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Abstract
The role of agrin in synaptogenesis has been extensively studied. On the other hand, little is known
about the function of this extracellular matrix protein during developmental processes that precede
the formation of synapses. Recently, it has been shown that agrin regulates the rate of neurite
elongation and the behavior of growth cones in hippocampal and spinal neurons, respectively.
However, the molecular mechanisms underlying these effects have not been completely elucidated.
In the present study, we analyzed the morphological and molecular changes induced by agrin in
growth cones of hippocampal neurons that developed in culture. Morphometric analysis showed a
significant enlargement of growth cones of hippocampal neurons cultured in the presence of agrin.
These agrin-induced growth cone changes were accompanied by the formation of loops of
microtubules highly enriched in acetylated tubulin and an increase in the content of the microtubule-
associated protein MAP1B. Together, these data provide further insights into the potential molecular
mechanisms underlying the effects of agrin on neurite outgrowth in central neurons.

INTRODUCTION
Agrin is one of the heparan sulfate proteoglycan components of the extracellular matrix. This
multi-domain glycoprotein is encoded by a single gene that is alternatively spliced to give rise
to several isoforms (Deyst et al., 1998; Glass et al., 1996 & 1997; Godfrey, 1991; Godfrey et
al., 1988; Hoch et al., 1994; McMahan, 1990; Ruegg et al., 1992 & 1998; Rupp, et al. 1991 &
1992; Sanes, 1997; Stone and Nikolics, 1995). The neuron-specific isoform was initially
detected in motor neurons (Cohen and Godfrey, 1992; Magill-Solc and McMahan, 1988).
Later, it was shown that this isoform was also expressed in the brain (Bowe and Fallon,
1995; Hoch et al., 1993; Kroger et al., 1996; Mann and Kroger, 1996; Mantych and Ferreira,
2001; O'Toole et al., 1996; Rupp et al., 1991 & 1992; Stone and Nikolics, 1995). Secreted and
transmembrane agrin isoforms are differentially expressed throughout the nervous system.
While secreted forms are enriched in motor neurons, transmembrane agrin is mainly expressed
in the brain (Burgess et al., 2000; Neumann et al., 2001; Gingras and Ferns, 2002). Numerous
studies have focused on the functional role of agrin during synaptogenesis. The results obtained
clearly indicated that agrin plays a key role in the formation of neuromuscular junctions by
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inducing the clustering of the acetylcholine receptors at synaptic sites (reviewed by Bowe and
Fallon, 1995; McMahan, 1990; Campanelli et al., 1991; Hall & Sanes, 1993; Haydon &
Drapeau, 1995; Magill-Solc and McMahan, 1988; Sanes, 1997). A growing body of evidence
suggests that agrin also participates in the formation of interneuronal synapses (Ferreira,
1999; Bose et al., 2000; Mantych and Ferreira, 2001; Gingras et al., 2002; Tournell et al.,
2006).

The subcellular localization of agrin at the tip of growing axons, as well as its pattern of
expression in the brain, suggested that this extracellular matrix protein might play a role during
the initial phases of development in central neurons (Mantych and Ferreira, 2001; Neuhuber
and Daniels, 2003). Loss- and gain-of-function experiments seem to further support this view.
Thus, agrin-depleted neurons extended longer axons when compared to agrin-expressing ones
(Gautman et al., 1996; Mantych and Ferreira, 2001). Conversely, hippocampal neurons
cultured in the presence of agrin grew shorter albeit more branched processes (Mantych and
Ferreira, 2001). Similar results were obtained when sensory and motor neurons were grown
on cells expressing different agrin isoforms (Chang et al., 1997). More recently, it has been
shown that agrin also induced repulsive growth cone turning in cultured Xenopus spinal
neurons (Xu et al., 2005). In addition to these direct effects, agrin could regulate neurite
elongation by modulating the function of neurite-promoting molecules. This seems to be the
case in PC12 cells and chick retina neurons treated with fibroblast growth factor (Kim et al.,
2003). Little is known, on the other hand, about the mechanisms underlying agrin effects on
neurite elongation. Initial studies on the composition of the cytoskeleton in agrin-depleted
neurons and in neurons cultured in the presence of agrin showed that changes in the expression
of microtubule-associated proteins paralleled the changes observed in the rate of neurite
elongation (Mantych and Ferreira, 2001).

