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The Abl-interactor (Abi) family of adaptor proteins has been linked to signaling pathways involving the Abl
tyrosine kinases and the Rac GTPase. Abi proteins localize to sites of actin polymerization in protrusive mem-
brane structures and regulate actin dynamics in vitro. Here we demonstrate that Abi2 modulates cell mor-
phogenesis and migration in vivo. Homozygous deletion of murine abi2 produced abnormal phenotypes in the
eye and brain, the tissues with the highest Abi2 expression. In the absence of Abi2, secondary lens fiber orien-
tation and migration were defective in the eye, without detectable defects in proliferation, differentiation, or apo-
ptosis. These phenotypes were consistent with the localization of Abi2 at adherens junctions in the developing
lens and at nascent epithelial cell adherens junctions in vitro. Downregulation of Abi expression by RNA in-
terference impaired adherens junction formation and correlated with downregulation of the Wave actin-nuclea-
tion promoting factor. Loss of Abi2 also resulted in cell migration defects in the neocortex and hippocampus,
abnormal dendritic spine morphology and density, and severe deficits in short- and long-term memory. These
findings support a role for Abi2 in the regulation of cytoskeletal dynamics at adherens junctions and dendritic

spines, which is critical for intercellular connectivity, cell morphogenesis, and cognitive functions.

Dynamic regulation of the actin cytoskeleton is required for
changes in cell shape, adhesion, migration, and polarization
during morphogenesis (54). Specifically, coordinated changes
in migration and intercellular adhesion require de novo actin
polymerization, a process driven by at least two distinct classes
of actin nucleator proteins, the Arp2/3 complex and the form-
ins (71, 73). Actin nucleation through the Arp2/3 complex
produces branched actin networks that drive lamellipodia (14,
19, 73). Recently, formins have been shown to nucleate linear,
unbranched actin filaments (71). Epithelial cell-cell adhesion
has been linked to both Arp2/3 and formin actin nucleator
proteins (29, 30).

Actin polymerization provides the driving force for the for-
mation of adherens junctions (69). Adherens junctions are
circumferential structures formed during epithelial morpho-
genesis that connect intercellular contacts at the cell surface to
the actin cytoskeleton (54). The assembly of adherens junc-
tions is dependent on the cadherins, a family of transmem-
brane proteins that mediate calcium-dependent homophilic
interactions between adjacent cells. Cadherins are linked to
the actin cytoskeleton by a- and B-catenins, and cadherin en-
gagement leads to activation of Rho family GTPases, which are
critical regulators of the actin cytoskeleton (16, 54, 77). Rho
GTPases localize to sites of cadherin-mediated cell-cell contact
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and, conversely, cadherin recruitment to sites of intercellular
adhesion is disrupted in some cells expressing mutant forms of
the Rho family GTPases (18, 77). The Rho family proteins
Racl, Cdc42, RhoA, and RhoC have all been shown to affect
adherens junctions in different cell types (18, 51). Activation of
the Rac and Cdc42 GTPases is important for the assembly of
actin-dependent membrane protrusions in the form of lamel-
lipodia and filopodia, respectively (16). Formation of lamelli-
podia by activated Rac depends on the WAVE proteins, which
stimulate the actin nucleating activity of the Arp2/3 complex
(73). Assembly of cadherin-dependent intercellular adhesions
can be driven by lamellipodial or filopodial membrane protru-
sions (14, 19, 30, 69). Among the GTPases, Rac is consistently
activated by cadherin adhesion and is preferentially recruited
at new cell-cell contacts, where its accumulation correlates
with enhanced lamellipodia activity (14, 77). Thus, Rac activa-
tion and downstream signaling may coordinate cadherin en-
gagement to actin reorganization at sites of cell-cell adhesion.
However, the mechanisms that link Rac activation to actin
polymerization during intercellular adhesion are currently un-
known. Moreover, the intracellular proteins involved in the
regulation of actin reorganization in vivo during epithelial
morphogenesis are just beginning to be identified.
Modulation of actin dynamics is also critical for the forma-
tion, maturation, and maintenance of dendritic spines (33).
Spines are highly dynamic structures that are rich in actin and
undergo changes in shape, size, and number during develop-
ment and are remodeled in an activity-dependent manner in
adulthood (79). Abnormal spine density and morphology have
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been associated with neurological disorders such as mental
retardation and epilepsy (5). Proteins that regulate the actin
cytoskeleton are prime candidates for controlling dendritic
spine morphogenesis and synapse formation. Indeed, in vitro
studies have shown that Rho, Rac, and Cdc42 modulate den-
dritic spine shape and number (27, 41). Rac activity, in partic-
ular, is important for the maintenance of spine density (41),
and regulation of Rho family GTPase signaling has been
shown to be critical for normal cognitive functions (46). Den-
dritic spine formation and maintenance are regulated by
glutamate receptors and cell adhesion receptors, such as
the cadherins and Eph receptors (15, 23, 33, 40, 43, 68). The
mechanisms that link activation of these cell surface receptors
to regulation of actin dynamics remain to be defined but may
involve regulation of the Rac and Cdc42 GTPases through
activation of specific guanine nucleotide exchange factors
(GEFs) (27, 43).

Here we identify the Abi2 protein as a component of sites of
dynamic actin cytoskeleton remodeling at epithelial cell-cell
junctions and dendritic spines. The Abi proteins were initially
identified as binding partners for the c-Abl tyrosine kinase (10,
58). The Abi protein family is currently comprised of mamma-
lian Abil, Abi2, and NESH/ADbi3, Drosophila melanogaster Abi,
Xenopus laevis Xlan4, Dictyostelium discoideum Abi, and Cae-
norhabditis elegans Abi (4, 10, 12, 28, 36, 47, 58). In addition to
c-Abl, Abi proteins were subsequently shown to interact with
the Arg tyrosine kinase, the adaptor protein Eps8, spectrin, the
Sos GEF, Ncka/Grb4, Mena, WAVE, and the WAVE-associ-
ated Nap1/Nap125 protein (3, 9, 12, 17, 26, 56, 67, 72, 75, 82).
Abi proteins share several conserved domains, including SH3,
homeodomain homologous region, SNARE, and the WAVE-
binding domain (10, 12, 58, 63). Abil has been linked to Rac
signaling in a trimeric complex that contains Abil (also desig-
nated E3bl), Eps8, and the Sos GEF. This complex exhibits
GEF activity towards the Rac GTPase (56). Overexpression of
Abil can activate Rac in an Eps8-dependent manner (25), and
downregulation of Abil function by RNA interference or
specific antibodies inhibits Rac-dependent or platelet-de-
rived growth factor-induced membrane ruffling, respectively
(26, 56). A similar inhibition of the membrane ruffling re-
sponse to platelet-derived growth factor stimulation is ob-
served in mouse embryo fibroblasts (MEFs) isolated from c-
Abl or Eps8 knockout mice (45, 56). Thus, Abil may function
in concert with Eps8 or c-Abl to transduce signals from acti-
vated growth factor receptors to cytoskeletal reorganization.

Abil and Abi2 were purified from brain lysates in protein
complexes containing WAVE proteins (13, 59). In vitro studies
with purified components showed that WAVEL is inhibited by
a protein complex containing Abi2, Napl/Nap125, PIR121/
Sral, and HSPC300 and that addition of purified active Rac
releases WAVEI from inhibition, leading to WAVEI1-depen-
dent actin polymerization through the Arp2/3 complex (13).
However, recent studies showed that Abi and other compo-
nents of the WAVE complex are required for the formation of
lamellipodial protrusions in Drosophila and mammalian cells
in culture (26, 31, 50, 62). Abil positively regulates WAVE
stability and localization to the lamellipodia in mammalian
cells (12, 26).

Here we demonstrate that homozygous deletion of the mu-
rine abi2 gene results in cell morphogenesis defects in the eye
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lens and dendritic spines. Loss of abi2 results in defective
orientation and migration of secondary lens fibers, abnormal
neuronal migration in the neocortex and hippocampus, aber-
rant dendritic spine morphology and density, and profound
deficits in learning and memory. We show for the first time that
Abi2 accumulates at epithelial cell-cell junctions in vitro and in
vivo and that downregulation of Abi proteins impairs adherens
junction formation. Together, these findings support a role for
Abi2 in the regulation of actin dynamics at sites of membrane
protrusion in vivo and in vitro.

