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Trio Is a Key Guanine Nucleotide Exchange Factor Coordinating
Regulation of the Migration and Morphogenesis of Granule
Cells in the Developing Cerebellum™
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Orchestrated regulation of neuronal migration and morpho-
genesis is critical for neuronal development and establishment
of functional circuits, but its regulatory mechanism is incom-
pletely defined. We established and analyzed mice with neural-
specific knock-out of Trio, a guanine nucleotide exchange factor
with multiple guanine nucleotide exchange factor domains.
Knock-out mice showed defective cerebella and severe signs of
ataxia. Mutant cerebella had no granule cells in the internal
granule cell layer due to aberrant granule cell migration as well
as abnormal neurite growth. Trio-deficient granule cells showed
reduced extension of neurites and highly branched and mis-
guided processes with perturbed stabilization of actin and
microtubules. Trio deletion caused down-regulation of the acti-
vation of Racl, RhoA, and Cdc42, and mutant granule cells
appeared to be unresponsive to neurite growth-promoting mol-
ecules such as Netrin-1 and Semaphorin 6A. These results sug-
gest that Trio may be a key signal module for the orchestrated
regulation of neuronal migration and morphogenesis during
cerebellar development. Trio may serve as a signal integrator
decoding extrinsic signals to Rho GTPases for cytoskeleton
organization.

Cerebellar development is an exquisitely orchestrated pro-
cess that produces a layered structure of the cerebellar cortex
containing granule cells, Purkinje cells, and cerebellar inter-
neurons (1). Granule cell precursors arising from a germinal
zone in the rhombic lip migrate tangentially over the cerebellar
anlage to form an external granule cell layer (EGL)? and con-
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tinue to proliferate in the outer EGL (2). In the inner part of the
EGL, post-mitotic granule cells extend bipolar axons parallel to
the pial surface and move tangentially along the axis of the
developing axons, forming the characteristic early parallel
fibers. At the border of the inner EGL, granule neurons extend
a third process perpendicular to the surface. After this leading
process extension, cell bodies of granule neurons migrate radi-
ally along Bergmann glia to position past the Purkinje cell layer
to form the IGL (1, 3). Coordinated axonal guidance and neu-
ronal migration are essential steps in this complex develop-
mental process. It is known that various guidance molecules
converge on cytoskeleton regulation (4 —6). How extracellular
signals are transduced from cell-surface receptors to the migra-
tion machinery is incompletely understood (7).

Rho-family small GTPases, which are activated by guanine
nucleotide exchange factors (GEFs), are key regulators of cytoskel-
eton dynamics (8-11). Extensive studies suggest that Rho
GTPases has an important role in neuronal development,
including axon guidance, migration, morphogenesis, and plas-
ticity of neurons (12—14). How migrating neurons interpret
guidance cues to GTPase activity and directional movementis a
major challenge for understanding neural development.

Asafounding member of an intriguing family of Dbl GEFs,
Trio contains two GEF domains (15, 16). Several studies
using Caenorhabditis elegans and Drosophila show that UNC-
73/ Trio regulates axon guidance through regulating the activi-
ties of Rac GTPases in vivo (17-20). In mammals, Trio is
expressed ubiquitously in various tissues, including the central
nervous system (15, 21), and Trio complete knock-out mice
displayed disorganized hippocampus as well as olfactory bulb
and neuronal clusters in the hindbrain (22, 23). It is therefore
suggested that Trio may play an important part in the neuronal
development. These Trio knock-out mice are embryonic-lethal
(22), which prevents analysis of the role of Trio in postnatal
development of the brain (particularly the cerebellum).

To address the role of Trio in postnatal development of
the brain, we generated mice with brain-specific knock-out
of Trio. Our results uncover Trio function and its impor-
tance in the developing cerebellum. We also propose that
Trio may potentially act as an integrator decoding such sig-
nals as Netrin-1 and Semaphorin 6A to small GTPases dur-
ing cerebellar development.
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EXPERIMENTAL PROCEDURES

Generation of Floxed Trio Mice and Nervous System-specific
Knock-out Mice Named Trio"*""*; Nestin-Cre (Trio™°)—Ex-
periments were conducted in accordance with the Animal Care
and Use Committee of Model Animal Research Center of Nan-
jing University, Nanjing, China.

Mice used in this study were of a mixed 129/B6 background.
Bacterial artificial chromosome (BAC) retrieval methods were
used for constructing the targeting vector (24). In brief, the Trio
locus encoding the GEF1 domain was retrieved from a 129/sv
BAC clone (bMQ 214m08, provided by the Sanger Institute) by
a retrieval vector containing two homologous arms. Exons
22-25, which encode a portion of the GEF1, were flanked by
two loxP sites, and an frt-Neo-frt cassette was used as a positive
selection marker. This deletion causes an out-of-frame reading
shift, thereby generating a premature stop codon and a loss-
of-function allele. Embryonic stem W4 (ES) cells were elec-
troporated with the linearized targeting vector, screened for
homologous recombination by PCR and Southern blot assay.
Chimeric mice were generated by injecting ES cells into C57BL/6
blastocysts, followed by transfer to pseudo-pregnant mice. The
floxed mice with germ line transmission were confirmed by geno-
typing analysis. To generate Trio*/"*; Nestin-Cre (Trio™*®)
mice, the floxed mice were crossed with Nestin-Cre mice express-
ing a Cre recombinase specifically in the nervous system (strain
B6.Cg (SJL)-TgN (Nes-Cre)Kln, Jackson Laboratory).

Generation of GFAP-Cre Mice—A transgenic expressive
vector contains a Cre gene driven by a 2.2-kb human gfap
promoter. The vector linearized with BglIl and HindIII was
introduced into the male pronuclei of fertilized eggs by micro-
injection. The eggs were then implanted into the oviduct of a
pseudopregnant foster mother. The founders and their off-
spring are identified by PCR genotyping. Transgenic expression
patterns of Cre were examined with a R26R reporter line
(129S4/SvJaeSor-Gt(ROSA)26Sor™HFLPLDYM (14 clson Labo-
ratory) carrying a lacZ gene whose expression requires excision
of loxP-flanked stop sequences.