In the present study, we analyzed the effects of agrin on the morphology and molecular
composition of growth cones of cultured hippocampal neurons. Our results showed a
significant enlargement of growth cones in the presence of agrin. Furthermore, they suggested
that agrin induced a change in the conformation of microtubules in the central region of these
structures. Collectively, our results provide further insights into the potential molecular
mechanisms underlying changes in neurite elongation induced by agrin.

RESULTS
Agrin induced the enlargement of axonal growth cones in cultured hippocampal neurons

Experimental evidence obtained recently suggests that agrin modulates neurite elongation in
central neurons (Gautman et al., 1996; Chang et al., 1997; Mantych and Ferreira, 2001; Xu et
al., 2005). However, little is known about the molecular mechanisms underlying this
developmental agrin function. To gain insights into such mechanisms, we analyzed the effects
of agrin on growth cones of cultured hippocampal neurons. These cellular compartments play
a key role in both neurite elongation and pathfinding in the developing nervous system. For
these experiments, we first used hippocampal neurons co-cultured in the presence of a
monolayer of untransfected astrocytes or astrocytes transfected with full-length agrin cDNA
with inserts in the Y and Z splicing sites. Twenty-four hours after plating, neurons co-cultured
as described above were fixed and stained using a tubulin antibody. Light microscopy analysis
indicated that the growth cones present at the tip of axons of hippocampal neurons co-cultured
with agrin-expressing astrocytes were bigger than the ones present when hippocampal neurons
were co-cultured with non-transfected glia (Fig. 1A-F). Morphometric analysis showed that,
indeed, the growth cone area in hippocampal neurons cultured in the presence of full-length
agrin was significantly larger than that of growth cones of neurons co-cultured with non-
transfected glial cells (Fig. 2A).
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We then performed a series of experiments to determine whether this agrin effect depended on
the presence of an insert in the Z splicing site (neuron-specific isoform). For these experiments,
we co-cultured hippocampal neurons with astrocyte monolayers transfected with agrin C-
terminal constructs containing the insert in the Z splicing site (Z (+) agrin) or lacking this insert
(Z (-) agrin). Morphological analysis of hippocampal neurons co-cultured in the presence of
agrin-transfected astrocytes showed a significant increase in growth area when compared to
the ones cultured in the presence of non-transfected glia monolayers, independent of the cDNA
used to transfect the astrocytes (Fig. 1G-L & 2A). Finally, we repeated these experiments using
recombinant C-terminal Z (+) agrin. This recombinant agrin was added directly to the culture
medium at a final concentration of 10 ng/ml. We have previously shown that when added at
this dose, recombinant C-terminal agrin significantly slowed the rate of axonal elongation
(Mantych and Ferreira, 2001). Twenty-four hrs after the addition of recombinant agrin, the
neurons were fixed, stained, and the growth cones analyzed. Growth cone areas were also
significantly larger in hippocampal neurons cultured in the presence of recombinant C-terminal
Z (+) agrin when compared with those cultured in its absence (Fig. 1M-O & 2A).

Agrin induced structural changes in growth cones of cultured hippocampal neurons
The central and the peripheral regions of growth cones are rich in microtubules and actin
filaments, respectively. Therefore, we took advantage of markers of these cytoskeletal
components to determine first whether the agrin-induced increase in growth cone size described
above was due to an increase in the microtubule-rich and/or the actin-rich areas. For these
experiments, hippocampal neurons were cultured for 24 hrs in the presence of either
untransfected astrocytes, agrin-transfected astrocytes, or recombinant agrin as described above
(see also Experimental Procedures). Neurons were then immunostained using a tubulin
antibody and counterstained with rhodamine-phalloidin to label the central and peripheral
regions of these structures, respectively. Morphometric analysis of the total, central, and
peripheral growth cone areas showed that ~ 30 % of the total growth cone area was occupied
by microtubules and ~70 % was occupied by actin filaments in control hippocampal neurons
(Fig. 2). This analysis also showed that although the total growth cone area was bigger in agrin-
treated neurons, the microtubule-/actin-rich area ratio was conserved in growth cones of agrin-
treated hippocampal neurons independently of the type of agrin isoform present in the culture
system (Fig. 2).

