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Rac proteins are members of the Rho family of GTPases involved in the regulation of actin dynamics. The
three highly homologous Rac proteins in mammals are the ubiquitous Racl, the hematopoiesis-specific Rac2,
and the least-characterized Rac3. We show here that Rac3 mRNA is widely and specifically expressed in the
developing nervous system, with highest concentration at embryonic day 13 in the dorsal root ganglia and
ventral spinal cord. At postnatal day 7 Rac3 appears particularly abundant in populations of projection
neurons in several regions of the brain, including the fifth layer of the cortex and the CA1-CA3 region of the
hippocampus. We generated mice deleted for the Rac3 gene with the aim of analyzing the function of this
GTPase in vivo. Rac3 knockout animals survive embryogenesis and show no obvious developmental defects.
Interestingly, specific behavioral differences were detected in the Rac3-deficient animals, since motor coordi-
nation and motor learning on the rotarod was superior to that of their wild-type littermates. No obvious
histological or immunohistological differences were observed at major sites of Rac3 expression. Our results
indicate that, in vivo, Rac3 activity is not strictly required for normal development in utero but may be relevant

to later events in the development of a functional nervous system.

Members of the Rho family of small GTPases are key reg-
ulators of a broad range of cellular functions in eukaryotes,
including cytoskeletal organization, membrane trafficking,
transcription, cell growth, and development (17, 47). Each
family member is believed to be involved in the regulation of
multiple cellular processes, and there appears to be functional
overlap between individual Rho family GTPases (21, 47). The
Rho family includes about 20 Rho proteins that can roughly be
divided into five groups, the Rho-like, Rac-like, Cdc42-like,
Rnd, and RhoBTB subfamilies (7). The Rac subfamily consists
of three genes: Racl, Rac2, and Rac3/RaclB (20, 29), herein
referred to as Rac3. The corresponding polypeptides share
about 90% protein identity. Rac proteins participate in a broad
range of cellular functions, such as actin cytoskeletal reorga-
nization (38), cell adhesion (21), cell growth (36), and super-
oxide formation (2, 24). The most obvious difference among
the three proteins is their pattern of expression. Racl is ubig-
uitously expressed in most organs and is involved in the regu-
lation of actin cytoskeletal reorganization (33). In contrast,
Rac2 is specifically expressed in hematopoietic cells (15, 20,
40), while Rac3 has predominant expression in the developing
nervous system and adult brain (20, 29).

Targeted disruption of the gene has shown that Racl-null
mice die early during development (42). The Racl-deficient
embryos show a high degree of cell death in the space between
the embryonic ectoderm and endoderm at the primitive streak
stage, and die before embryonic day 9.5 (E9.5). Investigation of
the primary epiblast culture isolated from Racl-deficient em-
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bryos indicated that Racl is involved in lamellipodium forma-
tion, cell adhesion, and cell migration in vivo, suggesting that
Racl-mediated cell adhesion is essential for the formation of
three germ layers during gastrulation.

In mammals, Rac2 is restricted in expression to hematopoi-
etic cells, where it is coexpressed with Racl. Rac2-null mice
develop normally and are fertile (39). Gross and histopatho-
logical examinations of nonhematopoietic organs are normal,
although neutrophils isolated from Rac2-null mice demon-
strate deficits in multiple functions, including cytoskeletal re-
modeling and superoxide production, with significant conse-
quences for leukocyte trafficking and host defense, implicating
Rac2 in the regulation of the functions of different hemato-
poietic cells (1, 5, 12, 13, 18, 19, 48, 51).

Rac3 has the strongest homology to Racl (29). The greatest
divergence between Rac3 and Racl occurs at the carboxy-
terminal hypervariable region (residues 180 to 192). This re-
gion is posttranslationally modified and is important for the
specific intracellular localization and interaction of the GT-
Pase with target proteins (4, 23). In vitro, overexpression of
avian Rac3 specifically potentiates neuritogenesis and branch-
ing from cultured avian retinal neurons (3). In previous stud-
ies, we found that the transcript for avian Rac3 (cRaclB) is
specifically expressed in the developing chicken peripheral and
central nervous system (29). The levels of the transcript are
developmentally regulated in the avian and mouse brain, with
a peak corresponding to the time of intense neurite branching
and synaptogenesis (3, 6). The highest Rac3 mRNA expression
among human tissues studied is in brain (20), where Racl
mRNA but not Rac2 mRNA is also present (15). Moreover,
the in situ hybridization analysis presented here shows that
Rac3 is widely and specifically expressed in the developing
nervous system of wild-type mice.

The restricted expression pattern of Rac3 in the developing
animal differs substantially from that of Racl and Rac2, sug-
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FIG. 1. Targeted disruption of the mouse Rac3 gene. (A) Targeting strategy. The structures of the wild-type allele and the disrupted allele are
shown. In the wild-type allele, exons are numbered 1 to 6 and are represented by black boxes. The primers used for routine genotyping are
represented by arrows. (B) PCR genotyping with primers for wild-type and recombinant alleles. A 0.46-kb fragment was generated from the
wild-type allele (primers F1 and R2), and a 0.37 kb fragment was generated from the mutant allele (primers F1 and R3). (C) Genomic DNA
prepared from tail biopsies was used for Southern blot analysis after digestion with EcoRI and Xbal (upper blot), or with Sacl (lower blot). Filters
were probed with the 0.25-kb EcoRI/Sacl fragment generated from sequence immediately upstream of the 5" arm (5’ probe, upper blot), and with
the 0.4-kb Kpnl/Smal fragment from the 3" arm (3’ probe, lower blot). ATG, start methionine; lp, loxP sites; +/+, wild-type; +/—, heterozygous;

—/—, homozygous knockout.

gesting specific biological roles for each gene. In this study, we
have begun to examine the in vivo functions of Rac3 via the
generation of mice with a targeted deletion of the coding
region of the gene. The resultant homozygous mice are viable
and fertile. The work reported here details the first character-
ization of Rac3 knockout mice and shows the existence of
behavioral differences between wild-type and Rac3 mutant
mice.

