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Agrin Differentially Regulates the Rates of Axonal and Dendritic
Elongation in Cultured Hippocampal Neurons
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In the present study, we examined the role of agrin in axonal
and dendritic elongation in central neurons. Dissociated hip-
pocampal neurons were grown in the presence of either recom-
binant agrin or antisense oligonucleotides designed to block
agrin expression. Our results indicate that agrin differentially
regulates axonal and dendritic growth. Recombinant agrin de-
creased the rate of elongation of main axons but induced the
formation of axonal branches. On the other hand, agrin induced
both dendritic elongation and dendritic branching. Conversely,
cultured hippocampal neurons depleted of agrin extended
longer, nonbranched axons and shorter dendrites when com-
pared with controls. These changes in the rates of neurite

elongation and branching were paralleled by changes in the
composition of the cytoskeleton. In the presence of agrin, there
was an upregulation of the expression of microtubule-
associated proteins MAP1B, MAP2, and tau. In contrast, a
downregulation of the expression of these MAPs was detected
in agrin-depleted cells. Taken collectively, these results suggest
an important role for agrin as a trigger of the transcription of
neuro-specific genes involved in neurite elongation and branch-
ing in central neurons.
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Agrin, an extracellular matrix protein, is synthesized by motor
neurons and transported to their terminals where it is released
(Magill-Solc and McMahan, 1988; Martinou et al., 1991; Ruegg et
al., 1992; Rupp et al., 1992). At the neuromuscular junction, agrin
plays a key role by inducing the clustering of the acetylcholine
receptors at synaptic sites (for review, see Magill-Solc and Mc-
Mahan, 1988; McMahan, 1990; Hall and Sanes, 1993; Bowe and
Fallon, 1995; Haydon and Drapeau, 1995; Sanes, 1997).

Agrin is also expressed in central neurons during initial phases
of development. In developing central neurons, agrin is localized
in axons and growth cones and at synaptic sites (Mann and
Kroger, 1996; Cohen et al., 1997a,b; Ferreira, 1999). Recently,
several studies have attempted to address the role of agrin in the
formation of synapses in the CNS. The chronic suppression of
agrin expression by homologous recombinant techniques did not
affect the time course of synapse formation (Gautam et al., 1996;
Li et al., 1999; Serpinskaya et al., 1999). In addition, electrophys-
iological analysis demonstrated that the synapses formed by cor-
tical neurons obtained from agrin knock-out mice were func-
tional (Li et al., 1999). On the other hand, the acute suppression
of agrin by specific antisense oligonucleotides resulted in a de-
crease in the number of synapses formed by cultured hippocampal
neurons (Ferreira, 1999; Bose et al., 2000). This decrease in the
number of synapses was accompanied by impaired clustering of
GABA receptors (Ferreira, 1999).

In central neurons, agrin also seems to be involved in neurite
outgrowth. When neurons were grown on cells expressing differ-
ent agrin isoforms, they elongated shorter neurites than controls.
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Conversely, neurons depleted of agrin elongated longer axons
when compared with control ones (Ferreira 1999; Serpinskaya et
al., 1999). The depletion of agrin also affected dendritic elonga-
tion. Dendrites of agrin-depleted neurons were shorter and less
branched than the controls (Ferreira, 1999).

In the present study, we analyzed the modifications in the
cytoskeleton underlying these changes in the rate of neurite
elongation induced by agrin in cultured hippocampal neurons.
Our results suggest that agrin may regulate the rate of axonal and
dendritic elongation by modulating the expression of the
microtubule-associated proteins (MAPs). Taken collectively,
these results suggest an important role for agrin as a trigger of the
transcription of neuro-specific genes involved in neurite elonga-
tion and branching in central neurons.