Southern Blot Analysis—Genomic DNA was digested with
EcoRV and transferred onto a nylon membrane followed by prob-
ing with a 700-bp **P-labeled probe outside the 5’-end or the
3’-end of the targeting construct as indicated in Fig. 1A. In wild-
type DNA, only an 18-kb band was detected, whereas the floxed
allele showed an additional 8.5-kb band with the 5’-probe, and an
additional 11.5-kb band with the 3'-probe. A 9.5-kb band was gen-
erated by the knock-out allele with the 3'-probe.

Western Blot Analysis—Western blot analyses were done
for measurement of the expression of Trio and other proteins.
Protein samples were prepared according to a method de-
scribed elsewhere (25). Equal amounts of protein were loaded for
12% SDS-PAGE followed by protein transfer to a nitrocellulose
membrane. For Trio analysis, 5% SDS-PAGE was used. The
membrane was probed with antibodies specific to Trio (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA), Racl (1:1000,
Upstate), RhoA (1:500, Cell Signaling), and Cdc42 (1:250, Cell
Signaling) followed by horseradish peroxidase-conjugated
secondary antibody. The membrane was incubated in Super-
Signal West Dura Substrate (Pierce) before exposure to film.
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Histological and Immunohistochemical Analyses—Histolog-
ical and immunohistochemical analyses were done on 4%
paraformaldehyde-fixed paraffin (8 um) or frozen sections
(20 wm). For the histopathology assay, paraffin-embedded
sections were stained with hematoxylin and eosin. Frozen
sections were stained for Nissl substance with cresyl violet
(Sigma). For immunohistochemical analysis, brain sections
were incubated with antibodies to Pax6 (1:1000, kindly pro-
vided originally by Dr. Grant Mastick, University of Michigan),
calbindin D-28k (1:500, Chemicon), RC2 (1:4, DHSB), GFAP
(1:500, Chemicon), Cre (1:500, Novagen), NeuN (1:200, Chemi-
con), BrdUrd (1:5, Upstate), Tujl (1:100, Chemicon), TAG-1
(1:5, DHSB), Tau (1:200, Bioworld), phospho-histone-H3
(1:100, Cell Signaling), and cleaved caspase-3 (1:200, Cell Sig-
naling) overnight. After washing the sections, immunofluores-
cent dye-conjugated secondary antibodies (1:100 (Invitrogen)
or 1:200 (Sigma)) were used. To visualize the cell nucleus, sec-
tions were counterstained with propidium iodide (1.5 M,
Invitrogen) or TOPRO-3 iodide (1 mm, Invitrogen). All sections
with fluorescent staining were examined with a fluorescence
confocal microscope (DMIRE?2, Leica).

BrdUrd Labeling—To examine the proliferation of granule
cell precursors, P0.5 mice were injected (intraperitoneally)
with 5-bromo-2-deoxyuridine (BrdUrd, 50 mg/kg body weight,
Sigma) diluted in saline solution. Mice were killed 1 h later. To
follow migrating cells in vivo, P8 mice were injected (intraperi-
toneally) with BrdUrd (50 mg/kg body weight). Mice were killed
at the indicated time after injection and fixed with 4%
paraformaldehyde in phosphate-buffered solution. Brain sec-
tions (20 wm) were stained with antibody to BrdUrd (1:5,
Upstate) and visualized by incubation with fluorescein isothio-
cyanate-labeled secondary antibody.

Dil Labeling of EGL Cells—P0.5 cerebella were perfused
and fixed with 4% paraformaldehyde. Small crystals of the
lipophilic dye 1,1'-dioctadecyl-3,3,3’,3’-tetramethyl-indocar-
bocyanine perchlorate (Dil) (Invitrogen) were placed on the
EGL for 6 days at 4 °C. They were then embedded in 4% agar
and cut in the coronal direction at a thickness of 200 wm using
a vibratome. After washing with phosphate-buffered solution,
sections were analyzed using a fluorescent microscope
(DMIRE2, Leica).

Neuronal Cultures—Cerebellar EGL cells isolated from
P0.5 animals were digested with trypsin-EDTA (Amersham
Biosciences-BRL) for 10 min at 37 °C. They were triturated into
a single-cell suspension with fire-polished glass pipettes. Disso-
ciated cells were plated onto coverslips pre-coated with poly-p-
lysine (100 ug/ml, Sigma) at a density of 150 neurons per mm?.
They were cultured in the plating medium (Dulbecco’s modi-
fied Eagle’s medium with 10% fetal bovine serum). Four hours
after culture, plating media were changed into a neurobasal
medium supplemented with 2% B27 (Amersham Biosciences).
Cells were treated with the following reagents: glutamate (50
uM, Sigma), recombinant Netrin-1 (250 ng/ml, R&D Systems),
recombinant nerve growth factor (50 ng/ml, R&D Systems),
and Semaphorin 6A/Fc (1000 ng/ml, R&D Systems). For
cytoskeleton analysis and Rho GTPases activity assay, dissoci-
ated cerebellar neurons were treated with Cytochalasin D,
Taxol, Y27632, and NSC23766 24 h after culture. For the in
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vitro migration assay, microexplant cultures were prepared as
described (26). Briefly, P4 cerebellar EGL was cut into pieces
(300-400 wm) followed by plating on dishes coated with lami-
nin (25 pg/ml, Sigma). Cultures were maintained in 5% CO, at
37 °C and analyzed 1-2 days after incubation. For immunocy-
tochemical analysis, cultures were fixed with 4% paraformalde-
hyde and immunostained with antibodies against Tuj1 (1:100,
Chemicon), TAG-1 (1:5, DHSB), Tau (1:200, Bioworld), and
tetramethyl rhodamine isothiocyanate (TRITC)-labeled phal-
loidin (0.5 ug/ml, Sigma).

Time-lapse Videomicroscopy—Cerebellar EGL microex-
plants cultured for 30 h were placed in a chamber containing
5% CO, at 37 °C. Images were captured by a motorized inverted
research microscope (I X 81, Olympus) equipped with a
digital camera (QImaging) driven with Image-Pro Plus 6.0 soft-
ware. Time-series images were acquired every 10 min using a
X10 dry objective lens equipped with phase optics.