MATERIALS AND METHODS

Generation of Abi2 knockout mice. A 0.9-kbp noncoding region of the mouse
abi2 genomic locus was isolated from a 129Sv mouse genomic DNA library in
Lambda dash II and was used to probe a 129Sv mouse genomic DNA BAC
library (Research Genetics). A BAC clone containing the entire abi2 gene was
obtained, and a ~3-kbp genomic region containing exons 2 and 3 was targeted
for deletion. The long arm of the targeting construct was an 8.5-kbp HindIII
genomic fragment containing exon 5 and beginning immediately downstream of
exon 3. Prior to cloning into the targeting vector (pPGKneobpAlox2PGKDTA),
this fragment was modified by introduction of stop codons in all three reading
frames, and of Sacl, Xbal, and Sphl restriction sites, into the EcoNI site in exon
5, which destroyed the EcoNI site. To construct the short arm of the targeting
construct, a 1,160-bp genomic fragment encoding sequences immediately up-
stream of exon 2 was amplified by PCR, using 5" and 3’ primers containing NotI
and Bsp120I restriction sites, respectively. This fragment was cloned into the
unique Notl site in the targeting vector, thereby destroying the NotI site down-
stream of the short arm and allowing linearization of the targeting construct with
Notl. The linearized construct was electroporated into embryonic stem (ES)
cells, and G418-resistant clones were analyzed by PCR using a 3’ primer specific
for the neomycin resistance gene and a 5’ primer from the genomic region
upstream of the 5’ end of the short arm. Confirmation of PCR-positive clones
was done by Southern blotting after digestion of genomic DNA with either Sphl
(external probe) or EcoNI (internal probe). Sphl generated bands of 7.5 and 5
kbp and EcoNI generated bands of 2.8 and 3.5 kbp for the wild-type and targeted
alleles, respectively. Correctly targeted ES cells were injected into inbred
C57BL/6 blastocysts. Chimeric male mice were bred with wild-type inbred
C57BL/6 females, and two F, lines were obtained that contained the correctly
targeted Abi2 allele. Routine genotyping was carried out by PCR. Mice were
backcrossed to the C57BL/6 strain, and F5 to F;, offspring were used for analyses.

Plasmids. The Abi2B ¢cDNA was cloned into the BamHI site of the pLEGFP-
C1 retroviral vector (Clontech). Constructs were sequenced prior to use.

Cell culture. Primary MEFs were obtained from embryonic day 13.5 (E13.5)
embryos and were immortalized using a standard 3T3 protocol. MEF, MDCK,
HeLa, and 293T cells were grown in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum. For cell-cell junction formation and cell spreading
assays, 10° MDCK cells were plated onto glass coverslips precoated with collagen
IV (Gibco). Primary neurons, obtained from E17.5 cortex or postnatal day 2 (P2)
hippocampus, were plated on glass coverslips coated with poly(p-lysine) (100
pg/ml)-laminin (10 pg/ml) or poly(p-lysine) (1 mg/ml), respectively. Cells were
grown in neurobasal medium containing B27 supplement, Glutamax, and 1 pg of
gentamicin (Gibco)/ml.

Cell transfection and infection. 293T cells were transfected using a standard
calcium phosphate method. Infection of MDCK cells was essentially as described
elsewhere (48). Briefly, 293T cells were cotransfected with plasmids encoding
gag-pol, vesicular stomatitis virus G glycoprotein (48), and the pLEGFP retrovi-
ral vector alone or the pLEGFP-Abi2B construct. The virus-containing medium
was supplemented with 4 ug of Polybrene (Sigma)/ml, filtered through 0.45-wm-
pore-size filters, and used to infect MDCK cells. Two days postinfection, MDCK
cells were sorted by fluorescence-activated cell sorting (FACS). Small interfering
RNAs (siRNAs) were transfected using Oligofectamine (Invitrogen). Synthetic
siRNAs (Dharmacon) for human Abi2B spanned nucleotides 387 to 405 (Abi2.1)
or 495 to 513 (Abi2.2), and the siRNA (Dharmacon) for human Abil spanned
nucleotides 169 to 187.

Antibodies. The anti-Abi2 (5421) and anti-Abil (6987) rabbit polyclonal an-
tibodies have been previously described (8). Other antibodies used were the
following: mouse monoclonal antibodies anti-a-catenin and anti-B-catenin
(Transduction Laboratories), anti-E-cadherin 3G8 (gift from W. James Nelson,
Stanford University), anti-WAVE]1 (Transduction Laboratories), anti-a tubulin
(Sigma), and antibromodeoxyuridine (anti-BrdU; Becton Dickinson), as well as
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Cy2 donkey anti-mouse, Cy3 donkey anti-rabbit, donkey anti-mouse, and fluo-
rescein isothiocyanate-conjugated donkey anti-rabbit (Jackson Immunoresearch).
The anti-p34Arc rabbit polyclonal antibody was a gift from Matthew Welch (Uni-
versity of California—Berkeley), and the anti-MIP26 and anti-y-crystallin rabbit
polyclonal antibodies were gifts from Sam Zigler (National Eye Institute).

BrdU labeling of mouse embryos. To detect proliferating cells in the eye,
16.5-day timed-pregnant females were injected with BrdU as described previ-
ously (39). After 1 h, mice were sacrificed and embryos were removed, geno-
typed, and embedded in paraffin.

Immunofluorescence. Cells were fixed for 15 min (MDCK) or 10 min (HeLa)
with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS; pH 7.4)
and permeabilized in 0.5% Triton-PBS (MDCK) or 0.2% Triton-PBS (HeLa).
Cells were blocked in 10% normal donkey serum—PBS. Primary antibody con-
centrations were as follows: 0.2 ng of anti-Abi2 (purified)/ml; 0.8 g of anti-a-
catenin/ml; and 0.5 pg of anti-p34 Arc/ml. Cy2 donkey anti-mouse was used at
1/50, Cy3 donkey anti-rabbit was used at 1/200, Cy3 donkey anti-mouse was used
at 1/1,500, and Cy2 donkey anti-rabbit was used at 1/400. For staining of F-actin,
Alexa 488 phalloidin (Molecular Probes) was diluted to 30 pwg/ml in 1% bovine
serum albumin-PBS and added to permeabilized cells for 45 min. Stained cells
were mounted using Permount (Molecular Probes) and visualized by confocal
microscopy. For immunohistochemistry of 5-pwm paraffin tissue sections, BrdU-
labeled sections were processed as described elsewhere (39) and incubated with
anti-BrdU sera. Unlabeled tissue sections were prepared for staining with anti-
MIP26 or anti-crystallin antibodies as described elsewhere (39), except that
treatment with 2 M HCI was omitted. Antibody staining was visualized with the
ABC complex (Vector Systems), and sections were counterstained with methyl
green. For tissue staining of frozen 10- to 20-wm cryostat sections, fixation was
carried out with 4% PFA for 20 min and the samples were then processed for
immunofluorescence or immunohistochemistry. For the latter, endogenous per-
oxidase was quenched by treatment with 1% hydrogen peroxide for 5 min.
Primary neurons were fixed for 15 min with 4% PFA and 4% sucrose in PBS and
then processed for immunofluorescence and visualized by confocal microscopy.
For tissue staining of frozen 10- to 20-um cryostat sections, fixation was carried
out with 4% PFA for 20 min; the samples were then processed for immunoflu-
orescence or immunohistochemistry. For the latter, endogenous peroxidase was
quenched by treatment with 1% hydrogen peroxide for 5 min.

Time-lapse microscopy. MCDK cells stably expressing green fluorescent pro-
tein (GFP)-Abi2B were plated on collagen I'V-coated plates. The following day,
cells were treated with 4 mM EGTA for 30 min to disrupt intercellular adhesion
and, after replacing the medium with L-15 medium containing 10% serum,
formation of new cell-cell contacts was recorded by using a confocal microscope.
Images were taken approximately every 5 to 7 min and were processed with
MetaMorph software (Universal imaging).