We next analyzed the composition and content of microtubules in the central area of growth
cones in hippocampal neurons grown in the presence or absence of agrin. These quantitative
analyses were performed using recombinant C-terminal agrin to avoid potential differences in
the levels of expression of transfected constructs that could either mask or accentuate agrin
effects. Thus, untreated controls and hippocampal neurons cultured for 24 hrs in the presence
of recombinant C-terminal agrin (10 ng/ml) were fixed directly or extracted using a
microtubule-stabilizing buffer prior to their fixation as described in the method section. The
cells were then stained using a tubulin antibody (all isoforms) and antibodies that recognize
unstable (tyrosinated tubulin), and stable (acetylated tubulin) microtubules, as well as MAP1B,
MAP2, and tau. Immunostaining using any of the tubulin antibodies showed that the
morphological appearance of microtubules was significantly different in growth cones of
hippocampal neurons cultured in the presence of agrin when compared to untreated ones (Fig.
1D, G, J, & M and Fig. 3). In untreated cultures, tubulin immunoreactivity decorated
microtubules that penetrated straight into the central domain of growth cones (Fig. 1 & 3). In
contrast, microtubular loops were readily detectable in the palm area of growth cones in agrin-
treated neurons (Fig. 1D, G, J, & M, see also Fig. 3). Differences in the content of stable
microtubules, as assessed by their content in acetylated tubulin, were also detected in growth
cones of hippocampal neurons grown in the presence of agrin when compared to untreated
controls. While acetylated tubulin immunoreactivity was barely detected in the growth cones

Bergstrom et al. Page 3

Neuroscience. Author manuscript; available in PMC 2009 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of untreated controls, intense immunoreactivity for this post-translationally modified tubulin
was detected in agrin-treated neurons (Fig. 3, Table 1). A similar pattern of staining was
detected when growth cones were stained using an antibody against MAP1B, a microtubule-
associated protein enriched at the tip of neurites. Thus, a stronger MAP1B immunoreactivity
was detected throughout the central area of agrin-treated growth cones when compared to
untreated ones (Fig. 4, Table 1). On the other hand, no changes were detected in the content
of MAP2 and tau when agrin-treated growth cones were compared to those present in untreated
cultures (data not shown).

We determined next whether these changes in the content of microtubular proteins could be
detected biochemically. Unfortunately, the limited amount of material that could be obtained
from our culture system precluded us from obtaining pure growth cone fractions. Therefore,
we determined the levels of these proteins in whole cells extracts by means of Western blot
analysis. When normalized using tubulin levels as internal controls, quantitative analysis of
immunoreactive bands showed a significant increase in both acetylated tubulin (124 % ± 0.9
vs. 101 % ± 2) and MAP1B (151 % ± 17 vs. 105 % ± 10, n= 6 independent culture preparations)
levels in agrin-treated neurons when compared to untreated controls (Fig. 5). Membranes were
then stripped and re-blotted using an antibody that recognizes phosphorylated MAP1B (at
serine 1260). Immunoreactive bands were quantified and the ratio of phosphorylated MAP1B
to total MAP1B was determined. No significant differences in this ratio were detected when
samples obtained from agrin-treated neurons were compared to untreated controls (116 % ±
27 vs. 100 % ± 2, n= 6 independent culture preparations).

Since a growing body of evidence suggests that actin filament organization and dynamics plays
an essential role in determining the morphology and motility of the growth cone, we next
analyzed the content of F-actin in growth cones of hippocampal neurons that developed in the
presence or absence of agrin (Mitchison and Kirschner, 1988; Tanaka and Sabry, 1995; Bradke
and Dotti, 1999; Kunda et al., 2001). For these experiments, hippocampal neurons were
cultured for 24 hrs in the presence or absence of recombinant C-terminal agrin, fixed, and
stained using rhodamine-phalloidin. Quantitative immunofluorescence analysis showed no
significant differences in F-actin fluorescence per area (pixels/5 μm2 area) in growth cones of
hippocampal neurons cultured in the presence of agrin when compared to untreated ones (Table
1). Nevertheless, there was an increase in total F-actin that was proportional to the increased
area of the outer portion of the growth cone in agrin-treated neurons when compared to control
ones. However, we did not detect these differences in the content of actin filaments in lysates
prepared from hippocampal neurons cultured in the presence or absence of recombinant C-
terminal agrin for 24 hrs and extracted with a F-actin stabilizing buffer as determined by
quantitative Western blot (97 % ± 9 vs. 99 % ± 1, respectively; n= 6 independent culture
preparations).