Analyses of Endogenous Activity for Racl, Cdc42, and RhoA—
The constructs PBD-GST and RBD-GST, which contain the
GTPase binding domains of PAK and Rhotekin, respectively,
were provided by Hollis T. Cline (27). Whole brains of P0.5
mice were lysed in buffer A (25 mm HEPES, pH 7.5, 1% Nonidet
P-40, 10 mm MgCl,, 100 mm NaCl, 5% glycerol, 1 mm phenyl-
methylsulfonyl fluoride). The lysates clarified by centrifugation
at 10,000 X g for 2 min were incubated with GST fusion pro-
teins immobilized on glutathione-Sepharose beads for 2 h at
4. °C. Total cell lysates and GST pulldown-associated proteins
were subjected to Western blot analysis with antibodies against
Racl (1:1000, Upstate), RhoA (1:500, Cell Signaling), and Cdc42
(1:250, Cell Signaling).

Statistical Analyses—Data are mean = S.E. Differences be-
tween groups were determined by Student’s ¢ test. p < 0.05 was
considered statistically significant.

RESULTS

Generation and Characterization of Trio™“® Mice—We
established a mouse strain with loxP sites flanking exons 22-25
of the coding region for the GEF1 domain of Trio (Trio*'").
Trio**/1°* mice were fertile and healthy without obvious mor-
phological or behavioral abnormalities. Mice containing the
floxed Trio gene were crossed with Nestin-Cre transgenic mice
expressing a Cre recombinase to specifically ablate Trio expres-
sion in nerve tissues (28) (Fig. 14). Birth of pups, including
Trio-floxed mice with (Trio™*7°%; Nestin-Cre and Trio™* ™,
Nestin-Cre) or without (Trio™*/°* and Trio™* ") Cre occurred
in the expected Mendelian ratio. Southern blot assays con-
firmed the successful floxed alleles (supplemental Fig. S1A) and
Cre-mediated specific deletions (supplemental Fig. S1B) in
the nervous system. In Trio null mice, the floxed region of
Trio was almost completely deleted in the brain, whereas
it remained intact in the kidney, lung, and intestine
(supplemental Fig. S1B). Western blot assay showed efficient
ablation of Trio in the brain at different ages (E14.5 to P0)
(supplemental Fig. S1C). We then quantified the relative
amounts of Racl, Cdc42, and RhoA in knock-out nerve tissues
to assess the compensatory expressions of the Trio-related Rho
GTPases; there was no significant change in the expression of
these proteins (supplemental Fig. S1D). In subsequent experi-
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FIGURE 1. Targeted disruption of the Trio gene in the nervous system.
A, schematic representation of Trio knock-out strategy specific to the nervous
system.The 11.5-kb genomic DNA fragment containing Trio exons 22-25 was
subcloned from 129/sv BAC. The first loxP site (red arrowheads) was targeted
downstream of exon 25. Mice containing the floxed allele were crossed with
Nestin-Cre (tg) mice to generate Trio™"™*; Nestin-Cre and Trio™"°%, Nestin-
Cre mice. The probes used for Southern blot analysis are shown as solid blue
bars, and the locations of PCR primers (a—-d) are for screening homologous
recombination (green arrows). B, 90% of mutant mice died within 24 h after
birth without sucking milk (arrowhead, control stomach filled with milk). Few
mutants could survive for 3 weeks with severe ataxia, retarded growth, and
smaller brain size. Asterisks indicate the knock-out mice. Cand D, Nissl-stained
sagittal sections show a reduced size of the mutant olfactory bulb and an
enlarged rostral migratory stream (RMS, arrowheads) at P0.5. E and F, hema-
toxylin and eosin-stained coronal sections of the olfactory bulbs of P21 mice.
The mitral cell layer (MCL) is clearly visible in the control mice (arrowheads)
but cannot be distinguished from the internal granule cell layer in the mutant
mice. G and H, lamination defects of the hippocampus in Trio mutant mice. At
P21, granule cells of dentate gyrus (DG) are tightly arranged in the control
mice, but not in the mutant (arrowheads). I, the ratio of brain/body weight of
Trio-deficient and control mice have no obvious differences at PO, but the
ratio of mutant mice increased after P8 compared with the control; **, p <
0.01,***,p < 0.001.J, the growth curves of CTR and Trio™*° mice. From P2, the
weight of mutant mice is significantly lower than control (n = 3-5). Scale bars
in C-H, 150 um.

ments, we used Trio**; Nestin-Cre mice as controls (CTR);
and Trio™*/"°; Nestin-Cre mice as Trio™ <,

We examined the phenotypes at embryonic stages from
E15.5 to E18.5. Histological results showed that, except olfac-
tory bulb at E18.5 showing disorganized lamination, the neuro-
nal tissues from mutant embryos, including cerebral cortex
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FIGURE 2. Nestin-Cre-mediated Trio deletion leads to developmental
defects of the cerebellum. A-J', sagittal sections of cerebella at different
developmental stages examined by Nissl staining (A-H') or hematoxylin and
eosin staining (/I-J'). A and B, at E16.5, control and mutant cerebella are rela-
tively similar in size and structure. C-J', from P0.5, mutant cerebella are grad-
ually smaller than control, and a clear IGL is not observed. The overall antero-
posterior pattern of foliation is intact in the mutant, although several fissures
forming sub-lobules (arrows in E and G) are not developed. Arrowheads rep-
resent principal fissures forming cardinal lobes, asterisks indicate fissures
forming lobules, and arrows represent fissures forming sub-lobules. Roman
numerals represent the corresponding lobules. G’, H', and J' are magnifica-
tions of G, H, and J, respectively, emphasizing the lack of IGL in the mutant
cerebella. Scale bars: A-H and [-J'), 200 um; G’ and H’, 20 um.

and hippocampus, showed comparable histology to CTR (sup-
plemental Fig. S2, A-J). The histology of heart and kidney
from PO Trio™*° mice is also normal (supplemental Fig.
S2, K-N).

About 90% of Trio™*° mice died within 1 day after birth
without sucking milk (Fig. 1B). The remaining Trio™*° mice
could survive for a further 5-22 days. Surviving mice displayed
severe signs of ataxia: they had an ataxic gait, and clasped the
hind limbs when subjected to tail suspension, whereas the CTR
mice extended and shook their hind limbs (Fig. 1B). These fea-
tures strongly suggested an abnormality in the cerebellum of
Trio™*© mice.