Cell and tissue lysis and immunoblotting. MDCK cells were lysed in Triton
buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris; pH 7.5) plus inhibitors
(1 mM phenylmethylsulfonyl fluoride, 2 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, and 1 pg each of leupeptin, aprotinin, and pepstatin A/ml). MEFs
were lysed in NP-40 lysis buffer (0.5% NP-40, 50 mM Tris [pH 7.5], 150 mM
NaCl, 10% glycerol) with the inhibitors listed above. Lysates were clarified by
microcentrifugation (Beckman) at 16,000 X g for 20 min. For brain lysates, whole
brains were removed by microdissection, placed in TRIzol reagent (Gibco), and
homogenized with a Brinkman Polytron 3000 homogenizer. Protein was resus-
pended in 1% sodium dodecyl sulfate (SDS). Lens lysates were prepared fol-
lowing lens isolation by microdissection. Lenses were homogenized in hypotonic
buffer (39). The homogenate was clarified by microcentrifugation at 14,000 rpm,
and the supernatant was removed. The resulting insoluble pellet was homoge-
nized in CSK buffer [SO mM NaCl, 10 mM piperazine-N,N’-bis(2-ethanesulfonic
acid) (pH 6.8), 3 mM MgCl,, 0.5% Triton X-100, 30 mM sucrose] to extract
noncytoskeletal proteins and centrifuged again. Following removal of the super-
natant, the pellet was homogenized in RIPA buffer (0.5 M NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris; pH 8.0) and centrifuged.
After removal of supernatant (RIPA-soluble fraction), the pellet was resuspend-
ed in 2X sample buffer and boiled. Total protein was separated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and subjected to Western blotting
with the indicated antibodies. Anti-Abil and anti-Abi2 sera were diluted 1/1,000.
The concentrations employed for primary antibodies were as follows: anti-
WAVEL (0.25 pg/ml), anti-a-catenin (0.25 wg/ml), anti-B-catenin (0.25 pg/ml),
and anti-a-tubulin (0.1 wg/ml). Samples used for blotting with the anti-MIP26
antibody were not boiled prior to SDS-PAGE, as described previously (39).

Brain histology and dendritic morphology analyses. Nissl staining and mea-
surements of brains of E18.5 mice and 2- to 3-month-old adult mice were
performed as described previously (11). For analyses of dendritic spines, brains
from three wild-type and three age-matched Abi2™/~ adult mice were impreg-
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nated according to the Golgi procedure (55). Briefly, mice were perfused with
10% formalin, and brains were fixed in additional 10% formalin, postfixed in
2.5% potassium dichromate, impregnated with 2% silver nitrate, cut at 150 pm
with a Vibratome, dehydrated in ethanol, and embedded in Permount. Spine
number was quantified directly with a 40X objective. Fully impregnated layer 111
and V pyramidal neurons from the somatosensory cortex and pyramidal neurons
from the CALI region of the hippocampus were selected for analysis. Spine
density was obtained in different lengths of side branches from apical dendrites
in layer V and the CAl region and from basal dendrites in layer III (10 to 25
segments, with lengths of 10 to 160 wm). Data obtained for wild-type and
Abi2™/~ mice were compared by a Student’s ¢ test analysis (two-tailed P < 0.05).

Behavioral tests. Experiments were performed using Fs or F; offspring bred to
C57BL/6 mice, and results obtained were the same for the F5 and F; offspring.
Initial neurophysiological and visual screens to assess gross appearance as well as
rudimentary sensory, motor, and visual functions were conducted as described
elsewhere (49). Since the Abi2 null mice showed abnormalities in lens develop-
ment, pupillary responses were evaluated. A 1.13-W halogen prefocused penlight
(Brinkmann, Westbury, N.Y.) was aimed into the pupil of the eye for 3 s. This
test was repeated three times for each mouse with a 5-s interval between each
trial. Tests were videotaped, and digitized videos were scored frame by frame for
the absence or presence of the response. These and the neurophysiological data
were analyzed by x? tests. To determine whether the mice could visually track a
moving object, animals were placed into a circular arena (25 cm in diameter by
28 cm high) and acclimated for 2 min. Animals were presented with a black and
white patterned infant feeding spoon that was moved at the eye level along the
inside perimeter of the arena over 12 s. Each second was scored for orientation
towards the object over 10 trials. Orientations included looking at or fixating on
the object, sniffing, grabbing, or biting the moving object or rapidly withdrawing
from the moving object accompanied by turning and watching the object ap-
proach. To ascertain whether the mice could discriminate a dark from light
environment, animals were individually placed into the illuminated half of a
passive avoidance chamber (Med Associates, St. Albans, Vt.) with free access to
the light and dark chambers for 5 min. The latency to enter the dark chamber and
the time spent in each chamber were measured. To examine rudimentary learn-
ing and memory, another group of animals was tested in passive avoidance. Mice
were placed into the illuminated side, the door was opened to the darkened
chamber after 5 s, and the latency to enter the darkened chamber was recorded
(all four paws within the darkened compartment). Upon entering the chamber,
the door was closed, and after a 10-s interval, the mouse was administered three
2-s scrambled foot shocks (0.4 mA), each separated by a 30-s interval. Perfor-
mance was evaluated at 30 min, 1 h, or 24 h later. Mice that did not cross within
5 min were removed from the chamber, and the latency was recorded as 300 s.
The visual orientation, dark-light discrimination, and passive avoidance data
were subjected to analysis of variance tests and Bonferroni a posteriori compar-
isons. To determine whether multiple exposures to training would improve
performance, mice that were originally tested after 1 h were retrained and
retested 1 week later (final test). Retention was assessed 1 h after training. To
evaluate sensitivity to scrambled foot shock, mice were acclimated to a single
chamber for 60 s. Animals were then randomly presented with six different
intensities (0.05, 0.1, 0.15, 0.2, 0.3, and 0.4 mA) of 2-s scrambled foot shock.
Behavioral responses to the shock were scored using the Observer program
(Noldus Information Technology, Leesburg, Va.). The lowest level of response
that involved the continuation of activity was scored as 0. Other scoring was as
follows: score 1 (low-level response), freezing, face wiping or self-grooming, shak-
ing, or rapid forward departures; score 2 (moderate), retreating from shock or
tail rattling; score 3, stationary reactive responses, including kicking and vocal-
ization; score 4, locomotor reactivity, such as darting and leaping; score 5, jumping
against walls or the ceiling of the chamber. Behavioral scores were summed for
each animal and analyzed as a function of genotype and shock intensity.

RESULTS

Generation of Abi2 null mice. To determine whether Abi2
has a role in regulation of the cytoskeleton and other cellular
processes, the abi2 gene was targeted for deletion in mice (Fig.
1A). Following electroporation of the targeting construct into
ES cells, two distinct clones were obtained that contributed to
the germ line in founder chimeric mice and were used to
produce Abi2 heterozygous mice. The mice were genotyped by
Southern blotting (Fig. 1B). Abi2 heterozygous mice were bred
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FIG. 1. Generation of Abi2-deficient mice. (A) Targeted disruption of the abi2 locus. A BAC clone encoding the entire mouse abi2 gene was
used to create a targeting construct in which the PGK-neo cassette replaced the genomic region encompassing exons 2 and 3 of abi2. Stop codons

were introduced downstream of two Kozak sequences present in exon 5

to prevent the production of truncated Abi2 proteins. Ex, exon; H, HindIII;

N1, EcoNI; Sp, Sphl; S, Sacl; X, Xbal. (B) Southern blot analysis of genomic DNA from wild-type (lanes 1 to 3, 6, 7 to 9, and 12) and Abi2
heterozygous (lanes 4, 5, 10, and 11) mice. Duplicate genomic DNA samples were digested with either Sphl or EcoNI and probed with external
or internal probes, respectively. An external probe was used to verify targeting, and an internal probe was used to verify the presence of stop codons
introduced into exon 5. Bands of the expected size for the genomic locus (wt) and the targeted allele (null) were obtained. (C and D) Analysis of
Abil and Abi2 protein levels in primary MEFs and brain from Abi2 wild-type (+/+), heterozygous (+/—), and null (—/—) mice. (C) Total protein
(500 pg) was immunoprecipitated from primary MEFs (lanes 1 to 8) or P7 brain (lanes 9 to 12) with anti-Abil or anti-Abi2 sera (I) or their
corresponding preimmune sera (P); the immunoprecipitates were blotted for Abi2 (top) and Abil (bottom). The protein band above 50 kDa is
the immunoglobulin G heavy chain. (D) Total protein (20 pg) from P7 brain was analyzed by SDS-PAGE and Western blotting for anti-Abi2 (lanes