MATERIALS AND METHODS

Construction of the Rac3 targeting vector and generation of mutant mice.
Genomic clones including the region with the six exons encoding the full coding
region were obtained from a mouse 129SVJ lambda FIX II genomic library
(Stratagene). Restriction analysis and sequencing were used to identify suitable
regions for subcloning into the targeting vector. A 4.9-kb Xbal/Spel fragment
was blunted and inserted between the neomycin and thymidine kinase cassettes
of the pPNT-loxP vector (with the neomycin cassette derived from the pFlox
vector) as the 3" arm. A unique Xhol site was then inserted by ligation of paired
oligonucleotides between the Notl and Sall sites just upstream of the neomycin
cassette. The final targeting vector (pRac3.5) included a 1.7-kb fragment ob-

tained by PCR, corresponding to the region just upstream of the Rac3 ATG, as
5" arm, followed by a 3.7-kb fragment coding for bacterial B-galactosidase gene
(lacZ).

The B-galactosidase cDNA was knocked into the Rac3 locus to allow Rac3
expression to be monitored in vivo. The B-galactosidase insertion sites were
analyzed by direct sequencing of the recombinant construct. The B-galactosidase
c¢DNA was inclusive of the full coding region and of the polyadenylation se-
quence. The position of the starting ATG of the B-galactosidase coincided with
that of the ATG of the deleted Rac3. Homologous recombination of the target-
ing construct with the wild-type gene results in deletion of exons 1 to 6, as
depicted in Fig. 1A.

The targeting construct was linearized with Xhol and electroporated into R1
(129/SvJ X 129/Sv-CP) embryonic stem (ES) cells. Resistant cells were selected
in the presence of G418 and ganciclovir. DNA was isolated from a total of 683
clones. A 0.25-kb EcoRI/Sacl fragment generated from sequence immediately
upstream of the 5" arm was used to screen ES cell genomic DNA for homologous
recombination by Southern blotting and hybridization. Two independent ES cell
lines were injected into C57BL/6 blastocysts, which were subsequently trans-
ferred into pseudopregnant females to generate chimeric offspring. Chimeras
were bred with either 129/SvPasIco (129/Sv) or C57BL/6 female mice to produce
heterozygotes. All procedures were carried out in accordance with institutional
policies following approval from the Animal Ethical Committee of the San
Raffaele Scientific Institute.
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Genotyping of mutant mice. The genotypes of mutant mice were determined
by PCR and confirmed by Southern blot analysis of genomic DNA from tail
biopsies. Briefly, tail samples were incubated overnight in lysis buffer (50 mM
Tris, pH 8.0, 100 mM EDTA, 100 mM NaCl, 1% sodium dodecyl sulfate, 1 mg
of proteinase K ml™1), followed by isopropanol precipitation. Routine genotyp-
ing through PCR was performed with genomic DNA with specific oligonucleo-
tide primers for the Rac3 wild-type allele (F1, 5'-CATTTCTGTGGCGTCGCC
AAC-3', and R2, 5'-CACGCGGCCGAGCTGTGGTG-3'). For the targeted
allele, a primer was designed from within the lacZ gene (R3, 5'-TTGCTGGTG
TCCAGACCAAT-3’). The three primers were used in a multiplex PCR with LA
Taq (Takara) with the following amplification conditions: 94°C for 1 min and 30
cycles of 98°C for 20 s, 66°C for 1 min, and a 10-min incubation at 72°C at the end
of the run. Amplification products were resolved on a 1.6% agarose gel. Geno-
typing of animals was confirmed by Southern blotting on genomic DNA probed
with the 0.25-kb EcoRI/Sacl fragment generated from sequence immediately
upstream of the 5" arm, and with a 0.4-kb Kpnl/Smal fragment from the 3'arm.

Reverse transcription-PCR and Northern blot analysis. Total cellular RNA
was isolated from postnatal day 0 (PO) and P9 brains with the GenElute kit
(Sigma-Aldrich). Aliquots of RNA were transcribed into cDNA (Superscript IT;
Invitrogen) and amplified with GoTaq (Promega) and primers specific for Racl
(forward, 5'-CCAATACTCCTATCATCCTC-3', and reverse, 5'-ACAGCAGG
CATTTTCTCTTC C-3') or Rac3 (forward, 5'-CACACACACCCATCCTTCT-
3’, and reverse, 5'-GAATACAGTGCACTTCTTGCC-3). The following ampli-
fication protocol was used: 94°C for 2 min and 30 cycles of 94°C for 1 min, 57°C
for 1 min, and 72°C for 1 min. Products were electrophoresed through a 1.6%
agarose gel.