Macrophenotypic examination of surviving Trio mice
showed a smaller brain and reduced body weight (Fig. 1, B and
J). The ratio of brain/body weight at P0.5 was comparable to
CTR mice (p = 0.75; n = 3), but it then increased significantly
from P8 to P20 (p < 0.01-0.001) (Fig. 1). This result suggested
growth retardation in mutant mice. Histological examination
showed a smaller olfactory bulb with an enlarged rostral migra-
tory stream, and defective mitral cell layer formation in mutant
mice (Fig. 1, C—F). This defect may account for the failure to
suckle milk (29). The hippocampus also showed a disorganized
structure in the dentate gyrus (Fig. 1, G and H). Such histolog-
ical changes in the mutant olfactory bulb and dentate gyrus are
consistent with that of embryonic lethal mice with complete
knock-out of Trio (22).

Multiple Developmental Defects of Cerebellum of Trio™<°
Mice—At the early development stage (E16.5), the Trio™*°
cerebellum had a similar morphology and histological structure
to CTR, with comparable thickness of the EGL (Fig. 2, A and B)
and a similar staining pattern of the EGL marker Pax6
(supplemental Fig. S3, A and B), indicating that the early migra-
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tion of granule cell precursors from the rombic lip was normal.
During postnatal development, the Trio™*® cerebellum was
profoundly defective as reflected by its small size and lack of
granule cells in the IGL (Fig. 2, C-J'). At P0.5, the mutant cer-
ebellum had five typical cardinal lobes formed by four principal
fissures and comparable thickness of the EGL, but the size of
the mutant cerebellum was reduced (~80% of the CTR litter-
mates) (Fig. 2, Cand D); at later development stages (P6 to P21),
the cardinal lobes of the mutant cerebellum developed corre-
sponding lobules (Fig. 2, E-J'), even though some sub-lobules
were not formed (e.g. IV and V; VIa and VIb; and IXa, IXb, and
IXc) (Fig. 2, I-]'). Trio™X© cerebellar size did not increase after
P6. At P21, their sizes were as small as 15% of CTR cerebella
(Fig. 2, E-J').

Glia-specific Knock-out of Trio Has No Effect on Cerebellum
Development—We examined Bergmann glial cells of the
Trio™*© cerebellum by staining with antibodies to RC2 (marker
for early glial cells) and glial fibrillary acidic protein (GFAP)
(specific marker for Bergmann glia). There was no obvious
morphological difference of early glia (RC2 staining) in early
cerebella from P1 CTR mice and Trio™*° mice (sup-
plemental Fig. S4, A and B), but Trio-deleted glial fibers (GFAP
staining) became progressively sparse at later stages (P8 to P21)
(supplemental Fig. S4, C—F). This observation showed impaired
development of Bergmann glial fibers in Trio™*°.

Cre expression driven by a nestin promoter can occur in neu-
ronal and glia progenitors. To determine if the failure of cere-
bellar development in Trio™° mice was caused by Trio dele-
tion in the glia, we made an hGFAP-Cre transgenic line
expressing Cre in Bergmann glial cells. Results from Cre and
lacZ staining showed a Bergmann glia-specific expression of
Cre at P5.5 in the cerebellum (Fig. 3, A-D). We then crossed it
with the Trio”*/"** line to knock-out Trio in the Bergmann glia
cells. The resultant mice Trio™*/"*;, GFAP-Cre (referred to as
Trio“%® in this report) displayed normal behaviors and normal
cerebellar development (Fig. 3, E and F). The mutant cerebel-
lum exhibited normal differentiation of granule cells, normal
development of Purkinje cells, and normal formation of Berg-
mann glial fibers as evidenced by NeuN, calbindin, and GFAP
staining, respectively (Fig. 3, G-L). We concluded that specific
deletion of Trio in the Bergmann glia has no effect on cerebellar
development. The defect in Trio™*® cerebellum may be caused
by the impaired development of granule cells.

Trio™ © Cerebellum Exhibits Neuronal Migration Defects—
Granule cells are the most abundant neurons in the cerebellum,
and their appropriate migration is crucial for IGL formation.
We examined cerebellar granule neuron (CGN) migration in
vivo and in vitro. For in vivo assay, we labeled granule cells with
BrdUrd and determined their migration by localizing labeled
cells with an immunofluorescence assay (30). In CTR mice,
abundant BrdUrd-positive cells were detected in the EGL 24 h
after labeling; labeled cells at the EGL, molecular layer, and IGL
showed a typical migration pattern 48 h after labeling; and 85%
of labeled cells had completed radial migration and were in the
IGL 96 h after labeling (Fig. 44). In the mutant cerebellum,
although a comparable number of labeled cells could be
detected in the EGL at 24 h, ~80% of labeled cells were located
outside of the Purkinje cell layer and were distributed randomly
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FIGURE 3. Normal cerebellar development in Trio™*f°*; GFAP-Cre mice.
A and B, Cre activity of the hGFAP-Cre transgene shown by the R26R reporter
mouse assay. In hGFAP-Cre; R26R mice, reporter-positive cells were detected
atthe Bergmann glial cell (BGC) body layer at P5.5. Cand D, sagittal sections of
the cerebellum from an hGFAP-Cre transgenic mouse and a non-transgene
mouse (5.5 days old),immunostained with Cre antibody. Dashed lines indicate
the pial surface of the cerebella. E and F, Nissl staining shows the normal
structure of the Trio"°%, GFAP-Cre cerebella at P21. G and H, post-mitotic
granule cells (NeuN), Purkinje cells (Calbindin D-28k), and glial cells (GFAP) are
normally located in the mutant as well as the control at P21. Scale bars: A and
E-L, 200 um; B, 40 um; and Cand D, 20 um.

at the EGL and molecular layer at 96 h, showing an abnormal
pattern of migration (Fig. 44). In the in vitro assay, granule cells
migrated away from the EGL explants independent of glial cells
and followed the intrinsic program of differentiation (26, 31).
Thirty-six hours after culture, the mean spreading distance of
migrating granule cells of Trio-deficient explants were reduced
by 2.1-fold compared with that of the control explants (98.15 =
7.04 pm versus45.11 = 6.23 um, p < 0.01) (Fig. 4, Band C). The
mutant granule cells soma was located in random orientations,
unlike the CTR cells, which were located in a radial direction
(Fig. 4B). To examine the dynamic migration of the cells, we
carried out time-lapse videomicroscopy on cerebellar EGL
explants 30 h after culture. The CTR granule cells migrated in
the opposite direction to the explants along the long leading
process bearing typical growth cones (Fig. 4D and supple-
mental Video S1), whereas Trio™*© granule cells moved in ran-
dom orientations along their abnormal processes (Fig. 4D and
supplemental Video S2). Taken together, we conclude that
deletion of Trio caused impaired migration of CGN.

