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Abstract

Rac GTPases are members of the Rho family regulating the actin cytoskeleton and implicated

in neuronal development. Ubiquitous Racl and neuron-specific Rac3 GTPases are coexpressed
in the developing mammalian brain. We used Cre-mediated conditional deletion of Racl in
neurons combined with knockout of neuron-specific Rac3 to study the role of these GTPases in
neural development. We found that lack of both genes causes motor behavioral defects, epilepsy,
and premature death of mice. Deletion of either GTPase does not produce evident phenotypes.
Double-knockout mice show specific defects in the development of the hippocampus. Selective
impairment of the dorsal hilus of double-knockout animals is associated with alteration in the
formation of the hippocampal circuitry. Axonal pathways to and from the dorsal hilus are affected
because of the deficit of hilar mossy cells. Moreover, analysis of Rac function in hippocampal
cultures shows that spine formation is strongly hampered only in neurons lacking both Rac
proteins. These findings show for the first time that both Rac1 and Rac3 are important for the
development of the nervous system, wherein they play complementary roles during late stages of
neuronal and brain development.—Corbetta, S., Gualdoni, S., Ciceri, G., Monari, M., Zuccaro,
E., Tybulewicz, V. L. J., de Curtis, I. Essential role of Racl and Rac3 GTPases in neuronal
development.
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Rac GTPasEes ARE MEMBERS OF THE Rho family regulating actin dynamics (1). Evidence
indicating the involvement of Rac proteins in different aspects of neuronal development
includes formation of axon and dendrites, axonal navigation, and synaptogenesis (2, 3).
There are three Rac genes in vertebrates encoding the Racl, Rac2, and Rac3 proteins,
sharing 88-92% sequence identity. Racl and Rac3 are coexpressed in neurons (4), and Rac2
is expressed in hematopoietic cells (5). Most studies on vertebrate neuronal development
have focused on Racl, whereas very few studies exist on Rac3, despite its neuronal
coexpression with Racl (4).

Rac1 is ubiquitous, and Rac1-knockout mice are early embryonic lethal, because of the
requirement for this GTPase in early development (6). To date, the analysis of transgenic
mice expressing mutated forms of Racl has shown effects on axon terminals and dendritic
spines in Purkinje cells (7). Although studies with mutants have been informative to start
assembling a picture of how these proteins work to build the vertebrate nervous system, it is
clear that conclusions from these studies must be taken with caution, because Racl mutants
may interfere with the function of related GTPases. Recently, early conditional deletion (8)
and knockdown J7n vitro (9) have confirmed a role of Racl in axon guidance /n vivo and
dendritogenesis in vitro, respectively.

Rac3 was first identified in humans (10) and in birds as Rac1B (11). The Rac3 protein is
specifically expressed in the nervous system (11) and is developmentally regulated in avian
and mouse brains, with a peak at times of intense neurite branching and synaptogenesis
(12, 13). Rac3-knockout mice are viable (4), and recent findings indicate a role of Rac3 in
cognitive development (14).

The relative contributions of Racl and Rac3 to the development of the vertebrate nervous
system are unknown. Racl flox mice allowed the analysis of Racl function after conditional
deletion of the gene in the immune system (15, 16) and in early brain development (8).

On the other hand, the appearance of Rac3first in vertebrates (3) suggests that this gene
may play a role in the late development of brains of higher complexity. The possibility of
functional interactions between Racl and Rac3 during the development of the vertebrate
nervous system has never been addressed. By combining conditional mutagenesis of the
Racl gene with the deletion of the Rac3 gene, we show here that both proteins are important
for the late development of the brain and play key functions in later stages of neuronal
maturation.

Materials and Methods

Mice and analysis of genomic DNA

Animal care was in accordance with institutional guidelines. Synl-Cre transgenic mice
specifically expressing the viral Cre recombinase under the control of the synapsin |
promoter in differentiated neurons (17), Rac1flox/flox (Rac1F/F) mice carrying floxed Racl
alleles (16), Rac3~/~ mice with deletion of the Rac3gene (4), and ROSA26 mice (18) have
been described previously.
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For the generation of mice with the specific conditional deletion of Rac1 in neurons, Rac1F/F
mice were bred to Synl-Cre transgenic animals. Offspring, Rac1™*Synl-Cre mice, were
crossed to Rac1F/F mice to obtain Rac1F/FRac3*/*Synl-Cre (Rac1N) mice carrying neuronal
deletion of the Racl gene.

For the generation of mice with inactivation of both RacZ and Rac3in neurons, Rac3™/~
mice were bred to Rac1F/F mice to generate Rac1F/* Rac3~/* mice. Rac1F/* Rac3™* mice
were intercrossed to generate Rac1F/F Rac3™~ mice (defined as Rac3%0). The Rac3™/~ mice
were mated to Synl-Cre mice to generate Rac3™*Synl-Cre mice. These mice were crossed
with Rac3~/~ mice to obtain Synl-Cre/Rac3~~ mice, which were bred to Rac1F/F Rac3/~
mice to generate Rac1F/* Rac3™~ Synl-Cre mice. Breeding of Rac1™/* Rac3~/~Synl-Cre
and Rac1FFRac3/~ animals was finally used to produce Rac1FFRac3~/~ Synl-Cre mice
(defined as Rac1N/Rac3KO), carrying deletions of both Rac3and Racl genes in neurons. For
experiments, Rac1F/F mice were crossed with Rac1F/* Synl-Cre mice to obtain Rac1F/F and
Rac1/F Synl-Cre littermates, defined as WT and Rac1N, respectively, in the text; whereas
Rac1F/F Rac3~/~ mice were crossed with Rac1F/*Synl-Cre/Rac3~~ mice to obtain Rac1F/F/
Rac3~/~ and Rac1F/FSynl-Cre/Rac3~" littermates, defined as Rac3"C and Rac1N/Rac3XO,
respectively, in the text.

