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Girdin is an Akt substrate and actin-binding protein. Mice with germ-line deletions of Girdin (a non-con-
ditional knockout, (ncKO)) exhibit complete postnatal lethality accompanied by growth retardation and
neuronal cell migration defects, which results in hypoplasia of the olfactory bulb and granule cell disper-
sion in the dentate gyrus. However, the physiological and molecular abnormalities in Girdin ncKO mice
are not fully understood. In this study, we first defined the distribution of Girdin in neonates (P1) and
adults (6 months or older) using B-galactosidase activity in tissues from ncKO mice. The results indicate
that Girdin is expressed throughout the nervous system (brain, spinal cord, enteric and autonomic ner-
vous systems). In addition, B-galactosidase activity was detected in non-neural tissues, particularly in tis-
sues with high tensile force, such as tendons, heart valves, and skeletal muscle. In order to identify the
cellular population where the Girdin ncKO phenotype originates, newly generated Girdin flox mice were
crossed with nestin promoter-driven Cre transgenic mice to obtain Girdin conditional knockout (cKO)
mice. The phenotype of Girdin cKO mice was almost identical to ncKO mice, including postnatal lethality,
growth retardation and decreased neuronal migration. Our findings indicate that loss of Girdin in the nes-

tin cell lineage underlies the phenotype of Girdin ncKO mice.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Our group identified an actin binding protein Girdin (girder of
actin filament) (also known as APE, GIV, HkRP1) as a binding part-
ner of Akt/PKB, which plays crucial roles in the migration of fibro-
blasts, cancer cells, endothelial cells and neuronal cells [1-4]. Mice
with a germ-line deletion of Girdin (ncKO) exhibit hypoplasia of
the olfactory bulb (OB) with a widened rostral migratory stream
(RMS) and granule cell dispersion (GCD) in the dentate gyrus [4].
Girdin ncKOs also exhibited postnatal growth retardation and
pre-weaning lethality [2]. Cross-explant experiments with Girdin
+/+ and —/— mice showed that the neuronal migration defect is
cell-autonomous [5]. We found that Girdin is essential for neuronal
migration from the subventricular zone (SVZ) of the lateral ventri-
cles and from the subgranular zone (SGZ) of the dentate gyrus.
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However, the defects that cause the Girdin ncKO phenotype are
not fully understood.

Postnatal neuronal migration in the murine brain occurs at two
major sites, the SVZ and the SGZ [6], where abnormalities were
found in Girdin ncKO mice. Neurons born in the SVZ migrate
through the RMS to supply the OB with GABAergic neurons, while
neurons born in the adult SGZ migrate into the granule cell layer of
the dentate gyrus [6,7]. One typical manifestation of migration de-
fects in SVZ neurons is hypoplasia of the OB with a widened RMS,
presumably due to positioning failure and a shortage of neurons
migrating into the OB. On the other hand, a migration defect in
SGZ neurons results in granule cell dispersion (GCD), which was
first reported in 1990 [8] and is often associated with human me-
sial-temporal lobe epilepsy (MTLE) [9]. An MTLE-like phenotype
was also observed in Girdin mutant mice (data not shown).

In this study, to determine the cellular populations where Gir-
din functions, we first performed a histological survey of Girdin
expression using B-galactosidase staining of tissues of ncKO mice.
Secondly, we generated Girdin conditional knockout (cKO) mice
using the Cre/loxP system, and removed Girdin in cells of the nes-
tin lineage. Girdin cKO mice exhibited almost identical phenotype
to that of Girdin ncKO mice.
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2. Materials and methods
2.1. Girdin ncKOs and Girdin flox mice

Generation of Girdin ncKOs was previously described [2].
Briefly, a B-galactosidase (LacZ)-PGK-neo cassette was inserted five
amino acids downstream of the start codon of the mouse Girdin
gene using homologous recombination of the gene-targeting vec-
tor. After in vivo excision of the floxed PGK-neo cassette, the nucle-
ar localization signal (NLS)-containing B-galactosidase gene was
expressed under the control of the Girdin gene promoter [2].