Neurite Growth and the Cytoskeleton of Trio-deficient CGN
Are Impaired—Formation of neuronal neurites is important for
cell migration. During postnatal development, post-mitotic
neurons start to extrude bipolar axons to form parallel fibers
and move tangentially along the fibers in the inner EGL (2, 32).
To evaluate the neurite-forming properties of Trio-deficient
CGN, we examined parallel fiber formation iz vivo and neurite
formation in vitro. At P8, the deeper portion of the mutant EGL
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FIGURE 4. Defective migration of granule cells in Trio“*° cerebella in vivo
and invitro. A, dividing granule cells of the cerebella were pulse-labeled at P9
by BrdUrd and then visualized by BrdUrd immunofluorescent staining at indi-
cated times after injection. B, microexplants of P4 EGL tissues 36 h after cul-
ture. Disordered migration of granule cells occurred in the mutant explant.
C, decrease in mean migration distance of granule cells from the edge of
aggregates in the Trio mutant; **, p < 0.01. D, microexplants were prepared
from P4 EGL and cultured for 30 h before imaging. Explants are at the bottom
of the frame. Intervals between pictures were 50 min. Control granule cells
migrated in the opposite direction to the explant (arrows and arrowheads),
whereas most Trio-deficient granule cells moved randomly (arrows) or back-
wards to the explant (asterisk). Scale bars: A, 25 um; B, 100 wm; and D, 50 pm.

delineated by expression of the transient marker for early par-
allel fiber TAG-1 appeared thick and non-compact in contrast
with CTR (Fig. 5, A and B). This indicated abnormal develop-
ment of parallel fibers in the inner EGL of mutant mice. We
then studied the parallel fibers in newborn mutant mice when
the parallel fibers just began to form. At P0.5, the inner EGL in
CTR mice showed well organized spindle-shaped cell bodies
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FIGURE 5. Disrupted formation of parallel fibers in Trio>/°*; Nestin-Cre
mice. A and B, early parallel fibers in the inner EGL labeled with TAG-1 are
thick and non-compact in Trio-deficient mice compared with control litter-
mates. C and D, hematoxylin and eosin stained of coronal sections of P0.5
cerebella. Spindle-shaped cells (arrowheads) are horizontally located in the
inner EGL of control mice. Mutant cell bodies in the inner EGL are disordered.
E and F, Dil-labeled parallel fibers. Horizontal beams of parallel fibers in the
inner EGL of CTR cerebellum (E) are not formed in the Trio mutant (F). Disor-
ganized fibers are indicated by white arrowheads. Dashed lines indicate the
pial surface of the cerebella. Scale bars in A-F: 20 um.

along the horizontal axis, displaying typical tangential migra-
tion of granule cells. Granule cells in the mutant EGL showed
disorganized cell bodies (Fig. 5, C and D), indicating abnormal
organization of parallel fibers. To observe parallel fibers
directly, we implanted Dil particles in fixed cerebella and exam-
ined fiber morphology under a microscope. Long and parallel
arranged-shaped fibers can be observed in the CTR cerebellum,
whereas the fibers of the mutant cerebellum appear short and
disordered (Fig. 5, E and F). In vitro observation of culture
explants showed processes growing from the mutant explant
(shown by staining for neuronal-specific beta III tubulin Tuj1)
to be greatly decreased in contrast to CTR (Fig. 6, A and B). CTR
axons had a straight and long morphology, whereas Trio-de-
leted explants displayed tortuous and short processes (Fig. 6, A
and B). A similar observation was obtained by staining explants
with the axonal marker Tau (a natural microtubule-stabilizing
protein (Fig. 6, Cand D'). To examine the parallel fiber-forming
ability of granule neurons in vitro, we stained the explants with
antibody to TAG-1. In the CTR explant, long and even parallel
fibers were detected, whereas the mutant exhibited short and
fragmented TAG-1-positive fibers (Fig. 6, E and F’). Observa-
tion of the dynamic formation of processes showed that the
mutant granule cells extended short and highly branched
processed that frequently retracted and changed orientation,
indicating that the processes lost guidance (Fig. 6G and
supplemental Video S4), whereas the CTR cells displayed typi-
cal morphology and behaviors of a growing process (Fig. 6G and
supplemental Video S3).

To characterize the properties of process formation of
mutant CGN, we examined the neurite outgrowth in dissoci-
ated CGNs. Sixty hours after culture, the granule neurons
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FIGURE 6. Trio-deleted cerebellar EGL microexplant in culture displayed
impaired formation of neurites. Expression of Tuj1 (A and B), Tau (C, D, and
D’), and TAG-1 (E, F, and F’) in P4 EGL microexplants 36 h after culture. The
dashed lines indicate the original border of the explants. D" and F’ are magni-
fications of D and F, respectively. Trio“°® microexplant had short, disoriented,
and fewer axons (B, D, and D') and virtually no long parallel fiber formation
(TAG-1 staining) (F and F’). G, microexplants were prepared from P4 EGL and
cultured for 30 h before imaging. Explants are at the bottom of the frame.
Intervals between pictures were 60 min. The control neuron extended long
radial axons under the guidance of growth cones (arrows). The mutant neu-
ron (asterisk) extended short axons with many branches (arrowhead). Fre-
quently, the extended axon may retract (long dashed arrow) and then re-ex-
tend again (short dashed arrow). Scale bars: A-D, E, and F, 40 um; D" and F’, 10
um; and G, 50 um.