The genotypes were determined by polymerase chain reaction (PCR) on genomic DNA
from tails or different organs. Briefly, tail or organ samples were incubated overnight in
lysis buffer [50 mM Tris-Cl (pH 8), 100 mM EDTA, 100 mM NacCl, 1% SDS, and 1

mg/ml of proteinase K), followed by precipitation with isopropanol. Specific primers for
PCR were F1 (5’-CATTTCTGTGGCGTCGCCAAC-3’) and R2 (5’-CACGCGGCCGAGCT
GTGGTG-3) for the Rac3wildtype allele and R3 (5’-TTGCTGGTGTCCAGACCAAT-3’)
from the /acZ gene for the Rac3targeted allele (4). The three primers were used in a
multiplex PCR with LA 7ag (Takara Bio Inc., Otsu, Shiga, Japan) with the following
amplification conditions: 1 min at 94°C, 30 cycles of 20 s at 98°C and 1 min at

66°C, and 10 min at 72°C at the end of the run. Amplification products were resolved

on a 1.6% agarose gel. Primers Prl1 (5’-ATTTTGTGCCAAGGACAGTGACAAGCT-3"),
Pr2 (5’-GAAGGAGAAGAAGCTGACTCCCATC-3’), and Pr3 (5’-
CAGCCACAGGCAATGACAGATGTTC-3") were used for the identification of the floxed
and deleted Rac alleles. PCR analysis with these primers was performed with GoTaq
polymerase (Promega, Madison, WI, USA) under the following amplification conditions:

5 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C, followed

by 7 min at 72°C. For the Synl-Cre transgene we used the primers Pr4 (5’-CCAG
CACCAAAGGCGGGC-3%) and Pr5 (5’-TGCATCGACCGGTAATGCAG-3") under the
following conditions: 5 min at 94°C, 32 cycles of 30 s at 94°C, 30 s at 61°C, and 30 s

at 72°C, followed by 7 min at 72°C.

Northern blot analysis

Total RNA was isolated from postnatal day (P) 13 brains and adult spleen with the RNeasy
Midi kit (Qiagen, Milano, Italy). Northern blot analysis of total RNA (15 pg/lane) was
performed as described previously (19). Blots were hybridized with a 378-bp PCR fragment
corresponding to base pairs 181-558 of the translated Rac2 cDNA (amino acids 61-186)
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or with a 1.2-kb fragment corresponding to part of the 3’-untranslated region of the Rac
cDNA. Hybridization took place in hybridization buffer supplemented with 32 P-labeled

probes (1-2x10% cpm/ml) for 15 h at 65°C. After high-stringency washes at 65°C, X-ray

films were exposed for 3-12 h to the hybridized filters.

Reflexological tests and epileptic behavior

Antibodies

Ten animals for each genotype (WT, Rac1N, Rac3KO, and Rac1N/Rac3XO) were tested for
the following reflexological tests at P3, P6, P9, and P12 following a well-characterized
protocol (20): righting reflex, negative geotaxis, cliff drop aversion, grasp reflex, and tail
suspension. The responses in all tests except for the righting reflex were recorded using

the following numerical scoring method: 0 (no response), 1 (weak response), and 2 (strong
response). For the righting reflex, the maximal effect was graded as 3. The average scores
for each group of mice were plotted for comparison. Animals were weighed before the tests.
Statistical significance was assessed by the Student’s ftest. Differences were considered
significant at £< 0.05.

The behavioral manifestations of epileptic crises were classified by considering some of

the parameters previously used to identify seizures (21), including running or bouncing,
unilateral or bilateral forelimb and hind limb clonus plus falling, and tonic forelimb and hind
limb extension. The classification was performed by an investigator unaware of the genotype
of the animals.

The following antibodies and dilutions were used for biochemical and morphological
analysis: anti-calretinin at 1:1000, and anti-tau-1 at 1:100 (Chemicon International,
Temecula, CA, USA); anti-Cdc42 at 1:500 (Cell Signaling Technology, Danvers, MA,
USA); anti-green fluorescent protein (GFP) at 1:400 (Molecular Probes Inc., Eugene, OR,
USA); anti-Rac3 at 1:500 (4); anti-glutamate receptor subunits 2 and 3 (GIuR2/3) at 1:100,
anti-PSD95 at 1:500, anti-RhoA at 1:1000 and anti-Rac1 at 1:1000 (Upstate Biotechnology,
Lake Placid, NY, USA); anti-zinc transporter-3 (ZnT-3) at 1:200 (gift of Richard Palmiter)
(22); anti-neurofilament at 1:100 (Biomol International L.P., Plymouth Meeting, PA, USA);
anti-synapsin | at 1:200 (gift of Flavia Valtorta, University Vita-Salute San Raffaele, Milan,
Italy) (23); anti-active caspase-3 at 1:300 (BD Biosciences, San Jose, CA, USA); anti-
VAMP2 at 1:500 (Synaptic System, Gé&ttingen, Germany); anti-glyceraldehyde-3-phosphate
dehydrogenase (GADPH) at 1:5000 (Biogenesis Inc, Pool, UK); anti-Cre recombinase at
1:500 (Covance, Emeryville, CA, USA); anti-mitogen-activated protein 2 (MAP2) at 1:500
(Sigma-Aldrich, St. Louis, MO, USA); and anti-glial fibrillary acidic protein (GFAP) at

1:1 (gift of Virginia Lee, University of Pennsylvania School of Medicine, Philadelphia, PA,
USA).