Girdin flox mice were generated using a newly created vector
containing a floxed mouse Girdin exon 3 preceded by a flippase
recognition target (FRT) -flanked PGK-neo cassette. After in vivo re-
moval of the PGK-neo cassette, floxed mouse Girdin exon 3 be-
comes vulnerable to Cre-excision. Deletion of exon 3 (109 bp)
causes translation of an aberrant protein due to a premature stop
codon. Mice carrying nestin promoter-driven Cre (nestin-Cre mice;
strain name, B6.Cg-Tg(Nes-cre)1KIn/]; stock number: 003771)
were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). Girdin*/°*; nestin-Cre(+) mice were mated with Girdin¥ox;
nestin-Cre(—) mice to maintain a closed colony. The genetic back-
ground of the mice was mixed C57BI/6 and 129 sv/]. The Animal
Care and Use Committee of Nagoya University Graduate School
of Medicine approved all animal protocols.

2.2. B-Galactosidase staining

B-Galactosidase staining was performed as described previously
[10]. Briefly, mice were perfused with phosphate-buffered saline
(PBS), fixative (PBS/2 mM MgCl,, 0.2% glutaraldehyde, 50 mM eth-
ylene glycol tetraacetic acid, pH7.3), and 30% sucrose in PBS. Dis-
sected tissues from adult mice or the whole body of postnatal
day 1 (P1) mice were soaked in the same fixative for 30 min on
ice, 30% sucrose in PBS overnight at 4 °C, and cryosectioned at
10 um. Slides were stained in B-galactosidase staining buffer
(PBS/2 mM MgCl,, 0.01% sodium deoxycholate, 0.02% Igepal,
5mM potassium ferrocyanide, 5 mM potassium ferricyanide,
0.5mg/ml 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-gal,
Wako, Aichi, Japan)) for 48 h at 37 °C. Stained slides were post-
fixed in 4% PFA, and counter-stained with eosin.

2.3. Immunohistochemistry (IHC)

Methods for IHC have been previous described [5]. Briefly, mice
were perfused with 4% paraformaldehyde (PFA) and the brain was
removed. Dissected brain tissue was postfixed in 4% PFA overnight,
then sectioned at 50 um using a microslicer (VT1200S; Leica
Microsystems). Free-floating sections were incubated in 1% hydro-
gen peroxide in PBS for 20 min, and in serum free Protein block
(Dako, Glostrup, Denmark) for 15 min. The sections were then
incubated with anti-Doublecortin antibody (1:100 dilution, sc-
8066 Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 days
at 4 °C, followed by incubation with anti-goat IgG antibody conju-
gated with biotin (1:500 dilution, 705-065-147 Jackson Immuno
Research, West Grove, PA, USA), and HRP-streptavidin (1:500 dilu-
tion, SA-5004, Vector, Burlingame, CA, USA) for 30 min at RT. Signal
detection was performed using DAB color reaction substrate
(K3488, Dako). For B-galactosidase/I[HC double staining, whole-
mount B-galactosidase staining was carried out as described previ-
ously [10], followed by paraffin embedding, sectioning and IHC
using anti-microtubule-associated protein 2 (MAP2) antibody
(clone 5F9, Upstate, East Syracuse, NY, USA), or anti-glial fibrillary
acidic protein (GFAP) antibody (clone 6F2, Dako).

2.4. Southern Blot analysis, PCR genotyping, RT-PCR, subcloning and
sequencing

Detailed protocols are described in supplementary information.

3. Results
3.1. Distribution of Girdin-driven p-galactosidase expression

Girdin ncKO mice exhibited postnatal growth retardation and
pre-weaning lethality with neural phenotype (OB hypoplasia and
GCD in the dentate gyrus) [1,2]. To elucidate which population of
mutant cells is the source of the phenotype, it is important to char-
acterize the Girdin expression profile at all stages of life. Previous
studies have demonstrated that Girdin is expressed in multiple tis-
sues including muscle, kidney, lung, heart, testis, adipose tissue,
brain, and spleen in adult mice [1,11-13]. However, histological
information on the distribution of Girdin throughout the body in
postnatal mouse is not available. To investigate the precise distri-
bution of Girdin expression, we performed B-galactosidase staining
of tissues of Girdin ncKO mice, in which the Girdin coding se-
quence was replaced with a B-galactosidase (LacZ) gene under
the control of the Girdin promoter [4], at two representative time
points (P1 and adults older than 6 months).