Northern blot analysis of total RNA from the indicated organs (15 pg/lane)
was performed as previously described (26). Blots were hybridized with a 0.28-kb
PCR fragment corresponding to the 3’ untranslated region of the cDNA for
Rac3, with a 1-kb fragment of mouse Rac3 ¢cDNA (the same used for in situ
hybridization), with a 378-bp PCR fragment corresponding to bp 181 to 558 of
the translated Rac2 cDNA (amino acids 61 to 186), or with a 1.2-kb fragment
corresponding to part of the 3’ untranslated region of the Racl cDNA. Hybrid-
ization took place in hybridization buffer supplemented with 3?P-labeled probes
(1 X 10°to 2 X 10° cpm ml~ ") for 15 h at 65°C. Following high-stringency washes
at 65°C, X-ray films were exposed for 3 to 12 h to the hybridized filters.

Biochemical analysis. P9 brains were extracted with lysis buffer (0,5% Triton
X-100, 150 mM NaCl, 20 mM Tris-Cl, pH 7.5, and 10 pg ml~! each of antipain,
chymostatin, leupeptin, and pepstatin). Human platelets were isolated from fresh
blood by separation on Ficoll gradients, washed, and lysed in lysis buffer. Mouse
peritoneal macrophages were recovered after treatment for 5 days with 600 .l
per mouse of 3% thioglycolate. Cell and tissue lysates were clarified by centrif-
ugation. For each immunoprecipitation, 10 to 20 pl of immune or preimmune
Rac3 antiserum was preadsorbed to 25 pl protein A-Sepharose beads (Amer-
sham Biosciences) and added to lysates (1.5 to 3 mg protein/immunoprecipita-
tion). After 3 h at 4°C with rotation, immunoprecipitates were washed four times
with 0,75 ml of lysis buffer, and analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and immunoblotting.

Immunoblotting was performed on brain lysates and on immunoprecipitates.
Filters were incubated with a Rac3 polyclonal antiserum diluted 1:100 (6), with
a Racl monoclonal antibody (0.25 pg ml~'; Transduction Laboratories-Becton
Dickinson) or with a tubulin monoclonal antibody (0.3 pg ml~'; Amersham
Biosciences). For the detection of primary antibodies, blots were incubated with
0.2 wCi ml~! of ['*I]protein A or ['**T]anti-mouse immunoglobulin (Amersham
Biosciences), washed, and exposed to Amersham Hyperfilm-MP.

Histopathology. Prior to collection of adult tissue, animals were deeply anaes-
thetized, and cardiac perfusion with 4% paraformaldehyde was performed.
Whole brains were removed and postfixed overnight. Eyes were dissected and
directly fixed in 4% paraformaldehyde. After fixation, organs were dehydrated
and embedded in paraffin; 10-um sections were stained with cresyl violet or with
hematoxylin and eosin, according to standard protocols.

Immunofluorescence. P7 mice were fixed under deep anesthesia by transcar-
dial perfusion with 4% paraformaldehyde in phosphate-buffered saline. Brains
were removed from skulls and immersed in fixative overnight at 4°C. Samples
were washed with phosphate-buffered saline, cryoprotected with sucrose in phos-
phate-buffered saline, and frozen in O.C.T. compound (VWR International Ltd.,
Poole, Dorset, United Kingdom); 12-um-thick sections were blocked in 15%
serum, 0.3% Triton X-100, 450 mm NaCl, 20 mm sodium phosphate buffer, pH
7.4. Sections were first incubated overnight at 4°C with primary antibodies,
followed by incubation for 1.5 h at room temperature with fluorescently labeled
secondary antibodies (Molecular Probes). Primary antibodies included the G177
polyclonal antibody against synapsin I (46) and mouse monoclonal antibodies
against MAP2 (HM-2 from Sigma-Aldrich), calbindin (Swant), and GAD65 and
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GADG67 (Chemicon). Control sections were incubated with secondary antibodies
only. Sections were analyzed with a Bio-Rad MRC 1024 confocal microscope
(Bio-Rad, Hercules, CA).

In situ hybridization of Rac3 mRNA. Embryos were fixed in 4% paraformal-
dehyde immediately after removal, while postnatal brains were fixed by perfusion
and postfixed overnight at 4°C in 4% paraformaldehyde; 10-pm sections were cut
after freezing. Probes were obtained by in vitro transcription of antisense (Rac3-
AS) and sense (Rac3-S) single-stranded RNA probes from a 1-kb fragment of
mouse Rac3 cDNA (including the region coding for the protein flanked by a
short 5’ and the 3’ nontranslated region), cloned into the plasmid BlueScript
(Stratagene). The antisense Racl (Racl-AS) single-stranded RNA probe was
obtained from a 1.2-kb fragment of mouse Racl cDNA (including part of the 3’
nontranslated region). The digoxigenin-labeled antisense and sense probes were
synthesized with T7 and T3 RNA polymerases and digoxigenin-11-UTP (Roche)
as previously described (37). The transcripts were used as probes at a concen-
tration of 1 pg/ml in hybridization buffer at high stringency (60°C). The hybrid-
ized probe was detected with alkaline phosphatase-coupled antibodies to digoxi-
genin according to the manufacturer’s protocol (Roche).

Accelerating rotarod test. For behavioral phenotyping, we used individuals
obtained by crossing chimeras carrying 129/Sv ES cells targeted for the Rac3
locus with pure-bred 129/Sv individuals (Charles River). Thus, mutants are to be
considered coisogenic with pure-bred 129/Sv and genetically homogeneous. Tests
were performed on littermates.

Motor ability was determined using an accelerating rotarod apparatus (model
7650, Ugo-Basile SRL), as described (9, 16). Mice were tested using two trials
per day (6 h rest between the two trials) on 3 consecutive days. Each trial
consisted of three tests per animal, with at least 15-min rests between tests.
During a trial, the rod accelerated from 4 to 40 rpm over 6 min and then
remained at 40 rpm for an additional 9 min. Each trial lasted until the mouse fell
from the rod or for a maximum of 15 min. If a mouse was observed to rotate
passively with the bar for a full rotation, the test was stopped. Statistical signif-
icance was assessed by Student’s ¢ test. Differences were considered significant at
P < 0.05.