1 to 3) or anti-Abil (lanes 4 to 6). Blots were exposed for equivalent

to produce Abi2 null mice, which were viable and fertile and
were produced in the expected numbers. Cells and tissues from
Abi2 null mice were analyzed to confirm the absence of Abi2
protein. Because transcripts for the related abil are coex-
pressed with abi2 transcripts in brain and multiple tissues (8,
10, 58), we examined whether Abil protein levels were altered
in the absence of Abi2. Polyclonal antibodies against Abil
(6987) and Abi2 (5421) (8) were employed. The 6987 antibody
uniquely recognizes Abil, while the 5421 antibody primarily
recognizes Abi2 and some Abil isoforms (Fig. 1 and unpub-
lished data). Analysis of anti-Abi2 immunoprecipitates of
MEF lysates from wild-type and Abi2 null embryos showed
that Abi2 was completely absent in Abi2 null MEFs (Fig. 1C,

times. Molecular mass standards are shown.

upper panel, lanes 1 to 8). Stripping and reprobing of the blot
with the anti-Abil antibody showed similar levels of Abil in
the presence or absence of Abi2 (Fig. 1C, lower panel, lanes 1
to 8). Immunoprecipitation of equal amounts of protein from
lysates of wild-type mouse brain or MEFs revealed that Abi2
protein was present at relatively high levels in early postnatal
brain compared to MEFs, while the reverse was observed for
Abil (Fig. 1C, compare lanes 1 and 9 in the upper panel to
lanes 3 and 11 in the lower panel). Abi2 protein was detected
as multiple bands in blots of lysates from wild-type brain, all of
which were reduced in Abi2 heterozygotes and were absent in
the Abi2 null brain (Fig. 1D, lanes 1 to 3). The multiple Abi2-
immunoreactive bands likely correspond to splice variants (un-
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FIG. 2. Defective orientation and migration of secondary lens fibers in E16.5 Abi2 null lens. E16.5 eye sections (5 wm) were cut in the same
plane as the optic nerve. In each panel’s pair, magnification of wild-type (Al to E1) and Abi2 null (A2 to E2) sections was the same, and the
anterior of the eye in each section is at the top. (A) Whole eye. (B) Lens posterior regions (high magnification of sections in panel A): panel 1,
the posterior suture of wild-type secondary lens fibers is to the left of the white line; panel 2, absent posterior suture in Abi2 null lens, to the left
of the white line. SF, secondary lens fibers; PF, primary lens fibers. (C to E) Wild-type (C1 to E1) and Abi2 null (C2 to E2) lens sections were
processed for immunohistochemistry and stained with anti-MIP26 (C), anti-y crystallin (D), and anti-BrdU (E).

published data) and/or posttranslational modifications of Abi2
(8). The Abil protein was detected as two more-rapidly mi-
grating bands that were unaltered in mobility or concentration
levels in the absence of Abi2 (Fig. 1D, lanes 4 to 6, and C, lanes
9 to 12). These data showed the presence of high levels of Abi2
protein in the brain compared to fibroblasts, lack of Abi2
protein expression in the null mice, and normal levels of Abil
protein in cells or tissues lacking Abi2.

Defective lens development in Abi2 null mice. The eyes of
adult Abi2 null mice were markedly smaller than those of
wild-type mice, a phenotype that was bilateral and 100% pen-
etrant in inbred C57BL/6 mice, and were consistent in all
generations examined. We analyzed whether this phenotype
was due to defective lens development. The lens is comprised
of two major cell populations: a monolayer of undifferentiated
epithelial cells and elongated fiber cells that form the bulk of
the lens. By E11.5, a sphere of epithelial cells forms the lens

vesicle (44). The epithelial cells in the posterior region exit the
cell cycle and differentiate into primary lens fibers, a process
that involves extensive cell elongation, enhanced cell-cell in-
teractions, and eventual loss of the nucleus and other mem-
brane-bound organelles (44). Once elongation is complete, the
primary lens fibers attach at their posterior to the basement
membrane (the lens capsule) and make contact at the anterior
with the monolayer of undifferentiated epithelial cells. From
E14.5 onwards, anterior epithelial cells withdraw from the cell
cycle at the lens equator and each cell, now termed a secondary
lens fiber, extends at both the anterior and posterior zones of
the lens and around the template provided by the primary
fibers (44). At E14.5, in both the wild-type and Abi2 null eyes,
the primary lens fibers completely filled the lens vesicle (un-
published data). The wild-type and Abi2 null eyes were of
similar size at E16.5 and P1 (Fig. 2A and 3A). However, the
orientation and migration of secondary lens fibers in the Abi2
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FIG. 3. Abnormal lens phenotypes of postnatal Abi2 null mice. P1 sections of the eye were cut in the same plane as the optic nerve. In each
pair, the magnification of wild-type (1) and Abi2 null (2) sections is the same, and the anterior region of each section is at the top. (A) Whole eye
of wild-type (A1) and Abi2 null (A2) mice. (B1 and B2) Lens anterior and central region sections are higher magnifications of boxes bl and b2
in panels Al and A2, respectively. Note the presence of a V-shaped gap rather than a suture in the null lens (B2). (C1 and C2) Lens anterior and
central region sections are higher magnifications of boxes c1 and c2 in panels Al and A2, respectively. (D1 and D2) Lens equatorial region shown
in a higher magnification of boxes d1 and d2 in panels Al and A2, respectively. (E) Posterior of Abi2 null lens. Shown is a high magnification of
boxed region e in panel A2, showing abnormally shaped primary lens fibers released from the broken posterior zone of the Abi2 null lens. AE,

anterior epithelial cell layer; SF, secondary lens fibers; LC, lens capsule.

null mice were defective at all of these stages (Fig. 2B and C
and 3D). In contrast to wild-type secondary lens fibers, which
reoriented and made a 90° turn as they began to migrate, the
Abi2 null secondary fibers did not reorient properly (Fig. 2B
and C). As a result, in contrast to the concave orientation of
the wild-type secondary lens fibers, the secondary fibers in the
equatorial region of the Abi2 null lens were oriented in a
convex manner (Fig. 2B and C and 3D).

In wild-type lenses, the secondary fibers attach at their an-
terior tips to the epithelial cell layer and at their posterior tips
to the lens capsule. The tips of the fibers migrate towards the
poles of the lens, where they detach and form a junction, the
lens suture, with the tips of the contralateral migrating second-
ary fibers (2) (Fig. 2B1 and C1 and Fig. 3B1). In contrast to
wild-type lenses, the anterior and posterior sutures failed to
form in the absence of Abi2 (Fig. 2B2 and C2 and Fig. 3A2, B2,
and E). At P1, the lens was grossly distorted (Fig. 3A) and the
lens capsule was markedly thicker in the absence of Abi2 (Fig.
3C). Due to the absence of a suture, the posterior region of the
Abi2 null lens was broken open, releasing primary lens fibers
and producing gross distortion of the lens (Fig. 3E). Notably,
lenses from Abi2 heterozygote mice were indistinguishable

from those of wild-type mice (data not shown). Analysis of
adult Abi2 null mice revealed the presence of small, round
lenses that appeared to have reformed over time.

Defective lens development has been reported to occur as a
consequence of aberrant expression of crystallin proteins or as
a result of defects in proliferation, differentiation, or apoptosis
(38, 42, 81). We investigated these possibilities for the Abi2
null lens. Two lens-specific differentiation markers, MIP26 and
y-crystallin (34, 39), were correctly upregulated in primary and
secondary fibers in the absence of Abi2 (Fig. 2C and D),
suggesting that differentiation occurs normally. Additionally,
pulse labeling of E16.5 embryos with BrdU demonstrated that
incorporation of BrdU in the lens was confined to the anterior
epithelial cells, as expected (34, 39), and was the same in
wild-type and Abi2 null lenses (Fig. 2E), thereby showing that
proliferation in the Abi2 null lens is normal. Similar levels of
apoptotic cells were detected in the retinas of Abi2 null and
wild-type mice (data not shown). As reported (81), the lens did
not exhibit appreciable apoptosis, regardless of genotype (data
not shown). Thus, the Abi2 null lens phenotype cannot be
attributed to aberrant differentiation, proliferation, or apopto-
sis of lens cells; rather, the data suggest it may be due to
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Wild-type

FIG. 4. Localization of Abi2 in the lens during mouse development. (A) Pure lenses from P1 wild-type mice were fractionated. Fractions were
separated by SDS-PAGE and blotted with anti-Abi2, anti-MIP26, or anti-y crystallin (yCy) antibody, as indicated. Lane 1, 100 pg of hypotonic
lysate; lane 2, 10 pg of hypotonic lysate; lane 3, 10 pg of CSK lysate; lane 4, 10 wg of RIPA lysate; lane 5, 1/20 of total RIPA-insoluble protein.
(B) Wild-type (B1 and B3) and Abi2 null (B2) E18.5 lens sections were processed for immunohistochemistry and stained with anti-Abi2 antibody.
Panel B3 shows a high magnification of the boxed region in panel B1. (C) Wild-type E16.5 lens sections were processed for indirect immunoflu-
orescence by using the indicated antibodies, and Z-sections were examined by confocal microscopy. In panels C2a and CS5, the dotted line
delineates the EFI. (Cla) High-magnification merged image of anti-Abi2 (C1b) and anti-B-catenin (Clc) staining. (C2) The boxed regions in
panels b, ¢, and d encompass the transition zone at the beginning of the EFI; panel a shows a higher magnification of the boxed regions in panels
b, ¢, and d. The arrow denotes the beginning of the EFI. (C3 and C4) High magnification of the EFI stained with anti-Abi2 (C3) and costained
with antibodies to Abi2 and B-catenin (C4). (C5) High magnification of Z-section of the EFI and anterior epithelial cell layer stained with
antibodies to the p34 Arc component of the Arp2/3 complex. The dotted line delineates the EFI (C5). AE, anterior epithelial cell layer of the lens;
SF, secondary lens fibers.

defective cell adhesion and/or migration. It is also possible that
the thickening of the lens capsule in the Abi2 null lens may
contribute to the abnormal packing of secondary lens fiber
cells and to the rupture of the posterior region observed at P1.