Biochemical analysis

Brains at the indicated developmental stages were extracted at 4°C with lysis buffer [1%
Triton X-100, 150 mM NaCl, 1 mM sodium orthovanadate, 10 mM NaF, 20 mM Tris-Cl
(pH 7.5), and protease inhibitors (Complete, EDTA-free, Protease Inhibitor Cocktail; Roche
S.p.A., Milan, Italy)]. For immunoprecipitation, primary antibodies preadsorbed to 25 pl of
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protein A-Sepharose beads (Amersham Biosciences, Piscataway, NJ, USA) were added to
lysates (2 mg of protein/immunoprecipitation) and incubated for 3 h at 4°C with rotation.
Immunoprecipitates were washed 4 times with 0.5 ml of lysis buffer with 0.5% Triton
X-100. Brain lysates (100 pg/lane) and immunoprecipitates were analyzed by SDS-PAGE
and immunoblotting. After incubation with primary antibodies, filters were incubated with
0.2 pCi/ml of 125]-protein A or 125]-anti-mouse immunoglobulin (Amersham Biosciences),
washed, and exposed to Amersham Hyperfilm-MP.

For the determination of the relative amounts of Rac3 and Racl in brain, duplicate

aliquots of brain lysates from wild-type mice at P7, corresponding to the peak of Rac3
protein expression in brain (13), were immunoprecipitated with anti-Rac3 antibodies.
Immunoprecipitates were blotted with either anti-Racl (recognizing both GTPases)- or
anti-Rac3-specific antibodies. Blots were scanned, and the ratio between the values obtained
with the two antibodies (anti-Rac3/anti-Rac1) was used to normalize with respect to Racl
the values obtained by immunoblotting with anti-Rac3.

Histology, immunohistochemistry, and immunofluorescence

Between 4 and 10 mice/genotype were considered for each type of analysis. Mice were fixed
under deep anesthesia by transcardial perfusion with 4% paraformaldehyde in phosphate-
buffered saline (PBS). Brains were removed from skulls and postfixed overnight at 4°C. For
histology, after fixation, organs were frozen or dehydrated and embedded in paraffin; 10-um-
thick sections were stained with cresyl violet or with hematoxylin and eosin, according to
standard protocols.

For immunostaining, samples were washed with PBS, cryoprotected with sucrose in PBS,
and frozen in optimal cutting temperature (O.C.T.) compound (VWR International Ltd.,
Poole, UK). For immunohistochemistry, 8- to 12-um sections were blocked for 1 h with
blocking buffer (0.1% Triton X-100, 10% goat serum, and 0.2 mg/ml bovine serum albumin
in PBS), and incubated overnight at 4°C with primary antibodies. For immunoperoxidase
staining, primary antibodies were detected by using a Vectastain Elite ABC Kit (Vector
Laboratories, Burlingame, CA, USA). Control sections were incubated with secondary
antibodies only. Sections were analyzed with an Axio-plan2 microscope (Carl Zeiss
Microlmaging GmbH, Jena, Germany).

For immunofluorescence, 8- to 20-pum-thick sections were blocked for 1 h in 10%

serum and 0.1% Tween 20 in PBS for active caspase-3 or in 15% serum, 0.3% Triton
X-100, 450 mM NacCl, and 20 mM sodium phosphate buffer (pH 7.4) for incubation

with other antibodies. Sections were first incubated overnight at 4°C with primary
antibodies, followed by incubation for 1.5-2 h at room temperature with fluorescently
labeled secondary antibodies (Molecular Probes Inc.) or with tetramethylrhodamine B
isothiocyanate-conjugated phalloidin (Sigma-Aldrich). Finally, sections were incubated
with 4’ 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) to detect the nuclei. Control
sections were incubated with secondary antibodies only. Sections were analyzed with an
UltraVIEW ERS spinning disk confocal microscope (PerkinElmer, Wellesley, MA, USA),
a Bio-Rad MRC 1024 confocal microscope (Bio-Rad, Hercules, CA, USA), or a Zeiss
Axiophot (Carl Zeiss Microlmaging GmbH).
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Quantifications using ImageJ [U.S. National Institutes of Health (NIH), Bethesda, MD,
USA] were performed on 7 to 8 sections from at least 3 to 4 different mice for each
genotype and each experimental condition analyzed.

5-Bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining

Synl-Cre mice were mated with LacZ ROSA26 tester reporter mice (18). Double-
heterozygous P13 and P8 mice were perfused under deep anesthesia with 4%
paraformaldehyde in PBS. Brains were removed from skulls and immersed in fixative for 30
min at 4°C. Samples were washed with PBS, cryoprotected with 30% sucrose in PBS, and
frozen in O.C.T. compound; 25-um-thick sections were washed 3 times in 0.02% Nonidet
P-40/PBS and stained in PBS with 5 mM K3Fe(CN)g, 5 mM K4Fe(CN)g, 2 mM MgCl,,
0.01% sodium deoxycholate, 0.02% Nonidet P-40, and 1 mg/ml X-gal at 37°C for 1.5 h.
After 30 min in 4% paraformaldehyde in PBS at 4°C, sections were washed with PBS and
mounted with Gelvatol.