Finally, we analyzed whether agrin induced changes in signal transduction pathways known
to participate in the organization of actin filaments. We focused on the small GTPase Rac 1
and cofilin since recent reports indicated that activation and/or phosphorylation of these
proteins underlie changes in the morphology of growth cones (Meberg et al., 1998; Meberg
and Bamburg, 2000; Endo et al., 2003; Rosso et al., 2004). To assess Rac 1 activity, we
harvested untreated hippocampal neurons and neurons incubated in the presence of
recombinant C-terminal agrin for 20 minutes. This incubation time was chosen because we
have previously shown that the activation of signal transduction pathways in the presence of
agrin peaked between 15 and 20 minutes after the addition of this recombinant protein
(Karasewski and Ferreira, 2003). GTPase activity was determined by means of a pulldown
assay followed by Western blot analysis (see experimental procedures). Quantitative analysis
of immunoreactive bands showed no differences in Rac 1 activity when agrin-treated neurons
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were compared to untreated controls (89 % ± 7 vs. 100 % ± 10; n= 3 independent culture
preparations).

In the last set of experiments, we assessed the activity of cofilin, an actin binding protein that
severs actin filaments inducing their depolymerization, in the presence of agrin. Cofilin activity
is regulated by phosphorylation at Ser3 (Agnew et al., 1995; Bamburg, 1999). Therefore, we
determined the levels of total cofilin and its phosphorylated form in whole cell extracts prepared
from untreated hippocampal neurons and agrin-treated ones by means of Western Blot analysis.
Quantification of immunoreactive bands showed no significant changes in the total levels of
cofilin (105 % ± 13 vs. 100 % ± 0.3, n= 6 independent culture preparations) or phosphorylated
cofilin (113 % ± 9 vs. 100 % ± 0.5, n= 6 independent culture preparations) when whole cell
extracts prepared from agrin-treated neurons were compared to untreated controls.

DISCUSSION
The results presented herein indicate that agrin induces both the enlargement of growth cones
and the reorganization of the microtubules in these cellular domains in developing hippocampal
neurons. Together, they provide further insights into the molecular mechanisms underlying
agrin effects on neurite elongation in central neurons. A potential role for this extracellular
matrix protein during neurite outgrowth was first suggested based on its predominant
expression during the early stages of development and its subcellular localization in growth
cones (Cohen and Godfrey, 1992; Mann and Kroger, 1996; Ferreira, 1999; Serpinskaya et al.,
1999; Neuhuber and Daniels, 2003). Functional studies provided additional evidence for a
regulatory role of agrin on the rate of axonal and dendritic elongation in central neurons (Chang
et al., 1997; Gautman et al., 1996; Ferreira, 1999; Mantych and Ferreira, 2001). This agrin
effect was accompanied by clear changes in neuronal morphology including an enhanced
branching pattern and the formation of filopodia-like processes protruding from axonal and
dendritic shafts (Ferreira, 1999; Mantych and Ferreira, 2001; Annies et al, 2006; McCroskery
et al., 2006). In this study, we showed that agrin also induced morphological changes in the
growth cones of hippocampal neurons. One of these changes is the significant enlargement of
the growth cones of agrin-treated hippocampal neurons when compared to untreated controls.
In addition, our data indicate that full-length agrin as well as C-terminal isoforms, including
or excluding inserts in the Y and Z splicing sites, were all capable of inducing the increase in
growth cone areas. These results suggest that the C-terminal half of the molecule is sufficient
for this activity. While we have previously shown that, when transfected into glial cells, all of
these isoforms could be detected in the culture medium, the levels of expression might vary
(Tournell et al., 2006). Hence, we cannot rule out differences in activity among agrin isoforms.
Regardless, the changes in growth cone morphology observed in agrin-treated cultures could
reflect specific growth conditions. It has been reported that during active phases of axonal
elongation, growth cones became streamlined. On the other hand, growth cone enlargement
has been associated with pauses in neurite elongation (Mason and Wang, 1997; Dent et al.,
1999). Therefore, the enlargement of growth cones detected under the experimental conditions
used in this study could be consistent with an inhibitory effect of agrin on neurite outgrowth.
These results are in agreement with previous observations that indicated that agrin slows axonal
elongation. Those observations included the inhibition of neurite elongation when embryonic
motor and sensory neurons were grown on agrin expressing CHO cells, the failure of motor
neuron axons to stop at their normal synaptic sites in agrin knockout mice, and the presence
of shorter axons when hippocampal neurons were cultured with agrin (Campagna et al.,
1995; Gautman et al., 1996; Chang et al., 1997; Ferreira, 1999; Mantych and Ferreira, 2001).