MATERIALS AND METHODS

Preparation of hippocampal cultures. Neuronal cultures were prepared
from the hippocampi of embryonic day (E) 18 rats as previously de-
scribed (Goslin and Banker, 1991; Ferreira et al., 1995). Briefly, embryos
were removed, and their hippocampi were dissected and freed of menin-
ges. 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 MEM with 10% horse
serum. After 4 hr, the coverslips were transferred to dishes containing an
astroglial monolayer and maintained in MEM containing N2 supple-
ments (Bottenstein and Sato, 1979) plus ovalbumin (0.1%) and sodium
pyruvate (0.1 mm). For the antisense experiments, the coverslips were
transferred 2 hr after plating to 35 mm dishes and incubated in glia-
conditioned MEM containing N2 supplements to which the sense or
antisense oligonucleotides were added directly as described below. For
biochemical experiments, hippocampal neurons were plated at high den-
sity (500,000 cells per 60 mm dish) in MEM with 10% horse serum. After
4 hr, the medium was changed to glia-conditioned MEM containing N2
supplements (Bottenstein and Sato, 1979) plus ovalbumin (0.1%) and
sodium pyruvate (0.1 mm).

Recombinant agrin. Recombinant rat c-terminal agrin (C-Ag; 4 g) was
purchased from R & D Systems (Minneapolis, MN). C-Ag ; , g, gener-
ated after the removal of 16 amino acid residues from the signal peptide,
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contains 803 amino acid residues (Rupp et al., 1991, 1992). Recombinant
agrin was added directly to the culture medium of 1 or 4 d in vitro
hippocampal neurons at a final concentration of 10 ng/ml. In dose—
response experiments, recombinant agrin was added at final concentra-
tions ranging from 1 to 50 ng/ml.

Antisense oligonucleotides. The initial experiments were performed
using the antisense oligonucleotide —12 + 12 (5'CAGAGGAGGCAT-
GATACATACAGC3') based on the sequence of rat agrin (Rupp et al.,
1991). The experiments were repeated using a nonoverlapping oligonu-
cleotide —61-38 (5'GGAGTTCTTATGGAGTGCCCTTAG3') located
entirely within the 5’ untranslated region. Both antisense oligonucleo-
tides were S-modified in the last three bases in the 3’ terminal region.
The oligonucleotides were synthesized on an Applied Biosystems 380B
synthesizer (Applied Biosystems, Foster City, CA), purified over a NAPS
column (Pharmacia LKB Biotechnology, Piscataway, NJ), ethanol pre-
cipitated, and taken up in media. The oligonucleotides were added at a 50
uM concentration every 24 hr. Control cultures were treated with the
same concentration of the corresponding sense strand oligonucleotide.
We have previously shown that either antisense oligonucleotide was able
to block the expression of agrin in a dose-dependent manner (Ferreira,
1999).

Immunocytochemical procedures. Cultures were fixed for 20 min with
4% paraformaldehyde in PBS containing 0.12 M sucrose. They were then
permeabilized in 0.3% Triton X-100 in PBS for 5 min and rinsed twice
in PBS. The cells were preincubated in 10% BSA in PBS for 1 hr at 37°C
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 antibodies were used: anti a-tubulin (clone DM1A) and
polyclonal anti-tubulin (Sigma, St. Louis, MO), anti-synaptophysin
(clone SY38; Boehringer Mannheim, Indianapolis, IN), anti-synapsin I
(clone 18.1) (Studhof et al., 1989), anti-M AP2 (clone AP-14) (Caceres et
al., 1984), anti mouse IgG fluorescein-conjugated, and anti-rabbit IgG
rhodamine-conjugated (Boehringer Mannheim). Pictures were taken us-
ing TMAX 400 ASA film on a Nikon microscope equipped with a
photographic camera. Films were scanned using a UMAX Powerlook
1100 scanner. The acquired digital image files were transferred to a
Macintosh G4 Power PC computer, and images were processed using
Adobe PhotoShop (Adobe Systems, Mountain View, CA) and printed
using an Epson 900 printer.

For quantification purposes, cells exposed to tubulin or MAP2 anti-
bodies were incubated with biotin-conjugated rabbit anti-mouse IgG
(Sigma) for 1 hr at room temperature. Then, the coverslips were washed
in PBS and incubated in mouse ExtrAvidin (Sigma) for 1 hr at room
temperature. Finally, the coverslips were washed in PBS and incubated in
a substrate solution containing 0.05% 3,3’-diaminobenzidine tetrahydro-
chloride, 0.075% H,0, (v/v) in 50 mm Tris, pH 7.6. After sufficient color
had developed, the reaction was stopped by immersing the coverslips in
deionized water.