Footprint analysis. After the coating of their hind feet with a nontoxic paint,
animals were allowed to walk through an illuminated, narrow, 7-cm-wide, 110-
cm-long, 10-cm-high alley. The footprint patterns made on the paper lining the
floor of the alley were scored for four parameters. The left and right strides
(average distance of forward movement between alternate steps) and the base
(average lateral distance between opposite left and right steps) were calculated
by measuring the average values from five clearly visible consecutive footprints.
Average values were normalized by the length of each animal. Statistical signif-
icance was assessed by Student’s ¢ test. Differences were considered significant at
P < 0.05.

Hot plate test. Hot plate nociception is a reflex that requires higher brain
centers (11, 32). The mouse is placed in a Plexiglass cylinder (10.2-cm diameter
by 30.5 cm high) on the surface of a hot plate which is maintained at 55°C. The
time that passes before the mouse raises and licks its paw or jumps up is
recorded. The mouse is then immediately removed from the hot plate. If the
mouse had not responded within 30 s, it was removed from the hot plate to
prevent tissue damage. Hot plate test data were analyzed by the Student  test,
with P < 0.05 considered significant.

RESULTS AND DISCUSSION

Generation of Rac3-deficient mice. The translated region of
the mouse Rac3 gene includes six exons spanning about 2 kb on
mouse chromosome 11 E2. We isolated and partially se-
quenced genomic clones that contain exons 1 to 6 (Fig. 1A).
The full sequence of this region of mouse chromosome 11 has
since been confirmed by NCBI (MGI:2180784) and the Mouse
Genome Sequencing Consortium (49).

To determine the function of Rac3 in vivo, we used homol-
ogous recombination in ES cells to disrupt the Rac3 gene. We
removed the 2-kb region of the gene encoding the full-length
Rac3 polypeptide (exons 2 to 5 and part of exons 1 and 6; Fig.
1A). The targeting vector was designed to replace this region
with the bacterial Rac3 gene and the neomycin resistance gene.
The deleted region (2 kb) encodes the full-length Rac3
polypeptide. Independent ES cell clones with homologous re-
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FIG. 2. Analysis of the expression of the transcripts of Rac proteins
in mutant mice. (A) Total RNA prepared from P9 brains of wild-type
(+/+), heterozygous (+/—), and knockout (—/—) mice was reverse
transcribed and then used for PCR amplification with primers specific
for Racl and Rac3. No amplification product for Rac3 was observed in
the knockout mice. Total RNA (15 pg/lane) from PO (B and D) or P9
(C and E) brains of wild-type (+/+), heterozygous (+/—), and knock-
out (—/—) mice was used for Northern blot analysis. Filters were
incubated at high stringency with a 0.28-kb Rac3-specific probe (B), a
0.38-kb Rac2-specific probe (C), the 1-kb Rac3-specific probe also
used for in situ hybridization (D), or a 1.2-kb Racl-specific probe (E).
A control lane with 15 g of total RNA from adult spleen was included
in panel C. No RNA for Rac3 was detectable in the knockout mice (B
and D).

combination confirmed by Southern blotting were injected into
blastocysts to generate chimeras. Male chimeras from two dif-
ferent ES cell clones were crossed with C57BL/6 females to
establish strains with a mixed genetic background (129-C57)
heterozygous for the mutated allele. Alternatively, male chi-
meras were crossed with 129/Sv females to establish strains
with the 129/Sv genetic background. Homologous recombina-
tion in offspring was confirmed by both PCR (Fig. 1B) and
Southern blot analysis (Fig. 1C).

The absence of Rac3 mRNA in the knockout mice was
confirmed by reverse transcription PCR with cDNA generated
from cerebral RNA from P9 animals. No Rac3 product was
amplified from knockout tissue, while a band of the expected
size was amplified from wild-type and heterozygous tissue (Fig.
2A). Primers specific for Racl were used to ensure that ex-
pression of these genes was not dysregulated. An amplification
product of the expected size was also obtained with the Racl
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FIG. 3. Expression of the Rac3 protein. (A) Immunoblotting on P9
brain lysates. Filters were incubated with the anti-Rac3 (upper), anti-
Racl (middle), or antitubulin (lower) antibodies. No Rac3 protein was
detected in the brain lysate from knockout mice. (B) P9 brain lysates
were incubated with protein A-Sepharose beads conjugated to preim-
mune (PI) or immune anti-Rac3 serum (IP Rac3). After blotting, the
filters were incubated with the anti-Rac monoclonal antibody. No Rac3
protein was immunoprecipitated from the brain lysate of knockout
mice. (C) Aliquots of 2 mg protein of P7 brain lysate and of 3 mg
protein of adult tissue lysates were immunoprecipitated with anti-Rac3
antibody. After blotting, the filters were incubated with the anti-Rac
monoclonal antibody recognizing both Rac3 and Racl. Br, brain; Sp,
spleen; Li, liver; Lu, lung; Mu, skeletal muscle; Ki, kidney; Cb, cere-
bellum; He, heart; Te, testis; Pa, pancreas; Th, thymus. (D) Aliquots of
lysates from human platelets (1.12 mg protein), P7 brain (2 mg pro-
tein), and mouse peritoneal macrophages (1.2 mg protein) were im-
munoprecipitated with anti-Rac3 (IP) or with preimmune serum (PI)
and blotted with the anti-Rac monoclonal antibody. No Rac3 could be
detected in platelets and macrophages. Ub, unbound material after
immunoprecipitation (250 pg/lane); Ly, lysate (100 pg/lane).

primers from knockout tissue. The absence of Rac3 mRNA
from knockout animals was confirmed by Northern blotting
using two different probes on PO mRNA from the brain (Fig.
2B and D). Rac2 is not expressed in the brain (15), and North-
ern blot analysis on knockout animals showed no evident up-
regulation of either Rac2 (Fig. 2C) or Racl (Fig. 2E) expres-
sion in brain. As a positive control for Rac2, this gene was
clearly expressed in the control spleen, as expected (Fig. 2C).