Our results indicate that Girdin expression is not limited to the
tissues that express a phenotype, namely the OB, RMS and the den-
tate gyrus. Girdin-driven p-galactosidase activity was also detected
in other brain regions including the cerebral cortices (frontal asso-
ciation cortex, motor corteX, somatosensory cortex, piriform cor-
tex, and visual cortex), caudate putamen, cornu ammonis (CA)
fields 1 and 3, the olfactory tubercle, subiculum, triangular septal
nucleus, habenular nucleus, pontine nuclei, superior colliculus,
and the cerebellum (Fig. 1). B-Galactosidase-positive cells in the
glomerular layer of the OB co-stained with a neuronal marker,
microtubule-associated protein 2 (MAP2), but not with glial fibril-
lary acidic protein (GFAP) (Supplementary Fig. 1), suggesting that
Girdin is expressed mainly in neurons, not in mature astrocytes.

In contrast to the broad expression of Girdin-driven B-galactosi-
dase activity in adult brain, activity in P1 brains was detected in
more limited regions, including the caudate putamen, SVZ, RMS,
and the OB, which may imply that Girdin functions primarily dur-
ing postnatal stages of brain development (Supplementary Fig. 2).

B-Galactosidase activity was also observed in other regions of
the central nervous system (CNS) and in the peripheral nervous
system (PNS); however, the distribution was not as widespread
as previously reported. Girdin-driven B-galactosidase positive tis-
sues in the adult CNS included the spinal cord and retina. In the
PNS, we detected B-galactosidase activity in the dorsal root ganglia
(DRG), sympathetic ganglia, and in enteric neurons (Supplemen-
tary Fig. 3). In addition, expression was detected in non-neural tis-
sues of the adult, such as the pelvic tendon, skeletal muscle, heart
valves, vessels, and the seminiferous tubules of the testes (Supple-
mentary Fig. 3). The distribution of Girdin B-galactosidase activity
in non-neural tissues at P1 was similar to that of adult mice with
two exceptions: considerable activity in subcutaneous mesenchy-
mal cells was observed only at P1 and intense activity in the testes
was detected only in adult mice (Supplementary Figs. 3 and 4).

3.2. Generation of Girdin flox mice

In order to better understand the phenotype of Girdin ncKO
mice, we generated Girdin flox mice using DNA homologous
recombination (Fig. 2A). Mouse Girdin exon 3 was selected to flox,
because its excision (109 bp) causes a frame shift and generates a
premature stop codon. An FRT-flanked PGK-neo cassette was used
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Fig. 1. Histological analysis of Girdin expression in the adult mouse brain. Ten um coronal cryosections of adult (6 months or older) WT (Girdin*/*, left panels) or
heterozygous Girdin ncKO (Girdin*/~, right panels) mice after p-galactosidase staining and eosin counter-staining. Positive signals are blue stained nuclei due to the NLS
encoded in the B-galactosidase construct. The top-left illustration indicates the section level of the brain for panels A-F. Wild type mice were stained as a control for
endogenous B-galactosidase activity. Strong Girdin-driven p-galactosidase activity was observed in the olfactory bulb (OB), caudate putamen (CPu), dentate gyrus (DG),
olfactory tubercle (OIf-T), motor cortex (mc), somatosensory cortex (ssc), triangular septal nucleus (TS), piriform cortex (piri), habenular nucleus (hab), cornu ammonis field 1
(CA1), cornu ammonis field 3 (CA3), pontine nuclei (pn), superior colliculus (sup-c), visual cortex (vis-c), subiculum (subi), and cerebellum (cere). Gr, granular cell layer; Mi,

mitral cell layer; Gl, glomerular layer.
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Fig. 2. Generation of Girdin flox mice. (A) The targeting vector contains a PGK-driven neo (PGK-neo) cassette flanked by homologous genomic DNA containing Girdin exon 3.
The PGK-neo cassette was removed by crossing heterozygous neo mice with Flippase-expressing mice. Light green arrows in the genome indicate the locations of genotyping
primers (F, forward primer; R, reverse primer). (B) Incorporation of the targeting construct into genomic DNA was confirmed by Southern Blot analysis. DNA extracted from ES
cells was digested with Ase I restriction endonuclease, transferred, and hybridized with the probe indicated in A. The 8.5 kb band is the floxed allele, the 6.5 kb band is the WT
allele. (C) Genotyping of animals by PCR. Upper panel: The WT (199 bp band) and floxed (349 bp band) alleles are shown. Lower panel: the 420 bp band shows the presence of

