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NEUurRONs contain distinct compartments including dendrites,
dendritic spines, axons and synaptic terminals'. The molecular
mechanisms that generate and distinguish these compartments,
although largely unknown, may involve the small GTPases Rac
and Cdc42 (ref. 2), which appear to regulate actin polymeriza-
tion®. Having shown that perturbations of Racl activity block the
growth of axons but not dendrites of Drosophila neurons?, we
investigated whether this also applies to mammals by examining
transgenic mice expressing constitutively active human Racl in
Purkinje cells. We found that these mice were ataxic and had a
reduction of Purkinje-cell axon terminals in the deep cerebellar
nuclei, whereas the dendritic trees grew to normal height and
branched extensively. Unexpectedly, the dendritic spines of
Purkinje cells in developing and mature cerebella were much
reduced in size but increased in number. These ‘mini’ spines often
form supernumerary synapses. These differential effects of
perturbing Racl activity indicate that there may be distinct

FIG. 1 Generation and behavioural characterization of
transgenic mice expressing constitutively active human Racl
in Purkinje cells. a, The transgene construct, with the probes
used for Southern and in situ hybridization indicated. R1,
EcoRI. b, Three transgenic (TG) lines A, B, and C were verified
on a genomic Southern blot by the presence of a 0.6-kb EcoRl
fragment which was absent in wild-type (WT) littermates. Copy
numbers were estimated to be 2, 50 and 3 for A, B and C,
respectively, after comparison with a control probe for a
single-copy gene using Phosphorimager quantitation of the
Southern blot. No strict correlation of the copy number with
severity of phenotype was observed. ¢, Adjacent sagittal
sections of a transgenic mouse or a WT littermate were treated
with transgene-specific probes complementary to the hRacl
sequence (nucleotides (nt) 304-348 and 415-459)* or a
probe for a Purkinje-cell marker probe calbindin (CaB) (nt
175-219)?2, showing cerebellum-specific expression of
hRacl in transgenic mice. d, High-magnification micrograph
reveals the hRacl hybridization signals in the Purkinje cell
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mechanisms for the elaboration of axons, dendrites and dendritic
spines.

We chose to examine the role of Rac in the morphogenesis of
the mouse cerebellar Purkinje cell because of its clear axon versus
dendrite polarity’, its well characterized anatomy and synaptic
connections®, and its non-vital yet important function in motor
coordination’. We used the Purkinje cell-specific L7 promoter®” to
express human Racl with a point mutation V12 (hRac1V12) that
renders it constitutively active? (Fig. 1a). We selected the V12
mutation because in Drosophila it disrupts axon outgrowth in a
manner qualitatively similar to that of a dominant negative
mutation but yields a stronger phenotype®. Three independent
transgenic lines were generated (Fig. 1b). The transgene expres-
sion in the brain is limited to cerebellar Purkinje cells (Fig. 1c, d).
All three lines showed similar behavioural and anatomical defects
as described below, indicating that these defects resulted from
hRac1V12 expression in Purkinje cells.

Transgenic mice were ataxic from the time of weaning. They
trembled at the onset of motion, did not walk in straight lines (Fig.
le), and performed poorly on the rotorod assay® (Fig. 1f). These
defects are indicative of cerebellar dysfunction® and were not
obviously age-dependent. None of the transgenic mice died before
15 months of age.

The position and density of Purkinje cells in transgenic mice
appeared normal as revealed by Nissl staining (not shown) or
antibody staining for the Purkinje cell markers calbindin’® (Fig.
2a-d) and the inositol trisphosphate (InsP;) receptor'® (not
shown). The dendritic trees retained a large degree of complexity
(Fig. 2d). However, immunocytochemical staining for calbindin, a
cytoplasmic protein, the InsP; receptor, an endoplasmic reticulum
protein, and a synaptic vesicle protein synaptophysin'! (Fig. 2e and
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and white matter, respectively. The Purkinje cell layer is also
indicated by arrows. e, Hind footprint assay. Instead of walking
along a straight line as do WT littermates, transgenic mice
wobbled, with a wider base and shorter steps, from side to side
on a 8" x 14" longitudinally folded sheet of paper. f, Com-
pared with WT, transgenic mice from all three lines performed
poorly on the rotorod assay®, which measures the duration over
which mice remain standing on a 6-cm diameter rod rotating at
4r.p.m. Five consecutive trials were given for a maximum of
60 s. The numbers of animals tested were 14, 8, 16 and 14 for
WT, TG lines A, B and C, respectively. Data shown are from
progeny of a single F, transgenic mouse for each line. Error
bars indicate s.e.m. Scale bar: 5.6 mm in ¢, 300 um in d.

METHODS. A glycine-12 to valine-12 mutation was introduced by oligo-
directed mutagenesis of hRac1, which encodes a protein with amino-acid
sequence identical to that of mouse Racl (ref. 23). The hRac1V12 open
reading frame was subcloned into the BamHl site of the L7 promoter vector’
and used for transgenic mice production?*. Hybrids of C57BL/6) and DBA2
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(B6D2) were used as hosts for transgenes. Mice used in this study were
progeny of the founders or F, TG crossed to B6D2 or C57BL/6J) for
heterozygotes, or each other for homozygotes (used only in Fig. 4h). In
situ hybridization was done on 5-um cryostat sections®. X-ray films (c) or
emulsions (d) were developed 9 or 40 days later.
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