In addition to the enlargement of growth cones, our results indicated that agrin induced the
formation of loops of microtubules in the central area of these structures. The formation of this
type of loop has been described before (Tsui et al., 1984; Lankford and Klein, 1990; Sabry et
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al., 1991; Tanaka and Kirschner, 1991; Dent et al., 1999). The picture emerging from those
studies indicates that microtubule loops are formed under experimental conditions that induce
the pause or slow of the rate of elongation of developing axons. Together, the increase in growth
cone size and the reorganization of microtubules into loops further supported a role of agrin
as a stop signal in developing central neurons. Acting as a stop signal, agrin could enhance the
interactions of developing axons and potential targets leading to the formation of synapses.

The formation of these microtubule loops in growth cones of hippocampal neurons grown in
the presence of agrin were associated with an increase in MAP1B and acetylated tubulin. These
results confirmed and extended our previous observation using hippocampal neurons grown
in the presence of agrin for 4 days. Under those experimental conditions, agrin induced an
increase in MAP1B, at least in part, by regulating its transcription (Mantych and Ferreira,
2001). The induction of this microtubule-associated protein (MAP) has been correlated with
tubulin polymerization underlying neurite extension in PC12 cells (Greene et al., 1983; Avila
et al., 1994; Black et al., 1994). Conversely, the suppression of MAP1B reduced NGF-induced
neurite outgrowth in PC12 cells (Brugg et al., 1993). Biochemical studies also showed that
MAP1B promotes microtubule polymerization by suppressing dynamic instability
(Vandecandelaere et al., 1996). Based on these data, it is tempting to speculate that the presence
of this MAP could induce the polymerization of microtubules in growth cones of neurons in
which the rate of growth has been slowed down by the presence of agrin. Hence, these
microtubules, unable to be polymerized in the preferred directional growth, might form loops.
These loops could become a source of readily available microtubules once neurons resume an
active growth phase. The presence of this MAP in growth cones could also induce the
stabilization of microtubules as detected by acetylated tubulin. The effect of MAP1B on this
post-translational modification of tubulin has previously been reported. Thus, an increase in
acetylated tubulin was detected in non-neuronal cells transfected with MAP1B (Takemura et
al., 1992). Conversely, a reduced level of acetylated tubulin has been detected in the growth
cone of dorsal root ganglion axons obtained from MAP1B knockout mice (Bouquet et al.,
2004). The levels of stable microtubules were also decreased when sympathetic neurons were
immunodepleted of MAP1B (Tint et al., 2005).

Our results suggest that the reorganization of the cytoskeleton in growth cones of agrin-treated
hippocampal neurons primarily affects the microtubular system. On the other hand, no changes
in the content of actin filaments were detected in agrin-treated neurons. Nor did we detect
changes in the activity of cofilin and Rac 1, two proteins known to regulate actin polymerization
leading to changes in the morphology of growth cones. Reports on the agrin regulation of Rac
1 activity are controversial. It has been shown that agrin induced a strong activation of Rac 1
in differentiated myotubules (Weston et al., 2000). Furthermore, this activation seems to be
essential for the clustering of acetylcholine receptors in the presence of agrin (Weston et al.,
2000). In contrast, agrin decreased Rac 1 activation in cultured hippocampal neurons (Xu et
al., 2005). The lack of activation of Rac 1 under our experimental conditions, together with
those previous observations, suggested that the ability of agrin to activate this signaling
pathway might be cell-type specific.

Collectively, our results suggest that agrin induced changes in the morphology and composition
of growth cones compatible with its function as a stop signal in cultured hippocampal neurons.
In addition, they suggest that these effects might be the result of the reorganization of the
microtubular system rather than the local rearrangement of actin filaments. Further studies will
be required to completely elucidate the mechanisms underlying agrin-dependent regulation of
neurite elongation.
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EXPERIMENTAL PROCEDURES
Preparation of hippocampal cultures

Neuronal cultures were prepared from the hippocampi of embryonic day 18 (E18) rat embryos
as previously described (Goslin and Banker, 1991). In brief, embryos were removed and their
hippocampi dissected and freed of meninges. The cells were dissociated by trypsinization
(0.25% for 15 min at 37°C) followed by trituration with a fire-polished Pasteur pipette and
plated onto poly-L-lysine-coated coverslips in Minimum Essential Medium (MEM) with 10%
horse serum. Coverslips were then transferred to dishes containing an astroglial monolayer.
For biochemical experiments, hippocampal neurons were plated at high density (500,000 cells/
60-mm dish) in MEM with 10% horse serum. After 4 hrs, the medium was replaced with glia-
conditioned MEM with 10% horse serum.