Morphometric analysis. To analyze their morphology, control and
agrin-treated neurons were fixed at different intervals after plating and
stained with tubulin or MAP2 antibodies (as described above). Tubulin
or MAP2 immunoreactive processes from randomly selected cells were
viewed from the inverted microscope by phase microscopy using a video
camera and traced from the screen, and their length was measured using
a digitizing tablet. Morphological criteria were used to define axons
(thin, uniform in caliber, nontapering processes) and dendrites (thick,
tapering with distance processes). In addition, the dendritic nature of
processes was confirmed using a MAP2 antibody. MAP2 becomes com-
partmentalized in dendrites 7 d after plating (Caceres et al., 1986)

Detection of synapses. Synapse formation was determined using synap-
tophysin and synapsin I as synaptic markers. Images from randomly
selected control and agrin-treated neurons were acquired at 40X, printed
together at the same magnification, then coded and randomized for blind
analysis. The number of synaptophysin or synapsin I immunoreactive
dots (presynaptic specializations) was determined manually in 50 cells
for each experimental condition.

Protein determination, electrophoresis, and immunoblotting. Cultures
were rinsed twice in warmed PBS, scraped into Laemmli buffer, and
homogenized in a boiling water bath for 5 min. The supernatant was
removed and stored at —80°C until use. Cytoskeletal fractions were
prepared as previously described (Ferreira et al., 1989). Briefly, cultures
were rinsed in a microtubule stabilizing buffer (MTSB) for 2 min and
then extracted in MTSB plus 0.2% Triton X-100 for 4 min and scraped
into Laemmli buffer. The protein concentration in whole cell extracts
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and cytoskeletal fractions was determined by the method of Lowry et al.
(1951) as modified by Bensadoun and Weinstein (1976). SDS-
polyacrylamide gels were run according to Laemmli (1970). Transfer of
protein to Immobilon membranes (Millipore, Bedford, MA) and immu-
nodetection were performed according to Towbin et al. (1979) as mod-
ified by Ferreira et al. (1989). The following antibodies were used: anti-«
tubulin (clone DM1A), anti-M AP2 (clone AP14), anti-acetylated tubulin
(clone 6-11-B1), anti-tyrosinated tubulin (clone Tub-1A2), anti-M AP1A
(clone HM-1), and anti-M AP1B (clone AA6), all from Sigma; anti-Class
III B-tubulin (clone Tujl; Chemicon, Temecula CA), and anti-tau (clone
SE2; 1:100) (Kosik et al., 1988). Secondary HRP-conjugated antibodies
(Promega, Madison, WI) followed by enhanced chemiluminescence re-
agents (Amersham Pharmacia Biotech, Arlington Heights, IL) were
used. X-ray films were exposed to the immunoblots and analyzed using
a Bio-Rad 700 flatbed scanner (Bio-Rad, Hercules, CA) and Molecular
Analyst software (Bio-Rad). Films were scanned at 600 dpi using light
transmittance, and volume analysis was performed on the appropriate
bands. Films were analyzed after different exposure times to assure the
accuracy of quantitation. Densitometric values were normalized using
a-tubulin present in the extracts. The values obtained were expressed as
a percentage of those of untreated controls that were considered 100%.

Reverse transcription-polymerase chain reaction (RT-PCR). To obtain
total mRNA, control, agrin-treated, sense-treated, and antisense-treated
hippocampal neurons that were cultured for 4 or 7 d were washed with
RNase-free PBS and scraped into 800 ul of Trizol (Life Technologies,
Gaithersburg, MD) per 60 mm dish. Total mRNA was extracted with
Trizol and chloroform, precipitated with isopropanol, and then reverse
transcribed using random hexamers and the Perkin-Elmer GeneAmp
RNA PCR Core Kit (N808-0143). Ten microliters of the reverse tran-
scription reaction was the substrate for a 50 ul PCR with the following
primer sets: B-actinS (sense, 5'GCA CCA CACCTT CTA CAATGA G
3') and B-actinAS (antisense, 5’CTC CTG AGC GCA AGT ACT CTG
T 3'), corresponding to nucleotides 338-360 and 1053-1075 of the
B-actin mouse sequence, respectively; tau RT13 (sense, 5" TCC ACT
GAG AAC CTG AAG CAC CAG3'), corresponding to nucleotides
756-779, and RT12 (antisense, 5'TCC ATG ATC AGT GAC GCC CCA
GG3'), corresponding to nucleotides 1328 to 1306 of the tau cDNA
sequence (Kosik et al., 1989); MAP1BS (sense, 5'GCG ACC GTG GTG
GTG GAA 3') and MAPIBAS (antisense, 5’GTT GCC GAT GGC
ACG CCT CAG GTG 3'), corresponding to nucleotides 63-81 and
196-210 of the rat sequence, respectively (Liu and Fischer, 1996);
and MAP2S (sense, 5’GCC ATG ATC TTT CCC CTC TGG CTT 3’)
and MAP2AS (antisense, 5’GTC TGG TTT TAC GGG TTG GCT
GTC 3'), corresponding to nucleotides 2230-2253 and 2628-2652, re-
spectively (Wang and Dow, 1998). Each primer set was tested for the
linearity of the PCR amplification.