Localization of Abi2 to adherens junctions in the lens and
cultured epithelial cells. To gain a better understanding of the
secondary lens fiber migration defects observed in Abi2 null
mice, we examined the expression and localization of Abi2 in
the eye. Abi2 is highly expressed in the eye, particularly in the
lens (Fig. 4). In contrast, Abil protein was not detected in the
lens (data not shown). The localization of Abi2 in wild-type P1

lenses was analyzed by cell fractionation and compared with
that of a membrane protein (MIP26) and a cytosolic protein
(y-crystallin) (39). Abi2 was largely insoluble in hypotonic
buffer or a buffer used to extract noncytoskeletal proteins but
was soluble in RIPA buffer, which releases proteins associated
with the membrane-cytoskeletal fraction, such as MIP26 (Fig.
4A). Immunostaining of wild-type lenses with anti-Abi2 anti-
body showed high levels of Abi2 at the tips of migrating sec-
ondary fibers, particularly at the transition zone, where newly
differentiating fibers begin their migration along the epithelial
cell-fiber interface (EFI) (Fig. 4B1). Control preimmune sera
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did not stain wild-type or Abi2 null lenses (data not shown),
and the Abi2 null lens did not stain with anti-Abi2 antibody
(Fig. 4B2). Abi2 was prominently observed at the cell-cell
borders of secondary lens fibers in the anterior of the lens (Fig.
4B1 and C1) and at the base of newly differentiating secondary
lens fibers and anterior epithelial cells (Fig. 4B3).

The tips of secondary lens fibers form adherens junctions
with anterior epithelial cells at the EFI (32), and mammalian
lens fiber cells express a number of junctional proteins, includ-
ing cadherins and - and a-catenin (64). Abi2 colocalized with
or was adjacent to the adherens junction protein B-catenin,
along secondary lens fiber cell-cell borders (Fig. 4C1 and C2),
and at the tips of secondary lens fibers at the EFI (Fig. 4C1 and
C4). Abi2 was detected in a double row of puncta at the inter-
face of secondary lens fibers and anterior epithelial cells at the
EFI (Fig. 4C2 and C3). The tips of secondary fibers migrate
rapidly at the EFI (2), suggesting that dynamic regulation of
adherens junctions must occur at this site. Dynamic regulation
of adherens junctions involves de novo actin polymerization
(69). Thus, we examined the localization of the Arp2/3 actin
nucleator complex in the lens. The p34 Arc component of the
Arp2/3 complex localized to the EFI in the lens (Fig. 4C5),
which is consistent with dynamic regulation of the actin cy-
toskeleton at this site. Hence, Abi2 localizes to adherens junc-
tions at the EFI, where proteins involved in actin nucleation
also accumulate.

To more precisely define the localization of Abi2 during
cell-cell junction formation in epithelial cells, we examined
these processes in MDCK epithelial cells in vitro. Similar to
our findings with fluorescently tagged Abi proteins in mela-
noma cells and fibroblasts (12, 63), endogenous Abi2 specifi-
cally localized at the tips of protruding lamellae in MDCK cells
migrating on collagen (Fig. 5A1 to A3). Significantly, Abi2
accumulated at cell-cell contacts, where it colocalized with
adherens junction markers B-catenin (Fig. 5B1 to B3), F-actin
(Fig. 5C1 to C3), and E-cadherin (data not shown). Abi2 was
present at nascent cell-cell junctions, where it clustered adja-
cent to the tips of F-actin protrusions (Fig. SD1 to D4). Later
during cell-cell junction formation, Abi2 colocalized with ad-
herens junctions markers in puncta (Fig. 5B1 to B3 and CI to
C3), a pattern that is characteristic of developing cell-cell junc-
tions (69). To examine the dynamics of Abi2 localization dur-
ing cell-cell adhesion, we analyzed the localization of a func-
tional GFP-Abi2B fusion (63) by time-lapse imaging of live
MDCK cells. We observed that the levels of GFP-Abi2B at
more mature cell-cell junctions (>1 h) were markedly reduced
compared to those at earlier junctions (19 to 33 min) (Fig. SE).
This increase in fluorescence intensity was not observed in cells
expressing GFP alone (data not shown). These data suggest
that, similar to Rac (14), Abi2 may have a role early in adhe-
rens junction formation.

Abi proteins modulate adherens junction formation in vitro.
To determine whether Abi proteins play a role in the forma-
tion of intercellular adhesions in cultured epithelial cells, Abil
and Abi2 protein expression was downregulated by use of
RNA interference in HeLa cells, as both proteins are ex-
pressed in these cells. Abil and Abi2 were markedly down-
regulated in HeLa epithelial cells transfected with siRNAs
specific for Abil and Abi2 (Fig. 6A). Scrambled siRNA con-
trols did not affect Abi protein expression (Fig. 6A) or local-
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ization to adherens junctions (Fig. 6B). Abi2 protein failed to
accumulate at adherens junctions in cells transfected with Abi
siRNAs (Fig. 6B). Significantly, downregulation of Abil and
Abi2 expression impaired the formation of adherens junctions
as assessed by immunostaining with a B-catenin-specific anti-
body (Fig. 6B). While cells transfected with scrambled siRNA
controls displayed a strong and continuous pattern of B-cate-
nin staining at sites of cell-cell adhesion at 2 days posttrans-
fection, loss of Abi protein at these sites in the Abil/Abi2
siRNA-treated cells resulted in the appearance of finger-like
extensions between the adjacent cells, which is characteristic of
immature cell-cell junctions (Fig. 6B). Over time, continuous
B-catenin was also observed in the cells with downregulated
Abi protein expression, supporting a role for Abi proteins
during early adherens junction formation (data not shown).
The effects on early adherens junction formation observed in
cells transfected with the Abi-specific siRNAs were not due to
decreased expression of a-catenin or B-catenin, but rather
correlated with a marked downregulation of WAVE (Fig. 6C),
in agreement with previous findings on the positive role of Abi
proteins in the regulation of WAVE protein stability (12, 26,
31, 50). Thus, these data reveal a transient requirement for Abi
proteins during formation of nascent adherens junctions in vitro.

Neuroanatomical abnormalities in Abi2 null mice. The Abi2
protein was highly expressed in the brain (Fig. 1) and localized
throughout the developing cortex (Fig. 7). Abi2 was promi-
nently expressed in the marginal zone (Fig. 7B), an area rich in
neuronal and glial cell processes, and along the border of the
lateral ventricles (Fig. 7A1). Interestingly, Abi2 colocalized
with B-catenin at cell-cell borders and along the lateral ventri-
cle (Fig. 7A1 to A3). Consistent with the neuronal Abi2 ex-
pression, neuroanatomical abnormalities were apparent in
both embryonic and adult mice in the absence of Abi2. Aber-
rant localization of cortical cells into the corpus callosum was
observed in Abi2 homozygous null mice at E18.5 (Fig. 8A1 and
A2), suggestive of defects in cell migration. Abnormalities in
the organization of the neocortex were evident in adult Abi2
null mice, although the normal patterning of the six cortical
layers occurred. Invaginations of layer I of the motor cortex
were found in Abi2 null mice, and localized heterotopic col-
lections of disorganized neurons were often observed adjacent
to the invaginations (4 of 10 mice) (Fig. 8B2 to B4). Pyramidal
cells adjacent to the invaginations were not radially oriented as
in wild type, but rather were oriented towards the site of in-
vagination (Fig. 8B3 and B4). Also, deeper layers of the motor
and visual cortexes exhibited regions of low cellularity that
were surrounded by misoriented neurons (Fig. 8C1 and C2). In
addition, invaginations of layer I of the cingulate cortex (7 of
10 mice) (Fig. 8D) and visual cortex (1 of 10 mice) (data not
shown) were detected in Abi2 null mice. Aberrant localization
of cortical cells in layer I of the cingulate cortex was also
observed (Fig. 8D). Together, these data are consistent with a
role for Abi2 in cell migration and process outgrowth in the
developing brain.