underwent a relative stationary phase (5). We stained granule
neurons for actin and neuronal-specific Tujl (Fig. 7, A and B).
CTR granule cells exhibited typical neurite morphologies: long
and smooth processes with fewer branches, the microtubule
extending to the middle of the growth cone, and a regular
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FIGURE 7. Abnormal neurite morphogenesis of Trio“¥° cerebellar gran-
ule cells in culture. A, representative granule cells 2.5 days after plating.
Neurons were double-labeled with antibody against Tuj1 and TRITC-labeled
phalloidin. White arrowheads indicate mutant axon branches./’, II',and IllI" are
magnifications of /, I, and I/, respectively, emphasizing irregular growth cone
formation in the mutant. B, 24 h after culture, cerebellar granule cells were
treated with cytochalasin D and taxol for 36 h. C, 24 h after culture, cerebellar
granule cells were treated with cytochalasin D and taxol for 4 h. D-G, statisti-
cal analysis for the number and length of neurites; n = 20 neurons from three
independent cultures. D, control and mutant granule cells had an equivalent
number of neurites arising from the cell body. £, axon length was shorter in
the mutant than in the control; *, p < 0.05; **, p < 0.01. F and G, branching
density (branches per unit) for axon and total branch length per unit
length of axon were increased in Trio-deficient granule cells compared
with control. H, branch density and axon length of mutant granule cells
treated with cytochalasin D and taxol; **, p < 0.05; ***, p < 0.001. Scale
bars: Aand B, 20 um; C, 10 wm.

growth cone delineated with actin staining. Trio-deficient
granule cells clearly showed different morphologies: short and
highly branched processes, irregular growth cone at the leading
processes with highly branched terminals, and strong filipodia
in the axon shaft and the tips of leading process (Fig. 7A). Quan-
tification of the mean number of primary neurites extending
from the cell body for each neuron showed no significant dif-
ference between CTR and Trio™© (2.19 * 0.42 of CTR versus
1.99 *+ 0.15 of Trio™*®, p = 0.58; n = 60) (Fig. 7D). Trio™*°
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neurons had significantly shorter axon length than CTR
(68.25 £ 4.26 um versus 106.75 *+ 8.45 um, p = 0.005; n = 60)
(Fig. 7E). Compared with CTR granule cells, branch number of
the mutant neurites per 100 wm of axon increased from 1.77 =
0.56 to 5.43 = 0.10 (p = 0.01; n = 60) (Fig. 7F), and the mutant
branch total length per 100 um of axon also increased from
29.16 * 4.42 um to 58.91 = 9.33 um (p = 0.01; n = 60) (Fig.
7@G). Thus, deletion of Trio led to inhibition of neurite growth
and highly branched neurites.

Neurite is primarily regulated through a dynamic cyto-
skeleton (33), in which appropriate stabilization of F-actin
and dynamic microtubules is an important determinant of
its morphogenesis (34). Trio™*® neurons displayed strong
filopodia, branched neurites and short processes, so increased
stabilization of actin polymerization and reduced stabilization
of microtubules in the mutant cells may be expected (35, 36).
We measured the effect of the actin-depolymerizing reagent
cytochalasin D and the microtubule stabilizer taxol on the mor-
phogenesis and extension of neurites. As expected, treatment
with cytochalasin D significantly reduced the number of filopo-
dia in Trio-deficient neurons, and the branch number per unit
neurite was also significantly reduced (0.48 * 0.04 versus 5.23 =
0.05 of no drug; p < 0.01), and the neurite length was reduced
significantly (43.3 = 5.0 versus 60.9 = 10 of no drug, p < 0.05)
(Fig. 7, B, C, and H). In light of the notion that filopodia are
required for neuritogenesis (37, 38), this result could be
explained: cytochalasin D depolymerizes the highly stabilized
F-actin of mutant granule cells, thereby inhibiting filopodia for-
mation and hence inhibiting neuritogenesis or branch forma-
tion. When mutant neurons were treated with taxol, the branch
number per unit axon was reduced from 6.16 * 0.6 to 1.08 = 0.3
(p < 0.01), but the axon length did not increase significantly
(56.8 = 7.0 versus 69.3 = 12; p > 0.05) (Fig. 7, B, C, and H).
Thus, in addition to stabilized actin polymerization, the desta-
bilized microtubule caused by Trio deletion may also contrib-
ute to highly branched neurites, probably through promoting
branch formation of growth cones (39).

Characterization of the Physiological Properties of Trio-defi-
cient Granule Cells—GEFs and their Rho small GTPase effec-
tors have diverse functions in multiple physiological processes
of cells. To investigate the other potential physiological changes
caused by Trio deletion, we characterized their properties by
proliferation, differentiation, and apoptosis.

Using the BrdUrd incorporation assay, we found that the
proliferative cells located at the outer EGL of P0.5 mutant cer-
ebella had a similar pattern of CTR (supplemental Fig. S3, C and
D). To analyze dynamic proliferation of the granule cells, we
quantified phospho-histone-H3-positive cells in the cerebella
from mice of different ages (Fig. 8, A and B). The number of
positive cells in the outer EGL of the mutant cerebella was sim-
ilar to those of CTR littermates from P0.5 to P10 (p > 0.05) (Fig.
8)). This suggested that the proliferation of granule cells was not
affected in Trio knock-out mice.

We then examined the differentiation of granule cells by
staining with antibody to the early post-mitotic immature neu-
ron marker Tujl and the differentiated neuron marker NeuN
(40). In the cerebella of P3 Trio™“° mice, the inner EGL showed
staining of Tuj1l and NeuN with a similar pattern of CTR (Fig. 8,
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FIGURE 8. Normal proliferation and differentiation determination but
increased apoptosis of Trio™f°%; Nestin-Cre granule cells. A and B, phos-
pho-histone-H3 (H3) immunostaining shows normal proliferation ability of
mutant EGL. Dashed lines indicate the pial surface. C and D, the expression
pattern for process extension can be detected by Tuj1 in the mutant inner
EGL at P3. E and F, the differentiated neuron maker NeuN exists in the inner
EGL in the mutant mice as the control at P3. Dashed lines indicate the pial
surface. G and H, apoptosis, characterized by cleaved caspase-3, is greatly
aggravated in mutant cerebella. /, most of the apoptotic cells in the mutant
are NeuN-positive (white arrowheads) in the inner EGL or molecular layer.
Dashed lines indicate the pial surface. J, H3-positive cells at the outer EGL per
unit length of EGL. K, quantification of apoptotic cerebellar cells per area of
cerebella during different developmental stages (n = 3); ***, p < 0.001.
L, quantification of apoptotic granule cells in vitro by propidium iodide stain-
ing. Cerebellar neurons were from P4 mice and cultured at high density (600
neurons per mm?). The histogram indicates that the percentage of apoptotic
cellsin Trio mutant neurons was comparable to CTR cultured for 2 and 4 days.
Scale bars in A-1, 100 pwm.