Preparation of astrocyte cultures
Astrocyte cultures were prepared from the cerebral cortex of E18 rat embryos as previously
described (Ferreira and Loomis, 1998). Briefly, embryos were removed and their cerebral
cortex dissected and freed of meninges. The cells were dissociated by trypsinization (0.25%
for 35 min at 37°C) and then centrifuged in MEM with 10% horse serum at 1000 rpm for 10
min. The cells were resuspended in fresh MEM with 10% horse serum, triturated with a fire-
polished pipette, and plated at high density (1,600,000 cells/60-mm dish) on non-coated culture
dishes. All the experiments included in this study were performed using astrocytes kept in
culture for 14 days.

Astrocyte transfection
Three different agrin constructs, a full-length construct with inserts in the Y and Z splicing
sites, and C-terminal constructs with and without an insert in the Z splice site, were used in
this study (Campanelli et al., 1991; Ferns et al., 1993). These constructs were transfected into
astrocytes with the Nucleofector™ apparatus (Amaxa, Gaithersburg, MD) as previously
described (Paganoni and Ferreira, 2005; Tournell et al., 2006). Briefly, astrocytes were re-
suspended in rat nucleofector solution, transferred to an electroporation cuvette and
“nucleofected” according to the manufacturer's protocol (program T-20). For each reaction, 4
million astrocytes and 5 μg of cDNA were used. Transfection efficiency was determined by
means of Western blot and immunocytochemistry using antibody against agrin and c-myc as
described below. The experiments included in this study were performed using glia monolayers
in which ~30% of the cells expressed the transfected constructs.

Recombinant agrin
In some experiments, recombinant rat C-terminal agrin (R&D Systems, Minneapolis, MN)
containing inserts in the Y and Z splice sites (Agrin3,4,8) was added to the glia-conditioned
MEM with 10% horse serum at a final concentration of 10 ng/ml as previously described
(Mantych and Ferreira, 2001).

Immunocytochemistry
Cultures were fixed for 15 min with 4% paraformaldehyde in phosphate buffered saline (PBS)
containing 0.12 M sucrose. The cultures were then permeabilized in 0.3% Triton X-100 in PBS
for 4 min and rinsed three times in PBS. The coverslips were pre-incubated in 10% bovine
serum albumin (BSA) in PBS for 1 hr at room temperature and exposed to the primary
antibodies (diluted in 1% BSA in PBS) overnight at 4°C. Finally, the cultures were rinsed in
PBS and incubated with secondary antibodies for 1 hr at 37°C. The following primary
antibodies were used: anti-α-tubulin (clone DM1A, 1:600; Sigma, St Louis, MO), anti-
acetylated tubulin (clone 6-11-B1, 1:10,000; Sigma), anti-tyrosinated-tubulin (1:500, Sigma),
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anti-tau (clone tau 5, 1:1,000; Biosource, Camarillo, CA); anti-MAP2 (clone AP20, 1:1,000;
Sigma), anti-MAP1B (clone AA6, 1:50; Sigma), anti-phosphorylated MAP1B (clone SMI31,
1:250; Covance Research Product, Inc. Berkely, CA), anti-agrin 530 (1:100; Stressgen,
Victoria, BC, Canada), and anti-c-myc (1:100; Santa Cruz Biotechnology, Santa Cruz, CA).
The following secondary antibodies were used: Alexa Fluor® 488 goat anti-mouse IgG and
Alexa Fluor® 568 goat anti-rabbit (both diluted 1:200, Molecular Probes, Eugene, OR). For
some experiments, hippocampal neurons were stained for 1 hr at 37°C with rhodamine-
phalloidin to detect actin filaments (1:1,000; Sigma). Fluorescent images of equal exposure
from hippocampal neurons cultured under different experimental conditions were acquired
with a Photometric Cool Snap FX color digital camera on a Nikon microscope and analyzed
using Metamorph Image Analysis software (Fryer Company, Huntley, IL). For some
experiments the relative intensities of tubulin, acetylated tubulin, MAP1B
immunofluorescence as well as of phalloidin staining were evaluated using quantitative
fluorescence techniques as described previously (Paglini et al., 1998). Briefly, fluorescence
intensity measurements were perfomed pixel by pixel within the central and peripheral regions
of growth cones using the Metamorph Image Analysis software.