The hippocampus of adult Abi2 null mice exhibited mild
distortions in organization. In the hippocampus and dentate
gyrus, the majority of cells were organized in a laminar archi-
tecture resembling that in wild-type mice (Fig. 8F1 and F2).
However, in approximately half of the Abi2 null mice, the
hippocampal pyramidal layer was periodically interrupted by
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3. catenin

F-actin

FIG. 5. Localization of Abi2 to nascent adherens junctions in MDCK epithelial cells. MDCK cells in suspension in high-calcium medium were
plated onto collagen IV-coated glass coverslips and allowed to migrate and form cell-cell junctions for 1 to 6 h. Cells were processed for indirect
immunofluorescence by using the indicated antibodies or phalloidin to stain F-actin. (A) Migrating cell; panel A3 shows a merged image at high
magnification of the lamellipodium stained for Abi2 (A1) and F-actin (A2). (B) Colocalization of Abi2 and B-catenin at cell-cell junctions. (C)
Colocalization of Abi2 with F-actin at the cell-cell junction but not at the remainder of the cell periphery. (D) Junction formation between three
cells. Panels D2 to D4 show higher magnification images of the cell-cell junction boxed in panel D1, stained for Abi2 and F-actin. (E) Time-lapse
confocal microscopy of GFP-Abi2B-expressing MDCK epithelial cells. The arrow indicates the accumulation of GFP-Abi2B at adherens junctions.
Time is indicated in the form hour:minute.
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FIG. 7. Localization of Abi2 in the developing mouse brain. (A and B) Coronal cryostat sections (20 wm thick) obtained from embryonic heads
were processed for immunofluorescence (A) or immunohistochemistry (B) and incubated with the indicated antibodies (Al to A3) or anti-Abi2
(B1 to B3). (A) E16.5 frontal cortical section. Shown is the region surrounding the anterior horn of the right lateral ventricle. S, superior part of
ventricle. (B) E18.5 frontal cortical sections from wild-type (B1 and B3) and Abi2 null (B2) embryos stained for Abi2 (brown). (B3) High
magnification of the marginal zone and cortical plate from panel B1, showing the presence of Abi2 in the cell body and horizontal process of Cajal
Retzius-like cells (indicated by arrows) in the marginal zone. P, pia; M, marginal zone; C, cortical plate; I, intermediate zone; V, ventricular zone.

gaps (Fig. 8F2, enlargement of section 1), and granule cells of
the dentate gyrus appeared less densely packed and were dis-
placed at discrete sites (Fig. 8F2, enlargement of section 2, and
F3), suggestive of cell migration defects.

Defective dendritic spine morphology and density in the
absence of Abi2. Abi2 localized to axons and dendrites of
wild-type (Fig. 9A1 and B) but not Abi2 null (Fig. 9A2) neu-
rons. Abi2 colocalized with the synaptic markers synaptophysin
and synapsin in cortical neurons from E17.5 embryos (data not
shown). To determine whether Abi2 was present in dendritic
spines, we employed cultured hippocampal neurons from early
postnatal wild-type and Abi2 null mice and examined Abi2
localization at different stages of spine development (24, 33).
Abi2 staining was strong in dendritic spines of both 14-day in
vitro (DIV) (Fig. 9A1 and B1) and 21 DIV (Fig. 9B2) neurons,
but it was weak in filopodia, which are precursors to dendritic
spines (data not shown). In some cases, Abi2 staining was
intense in the central portion of the spine (Fig. 9A1 and B1),
whereas in other spines, Abi2 immunofluorescence staining
appeared as doublets that sometimes were directly apposed by
axonal Abi2 staining (Fig. 9B).

Given the localization of Abi2 to dendritic spines in vitro, we
examined the morphology and density of dendritic spines in

wild-type and Abi2 null mice in vivo. Adult mice brains were
impregnated according to the Golgi procedure (55), and fully
impregnated neurons were analyzed. Basal dendrites of pyra-
midal neurons in layers III and V of the somatosensory cortex
and the CAl region of the hippocampus were examined. On
basal dendrites of layer III pyramidal neurons in Abi2-deficient
mice, there was a significant decrease (P < 0.05, Student’s ¢
test, one tailed) in the relative proportion of spines that were
of mushroom-type morphology (56% wild-type, 42% Abi2
null, and 39% Abi2 heterozygous) and a corresponding in-
crease in the proportion of stubby spines (25% wild type, 36%
Abi2 null, and 38% Abi2 heterozygous) (Fig. 9C). However,
the density of spines on basal dendrites was similar in wild-type
(74 spines/100 pm) and Abi2 null (76 spines/100 wm) mice.
Notably, the density of spines on apical dendritic branches of
layer V pyramidal cells was significantly lower in Abi2 null
mice (76 spines/100 wm) and Abi2 heterozygous mice (44
spines/100 wm) compared to wild-type mice (100 spines/100
wm). Spine density of apical dendritic branches in the CAl
region of the hippocampus was also significantly decreased in
Abi2 null mice (45 spines/100 pm) and in Abi2 heterozygous
mice (42 spines/100 pm) compared to wild-type mice (85
spines/100 wm) (Fig. 9D and E).