Hippocampal neurons and transfections

Primary neuronal cultures were prepared from hippocampi of embryonic day (E) 17.5

mice from wild-type and mutant mice as described previously (24). Briefly, cells were
plated onto poly (L-lysine)-coated glass coverslips (Sigma-Aldrich, Steinheim, Germany)

in minimal essential medium (Life Technologies, Invitrogen Corp., Carlsbad, CA, USA)
supplemented with 10% horse serum (Hyclone, Logan, UT, USA), 2 mM glutamine
(BioWhittaker, Verviers, Belgium), and 3.3 mM glucose. Four hours after plating, coverslips
were transferred into new dishes containing glia-conditioned hippocampal medium [minimal
essential medium supplemented with 1% N2 supplement (Invitrogen, San Diego, CA, USA),
2 mM glutamine, 1 mM sodium pyruvate (Sigma-Aldrich), and 4 mM glucose]. Cells were
incubated at 37°C in a 5% CO, humidified atmosphere for the times indicated.

Neurons were either transfected with pEGFP-N1 plasmid (Clontech, Mountain View,
CA, USA), or cotransfected with pEGFP-N1 and pEGFP-CRE plasmids (25) by using
Lipo-fectamine 2000 (Invitrogen Corp.) in hippocampal medium. After fixation of
cultures with 4% paraformaldehyde in 4% sucrose, 2 mM EGTA, and 120 mM sodium
phosphate (pH 7.4), cells were permeabilized with 0.3% Triton X-100 and processed

for immunofluorescence with the indicated antibodies. Primary antibodies were detected
with Alexa Fluor 488/568-conjugated secondary antibodies (Molecular Probes). Images
were captured with a Zeiss Axiophot epifluorescence microscope equipped with a
C4742-95-12HR digital camera (Hamamatsu, Hamamatsu City, Japan).

Analysis of dendritic spine morphology

Neurons fixed at 14 days /n vitro (DIV) were immunostained with anti-GFP and anti-
PSD95 antibodies. For quantification, in each experiment 15-30 different 100-um segments
of primary and secondary dendrites from 7-10 neurons were analyzed for spines and
protrusions. Two independent experiments were analyzed for each condition. GFP-positive
dendritic protrusions were classified according to their morphology: mature spines including
mushroom-shaped and stubby spines; other protrusions with no head, including short
filopodia (<4 pm long), long filopodia (>4 um long), and lamellipodia. The total protrusion
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density per 100 um of dendrite was calculated by including all morphological classes of
dendritic protrusions. At least 450 protrusions per condition per experiment have been
considered for the quantification. Images were analyzed using Adobe Photoshop 8 (Adobe
System, San Jose, CA, USA) and the public domain NIH ImageJ software. The reported
values represent means + se. The data were analyzed by the Student’s #test (two-tailed
distribution and two-sample unequal variance).

Rac1N/Rac3KC mice are neurologically impaired

At the peak of expression, Rac3 represents ~8% of total Rac in brain (Fig. 1). Because Rac3
distribution is more restricted than that of Racl, its expression in mouse neurons is likely to
be higher than the average percentage in the whole brain. Rac1-null mice die before E9.5
(6), whereas Rac3-deficient mice are vital. To generate mice with RacZ and Rac3 deletions
in neurons, we used Rac3-null (Rac3K©) mice (4), mice with floxed Rac allele (Rac1flox)
(16), and synapsin | Cre transgenic (Synl-Cre) mice expressing a Cre recombinase under the
synapsin | promoter (17), to generate Rac1N (Rac1/F Synl-Cre) and Rac1N/Rac3KC mice.
Synl-Cre function is first detected at E12.5 (17) and is thus expected to remove Racl at late
stages during neuronal development, when Rac3 expression in brain is high (4, 13).

We have analyzed the activity of the Syn/-Cretransgene in Synl-Cre/ROSA26 tester mice
(18). The trans-gene was widely active in neurons of developing brain (Fig. 2a). In the
hippocampus, Synl-Cre was active in the CA3, hilus, and external granule cell layer of the
dentate gyrus, whereas it was mostly undetectable in the CA1 and in the inner granule cell
layer (Fig. 2b—d).

Rac1 deletion was confirmed by genomic PCR (Fig. 3a-c) and by the decrease of Racl
protein (Fig. 4a) and transcript (Fig. 3d). Incomplete ablation of RacZ in brain was due to
retention of the protein in the glia and in the neurons in which Synl-Cre was not active

(Fig. 2). As expected, Rac3 was absent in Rac3XC and Rac1N/Rac3KC brains (Fig. 4a). Racl
and Rac3 were not up-regulated in the brains of Rac3X© and Rac1N mice, respectively (Fig.
4a) (4). Moreover, deletion of Racland Rac3was not compensated for by up-regulation of
hematopoietic-specific Rac2 (Fig. 3d).