hemizygous nestin-Cre.
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to select transfected ES cells. After obtaining F1 neo mice, the PGK-
neo cassette was removed by crossing to flippase (FLPeR) mice.
Incorporation of the targeting vector was confirmed using South-
ern Blot analysis (Fig. 2B). An 8.5 kb Ase I fragment indicates that
the Girdin allele was correctly targeted. To genotype the mice we
used PCR to discriminate between the Girdin™/1°* (a single
349 bp band) and Girdin*"* (two bands of 349 and 199 bp) mice
and the nestin-Cre(+) (a single 420 bp band) and nestin-Cre(—) (no
band) mice (Fig. 2C). We thus confirmed that the Girdin flox mice
were generated as we designed.

Given that Girdin is highly expressed in the nervous system, we
generated cKO mice using nestin-Cre transgenic mice, which re-
sults in Girdin deletion only in the nestin cell lineage. Nestin is a
widely-accepted neural stem cell marker [14]. To obtain Girdin
cKO mice (Girdin™¥f°%; Cre(+)), Girdin""*; Cre(+) mice and Gir-
din¥f1ox. Cre(—) mice were mated to generate four possible geno-
types; Girdin*°%; Cre(—), Girdin™/%; Cre(—), Girdin*°%; Cre(+),
and Girdinfox. Cre(+). To validate the deletion of exon 3 in the
cKOs, we designed an RT-PCR primer pair that amplified both ex-
cised and floxed (non-excised) exon 3 (floxed allele, 262 bp; ex-
cised allele, 153 bp (Fig. 3A)). The integrity of Girdin mRNA
expression in the whole brain was monitored using RT-PCR prim-
ers that span introns 21-22 (Fig. 3A, right lower panel).

RT-PCR was performed using RNA from P15 brains of all four
genotypes, and the expected excision was confirmed by the pres-
ence of a 153 bp band in the Girdin™¥°%: Cre(+) and Girdin*°%;
Cre(+) samples (Fig. 3A, right upper panel). In Girdin™/°%; Cre(+)
samples, only the 153 bp band was visible, which suggests that
in almost all cells that express nestin-Cre, both Girdin exon 3 al-
leles were excised from the genome. In contrast, a 153 bp band

A exon2 exon3 exon4
flox allele - ~ Genome
1 MRNA
262bp RT-PCR product
exon 2 exon 4
null allele /1 Genome
g MRNA
15?bp RT-PCR product
B Gin _Val _Met _Leu _GiIn lle

was not amplified from nestin-Cre negative tissues in mice of
any genotype (data not shown). The sequence of the 153 bp band
from Girdin/"°; Cre(+) mice contained an exon2/exon4 junction
in Girdin, which causes a frame shift and results in a premature
stop codon following six aberrant amino acids. The sequence of
the 262 bp fragment amplified from Girdin™*/; Cre(—) mice con-
tained an unaltered Girdin mRNA fragment (Fig. 3B). These find-
ings clearly demonstrate that Girdin flox mice serve as a
functional Girdin cKO when crossed with nestin-Cre mice.

3.3. Phenotype of mice lacking Girdin in the nestin lineage

Abnormalities of Girdin ncKO mice (OB hypoplasia with a wid-
ened RMS, GCD in the dentate gyrus, growth retardation, and post-
natal lethality) are transmitted as a recessive trait [5]. The cKO
mice (Girdinf°%; Cre(+)) were viable. The expected Medelian ra-
tio of each genotype (Girdin*; Cre(-), Girdin"¥/1°x: Cre(-), Gir-
din*ox; Cre(+), and Girdin™/°%; Cre(+)) was 1:1:1:1. Actual
numbers of births of Girdin™°%; Cre(-), Girdin"¥f°%; Cre(-), Gir-
din*fo%; Cre(+), and Girdin™¥/°%: Cre(+) were 62, 53, 69, and 58,
respectively. Chi-square tests of observed and expected births did
not exhibit a statistically significant difference (p =0.132), which
suggests the absence of embryonic lethality in Girdin™¥°%; Cre(+)
mice. Although no external malformations were observed in cKO
mice at birth, the body weight of pups tended to be slightly lighter
than those of other genotypes (p = 0.038 at PO for ANOVA) from P5
onwards (p < 0.001) (Fig. 4A). Additionally, no cKOs were success-
fully weaned. The cKO mice were inactive, and exhibited growth
retardation and fatality after P12, with none surviving past P29