C-F). This suggested that the precursors can enter the differ-
entiation program.

We next examined the level of apoptosis in the developing
cerebellum with antibody to cleaved caspase-3. Apoptotic cells
in the knock-out cerebellum increased greatly during the post-
natal period (all p < 0.001) (Fig. 8, G, H, and K). More than 70%
of the apoptotic cells were NeuN-positive in the inner EGL or in
the molecular layer (Fig. 81). To determine if the apoptosis was
caused by an intracellular mechanism or by secondary effects of
developmental defects, we cultured CGNs in vitro and quanti-
fied apoptotic cells by morphological examination. Compared
with CTR, Trio-deleted CGNs did not show significantly
increased apoptosis after culture for 2 and 4 days (p = 0.66; n =
1000-1500 for 2 days and p = 0.58; n = 1000—-1200 for 4 days,
respectively) (Fig. 8L). The apoptosis of Trio-deficient CGNs in
vivo appears to be a secondary effect to cerebellar defects.
Taken together, our observations suggest that deletion of Trio
may not directly affect the intracellular physiology of cerebellar
cells, including proliferation, differentiation, and apoptosis.

Down-regulation of the Activity of Rho GTPases in Trio-defi-
cient Neurons—T o assess the regulatory ability of Trio on small
GTPases, the active Racl, RhoA, and Cdc42 (direct down-
stream target of RhoG) were quantified. Early cerebella are too
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FIGURE 9. Quantification of active Rho small GTPases. A, GTP-bound Rac1,
Cdc42, and RhoA were pulled down using PBD-GST (Rac1 and Cdc42) and
RBD-GST (RhoA) from lysates of CTR and mutant total brain at P0.5. Active
Rac1,Cdc42, and RhoA pulldown assays were detected by Western blot using
antibodies against Rac1, Cdc42, and RhoA, respectively. Total Rac1, Cdc42,
and RhoA in cell lysates indicated equal amounts of the GTPases (bottom).
B, the histogram shows that the rate of active Rac1, RhoA, and Cdc42 was
significantly reduced in mutant mice (p = 0.001 for Rac1, n = 5; p = 0.009 for
RhoA, n = 5; p = 0.03 for Cdc42, n = 4); *, p < 0.05; **, p < 0.01.

small to provide sufficient protein samples, so we used whole
brain tissue to measure the proteins. Western blot assay
showed that the total amount of each protein in the mutant
brain was unchanged, as mentioned above (supplemental Fig.
S1D). Glutathione S-transferase (GST) pulldown assay showed
that the amounts of active RhoA, Racl, and Cdc42 were signif-
icantly reduced in the Trio-deficient brain (Fig. 94). Quantita-
tive analysis showed that the brain tissue from Trio™*° mice
(P0.5) displayed only 48.1 = 14.3% of active Rac1, 60.4 * 2.0% of
active Cdc42, and 66.7 = 15.6% of active RhoA compared with
CTR tissues (Fig. 9B). This result suggests that Trio can activate
Racl, RhoA, and Cdc42 under physiological conditions.

It is known that RhoA inhibits neurite growth and that Racl
and Cdc42 promote neurite growth (10). In Trio-deficient
CGN, neurite growth is significantly inhibited. To investigate
the function of RhoA in mutant CGN, we applied the RhoA-
specific inhibitor Y27632 to CGN and analyzed neurite growth
behaviors. Adding Y27632 significantly promoted neurite
growth in CTR (93.1 = 3.7 um versus 109.5 * 4.4 um, p < 0.05)
and mutant CGN (72.2 * 4.0 um versus 88.9 * 6.1 um, p <
0.05). The percentages of increased neurite length were com-
parable (17.6% of CTR and 23.1% of mutant CGN, respectively).
Such unaffected response to further inhibition of RhoA implied
that the neurite growth inhibition of Trio deficiency CGN
might be not attributable to RhoA activity. Addition of the Racl
inhibitor NSC23766 reduced the neurite length of CTR CGN
from 93.1 * 3.7 um to 59.6 = 2.3 um (p < 0.001), but it slightly
inhibited neurite growth of the mutant CGN (72.2 = 4.0 um
versus 64.5 + 2.4 um). Thus, Racl might be, more or less, func-
tionally involved in the neurite extension.

Unresponsiveness of Netrin-1 and Semaphorin 6A in Trio-
deficient Neurons—It has been reported that several extracellu-
lar cues regulate cerebellar development (41, 42). For example,
Netrin-1 repels neurons of the external germinal layer of the
postnatal cerebellum (43); Semaphorin 6A controls the initia-
tion of granule cell radial migration (44); nerve growth factor
and excitatory neurotransmitters regulate morphogenesis of
cultured cerebellar cells (45). To determine if these signals reg-
ulate neurite growth through Trio-mediated activation of small
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FIGURE 10. Neurite outgrowth in response to exogenous cues. A, neurite
outgrowth of control and Trio“® cerebellar neurons cultured for 2.5 days in
vitro with control buffer and the buffer with Netrin-1. B, quantification of
mean axon length of cerebellar granule cells 2.5 days after plating with con-
trol buffer, glutamate, Netrin-1, nerve growth factor, and Semaphorin 6A/Fc;
*,p < 0.05; **, p <0.01. Scale barin A, 20 um.

GTPases in the cerebellum, we tested the effect of different
extracellular cues in CTR or mutant dissociated cerebellar neu-
rons (Fig. 10, A and B). Addition of Netrin-1 and Semaphorin
6A showed an increased neurite growth of CTR neurons
(1.24 = 0.15-fold, p = 0.04; n = 60 and 1.18 = 0.04-fold, p =
0.01; n = 60, respectively), but no significant changes in Trio-
deficient neurons (0.98 = 0.08-fold, p = 0.67; n = 60 and 1.05 =
0.20-fold, p = 0.64; n = 60, respectively) (Fig. 10B). Neverthe-
less, the ratio of increased neurite growth by adding glutamate
(1.20 = 0.05-fold, p = 0.008; n = 60 versus 1.17 £ 0.05-fold, p =
0.02; n = 60) or nerve growth factor (1.28 = 0.09-fold, p = 0.001
versus 1.30 = 0.07-fold, p = 0.004) in CTR and mutant neurons
was comparable (Fig. 10B). These results suggested that Trio
deletion may block Netrin-1 and Semaphorin 6A signals for
neurite growth of cerebellar neurons.