FIG. 6. Downregulation of Abi expression impairs adherens junction formation in epithelial cells. (A) HeLa cells were transfected with a 100
nM concentration of the indicated siRNAs specific for Abil and/or Abi2 (Abi2.1 and -2.2), or with scrambled control siRNA. After 48 h, the cells
were lysed and Abi protein levels were determined by Western blotting with the indicated anti-Abi antibodies. The blots were stripped and
reprobed with B-tubulin antibody to show equal protein loading. (B) HeLa cells were cotransfected with 100 nM siRNA mix containing siRNAs
for Abil and Abi2 or scrambled siRNA control (200 nM) as indicated. After 48 h, the cells were approximately 75% confluent and were fixed,
permeabilized, and stained for B-catenin or for Abi2 as indicated. The results shown are representative of five independent experiments, with each
transfection done in duplicate or triplicate. (C) HeLa cells transfected with scrambled or Abil/Abi2 siRNAs were lysed at 48 h posttransfection,
and the lysates were blotted for the indicated antibodies.
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FIG. 8. Morphological defects in the neocortex and hippocampus of Abi2 null mice. (A) Nissl-stained coronal sections (20 wm) of wild-type
(A1) and Abi2 null (A2) neocortexes at E18.5 in the region of the corpus callosum (cc). In the wild-type mice (A1), the cells of the cortical plate
form a distinct line above the corpus callosum, whereas these cells are displaced into the corpus callosum in Abi2 null mice (arrow). (B to F)
Nissl-stained coronal sections (40 wm) of wild-type (B1 and F1) and Abi2 null (B2 to B4, C, D, F2 and F3) adult mouse brain from corresponding
anatomical levels. (B) Comparison of wild-type (B1) and Abi2 null (B2-4) motor cortexes. Panels B3 and B4 are higher magnification images of
B2. (B2 and B3) Invaginations of layer I (upper arrow). (B2 and B4) Misplacement of layer I within deeper layers of the cortex adjacent to the
invagination (lower arrow). Note the aberrant, almost horizontal orientation of neurons towards the misplaced layer I. In panel B4, compare the
cell orientation in the lower half to the right of the arrow with the orientation in the upper half. Py, pyramidal cell layer; Gr, granule cell layer;
I, layer I of the neocortex; CC, corpus callosum. (C) Aberrant cellular orientation around cell-poor regions in the visual cortex of Abi2 null mice.
Panel C2 is a higher magnification of the image in panel C1. (D) Invagination of layer I in the cingulate cortex of Abi2 null mice, with layer I to
the left. (F) Comparison of wild-type (F1) and Abi2 null (F2 and F3) hippocampus sections. (F2-1 and F2-2) are higher magnifications of boxed
regions 1 and 2, respetively, in panel F2. (F3) Higher-magnification image of the dentate gyrus of a different Abi2 null mouse. Bars = 100 pum.
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FIG. 9. Loss of Abi2 results in aberrant spine morphology and density. (A and B) Primary neurons from P2 hippocampus were isolated from
wild-type or Abi2~/~ mice and cultured in vitro for either 14 (A and B1) or 21 (B2) days. Localization of Abi2 (red) at dendritic spines is visualized
by intense costaining with F-actin (green). (A) Abi2 staining of dendritic spines from 14-DIV wild-type neurons (Al) but not Abi2 null
hippocampal neurons (A2). Panels for wild-type and Abi2 null neurons were taken using identical confocal magnification and intensity settings.
Note the intense dot of Abi2 staining at the center-front of the wild-type spine. (B) Abi2 staining of dendritic spines in wild-type hippocampal
neurons grown for 14 DIV (B1) or 21 DIV (B2). (C to E) Analysis of dendritic spines in pyramidal neurons of adult wild-type, Abi2™/~, and
Abi2*/~ neocortexes and CALl regions of the hippocampus by the Golgi impregnation procedure. Three to five mice of each genotype were
employed for the analyses. (C) Representative images of basal dendrite branches of wild-type, Abi2~/~, and Abi2*/~ pyramidal neurons of layer
III of the somatosensory cortex. Arrows denote mushroom spines, and asterisks denotes stubby spines. (D) Representative images showing density
of dendritic spines on side branches of apical dendrites for wild-type, Abi2~/~, and Abi2*/~ CA1 hippocampal pyramidal neurons. (E) Quanti-
fication of spine density from panel D expressed as the mean number of spines per 100 wm of dendritic length.
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Impaired learning and memory in Abi2-deficient mice. The
synaptic localization of Abi2, in particular its localization to
dendritic spines, and the dendritic spine defects in the Abi2
null mice suggested that memory formation may be impaired
in the absence of Abi2. To address this possibility, behavioral
tests were performed with wild-type, Abi2™/~ and Abi2 ™/~
mice. Deficits in short- and long-term memory have been char-
acterized with a one-trial passive avoidance test (70). In this
assay, foot shock is used to train mice to refrain from crossing
from a lighted to a darkened chamber. Latency to cross to the
darkened chamber after conditioning is used as an index of
memory consolidation and retention. Initial neurophysiologi-
cal tests of Abi2~/~ mice showed that rudimentary sensory and
motor functions were within the normal range of mouse be-
haviors. Abi2™’~ mice have eyes that are smaller than wild-
type mice. To determine whether rudimentary visual responses
were intact in Abi2-deficient mice, animals were evaluated for
pupillary responses, their ability to track a moving object, and
light-dark discrimination. In all three tests, no differences were
discerned for wild-type, Abi2™/~, and Abi2*'~ mice; all ani-
mals displayed pupillary responses to light, could track a mov-
ing object, and could discriminate light from dark (data not
shown). In the latter test, all animals rapidly entered a dark-
ened chamber and stayed in this chamber for approximately 2
min. Thereafter, the numbers of transitions between the light
and dark chambers and the time spent in each chamber were
virtually identical for the three genotypes (data not shown).
Hence, adult Abi2 null and heterozygous mice did not have
detectable impairment of gross visual functions for orientation,
object tracking, visual placement, and dark-light discrimination
(data not shown). No differences were discerned in the abilities
of the three genotypes of mice to sense and respond to foot
shock (Fig. 10A). During passive avoidance training, wild-type,
Abi2*/~, and Abi2 ™/~ mice were equally likely to cross rapidly
to the darkened chamber (Fig. 10B). However, when tested at
0.5, 1, or 24 h later, wild-type mice showed substantially longer
latencies to cross to the darkened chamber relative to Abi2*/~
and Abi2~/~ mice (Fig. 10B). These data show that Abi2™/~
and Abi2™/~ mice are deficient in short- and long-term mem-
ory formation. To investigate whether additional exposure to
the task would improve the performance of Abi2-deficient mice,
animals that were initially tested at the 1-h retention were
retrained and retested 7 days later (final test). During retrain-
ing, approximately 86% of each genotype readily crossed to the
darkened chamber (Fig. 10C). Retesting showed that although
wild-type animals showed the longest latency to cross to the
darkened chamber, the latency was not significantly greater
than that of Abi2™/~ mice (Fig. 10C). Indeed, comparisons
between initial and final testing revealed that while retraining
did not significantly improve wild-type performance, latencies
for Abi2*/~ mice were significantly increased (Fig. 10B and C).
Although latency scores for Abi2~/~ mice were not significant-
ly different at retesting compared to initial testing, there was a
trend towards increased latency (Fig. 10B and C).

To examine behaviors of individual mice during the retesting
for passive avoidance, their patterns of chamber entry were
analyzed over a 300-s test interval. While retesting increased
the latencies in crossing to the darkened chamber for Abi2™/~
and Abi2~/~ mice (Fig. 10C), the individual response patterns
revealed that these mice were still deficient on this task (Fig.
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10D). While 75% of wild-type mice did not cross to the dark-
ened chamber, only 57% of Abi2™/~ and 25% of Abi2~/~ mice
showed this behavior. The remaining 43% of Abi2*/~ mice
and 75% of Abi2~/~ mice rapidly entered the dark chamber
(Fig. 10D). In summary, the passive-avoidance data show that
Abi2*/~ and Abi2™/~ mice are deficient in both short- and
long-term memory formation but that retraining can improve
performance, particularly in Abi2*/~ mice.

DISCUSSION

In this work we uncovered a role for Abi2 in the regulation
of cell morphogenesis in vivo. Homozygous deletion of murine
abi2 produces abnormal phenotypes in the eye. Lens morpho-
genesis is an excellent system for analyzing the interplay of cell
adhesion, migration, differentiation, proliferation, and survival
(44). Morphogenesis of the lens involves dramatic changes in
actin cytoskeleton organization to allow for cell elongation, cell
adhesion turnover, and migration. We have shown that the
most striking and penetrant phenotype induced by homozy-
gous loss of Abi2 is the incorrect orientation and migration of
secondary lens fibers without affecting differentiation, prolifer-
ation, or survival in the lens. This phenotype is consistent with
the localization of Abi2 at the interface of secondary lens fibers
and the undifferentiated epithelial cells. Defective actin poly-
merization at this site in the absence of Abi2 may underlie the
inability of the secondary lens fibers to orient properly and
migrate to form a suture with the tips of contralateral second-
ary fibers, thereby producing a gap at the anterior of the P1
lens. Loss of Abi2 may also result in defective intercellular
adhesion, as Abi2 may link cadherin activation during forma-
tion of adherens junctions to remodeling of the actin cytoskel-
eton. A role for cadherin-mediated adhesion in cell migration
has been demonstrated for border cell migration during Dro-
sophila oogenesis (54) and for muscle cell migration in the
developing zebrafish myotome (7). Our findings in vitro and in
vivo suggest that defective intercellular adhesion in the ab-
sence of Abi2 may contribute to altered cell migration and
defective morphogenesis in the murine lens.

Development of cadherin-dependent epithelial cell-cell ad-
hesion is driven by lamellipodia in living cells (14). Here we
showed that Abi2 is enriched at adherens junctions and that as
adherens junctions mature, Abi2 accumulation diminishes at
these sites. This pattern of localization is similar to that of Rac
(14). Thus, Abi2 may function in concert with Rac during
intercellular junction formation rather than maintenance. A
role for Abi proteins in the formation of adherens junctions is
further supported by our finding that downregulation of en-
dogenous Abi proteins by RNA interference impairs early ad-
herens junction formation. The effect of Abi downregulation
on adherens junction formation in HeLa epithelial cells is
transient, which suggests that other proteins that accumulate at
these structures may play redundant roles. Indeed, inhibition
of adherens junctions in vitro has been reported to occur as a
consequence of functional disruption of a subset of signaling
molecules implicated in the regulation of the actin cytoskele-
ton, such as the Vasp/Ena protein family, the Rho GTPases,
Dial, and forminl (18, 29, 51, 69). These reports underscore
the importance of adhesion-mediated changes in the actin cy-
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FIG. 10. Defective memory formation in Abi2-deficient mice. (A) Sensitivity of wild-type, Abi2™/~, and Abi2 /" mice to scrambled foot shock;
each genotype behaved in a similar manner. (B and C) Passive avoidance testing: shown is the latency (in seconds) to enter the darkened chamber
from the lighted chamber during training and at 30 or 60 min or 24 h after training; n = 7 to 10 mice for each genotype. (B) During initial testing,
all naive mice rapidly crossed to the dark chamber. However, at 30 or 60 min or 24 h after training, wild-type mice did not readily cross to the dark
chamber, while Abi2"/~ and Abi2™/~ mice readily crossed. *, P < 0.05 versus wild-type controls. (C) Since Abi2"/~ and Abi2~/~ mice showed poor
retention in initial testing, animals that were initially tested for a 1-h retention were retrained and retested at that same (1-h) retention interval
1 week later. Note that there was still a tendency (*, P < 0.06) for Abi2™/~ mice to enter the dark chamber more readily than wild-type animals.
(D) Individual recordings depicting crossing and duration of time spent (maximal time allowed = 300 s) in the lighted (grey bars) and dark (black
bars) chambers by wild-type (n = 8), Abi2"/~ (n = 7), and Abi2™/~ (n = 8) mice during the 1-h retention test following retraining and retesting

for passive avoidance.

toskeleton for the formation and integrity of adherens junc-
tions.