P15 Whole brain RNA Girdin*™™|  Girdin " Girdin*""* Girdin1%
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Intron 21-22 spanning

Pro _Lys _Ser _Glu _Ser _GIn _Arg

CAGG TCATGCTCCAAATTAATCCTAAGTCGG AG AGTCAACGAG
Exon 2

Exon 3
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I

Fig. 3. Validation of Girdin*/1°%; nestin-Cre(+) mice. (A) (Left panel) Boxes represent relative locations of mouse Girdin exons 2-4. Black triangles indicate loxP sites (flox
allele, top; null allele, bottom) for exon 3 excision (109 bp). Sizes of expected RT-PCR products using primers spanning Girdin exons 2-4: flox allele, 262 bp; null allele,
153 bp. (Right panel) Whole brain RT-PCR results of P15 mice of four genotypes. cDNA was amplified for 35 cycles using primers spanning Girdin exons 2-4. In “Girdinlx/x;
Cre(+)” lanes, only the 153 bp bands are visible. (B) Sequence chromatograms of the 262 bp band from Girdin¥°*; Cre(—) mice (“262 bp”, upper chromatogram and
translation) and the 153 bp band from Girdin*/"%; Cre(+) mice (“153 bp”, lower chromatogram) containing the 3’ end of exon 2. The 153 bp band contains an exon 2/exon 4

junction, which causes a frame shift and premature stop codon (lower translation).
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Fig. 4. Phenotype of Girdin cKO mice. (A, B) Body weights (panel A) and survival rates (panel B) of Girdin*%%; Cre(—), Girdin™¥1°x; Cre(—), Girdin*/"°*; Cre(+), and Girdin™¥x;
Cre(+) mice. (C) Girdin cKOs exhibit OB hypoplasia. (Left) P21 brains of four genotypes (male mice) were photographed. The % length of the OB was defined as a percentage of
the distance from the anterior tip of the bulb to the anterior edge of the cerebral hemisphere in relation to the distance from the anterior tip of the bulb to the posterior edge
of the cerebellum. Girdin cKOs exhibit OB hypoplasia (white arrow). (Right) Post hoc Bonferroni’s method was applied to calculate p-values. The difference was significant if
the p-value was less than 0.0083. (D) Girdin cKOs exhibit granule cell dispersion (GCD). Immunohistochemistry of 50 um sections of P15 mouse brains using anti-
Doublecortin antibodies. (Left), Girdin™*; Cre(—); (Right), Girdin¥°X; Cre(+). Dcx-positive neurons were dispersed and irregularly aligned in the dentate gyrus of Girdin cKO
mice. CA1, CA3, cornu ammonis fields 1 and 3 of the hippocampus; DG, dentate gyrus. (E) Girdin cKOs exhibit a widened rostral migratory stream (RMS). Nissl staining of
sagittal sections of P21 mouse brains. Girdin cKOs exhibit a widened RMS. (Left), Girdin™"°%; Cre(—); (Right), Girdin/"*; Cre(+). OB, olfactory bulb; DG, dentate gyrus; SVZ,

subventricular zone. Scale bar, 2 mm.

(Fig. 4B). In contrast, survival among the three other genotypes was
typically longer than one year (data not shown).

Dead cKO mice were usually underweight, suggesting the
involvement of malnutrition in the cause of death, although we
could not find any fundamental cause of malnutrition. No abnor-
malities were observed in suckling or motor behavior. Neither
ataxia nor intestinal dilation was observed. No morphological
abnormalities were detected in other digestive organs (teeth, ton-
gue, oral cavities, and intestines). There were no sex differences in
cKO mice in any of phenotype (data not shown). Macroscopically,
the average longitudinal length of the cKOs’ OBs was extremely
smaller than in mice of other genotypes. The size reduction of
the OB was disproportionate to the reduction of the whole brain
(Fig. 4C). Less severe but significant size reduction in the OB was
also observed in Girdin”°%; Cre(+) mice (Fig. 4C).