DISCUSSION

Trio Is Required for Cerebellar Development—The Rho fam-
ily of small GTPases acts as “intracellular molecular switches”
that transduce signals from extracellular stimuli to the
cytoskeleton, thereby regulating neuronal migration-related
processes via multiple signal pathways (24, 46 —52). The GEFs
far outnumber the Rho GTPases themselves in a given orga-
nism, thereby enabling signals to function in a specific manner.
The relative physiological importance of each specific GEF
along with downstream effectors is difficult to appreciate.
Genetic approaches offer tools to unravel complexities in defin-
ing signal modules in the physiological response. We therefore
used a conditional knock-out of Trio GEF in neuronal tissue to
define its function in cerebellar development.

As akey GEF regulator of Rho small GTPases, Trio was noted
for its role in axon guidance and axonagenesis in Drosophila
and C. elegans (17, 53). The function and physiological impor-
tance of Trio in the cerebellum have not been defined. We show
here that Trio-deficient mice display severe phenotypes,
including low survival rate, severe ataxia, and multiple develop-
mental defects of the cerebellum. These results suggest that
Trio is required for cerebellar development. Various GEFs have
been found to be essential for the function or development of
neurons (3, 54-57), but only a few GEFs involved in cerebellum
development have been reported (58, 59). In light of the severe
phenotypes of the Trio-deficient cerebellum, Trio may be
defined as a crucial GEF for cerebellar development.
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The importance of Trio in the cerebellum may be also sup-
ported by observations from human diseases. The GEF1
domain of Trio targets filamin to remodel cytoskeletal actin,
and filamin is required for the effect of Trio on cytoskeletal
organization (60). The mutation of filamin in humans may give
rise to impaired migration of neurons, and hence results in sev-
eral neuronal defects (including cerebellar abnormalities) (61—
63). Trio signaling may thus function essentially in filamin-as-
sociated cerebellum diseases. Huntingtin-associated protein 1,
a protein closely related to cerebellar degeneration in Hunting-
ton disease, can interact with Trio-like peptide directly (64).
This implies an important functional role of Trio in the cere-
bellum during the pathogenesis of Huntington disease.

Trio Coordinately Regulates Neurite Morphogenesis and
Migration of CGN through Regulation of the Cytoskeleton—
During the processes of IGL formation, cerebellar granule cells
undergo profound morphological changes, including neurite
generation, neurite extension, and directed turning, which are
tightly coupled with guided migration of granule cells (4, 5).
Trio deletion caused extensive defects among these processes.
However, the present study suggests that the impairment of
neurite morphogenesis as well as cell migration is the primary
defects in Trio-deficient CGN. Other defects are attributable to
the secondary effects of defective cerebellar development.
Appropriate regulation of neurite morphogenesis and migra-
tion of CGN’s appears to be necessary for the multiple develop-
mental processes of cerebellum, in which the Trio signal path-
way is required.

The common feature among signaling pathways regulating
neuronal migration is eventual involvement of the cytoskele-
ton, in which microtubule and actin networks are believed to be
the most important targets (4). Abnormal dynamics of micro-
tubules and actin result in the altered behavior and morphology
of neurites (34). In Trio mutant granule cells, neurites showed
retarded extension, enriched branches, and more lamellipodia
and filopodia. Addition of reagents interfering with F-actin and
microtubule stabilization can alter neurite phenotypes. We
suggest that the regulation of the morphogenesis of CGN neu-
rites by Trio signaling is implemented through the organization
of cytoskeleton.

A series of studies suggest that Rho GTPases function in
neuronal development: Racl regulates axon guidance and
neurite complexity, Cdc42 regulates axon specification and
growth, and RhoA inhibits neurite extension (13, 65-67).
Because all these proteins in active forms were reduced in Trio-
deficient mice, we speculated that the increased neurite com-
plexity and abnormal migration in Trio-null granule cells might
be attributed to reduced Racl activity, and retarded neurite
extension might be caused by reduced Cdc42 and/or Racl
activity, although we did not have a proper explanation for
RhoA function in this context. This hypothesis is also sup-
ported by phenotypic comparison with the knock-out mice of
Racl, Cdc42, and other genes (65, 67—69). In particular, the
phenotypes of Racl knock-out mice, including impairment of
neuronal migration, disorganization of cortical lamination, and
increased complexity of neurite, are consistent with Trio
knock-out phenotypes (67, 68), supporting an important role of
Racl in Trio’s function. Because Rac3-null mice had no gross
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anatomical defects in brain structure and neuron organization,
and Rac3 had no obvious expression in cerebellar granule cells
(69), we didn’t emphasize the involvement of Rac3 in the Trio
knock-out phenotype.

Trio May Act as a Signal Integrator for CGN Migration—Ex-
ternal guidance cues are required to accomplish orchestral reg-
ulation of neuron migration (43, 70-73). For example, Netrin-1
is expressed in the EGL and in the molecular layer. Netrin-1
receptor Dcc, which may associate with Trio indirectly via its
interaction with PAK1, is expressed in the inner EGL. The
transmembrane Semaphorin 6A is expressed in the tangentially
migrating granule cells of inner EGL and controls the extension
and turning of CGN processes, which couples guided cell
migration (43, 44, 74-76). An internal mechanism integrating
extracellular cues to migration machinery in the developing
cerebellum should be established. Trio may serve as a signal
integrator establishing such a mechanism for the developmen-
tal program in the cerebellum. Based on observations in the
present study, Trio may integrate Netrin-1 and Semaphorin 6A
signals to Rho GTPases with unknown signal cascades. This
speculation is also supported by observations from the spinal
cord and cortical neurons (76). The multiple GEF domains of
Trio enable Trio to differentially respond to cues by combina-
tion of activation of small GTPases (53, 76, 77) and facilitate an
efficient and/or orchestrated means to interconnect the differ-
ent signal pathways.
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