Rac1N and Rac30 mice developed normally, whereas Rac1N/Rac3KC mice were smaller

in size (Fig. 4b, c). There were no differences in brain weight (P=0.41) between Rac1™/
Rac3K0 (0.31 g+0.023, /7=5) and Rac3XO littermates (0.28 g+0.025, /=5), although Rac1N/
Rac3KO mice revealed neurological abnormalities including decreased righting reflex,
negative geotaxis, and cliff drop aversion (Fig. 4d-h). Moreover, the double-mutant mice
developed spontaneous seizures (Supplemental Movie 1) and died around P13. Spontaneous
seizures were evident in 25 of the 28 mice kept under observation, and they were particularly
striking and prolonged at P12/P13, possibly contributing to the death of the animals around
this age. For this reason, mice were sacrificed at P13 or earlier for the analyses performed in
this study.
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Rac1N/Rac3KC mice show specific defects in the dorsal hilus

Analysis of the brains to look for anatomical correlates of the observed phenotypes revealed
that the dorsal hippocampal hilus (Fig. 5a) was strikingly thinner in all P13 Rac1N/Rac3K©
mice observed compared with that in WT and single mutant mice (Fig. 5b). The average
reduction of the width of the dorsal hilus was 39.4 + 3.8% compared with control Rac3K©
littermates (7=9 Rac1N/Rac3X0, /=8 Rac3O mice; A<0.0001). Thinning of the dorsal
hilus was evident at different levels of the dorsal hippocampus of Rac1N/Rac3K0 mice
(unpublished results). The reduced thickness of the dorsal hilus was paralleled by a strong
decrease in the number of large (Fig. 5b), GIuR2/3-positive mossy cells (Fig. 5¢). Hilar
mossy cells represent the major excitatory neurons of the hilus, and they are involved

in a range of physiological and pathological conditions (26, 27). The thinning of the

dorsal hilus was evident also by staining for neurofilament and filamentous actin, whereas
the representation of GFAP-positive non-neuronal cells was maintained in the hilus of
double-knockout mice (S. Corbetta and I. de Curtis, unpublished observations). Similar
effects were evident in P7 double-mutant mice (Fig. 5d), when GluR2/3-positive hilar
mossy cells are first identifiable (28, 29), whereas no difference was observed at P4 (Fig.
5e), when GIluR2/3-positive mossy cells are not detectable yet (29). Apoptosis could not
explain the observed decrease in the numbers of GluR2/3-positive mossy cells in P7 and
P13 Rac1N/Rac3KO mice, because it was equally negligible in the dorsal dentate area of
double-knockout and control mice at P4 (Fig. 6a) and P7 (Fig. 6b). Moreover, in contrast to
what was observed in the dorsal hilus, the thickness of the ventral hilus (Fig. 5b) and the
presence of GluR2/3-positive mossy cells in this region of the hippocampus (Fig. 5f) were
normal even in P13 Rac1N/Rac3KO animals.

Neuronal circuitry is affected in the dentate gyrus of Rac1V/Rac3KC mice

Because mossy cells are part of the circuitry that plays important regulatory functions in the
hippocampus (27), we investigated the effects of mossy cell depletion on neuritogenesis
and synaptogenesis in the dorsal hippocampus of Rac1N/Rac3%0 mice. During brain
development, the axons of mossy cells project to the proximal dendrites of granule cells
(Fig. 7a) in the inner molecular layer of the ipsi- and contralateral dentate gyrus (30, 31).
Calretinin-positive axonal projections of mossy cells (32) were markedly decreased in the
inner molecular layer of the dorsal dentate gyrus of Rac1N/Rac3KC mice (Fig. 7b) as a
consequence of the drastic bilateral reduction of mossy cells. Quantification showed that
both the thickness and the density of the signal corresponding to the calretinin-positive
projections were reduced in double-knockout mice with respect to control mice (Fig. 7c).
The reduction of mossy cell axonal projections to the dorsal dentate gyrus was accompanied
by the partial dispersion of calretinin-positive immature granule cells (32) at the border
between the granule cell layer and the hilus of the dorsal hippocampus of double-mutant
mice (Fig. 7b). On the other hand, mossy cell projections were normal in the ventral
hippocampus of double-mutant mice (Fig. 7d).

A reduction of axons, dendrites, and synaptic terminals was evident within the dorsal hilus
of P13 (Fig. 8) and P7 (not shown) Rac1N/Rac3XC mice. In contrast, dendrites and synaptic
terminals were normal in the stratum lucidum of the CA3 both at P13 (Fig. 8c) and at P7
(not shown) and in the ventral hilus of Rac1N/Rac3K© animals (Fig. 8c). In particular, the
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innervation of mossy cells by collaterals of ZnT-3-positive mossy fibers (22), the axons

of dentate granule cells, was strongly reduced in the dorsal hilus of Rac1N/Rac3%0 mice,
whereas mossy fiber projections from granule cells to the stratum lucidum of the dorsal
CAZ3 pyramidal neurons were normal (Fig. 9a). Quantification on sections showed also that
the densities of the label for ZnT-3, MAP2, and synapsin | were decreased in the dorsal
hilus of Rac1N/Rac3XO mice compared with Rac3KO mice (Fig. 9b), indicating a decrease
in the density of both axons and dendrites in this region. Therefore, both neuritogenesis

and synaptogenesis were heavily disrupted in neurons of the dorsal dentate gyrus, which are
known to mature postnatally (30).