The Rac3 protein shows specific expression in the mouse
brain, with a peak of expression around P7 (6). By using a
Rac3-specific antibody, we found that the Rac3 protein was
absent from knockout animals, by both immunoblotting (Fig.
3A) and immunoprecipitation from P9 brain lysates (Fig. 3B).
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FIG. 4. Expression of Rac3 mRNA in E13 mice. Parasagittal sections of E12.5 to E13 wild-type (wt) and knockout (ko) mouse embryos were
hybridized with antisense (AS) or sense (S) digoxigenin-labeled cRNAs for Rac3 and examined for signal detection. (A) Rac3 is specifically and
widely expressed in the developing nervous system. (B) Cerebellum; (C) mesencephalon; (D and E) medulla oblongata; (F) trigeminal ganglion;
(G) eye; (H and I) dorsal root ganglia; (J and K) spinal cord. Abbreviations: ctz, cortical transitory zone; dcn, deep cerebellar nuclei; di,
diencephalon; drg, dorsal root ganglia; hb, hindbrain; he, heart; li, liver; lu, lung; mc, mouth cavity; me, mesencephalon; mg, midgut; nc, nasal
cavity; ob, olfactory bulb; re, rectum; sc, spinal cord; se, septum; te, telencephalic vesicle. Bars: 500 wm (A); 200 pm (B to K).

As a control, immunoblotting with an anti-Racl antibody
showed no differences in the protein levels in wild-type and
knockout mouse brains (Fig. 3A). Altogether these data con-
firm the absence of Rac3 in the knockout mice and show no
evident upregulation of expression of the other two Rac pro-
teins in the brains of these animals.

We have previously shown that the Rac3 protein is detect-
able only in brain among a number of organs obtained from P7
mice (6), while it is undetectable in other tissues, including the
thymus. Here, we tested the expression of Rac3 in different
adult organs and detected some Rac3 protein only in the brain
(Fig. 3C). We also checked for the expression of Rac3 in
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FIG. 5. Expression of Rac3 mRNA in P7 mouse brain. In situ hybridization on P7 mouse brain coronal (A, C, F to H) and parasagittal (B, D,
E, I to L) sections from wild-type (wt) and knockout (ko) mice, using a Rac3 antisense (AS) or sense (S) probe. (A) Rac3 is specifically expressed
in several areas of the P7 brain. (B and C) hippocampus; (D to G) cerebral cortex; (H) thalamus; (I) pons; (J and K) cerebellum; (L) olfactory
bulb. Abbreviations: am, amygdala; cc, corpus callosum; co, cortex; cpu, caudatus-putamen; den, deep cerebellar nuclei; dg, dentate gyrus; epl,
external plexiform layer; fv, fourth ventricle; gl, glomerular layer of olfactory bulb; hi, hippocampus; ht, hypothalamus; lv, lateral ventricle; mcl,
mitral cell layer; me, mesencephalon; pi, piriform cortex; pn, pons; py, pyramidal cell layer of the hippocampus; th, thalamus. Bars: 500 pm (A);

200 pm (B to L).

human platelets and mouse peritoneal macrophages, and we
were unable to detect any protein by immunoprecipitation (Fig.
3D). This finding is in agreement with previous findings showing
that Rac3 is not expressed in mouse bone marrow-derived mac-
rophages (50). In general, we have so far been unable to detect
the endogenous Rac3 protein in cells or tissues other than the
nervous system, although low levels of RNA can often be de-
tected by reverse transcription-PCR (data not shown).

To disrupt the Rac3 gene, we have replaced the portion
corresponding to Rac3 with the bacterial lacZ gene (Fig. 1A),
with the aim of studying the expression of B-galactosidase in
knockout animals. Unfortunately, we have been unable to uti-

lize the expression of B-galactosidase to detect the localization
of the transcript of the mutant gene in knockout animals,
probably due to inefficient expression of the mutant gene. In
fact, while a weak band of the expected size was detected by
reverse transcription-PCR with oligonucleotides amplifying
the 3" untranslated region of Rac3 or a region of the bacterial
lacZ gene, no signal was detectable by Northern blotting or by
lacZ staining on sections or whole-mount preparations of
knockout embryos (data not shown).

Genotype distributions at birth matched expected Mende-
lian ratios as a result of intercrossing heterozygotes, indicating
that disruption of Rac3 did not result in embryonic lethality.