The characteristic abnormality in the granule cell layer of the
dentate gyrus was also observed in cKO mice. Immunohistochem-
isty in the dentate gyrus using anti-Doublecortin (DCX) antibodies
revealed an increased width of the layer of DCX-positive neurons of
P15 cKO mice, compared with Girdin*; Cre(—) mice of the same
age (Fig. 4D). In addition, Nissl staining of sagittal sections of P21
brain showed a widened RMS in cKO mice (Fig. 4E). These struc-
tural abnormalities in the OB and the dentate gyrus seemed essen-
tially identical to previously reported phenotype of Girdin ncKO
mice [4,5]. Thus, we confirmed that ablation of Girdin in the nestin
cell lineage creates cKO mice with phenotype that are indistin-
guishable from those seen in Girdin ncKO mice.

3.4. Measurement of mRNA of Girdin, hypothalamic genes and the IGF-
I gene

The growth retardation of cKO mice appears shortly after birth.
This fact suggests that loss of Girdin function in neuronal lineages

produces lethality; however, a number of mouse models that also
display hypoplasia of the OB, or GCD in the dentate gyrus, are via-
ble. Thus, it seems likely that other unknown abnormalities are the
cause of death in the Girdin cKO mouse. Because the hypothalamus
is a key regulator of body homeostasis by controlling food intake,
metabolic rate, thermo-regulation, fluid balance, steroid regula-
tion, and growth, we explored whether mis-regulation of genes
that encode hypothalamic hormones underlies the phenotype of
cKO mice. The physiological functions of the hypothalamus are
mediated by several key neurohumoral factors: thyrotropin releas-
ing hormone (TRH) for thermo-regulation [15,16], arginine vaso-
pressin (AVP) for fluid balance [17], corticotropin releasing
hormone (CRH) for steroid regulation [18], and growth hormone
releasing hormone (GHRH) for growth [19]. Thus, we determined
whether transcripts for TRH, AVP, CRH and GHRH were reduced in
the brains of cKO mice. We also analyzed the expression of Insu-
lin-like growth factor-I (IGF-I), a downstream effector of GHRH in
the liver. However, semi-quantitative RT-PCR analyses did not de-
tect any significant reduction of mRNA expression in cKOs com-
pared with other genotypes (Supplementary Fig. 5). These results
indicate that the growth retardation and postnatal lethality ob-
served in Girdin cKO mice are not due to altered expression of
hypothalamic hormone genes.

4. Discussion

To determine which Girdin-positive tissues contribute most sig-
nificantly to the phenotype of Girdin ncKO mice, we generated Gir-
din cKO mice. The phenotype of nestin-Cre-driven Girdin cKO mice
were essentially identical to those of Girdin ncKO mice, including
morphological abnormalities in the brain (OB hypoplasia with a
widened RMS, and GCD in the dentate gyrus), growth retardation
and postnatal lethality. Considering that nestin is a marker of pro-
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liferating neural progenitor cells, we conclude that Girdin is essen-
tial for proper development and/or maintenance of the neuronal
populations that exhibited abnormalities in Girdin KO mice. The
results of chi-square tests between observed birth rates and ex-
pected Mendelian rates do not indicate embryonic lethality in
either Girdin ncKO mice or Girdin cKO mice. This fact suggests that
Girdin is more important for survival postnatally than prenatally.

Since there are several viable mouse models with hypoplasia of
the OB (e.g. N-CAM deficient mice) [20] or with GCD of the dentate
gyrus (e.g. Reelin deficient mouse) [21], other unknown neural
dysfunctions in Girdin cKO mice could cause the postnatal lethal-
ity. We hypothesized that malnutrition is the cause of death be-
cause postmortem analyses of Girdin cKO mice revealed a
severely reduced fat composition. One possible defect that could
lead to malnourishment is altered expression of hormones that
regulate body homeostasis. Although Girdin-driven B-galactosi-
dase activity was detected in various regions of the brain, the
expression of mRNAs of hormones produced in the hypothalamus
was not affected in Girdin cKO mice. Thus, it is possible that the
postnatal growth retardation and pre-weaning lethality of Girdin
cKO mice are caused by broader and more fundamental abnormal-
ities within the nervous system.

In conclusion, loss of Girdin from the nestin cell lineage alone
results in phenotype (postnatal lethality, postnatal growth retarda-
tion, OB hypoplasia, and GCD in the dentate gyrus) that are similar
to those seen after germ-line deletion. Because Girdin is thought to
be a hub protein that interacts with many other proteins
[1,4,11,13,22], further detailed analyses are necessary to elucidate
the physiological roles of Girdin and to characterize the phenotype
observed in both the conditional and germ-line KO mice.
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