Racl and Rac3 are involved in dendritic spine formation

We have used well-established hippocampal cultures to further address the role of Racl

and Rac3 in late stages of neuronal maturation and in dendritic spine formation in
particular. These events are impaired by the expression of Racl mutants that cannot
distinguish between Rac isoforms (7, 33). Because transgenic Synl-Cre was poorly effective
in processing the Racl-floxed allele in hippocampal cultures (Fig. 10a), we deleted the
Rac1 gene by transfecting Rac1™F and Rac1F/F/Rac3X© neurons with an enhanced green
fluorescent protein (EGFP)-Cre expression vector (25). Comparison between EGFP-Cre-
transfected and EGFP-transfected control neurons showed that the total numbers of small
dendritic protrusions (including spines, filopodia, and lamellipodia) were significantly
decreased after deletion of both Rac genes (—21%, £<0.00035). Postsynaptic dendritic
spines were strongly reduced, whereas dendritic filopodia increased significantly in
transfected neurons in which both Rac genes had been deleted (Fig. 10f, g) (£<0.00005).
Deletion of Rac3 per se had no effects on spines (Fig. 10e, g), whereas deletion of Racl had
only a weak effect on mushroomshaped spines (Fig. 10c, d, g) (A<0.0005). Thus, Rac1 and
Rac3 play a synergistic role in the formation of dendritic spines.

Discussion

We have shown that the GTPases Racl and Rac3 are synergistically critical for mammalian
brain development, for which these proteins play complementary essential functions. /n
vivo, the deletion of the two genes in hippocampal neurons affects the development of the
dentate gyrus, by hampering the formation of specific circuits involving hilar neurons and
granule cells, two types of neurons that complete their differentiation postnatally (30, 34,
35). Furthermore, in hippocampal cultures the deletion of the two Rac genes leads to strong
inhibition of dendritic spine development, in contrast to the deletion of either the RacI or
Rac3gene that causes minor or undetectable effects, respectively, on the development of
spines. These findings not only reveal the functional importance of the two Rac genes in
vertebrate neuronal development but also provide the first evidence that Rac and Rac3
contribute to the establishment of the hippocampal circuitry. The defects observed in the
wiring of the hippocampus after the deletion of both genes may underlie the epileptic
phenotype found in Rac1N/Rac3X0 mice.

During development, Racl and Rac3 are coexpressed in hilar mossy cells, whereas only
Racl is detected in granule cells (4). Thus, our data indicate that the loss of Racl and Rac3
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in mossy cells causes a non-cell-autonomous defect in granule cells. The effects observed in
the hippocampus of double-mutant mice are probably explained by the drastic decrease of
mossy cells found in the dorsal hilus of Rac1N/Rac3KC mice. Mossy cells are believed to

be important regulators of the signals arriving to the dentate gyrus from the cortex. Previous
anatomic studies have indicated that these interneurons originate from the germinative zone
immediately adjacent to the primordial dentate granule ventricular zone (36, 37). Impaired
maturation and/or migration of these neurons represent likely explanations that await further
characterization from studies on the poorly characterized ontogeny of these cells (29). The
hypothesis of a nonautonomous defect in granule cells of Rac1N/Rac3KC mice is further
supported by the finding that although mossy fiber collaterals to the hilus are not formed,
granule cells of double-knockout mice can still extend mossy fibers to form synapses with
another target within the hippocampus, the dendrites of the CA3 pyramidal neurons in the
stratum lucidum. Moreover, the decreased innervation of the dorsal hilar region by granule
cell axon collaterals correlates with the strongly reduced synapses observed in the hilus of
double-mutant mice.

The analysis of Rac3-null mice and the comparative analysis presented in this study suggest
that Racl and Rac3 are able to at least partially compensate for the lack of the other GTPase
during neuronal development. On the other hand, the heavy neurological consequences of
the double deletion of RacZ and Rac3in neurons show that both proteins contribute to the
development of a functional nervous system in vertebrates.

Rac3 has strong homology to Racl, with major sequence divergence at the carboxyl-
terminal hypervariable region. It is likely that the gene for Rac3 did first appear in
vertebrates, because an ortholog of Rac3 has not been found in less complex chordates

(38), insects (39), or nematodes (40). /n situ hybridization has confirmed that Rac3 is widely
and specifically expressed in the developing nervous system of mice, where it is often but
not always coexpressed with Racl (4). So far, with the exception of some endogenous

Rac3 protein identified in primary lymphomas from Bcr/Abl P190 transgenic mice (41), the
Rac3 protein has been detected exclusively in neural tissue. Because Rac3 shows highest
and regulated expression during late brain development, with a peak at the time of intense
neurite branching and synaptogenesis (12, 13), it is reasonable to hypothesize that this
relatively new gene would contribute in the organization of the brain of more evolved
animals by acting at later times during development.

So far, Racl has been considered the major if not only Rac GTPase required for vertebrate
neuronal development, based mostly on the outcomes from studies using constitutively
active or inactive Racl mutants. Although studies with these mutants have been essential
to start assembling a picture of how Rac proteins may work to build the vertebrate nervous
system, the results from these studies must be taken with caution before drawing final
conclusions on the role of these GTPases in the vertebrate nervous systems.In fact, the
possibility that the effects observed by expressing the Racl mutants might at least in part be
due to interference also with Rac3 function in several neuronal populations cannot be ruled
out. Therefore, the results reported here are fundamental to future work aiming to define
the role of Rac GTPases in the development of diverse neuronal pathways of the central
and peripheral nervous system, in which Racl and Rac3 are coexpressed. The impairment
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of hippocampal circuitry and the epileptic phenotype of double-mutant animals also suggest
that these mice may be a valuable model to study the mechanisms of epileptogenesis.

In conclusion, the available evidence indicates that highly homologous Rac proteins perform

C

omplementary functions in the developing nervous system of vertebrates; both Racl and

Rac3 need to be considered in future analysis of the function of Rac GTPases in neural

d
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Figure 1.