VoL. 25, 2005 Rac3 KNOCKOUT MICE 5769

Rac3

FIG. 6. Expression of Racl and Rac3 mRNA in P7 mouse brain. In situ hybridization on P7 mouse brain parasagittal sections from wild-type
mice, using Rac3 (A and C) or Racl (B and D) antisense probes, as detailed in the text. Abbreviations: cb, cerebellum; co, cortex; dg, dentate gyrus;
hi, hippocampus; ob, olfactory bulb; pn, pons; py, pyramidal cell layer of the hippocampus; th, thalamus. Arrows in A and B indicate an evident
difference in labeling in the dentate gyrus between Rac3 and Racl. Bars: 500 pm (A and B); 200 um (C and D).
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FIG. 7. Histology of wild-type and knockout adult brains. Macroscopic analysis of brains from 3-month-old wild-type (A) and knockout
(B) mice revealed no major abnormalities. Coronal sections stained with cresyl violet of brains through cerebral cortex (C and D), hippocampus
(E and F), olfactory bulbs (G and H), cerebellar cortex (I and J), and deep cerebellar nuclei (K) showed normal cell layering and an unaltered
cytoarchitecture in both wild-type and knockout mice. (L) Section through knockout adult retina stained with hematoxylin and eosin, showing

normal layering. Bars: 200 pm (C to F), 100 wm (G to K), 50 wm (L).

Rac3-null mice were indistinguishable from their wild-type and
heterozygous littermates in size, weight, and external appear-
ance.

To investigate the effect of Rac3 on both male and female
fertility, a number of matings between knockout animals were
performed. Thirty-six litters from five Rac3™/~ females mated
with knockout males revealed that both knockout males and
females were fertile and that litter size and average number of
pups were not significantly different from those observed in
wild-type-only matings. The time interval between the addition
of a knockout male and the first litter was comparable between
wild-type and knockout females, suggesting normal mating be-
havior.

Analysis of Rac3 expression by in situ hybridization. Previ-
ous findings have shown that expression of avian and mouse
Rac3 is developmentally regulated in the nervous system of
chicken embryos and mouse brain, respectively (6, 29). We
have previously shown staining with the Rac3 antibody in the
cerebellum of P7 mice that was specific according to a number
of controls (6). Unfortunately, we found that this antibody still
gave a signal in the cerebellum of knockout animals (data not
shown). Therefore, although the specificity of our antibody was
confirmed by the biochemical analysis shown in this study (see
Fig. 3), we have to hypothesize that a cross-reacting antigen is
recognized by the antibody under the conditions utilized for
immunofluorescence on sections in mouse brain.

Here, we used in situ hybridization with an antisense RNA
probe specific for mouse Rac3 to analyze in more detail the
distribution of the Rac3 transcript in E13 and P7 mice. Para-
sagittal sections of E13 mouse embryos hybridized with anti-
sense digoxigenin-labeled cRNAs corresponding to Rac3 were
examined for signal detection. Rac3 mRNA was specifically
and widely expressed in the developing nervous system of E13
mouse embryos (Fig. 4A). Rac3 was evident in several areas of
the brain, including developing cerebellum (Fig. 4B), mesen-
cephalon and pretectum (Fig. 4C), medulla oblungata (Fig.
4D), and the inner layer of the developing retina (Fig. 4G). A
prominent signal was also detected at this stage in trigeminal
ganglia, in dorsal root ganglia, and in the ventral part of the
spinal cord (Fig. 4F, H, and J, respectively). Inspection of other
organs revealed no evident signal for Rac3 at this stage. The
specificity of the signal was confirmed by the absence of a
signal using the corresponding Rac3 sense probe on sections of
wild-type animals (Fig. 4K) and by the lack of the signal in
Rac3-null embryos incubated with the antisense probe (Fig. 4E
and I).

Previously, we detected the highest levels of Rac3 protein by
immunoprecipitation from P7 mouse brain lysates (6). Here,
mRNA in situ hybridization analysis revealed high levels of
Rac3 mRNA in several regions of P7 mouse brain (Fig. 5).
Rac3 was particularly evident in the hippocampus, with a
strong signal in the CA1-CA3 region and a much weaker signal
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FIG. 8. Distribution of neuronal markers in the hippocampus and in the cortex of P7 mice. Immunofluorescence on P7 brain coronal sections from
wild-type (wt) and knockout (ko) mice, incubated with the indicated primary antibodies, and Alexa-488-labeled secondary antibodies. (A to N)
Hippocampus; (O to R) fourth to sixth layers of the cerebral cortex. Abbreviations: gr, granular layer of dentate gyrus; ml, molecular layer of dentate
gyrus; ol, oriens layer of the CA3 region; sl, stratum lucidem; pl, polymorph layer of dentate gyrus; py, pyramidal cell layer of the CA3 region; calb,
calbindin; syn, synapsin I; GAD, GAD65 and GADG67 staining. Bars: 100 um (I and J); 50 pm (A to D, G, H, M, and N); 25 pum (E, F, K, and L).
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FIG. 9. Distribution of neuronal markers in the cerebellum of P7 mice. Immunofluorescence on P7 cerebellar parasagittal sections from
wild-type (wt) and knockout (ko) mice, incubated with the indicated primary antibodies and Alexa-488-labeled secondary antibodies. (A to D)
Cerebellar cortex; (E to L) deep cerebellar nuclei. Abbreviations: P, Purkinje cells; igl, inner granular layer. Bars: 50 wm (A, B, and G to L); 25

pm (C to F).

in the gyrus dentatus (Fig. 5B), while no signal could be de-
tected in the hippocampus of Rac3-deficient mice (Fig. 5C). In
the cerebral cortex, the signal was strongest in the pyramidal
neurons of the developing fifth layer, but a weaker signal was
also observed in the second and third layers (Fig. 5D to G).
Rac3 mRNA was evident in several nuclei of the thalamus, in
the amygdala (Fig. 5A and H), and in the pons (Fig. 5I),
mesencephalon, and colliculi (data not shown). In the cerebel-
lum, the strongest staining was observed in the deep cerebellar
nuclei and in scattered cells in the internal granular layer,
probably corresponding to Golgi type II cells, while a weaker
signal could be detected in the Purkinje cell layer (Fig. 5J).
Virtually all territories in which the gene is expressed contain
projection neurons involved in long and complex neuronal
networks. Notably, no white matter region ever showed a sig-
nal for Rac3, suggesting that the gene is not significantly ex-

pressed in oligodendrocytes. In the olfactory bulb, Rac3 was
present in the mitral cell layer and in the glomerular layer (Fig.
SL).