For the B-actin and M AP2 primer sets, 35 cycles (0.5 min at 95°C, 1
min at 58°C, and 7 min at 72°C) were performed in a DNA thermal cycler
(GENEAMP PCR System 2400). For the tau and MAP1B primer sets,
35 cycles (1 min at 95°C, 1 min at 60°C, and 10 min at 72°C) were
performed. PCR products were separated by electrophoresis and visual-
ized by ethidium bromide staining. Pictures of PCR products were
analyzed using a Bio-Rad 700 flatbed scanner (Bio-Rad) and Molecular
Analyst software (Bio-Rad). Densitometric values were normalized us-
ing B-actin as internal control.

RESULTS

Phenotype of hippocampal neurons cultured in the
presence of agrin

We have previously shown that the rate of axonal and dendritic
elongation is altered in hippocampal neurons in which the expres-
sion of agrin has been suppressed by the addition of specific
antisense oligonucleotides (Ferreira, 1999) (Fig. 1). The oligonu-
cleotides used in that study were designed on the basis of regions
of the rat agrin sequence that have no homology with other
known sequences. However, we could not completely rule out the
possibility that some of the effects observed upon the addition of
these antisense oligonucleotides might be mediated by an un-
known gene(s). Therefore, in the present study we analyzed the
direct effect of agrin on neurite elongation by culturing hip-
pocampal neurons in the presence of recombinant agrin. Agrin
was added directly to the culture medium of embryonic hip-
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Figure 1. Phenotype of hippocampal
neurons cultured in the presence of
agrin. Control (4, B), agrin-treated (C,
D), and antisense-treated (E, F) hip-
pocampal neurons were fixed 1 d (4, C,
E) and 4 d (B, D, F) after plating. The
elongation of axons and minor processes
(mp) or dendrites (den) was monitored
in 1- and 4-d-old cultures stained using a
tubulin antibody. In the presence of
agrin, hippocampal neurons elongated
shorter axons (C) and longer dendrites
(D) when compared with control ones
(4, B). On the other hand, agrin-
depleted neurons elongated longer ax-
ons (E) and shorter dendrites (F) as
compared with untreated controls (Fer-
reira, 1999). Scale bar, 20 wm.

pocampal neurons and the cells were fixed 1, 4, and 7 d later.
Morphometric analysis of neurite elongation in control and agrin-
treated neurons indicated a differential effect of agrin on axonal
and dendritic elongation. The main axons of neurons grown in
the presence of agrin were significantly shorter than the controls
atboth 1 and 4 d in culture (Fig. 1, Table 1). However, these axons
were more branched than controls (2.8 = 0.3 vs 1.9 = 0.1 axonal
branches, respectively). In contrast, no changes in the total length

Table 1. Effect of recombinant agrin on neurite elongation in 1 d in
culture hippocampal neurons

Length (um)

Experimental condition

(ng/ml) Total Axons® Minor processes
Control 217 £ 10 115 £5 101 =7
Agrin
50 145 = 8* 48 = 6* 97 =10
20 178 = 7* 79 + 9% 9 +9
10 182 = 10* 88 + 7* 94+ 10
5 191 = 10* 82 = 3* 104 =9
2 188 + 12* 92 + 8* 107 = 12
1 2219 111 =4 110 =6

E18 hippocampal cultures were plated at 150,000 cells per dish and allowed to
develop in the presence of agrin for 1 d. Cultures were fixed and stained with a
tubulin antibody (clone DM1A). Neuronal processes from randomly selected cells
were viewed with an inverted microscope using a video camera and traced from the
screen. Ninety cells from three independent cultures were analyzed for each condi-
tion. Results are expressed as mean = SEM. *p < 0.001, differs from controls.