Morphometric analysis
To determine growth cone area, hippocampal neurons grown in the presence of untransfected
astrocytes, astrocytes transfected with different agrin cDNA constructs, or recombinant C-
terminal agrin were fixed and stained using a tubulin antibody (clone DM1A) and rhodamine
phalloidin (as described above). Growth cones from randomly selected cells were traced from
the screen by using the morphometric menu of the Metamorph Image Analysis Software (Fryer
Company) and their area quantified using the same software. The proximal limit of the growth
cone was defined as the distal part of the neurite where the diameter is twice as big as the
neurite itself (Bradke and Dotti, 1997). All results of the morphometric analysis were expressed
as means ± S.E.M. Comparisons of the means between groups were made using one-way
analysis of variance (ANOVA) followed by Fisher test for multiple comparison of means.

Protein electrophoresis and immunoblotting
To prepare whole cell extracts, cultures were rinsed twice in warmed PBS, scraped into
Laemmli buffer, and homogenized in a boiling water bath for 10 min. For some experiments,
cytoskeletal- and F-actin-enriched fractions were prepared. Cytoskeletal fractions were
prepared as described previously (Ferreira et al., 1989). Briefly, cultures were rinsed in a
microtubule-stabilizing buffer (MTSB: HEPES 130 mM, MgCl2 4 mM, EGTA 10 mM, pH
6.9) for 30 seconds and then extracted in MTSB plus 0.2% Triton X-100 (Sigma) for 2 min.
F-actin fractions were prepared using the G-actin/F-actin In Vivo assay kit (# BK037;
Cytoskeleton, Denver, CO) as described below. Sodium dodecyl sulfate (SDS)-polyacrylamide
gels were run according to Laemmli (1970). Transfer of protein to Immobilon membranes
(Millipore, Bedford, MA) and immunodetection were performed as described by Towbin et
al. (1979) and modified by Ferreira et al. (1989). The following antibodies were used: anti-α-
tubulin (clone DM1A, 1:10,000; Sigma), anti-acetylated tubulin (clone 6-11-B1, 1:25,000;
Sigma), anti-actin (clone AC40, 1:100; Sigma), anti-MAP1B (clone AA6, 1:100; Sigma), anti-
cofilin (1:1,000, Cell Signaling Technology, Danvers, MA), and anti-phospho-cofilin (1:1,000;
Cell Signaling Technology). Secondary antibodies conjugated to HRP (1:1,000, Promega,
Madison, WI) followed by enhanced chemiluminescence reagents (Amersham Pharmacia
Biotech, Chicago, IL) were used for the detection of proteins. In some experiments, blots were
stripped in 60 mM Tris, 2% SDS and 0.8% β-mercaptoethanol at 55°C for 35 min and then re-
probed with a different antibody. Membranes were imaged on a ChemiDoc gel documentation
system (BioRad, Hercules, CA). The appropriate bands were analyzed using Quantity One
Analysis Software (BioRad). Densitometric values were normalized using α-tubulin as an
internal control. Scanning of the Western blots demonstrated the curve to be linear in the range
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used for each antibody. All results were expressed as mean ± S.E.M. obtained from at least 3
independent experiments.

Preparation of cytoskeletal fractions
To prepare cytoskeletal fractions, hippocampal neurons plated on coverslips were rinsed in the
MTSB for 30 seconds and then extracted in MTSB plus 0.2% Triton X-100 for 15 seconds.
Hippocampal neurons were then fixed and processed for immunocytochemistry as previously
described.

Determination of F-actin content
F-actin/G-actin In Vivo assay kit (#BK037; Cytoskeleton, Denver, CO) was used to detect the
content of F-actin in hippocampal neurons cultured in the presence or absence of agrin. Neurons
were incubated in the lysis and F-actin stabilizing buffers for 45 seconds and processed
according to the manufacturer's instructions. Neurons were then scraped in Laemmli buffer
and used for Western blot analysis as described above.

Rac 1 activation assay
Rac 1 activity was measured using a Rac 1 activation kit (# BK035, Cytoskeleton). Briefly,
untreated hippocampal neurons and neurons cultured in the presence of recombinant C-
terminal agrin for 30 min were washed in ice-cooled PBS, lysed and immunoprecipitated
according to the manufacturer's instructions. Positive and negative controls were conducted in
parallel as indicated in manufacturer's protocol. The amount of bound (active) Rac 1 was
determined by means of quantitative Western blot analysis as described above.