How does Abi2 regulate lamellipodia-driven adherens junc-
tion formation? Lamellipodial protrusions are dependent on
Rac activation (16), and Abi proteins have been linked to
signaling complexes upstream and downstream of Rac. Abi
proteins may stimulate the activity of specific GEF proteins
towards Rac, as reported previously (25, 56, 57). Alternatively,
Abi proteins may be involved in targeting Rac-GEFs to specific
membrane sites to initiate signaling cascades leading to induc-
tion of de novo actin polymerization. Abi family proteins may
also affect lamellipodial protrusions by regulating WAVE
function downstream of Rac. Similar to Abi, WAVE proteins
accumulate at the tips of protruding lamellipodia (22, 65).
WAVE stimulates the actin nucleating activity of the Arp2/3

complex in response to Rac activation, and loss of WAVE
function impairs lamellipodia formation in Drosophila and
mouse cells (13, 31, 50, 65). Recently, downregulation of Dro-
sophila Abi and mammalian Abil in vitro in cells was shown to
inhibit formation of lamellipodia, possibly due to increased
degradation and/or mislocalization of WAVE (26, 31, 50).
Consistent with these findings, we showed that downregulation
of Abi protein expression by RNA interference leads to re-
duced WAVE levels. Interestingly, we have identified naturally
occurring forms of Abi2 that lack N-terminal sequences
required for WAVE binding and localization to the tips of
lamellipodia (unpublished results). This finding suggests that
regulated expression of Abi2 proteins encoding or lacking
these N-terminal sequences could affect actin polymerization
at the leading edge during development or under pathological
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conditions. Moreover, abnormal lens morphogenesis and de-
fective cell migration in vivo in mice lacking Abi2 are consis-
tent with the findings that C. elegans orthologs of Nap1/Nap125
and PIR121, two protein components of the Rac-responsive
WAVE/Abi complex, regulate tissue morphogenesis and cell
migration in vivo (61) and that WAVE?2 regulates migration,
sprouting, and branching of endothelial cells during mouse
development (76).

Abnormalities in the reorganization of the actin cytoskele-
ton may also underlie the neuronal abnormalities present in
Abi2-deficient mice. These mice exhibited highly penetrant and
profound impairments in short- and long-term memory. These
deficits were accompanied by abnormalities in dendritic spine
morphology and density in Abi2 null and Abi2 heterozygous
mice. Changes in spine morphology and number have been
correlated with alterations in behavior and may provide a mor-
phological basis for synaptic plasticity (33, 79). Dendritic spine
morphology is developmentally regulated, progressing from
filopodial in early development to mushroom-shaped spines
with an expanded head connected to the dendrite shaft by a
narrow neck in the mature brain (24). Dendritic spines may
exhibit additional shapes, such as stubby spines that lack the
neck and thin (headless) spines (24). We showed that basal
dendrites of layer III pyramidal neurons of Abi2-deficient mice
exhibited a significant decrease in the relative proportion of
mushroom-shaped spines and a corresponding increase in the
proportion of stubby spines. The functional consequences of
this morphological change are unclear, but shortening of the
spine neck may change synaptic strength (66). Moreover, spine
density on apical dendritic branches of layer V pyramidal cells
and in the CA1 region of the hippocampus was significantly
reduced in Abi2-deficient mice compared to wild-type mice.
Abi2 was expressed in both axons and dendritic spines. There-
fore, the reduced spine density in the Abi2-deficient mice
might be due to loss of presynaptic and/or postsynaptic Abi2
functions.

Abnormalities in dendritic spine morphology and density
similar to those presented by the Abi2-deficient mice have
been observed in vitro after expression of dominant-negative
Rac or dominant-negative PIX, a GEF for Rac (41, 80). Ex-
pression of dominant-negative Rac in hippocampal slice cul-
tures produces a decrease in spine density, with some dendrites
lacking spines altogether (41). Expression of dominant-nega-
tive forms of PIX or the PIX-binding protein GIT1 results in
a significant decrease in the number of normal mushroom-
shaped spines in cultured hippocampal neurons (80). These
findings underscore the critical requirement for Rac signaling
in the regulation of dendritic spine morphogenesis and synapse
formation. We propose that the absence of Abi2 results in
defects in Rac-dependent pathways involved in the regulation
of actin dynamics, producing deficits in spine morphology and
density.

Alterations in dendritic spine morphology may also result by
interfering with the function of cell surface receptors that con-
trol intercellular adhesion such as N-cadherin and the Eph
receptor tyrosine kinases. Interfering with the function of these
receptors results in the replacement of normal mushroom-
shaped dendritic spines with long thin spines, filopodia, or
immature small-headed or headless spines (15, 23, 40, 68). Our
finding that endogenous Abi2 localizes to cadherin-dependent
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adherens junctions suggests that Abi2 may function down-
stream of cadherins during synapse formation. This possibility
is further supported by recent reports showing that B-catenin
and o-N-catenin regulate dendritic spine morphogenesis in
vitro (1, 78). Abil has also been linked to ephrin-B1, a mem-
brane-bound ligand for the EphB2 receptor tyrosine kinase.
Abil binds to Grb4/Nckp, an adaptor protein that interacts
with the tyrosine-phosphorylated intracellular tail of ephrin-B1
(9). Ephrins are both pre- and postsynaptic (6, 21), and eph-
rin-B proteins are highly expressed in postsynaptic CA1 hip-
pocampal neurons and are required for synaptic plasticity (21).
It is possible that the absence of Abi2 at sites of interneural
adhesion elicits altered synaptic connectivity downstream of
several adhesion receptor systems, possibly by blocking the
signaling pathways that link the activation of the adhesion
receptors to Rac-dependent regulation of actin dynamics at
dendritic spines.

It is significant that several genes encoding regulators and
effectors of the Rho family GTPases are mutated in patients
with syndromic and nonsyndromic forms of mental retarda-
tion (46). Among regulators and effectors of Rho GTPases,
LIMK1, oligophrenin, and oPIX all have been shown to reg-
ulate dendritic spine morphogenesis (20, 35, 80). Furthermore,
mice that are homozygous null for WAVEL exhibit deficits in
learning and memory, despite the absence of obvious abnor-
malities in the cellular organization of the hippocampus (60).
These findings suggest functional links between Abi2 and
WAVEI] in the regulation of cognitive functions and are con-
sistent with the presence of Abi2 in a protein complex with
WAVEI], Napl, and PIR121/Sra-1 (13, 26, 59, 62). In this
regard, the PIR121/Sra-1 proteins bind to the fragile X mental
retardation protein FMRP (52), and the fly ortholog of Sra-1
regulates axonal pathfinding and synaptic morphology and in-
teracts biochemically and genetically with the Drosophila or-
thologs of Rac and FMR1 (53). Interestingly, WAVE1 binds to
the c-Abl tyrosine kinase (74), and c-Abl binds and phosphor-
ylates Abi2 (10). Thus, it is possible that WAVEL and Abi2
function in a coordinated manner to integrate Rac- and Abl
kinase-dependent signaling pathways at neuronal synapses (37,
41, 46). As dendritic spine plasticity has been linked to memory
formation (79), an exciting possibility is that the memory de-
fects in Abi2-deficient mice may be due to the aberrant regu-
lation of pathways that link neuronal connectivity mediated by
adhesion receptors to Rac-dependent actin reorganization.
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