Reglative amounts of Rac3 and Racl in P7 mouse brain. Duplicate samples from P7

brain lysates from wild-type animals were immunoprecipitated (2 mg protein lysate/
immunoprecipitation) with anti-Rac3 antibody and blotted with either anti-Rac1 recognizing
both Racl and Rac3 (top filter) or anti-Rac3-specific antibodies (bottom filter). Lane 1: 200
ug of lysate; lanes 2 and 4: 200 ug of unbound fractions after immunoprecipitation with
preimmune or immune anti-Rac3 Ab, respectively; lanes 3 and 5: immunoprecipitation from
2 mg of lysate with preimmune or immune anti-Rac3 antibody, respectively. Quantification
on blots (see Materials and Methods) from two independent experiments shows that Rac3
and Racl represent ~7.6 + 0.4 and 92.4 + 0.44%, respectively, of the total Rac in P7 mouse
brain lysates.
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Figure 2. Activation of the Synl-Cre transgene.
X-Gal staining on P13 (a—¢) and P8 (a) Synl-Cre/ROSA26 brain sections. In the

hippocampus of P13 (4) and P8 mice (d), Synl-Cre expression is restricted mostly to the
CA3 and dentate gyrus, including the hilus (¢), and is absent in most cells of the CA1
region. Cb, cerebellum; Co, cortex; DG, dentate gyrus; Hi, hilus; Hp, hippocampus, Ob,
olfactory bulb; Pn, pons; Th, thalamus. Scale bars = 500 um (&); 200 pum (4, @); 100 um (¢).
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b, ©) Genotyping by PCR on DNA from tail (6) and spinal cord and kidney (c) of mice

with the indicated genotypes. DNAs were screened with primer (Pr) 2 and Pr3 to produce

a 0.33-kb fragment from the floxed allele (F) and a 0.27-kb fragment from the wild-type
allele (wt). The 0.17-kb PCR fragment from the deleted allele (del) was obtained with

Pr1 and Pr3 from spinal cord. 5) A 0.45-kb PCR fragment (Cre) was obtained in the
Synl-Cre-positive transgenic mice with Pr4 and Pr5. PrF1 and PrR3 generate a 0.37-kb
fragment from the Rac3 mutant allele (Rac3K©). Sequences of all primers are reported in
Materials and Methods. @) Northern blot analysis on total RNA (15 pg/lane) hybridized with
probes specific for Racl (left panels) or Rac2 (right panels; spleen as a positive control for
Rac2). Bottom panels: gels used for blotting, stained with ethidium bromide.
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a) Immunoblotting for the indicated antigens on P13 brain lysates. Racl is decreased in
brains of Rac1N and Rac1N/Rac3KC (P<0.035) mice. Levels of Cdc42 and RhoA appear
unaltered in lysates from mutant mice. ) Rac1N/Rac3XO (left) and Rac3XO (right) P13
mice. ¢-/) Body weight (¢), righting reflex (a), negative geotaxis (¢), cliff drop aversion (5,
tail suspension (g), and forelimb grasp reflex (/) were assessed as described in Material and
Methods. Bars and error bars represent mean + se scores; 10 animals/group. *£< 0.05, **P<

0.005 vs. control littermates; Student’s £test.
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Figure 5. Reduced numbers of mossy cellsin Rac1V/Rac3X© dorsal hilusat P13 and P7.
a) Scheme of the dorsal and ventral hippocampus. DG, dentate gyrus; dHi, dorsal hilus;

VHi, ventral hilus; SL, stratum lucidum. 6) Nissl staining on sections of dorsal (top) and
ventral (bottom) dentate gyrus from P13 Rac3XO, Rac1N/Rac3KO, WT, and Rac1N mice,
showing reduced thickness of the dorsal hilus in the hippocampus of Rac1N/Rac3KC mice. ¢)
Immunohistochemistry on P13 brain sections immunostained for GluR2/3. GluR2/3-positive
cells are strongly reduced in the dentate hilus of P13 Rac1N/Rac3KC mice compared with
Rac3KO, WT, and Rac1N mice. @) Immunostaining for GIuR2/3-positive cells (top) and
hematoxylin and eosin staining (bottom) on P7 brain sections. Large cells (arrows) are
strongly reduced in the dorsal hilus of P7 Rac1N/Rac3X0C mice compared with P7 Rac3K©
mice. €) Immunostaining for GIuR2/3 (top) and Nissl staining (bottom) of sections from

P4 Rac3X0 and Rac1N/Rac3XC mice. No differences are detectable in the hilus of P4
double-knockout mice compared with Rac3X© mice. GluR2/3-positive mossy cells are not
detectable at P4. £) Sections from the ventral hippocampus of P13 mice immunostained for
GluR2/3: the reduction in mossy cells is not evident in the ventral hilus of Rac1N/Rac30
mice compared with control Rac3K© mice. Scale bars = 200 um (4); 100 um (c-.
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Figure 6. Apoptosisis not affected by deletion of Racl and Rac3 in the dor sal hippocampus.
Immunostaining with anti-active caspase-3 antibody (green) and DAPI (blue). &, b) P4

(4),and P7 (b) dorsal hippocampi. Caspase-positive apoptotic cells are rarely seen in Rac3XC
and double-knockout mice. ¢) Sections of the interdigit region from the anterior limb of
E13.5 wild-type mice were used as positive controls for apoptosis. DG, dentate gyrus; Hi,
hilus. Scale bars = 100 pm.
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Flgure7 Mos%/ cell axonal projectionsto dentate granule cellsarereduced in the dorsal hilus of
Rac1V/Rac3XC mice.