Previous studies have shown that Racl is ubiquitously ex-
pressed in the adult rat brain and in the developing mouse
brain (6, 44). Moreover, in situ analysis has shown that the
Racl transcript is present in both CA1-CA3 and dentate gyrus
of the P8 rat hippocampus (34). Here we have shown by in situ
analysis that Racl was quite homogenously expressed in P7
mouse brain (Fig. 6B). We also confirmed the expression of
Racl in both CA1-CA3 and the dentate gyrus of the hippocam-
pus (Fig. 6B and D), in contrast to Rac3, which showed the
highest expression specifically in the CA1-CA3 region but was
absent from the dentate gyrus (Fig. 6A and C).

Histopathological and immunohistochemical analysis of
Rac3-deficient mice. The gross morphology of adult brains
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FIG. 10. Behavioral characterization of wild-type and Rac3 knock-
out mice: analysis of footprint patterns and hot plate test. (A) Exper-
imental set-up used for footprint analysis. Stride right, stride left, base
R>L (right to left) and base L>R (left to right) indicate the four
parameters considered. (B) Footprint patterns of 24- to 28-week-old
wild-type (n = 9, grey bars) and knockout (n = 9, black bars) mice
were quantitatively assessed for stride R, stride L, base R>L, and base
L>R, as detailed in Materials and Methods. The mean values (*
standard error of the mean) normalized by the body length are shown.
Rac3 knockout animals had slightly decreased strides. (C) Ten wild-
type and 10 knockout mice were placed on a hot plate at 55°C. Latency
to first paw lick and latency to jump were recorded. Each bar shows the
mean * standard error of the mean. *, P < 0.05; **, P < 0.005.

from Rac3 knockout animals did not differ from that of wild-
type brains (Fig. 7A and B). A closer histological inspection of
distinct regions of the brain both at P7 (not shown) and in the
adult (Fig. 7) revealed no major abnormalities. From the anal-
ysis of cresyl violet-stained sections, the structure and layering
of the cortex were indistinguishable between wild-type and
Rac3-null mice (Fig. 7C and D). No evident differences could
be detected in the organization of the hippocampus, which
showed the characteristic cytoarchitecture with a fully shaped
dentate gyrus (Fig. 7E and F). The olfactory bulb of adult Rac3
knockout mice appeared normal, with no noticeable changes in
the different layers (Fig. 7G and H). Foliation of the cerebel-
lum was normal, and the molecular, Purkinje cell, and granule
cell layer as well as the deep cerebellar nuclei were present
(Fig. 7I to K). The eye and the stratification of the retina were
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normal (Fig. 7L). Taken together, these results show that Rac3
is dispensable for the normal macroscopic development of the
brain.

To look more carefully into possible alterations in the orga-
nization of the brain of Rac3 knockout animals, we performed
a careful immunohistochemical analysis using a number of
neuronal markers specific for axons and dendrites, such as
calbindin and Map2 (22, 30) or, for synaptic sites, synapsin I
and GAD65/67 (43, 46). Representative data from this analysis
are shown, including some of the regions with high levels of
Rac3 transcript expression (Fig. 4 to 6), such as the hippocam-
pus (Fig. 8A to N), the cerebral cortex (Fig. 80 to R), and the
cerebellum with deep cerebellar nuclei (Fig. 9). The general
conclusion is that no detectable differences could be observed
at this level of analysis in the general organization of the
neurites and of synapses.

Behavioral differences between Rac3-null and wild-type an-
imals. Our data show that Rac3 is dispensable for normal
development. Rac3 shows a broad distribution throughout the
nervous system during development. We performed a number
of behavioral tests on 129/Sv Rac3-null mice to look for effects
of the Rac3 mutation that may be caused by so far undetected
alterations in the nervous system. Sensory abilities and motor
functions were analyzed by a number of specific tests, including
observation of home cage behaviors, footprint pathway, visual
cliff, pain threshold (hot plate task), and rotarod motor coor-
dination (11). We obtained some significant differences in the
footprint pathway and in the hot plate test and quite striking
differences with the rotarod test.

Gait abnormalities were assessed using footprint pattern
analysis (8). Footprint analysis is a useful task to study slight
locomotor impairments, which are generally undetectable in
terms of motor properties (35). We detected a slight but sig-
nificant difference between the hind-paw footprint pathways of
the mutant (four females and five males) and wild-type (four
females and five males) 24- to 28-week-old animals. The dif-
ference between wild-type and knockout mice could be de-
tected for left and right strides (Fig. 10A). Both strides were
decreased by 12% (P < 0,05) in Rac3-deficient mice compared
to wild-type animals (Fig. 10B). The parameters obtained by
footprint analysis provide an anatomical and locomotor index
to parameters such as the functional efficiency of the sciatic
nerve. In our case, analysis of the sciatic nerve from wild-type
and knockout animals did not reveal any detectable abnormal-
ity (data not shown).