“Average length of main axons.
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of minor processes or “undifferentiated dendrites” were detected
in neurons that were grown in the presence of agrin (Table 1).
The effect of recombinant agrin on dendritic elongation became
evident 7 d after plating. Dendrites that were elongated by neu-
rons cultured in the presence of recombinant agrin for 1 week

Table 2. Effect of recombinant agrin on dendritic elongation in 7 d in
culture hippocampal neurons

Dendritic segments/cell?

Experimental condition

(ng/ml) Length (um)“  First order  Second order
Control 286 = 10 41=*0.6 39=*05
Agrin
50 608 = 21* 45 x0.7 8.0 = 0.4*
20 454 + 12% 4.0 = 0.6 6.7 = 0.8*
10 429 + 15% 39+0.8 6.3 = 0.9*
5 447 = 10* 43+ 0.6 6.9 = 0.8*
2 437 + 16* 38+04 5.9 = 0.9*
1 294 = 17 4.0=*=0.5 43 *=0.6

E18 hippocampal cultures were plated at 150,000 cells per dish and allowed to
develop in the presence of agrin for 7 d. Cultures were fixed and stained with a
MAP2 antibody (clone AP-14). MAP2 immunoreactive processes from randomly
selected cells were viewed with an inverted microscope using a video camera and
traced from the screen. Ninety cells from three independent cultures were analyzed
for each condition. Results are expressed as mean + SEM. *p < 0.001, differs from
controls.

“Includes the length of primary dendrites plus all dendritic branches.
®Values represent the mean = SEM of number of dendrites of the indicated order.
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were significantly longer and more branched than the ones elon-
gated by untreated controls (Table 2).

We performed a series of experiments to determine the most
effective dose of agrin on neurite elongation. Cultures were
incubated in the presence of recombinant agrin at final concen-
trations ranging from 1 to 50 ng/ml. No effect was detected on
neurite elongation at the lowest dose used. The activity of agrin
as regulator of neurite elongation was detected at 5 ng/ml and
increased as the dose increased (Tables 1, 2).

Next, we analyzed whether recombinant agrin altered the time
course and extent of synapse formation in cultured hippocampal
neurons. The presence of synaptic contacts in control and agrin-
treated neurons was determined using synaptophysin and synap-
sin I as synaptic markers (Fig. 2). In cultured hippocampal neu-
rons, the localization of these proteins at synapses has been
confirmed at the ultrastructural level (Fletcher et al., 1991, 1994;
Ferreira et al., 1995, 1996). Synapses were detected as early as 5 d
after plating in both control and agrin-treated cultures, indicating
that the time course of synapse formation was not altered in
neurons grown in the presence of agrin when compared with
nontreated controls. On the other hand, a significant increase in
the number of synapses was detected in 7 d in culture agrin-
treated neurons when compared with nontreated controls (78 + 5
vs 30 = 4 synapses per cell, respectively; n = 150 cells from three
independent experiments). We also analyzed whether the in-
crease in the total number of synapses per cell detected in
agrin-treated neurons was a reflection of the increased total
length of the dendritic processes. To that end, we calculated
synaptic density as the number of axodendritic synapses per 100
pm of dendrite in control and agrin-treated neurons. A marked
increase in synaptic density was observed in the dendrites of
agrin-treated neurons when compared with their control counter-
parts (34 £ 6 vs 16 = 4 synapses per 100 um of dendritic length,
respectively; n = 150 cells from three independent experiments).

