatakeyama, 2011; Napolitano and
Meroni, 2012; Alloush and Weisleder, 2013; Mandell et al.,
2014; Rajsbaum et al., 2014). Our findings identify a novel role
for TRIMO in the developing adult hippocampus, in which
genetic loss of Trim9 exaggerates arbor complexity and is as-
sociated with severe deficits in spatial learning and memory.
Recent genome-wide association study data identified top-
ranked SNPs in human TRIMY in a small cohort of patients
with atypical psychosis (Kanazawa et al., 2013). Schizoaffec-
tive disorder, also known as atypical psychosis or brief psy-
chotic disorder, and similar mental illnesses, such as bipolar
disorder and schizophrenia, are often characterized by disor-
ganized thoughts, impairments of spatial cognition and intel-
lectual performance, and the misidentification of places and
people. This possible connection between TRIM9 and hip-
pocampal dysfunction is intriguing.
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Figure11.  Geneticloss of Trim9is associated with hippocampal-dependent defects in spatial learning and memory. 4, Results of rotarod test for movement disorders. B, Results of open field test
showing hyperactivity in Trim9 ~/~ animals. €, Results of the auditory startle test showing decreased startle amplitude during the initial testing of rim9 ~/~ animals. D, Performance in the
sociability and social novelty task. £, Results of the Morris Water Maze test for learning and memory showing that 7rim9 ~/~ animals perform as expected when the platform is visible but display

marked defects in ability to find the hidden platform and in crossing of the target quadrant in the No

Platform condition. *p < 0.05 comparison with Trim9™/* (B~E, Hidden Platform). *p << 0.05,

within-genotype comparison (D, E, No Platform). "p << 0.05, comparison with Trim9 ™™ (D, E, No Platform).

Although E3 ubiquitin ligases often have multiple substrates,
only a single substrate for TRIM9 has been identified thus far
(Menon etal., 2015). Further investigation of the molecular func-
tion of TRIMY is warranted to identify its substrates and modes of

action. As E3 ubiquitin ligases are potentially druggable targets
(Cohen and Tcherpakov, 2010) and newborn granule cells may
be therapeutically tractable, TRIM9 may represent a putative en-
try point for future therapeutic intervention.
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