Statistical analysis
All experiments were done at least in triplicate using hippocampal neurons obtained from
independent culture preparations. Data were presented as means ± S.E.M. and statistically
analyzed using the Student's T test or one-way ANOVA followed by Fisher's LSD post-hoc
test.
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Figure 1. Agrin induced an increase in growth cone size in cultured hippocampal neurons
Hippocampal neurons maintained for 24 hrs in the presence of untransfected astrocytes (A-C),
astrocytes transfected with a full-length agrin construct (D-F), a Z(+) agrin construct (G-I), a
Z(-) agrin construct (J-L), or in the presence of recombinant C-terminal agrin (10 ng/ml) (M-
O) were fixed and stained with an anti-α-tubulin antibody (A, D, G, J & M) and rhodamine-
phalloidin (B, E, H, K & N). Growth cone measurements were made using merged pictures
(C, F, I, L & O). Note the increased growth cone size in neurons cultured in the presence of
either agrin-transfected astrocytes or purified recombinant C-terminal agrin when compared
to untreated controls. Scale bar: 20 μm.
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Figure 2. Morphometric analysis of growth cones in hippocampal neurons cultured in the presence
of different agrin isoforms
A) Growth cone area was determined in control cultures (C), and in neurons maintained in the
presence of astrocytes transfected with full-length agrin (FL), Z (+) agrin (Z (+)), Z (-) agrin
(Z (-)) or recombinant C-terminal agrin (R). The numbers represent the mean ± s.e.m. obtained
from 100 growth cones for each experimental condition. *Differs from untreated controls,
P<0.01. B) Quantitative analysis of the area enriched in microtubules (open bars) and actin
filaments (black bars) in growth cones of hippocampal neurons under the same experimental
conditions described in A. The numbers represent the mean ± s.e.m. obtained from 100 growth
cones for each experimental condition.
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Figure 3. Agrin induced changes in the organization of microtubules in growth cones of cultured
hippocampal neurons
Hippocampal neurons were maintained for 24 hours in the absence (A, C & E) or in the presence
of agrin (B, D, F), fixed and stained using a total tubulin (A & B), tyrosinated tubulin (C &
D), or acetylated tubulin (E & F) antibodies. Note the presence of loops of microtubules (B)
and intense acetylated tubulin immunoreactivity (F) in growth cones of agrin-treated
hippocampal neurons. Scale bar: 20 μ-m.
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Figure 4. MAP1B immunoreactivity was detected throughout the growth cones of hippocampal
neurons cultured in the presence of agrin
Hippocampal neurons grown in the absence (A & B) or presence of recombinant C-terminal
agrin (C & D) for 24 hrs were fixed and double stained using tubulin (A & C) and MAP1B (B
& D) antibodies. Note the presence of MAP1B immunoreactivity in the central area of a growth
cone (gc) of agrin-treated hippocampal neurons (D). Scale bar: 20 μ-m.
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Figure 5. Increased acetylated tubulin and MAP1B levels in agrin-treated hippocampal neurons
Western blot analysis of whole cell extracts prepared from agrin-treated and untreated
hippocampal neurons were reacted with antibodies that recognized acetylated tubulin (clone
6-11-B1) and alpha-tubulin (clone DM1A) (A) or MAP1B and alpha-tubulin (clone DM1A)
(B). Note the increase in the ratio of acetylated tubulin/tubulin (A) and MAP1B/alpha-tubulin
(B) in agrin-treated hippocampal neurons as compared to untreated controls.
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Table 1
Quantification of tubulin, acetylated tubulin, F-actin, and MAP 1B fluorescence intensity in growth cones of
hippocampal neurons cultured in the presence or absence of recombinant agrin.

Fluorescence Treatment

Control Agrin1

α-tubulin (clone DM1 A) 48.4 ± 3.7 56.6 ± 4.1

F-actin (Rhodamine-phalloidin) 39.1 ± 2.4 46.8 ± 2.4

Acetylated tubulin (clone 6-1 1B-1) 23.5 ± 1.6 45.2 ± 9.0*

MAP1B (clone AA6) 10.7 ± 0.9 27.5 ± 2.0**

Values represent the mean ± S.E.M of fluorescence intensity expressed in pixels within a 5 μm2 area located in the central (tubulin, acetylated tubulin
and MAP 1B) or peripheral (phalloidin) growth cone regions.

*
Differs from control cultures, P< 0.05.

**
Differs from control cultures, P< 0.01.

1
The dose of agrin used for these experiments was 10 ng/ml.
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