a) Scheme of major connections within the hippocampus involving hilar mossy cells and
dentate granule cells. Granule cells send their axons (mossy fibers) both to mossy cells in the
hilus and to pyramidal neurons in the CA3. Mossy cells are bidirectionally linked to granule
cells by a positive feedback loop that is strategically placed between the entorhinal cortex
and the hippocampal CA3 region. 5) Immunofluorescence on sections of P13 brains stained
for calretinin (green) that stains immature granule cells near the hilus (Hi), and mossy cell
axonal projections to the inner molecular layer (IML). The calretinin-positive projections of
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mossy cells to the IML of the dorsal dentate gyrus (arrows) are strongly reduced in Rac1N/
Rac3K0 mice compared with Rac3K© mice. GCL, granule cell layer. ¢) Quantification of
the thickness of the inner molecular layer positive for calretinin and of the density of the
calretinin signal in the inner molecular layer of the dorsal hippocampi of Rac1N/Rac3X©
(dKO) and Rac3KO mice. Values represent mean + st percentages with respect to control
Rac3KO mice (/=8) after normalization (Rac3%C mice = 100%). d) Photomicrographs

of ventral hippocampus of Rac3KC and Rac1N/Rac3KC mice stained with antibodies for
calretinin (green). In the ventral hilus, mossy cells show strong immunoreactivity for
calretinin. Calretinin-positive axonal projections and mossy cells are not affected in the
ventral hippocampus of Rac1N/Rac3O mice. Scale bars = 100 um.
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Figure 8. Alteration of circuitry in the dorsal hilus of P13 Rac1N/Rac3X© mice.

a) Distribution of synapsin | (green), tau (red), and nuclear DAPI (blue) in P13 hippocampi.
Reduced thickness of the dorsal hilus (Hi) in Rac1N/Rac3KC mice correlates with

reduced tau-positive axons and synapsin I-positive presynaptic terminals in this region. 5)
Enlargements of hilus from respective panels shown in a. ¢) Hippocampal sections from
Rac3K0 and Rac1V/Rac3XC P13 mice immunostained for synapsin (green) and MAP2 (red).
A specific reduction of synapsin-positive presynaptic terminals and MAP2-positive dendrites
is evident in the dorsal hilus (dHi) of Rac1N/Rac3X© mice compared with control Rac3K©
mice (left panels). No differences between Rac3XC and Rac1N/Rac3KC mice are observed in
the stratum lucidum (SL) of the dorsal CA3 subfield (central panels) or in the ventral hilus
(VHi) (right panels). Scale bars = 100 um (&); 25 um (6); 50 um (¢).
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Figure. Mos%/ fiber projections from granule cellsto mossy cellsare strongly reduced in
Rac1N/Rac3%C mice.

&) Hippocampi from Rac3KO (top panels) and Rac1N/Rac3KO (bottom panels) P13 mice
were stained with anti-ZnT-3 (green), a marker for granule cell mossy fibers from the
dentate gyrus (DG), and with DAPI (blue). ZnT-3-positive axonal terminals are strongly
reduced in the dorsal hilus (dHi) of Rac1N/Rac3XC mice compared with control Rac3K©
mice (right panels), but not in the stratum lucidum (SL) of the dorsal CA3 subfield (left
panels). Scale bars = 100 um. ) Quantification of density of ZnT-3, MAP2, and synapsin

I signals in the dorsal hilus of Rac1N/Rac3XC (dK0O) and Rac3KO mice. Values represent
mean * se percentages with respect to control Rac3X0 mice (#7=8for ZnT-3 and MAP2; n=7
for synapsin 1) after normalization (Rac3K© mice = 100%).
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Figure 10. Deletion of both Racl and Rac3 deeply affects spinogenesis.
&) Genomic DNA was extracted from the tail (T) of a Rac1¥* SynI-Cre mouse, the spinal

cord (SC) of a Rac1F/F Synl-Cre mouse, and 15 DIV hippocampal cultures obtained from
two different Rac1¥* Synl-Cre embryos (hcl and hc2). DNAs were processed by PCR as
detailed in Materials and Methods. PCR fragments are from floxed (F), wild-type (wt), and
deleted (del) alleles. 5) Hippocampal neurons from Rac1F/F mice were transfected at 4 DIV
with EGFP and EGFP-Cre recombinase. Cotransfected cells fixed at 14 DIV were labeled
with anti-GFP (green, cytoplasmic), anti-Cre (red, nuclear), and DAPI (blue). Same field is
shown in both panels. Scale bar = 100 um. ¢c-# Hippocampal neurons from Rac1™F (¢, d)

or Rac1F/F/Rac3KO (g, £ mice were transfected at 4 DIV with GFP (c, €) or cotransfected
with GFP-Cre and GFP (4, /). Cells were fixed at 14 DIV and stained with anti-GFP (green)
and anti-PSD95 (red). Same fields are shown in the middle and bottom pictures of each
panel. Scale bar =5 um. g) Quantification of the number of mature and immature spines on
dendrites of hippocampal neurons, shown as average protrusion density (number/100 pm).
Quantification was performed on =450 protrusions from 7-10 neurons per experiment per
condition. Dendritic protrusions included mushroom and stubby spines, short (<4 pm) and
long (>4 um) filopodia, and lamellipodia. */~ < 0.0005, **P< 0.00005 vs. respective control
neurons; Student’s Ztest.
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