In the hot plate test, 10 wild-type animals (five females and
five males) and 10 knockout animals (five females and five
males) were analyzed. We found a significant difference in the
latency to first paw lick after placing the mice on the hot plate,
with an average 60% increase in the latency measured in
knockout animals compared to control wild-type mice (Fig.
10C). On the other hand, no significant difference was ob-
served in the latency to jump between knockout and wild-type
animals (Fig. 10C).

A more striking difference was observed with the accelerat-
ing rotarod test. The rotarod test is used to screen locomotor
performance measuring motor coordination and balance con-
trol (16). Two groups of 10 wild-type animals (five females and
five males) and knockout animals (five females and five males)
about 6 weeks old were tested on the accelerating rotarod (Fig.
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FIG. 11. Rotarod learning is improved in Rac3 knockout mice. (A) Time that mice remained on the rotarod before falling as a function of
training session of 6-week-old animals. Open circles represent wild-type Rac3*™/* (n = 10) and open squares represent Rac3~/~ mice (n = 10).
(C) Performance on the accelerating Rotarod was tested on the same groups of mice at 15 weeks. Each point represents the mean of three tests.
Lines of best fit had a correlation coefficient of 0.92 or greater. Error bars indicate standard error of the mean. Statistical significance in panels
A and C: *, P < 0.005; **, P < 0.001; ***, P < 0,0005. (B) Motor learning for animals at 6 weeks and (D) 15 weeks of age. Bars represent
differences in active rotation behavior (trial 6 — trial 1) for wild-type (+/+) and knockout (—/—) animals (P < 0.05 in panels B and D).

11A). Two trials, each consisting of three consecutive tests,
were performed for 3 consecutive days, with 6 h of rest be-
tween the two trials on the same day. While the animals per-
formed similarly during the first two trials (day 1), a significant
difference was observed from the second day. Although both
groups of animals showed improvement over the 3 days, Rac3
knockout animals performed significantly better from the third
trial (day 2, P < 0,005). The difference between the wild-type
and knockout mice became more evident on day 3 (P < 0,001).

While performance on the first day gives information on the
performance of “naive” mice, the time before the mouse falls
in the final test is a measure of motor learning. Comparison of
the differences between the last and the first trials in the two
groups of animals showed a clear improvement in the learning
ability of the Rac3 knockout mice (Fig. 11B). Interestingly,
when the test was repeated with the same animals at 15 weeks
of age, the Rac3-deficient mice showed a better performance
even at the first trial (Fig. 11C, P < 0,001). Moreover, as for
the first set of trials (Fig. 11A), the performance ability of
Rac3-null mice increased more compared to that of wild-type
animals, resulting in better motor learning (Fig. 11D). These
findings suggest that Rac3 gene inactivation improves motor

learning and memory retention of motor behaviors involving
coordinated movements.

Typically, mice with structural abnormalities in the cerebel-
lum or with disruptions in genes richly expressed in the cere-
bellum exhibit performance deficits on the rotarod (25, 41). On
the other hand, the ability to perform this task cannot easily be
attributed to a single brain region (10, 27). Recently, a few
cases of improved rotarod performance after gene inactivation
in mice have been described. Mice deficient for the histidine
decarboxylase gene have histamine deficiency and show im-
proved rotarod performance (14). These mice have altered
acetylcholine concentrations in the frontal cortex and the neos-
triatum, which may be related to the observed behavioral
changes. In the case of the Rac3 knockout, given the high
expression of Rac3 in neurons at the time of synaptogenesis,
one could postulate that alteration of the circuitry in regions
important for the learning and memory of motor behaviors
may be responsible for the observed altered behavior on the
rotarod.

Interestingly, retinal degeneration may also play a role in
performance on the rotarod, since mouse strains without ret-
inal degeneration have a much shorter active rotation time



VoL. 25, 2005

(31), suggesting that vision influences performance on the ro-
tarod, although the exact mechanism is unknown. Rac3 is ex-
pressed in the inner layer of the developing retina containing
the retinal ganglion cells. Although histological inspection of
the retina of knockout animals showed no evident alterations
and the visual cliff utilized to test vision and depth perception
in Rac3 knockout mice gave negative results, more sophisti-
cated methods to measure visual ability will have to be tried.

Conclusions. Most studies dealing with neuronal develop-
ment in mammals have focused primarily on Racl (28). On the
other hand, our in situ hybridization analysis indicates that
Rac3 is specifically expressed in several populations of neural
cells of the developing mouse. Intriguingly, deletion of Rac3
appears to have no major effects on morphogenesis and histo-
genesis in regions of the brain where it is normally expressed.
While it is possible that Racl is able to functionally compen-
sate for the lack of Rac3 during neuronal development, no
evidence was observed for upregulation of Racl and Rac2 in
Rac3-null mice. From the data presented here on Rac3-defi-
cient mice, it is clear that in contrast to Racl, Rac3 is not
strictly required for normal development, and knockout mice
survive embryogenesis.

Although no obvious anatomical abnormalities were de-
tected in these mice, it is possible that subtler defects are
present that may have important consequences for behavior
and may explain the behavioral abnormalities described here.
One interesting aspect is the elevated expression of Rac3 in
projection neurons. Future studies will focus on the identifi-
cation of morphological and functional differences in the fine
organization of the neuronal networks. Moreover, in vitro
studies with neuronal cultures will be required to establish
possible deficits in neuronal development under more strin-
gent environmental conditions. Given the interesting findings
obtained with some of the behavioral tests described here, we
will continue the examination of behavioral traits correlating
with the expression patterns observed.
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