Molecular mechanisms underlying the effect of agrin
on neurite elongation

The results described above confirmed and extended our previous
observations suggesting that agrin has a role in neurite elongation
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Figure 2. Detection of synapses in hip-
pocampal neurons cultured in the pres-
ence of agrin. Seven days in culture,
control (4, B) and agrin-treated (C, D)
neurons were double-stained with a
MAP?2 antibody (dendritic marker) (A4,
C) and a synaptophysin antibody (B, D).
Note the increased number of synapto-
physin immunoreactive spots in agrin-
treated cultures (D). Scale bar, 20 pwm.

in central neurons (Ferreira, 1999). Taken collectively, they indi-
cate that agrin has a distinct effect on axonal and dendritic
elongation. Because a growing body of evidence indicates that the
composition of the cytoskeleton, and the microtubular system in
particular, is one of the molecular determinants of neurite elon-
gation in central neurons, we analyzed the complement of tubulin
(total, acetylated or stable, tyrosynated or unstable, and class 111

Table 3. Content of microtubular proteins in whole cell extracts
obtained from hippocampal neurons cultured in the presence of
recombinant agrin, agrin sense oligonucleotides, or agrin antisense
oligonucleotides

. Treatment
Days in

Protein culture  Agrin” Sense” Antisense”
a-Tubulin 4 101 £5 99 £ 6 98 =5
Tyr-tubulin 4 100 = 12 118 9 81 =10
Acetylated tubulin 4 103 = 15 128 = 17 120 = 14
Class III B-tubulin 4 105 = 11 985 97 £ 10
MAPIA 4 98 £ 10 98 £ 6 89 £ 11
MAPIB 4 205 = 21* 1129 42 = 5*
MAP2 4 100 = 10 105 =13 9 £ 11
Tau 4 101 =6 105 = 10 82 =10
a-Tubulin 7 98 =12 98 = 16 96 = 11
Tyr-tubulin 7 120 = 11 92 £ 15 89 £ 12
Acetylated tubulin 7 104 £9 103 £ 11 90 =13
Class IIT B-tubulin 7 110 = 8 92 £ 6 9 £ 11
MAPIA 7 98 = 12 101 = 10 979
MAPIB 7 205 *= 21* 85+ 14 6+ 1%
MAP2 7 198 = 11* 92+ 17 34 + 3%
Tau 7 212 = 17* 89 = 14 63 £ 7*

The amount of individual proteins in 4 and 7 d in vitro agrin-, sense-, and antisense-
treated cultures were determined by densitometry of immunoreactive bands as
described in Materials and Methods. Protein amounts are expressed as percentage
of untreated controls. Each number represents the mean * SEM. Samples were
prepared from three independent cultures for each experimental condition. *p <
0.001, differs from control cultures.

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

®The dose of oligonucleotides used for these experiments was 50 um.
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Figure 3. Changes in microtubular proteins induced by agrin. Immuno-
blot detection of microtubular proteins in 4 d (4) and 7 d (B) in culture
hippocampal neurons cultured in the presence of agrin (4g) or in the
presence of sense (S) or antisense (4S) agrin oligonucleotides. Note the
opposite effects of these experimental conditions on the levels of the
microtubule-associated proteins as compared with their respective con-
trols (C). The changes in MAPs are accompanied by changes in the levels
of polymeric tubulin at 7 d in culture (C).

B-tubulin) and the microtubule-associated proteins (MAPIA,
MAPI1B, MAP2, and tau) in whole cell extracts prepared from 4
and 7 d in culture control, agrin-treated, agrin sense
oligonucleotide-treated, and antisense oligonucleotide-treated
neurons. No changes were detected in the content of different
tubulin isoforms or their posttranslational modifications in neu-
rons grown in the presence of recombinant agrin or in the
presence of sense or antisense agrin oligonucleotides at any time
analyzed (Table 3). On the other hand, distinct effects of these
experimental conditions on the content of microtubule-associated
proteins were observed at different time points. In younger neu-
rons (up to 4 d in culture), the presence of recombinant agrin
significantly increased the levels of MAPIB (Fig. 3, Table 3).
Conversely, the depletion of agrin by antisense oligonucleotides
resulted in a significant decrease in M AP1B levels (Fig. 3, Table
3). No changes were observed in the total levels of MAPIA,
MAP?2, or tau under any of these experimental conditions (Table
3). Different results were obtained when the expression of these
microtubule-associated proteins was analyzed 7 d after plating. In
neurons grown in the presence of recombinant agrin for 1 week,
not only MAPI1B but also MAP2 and tau levels were significantly
increased (Fig. 3, Table 3). The depletion of agrin, on the other
hand, resulted in a significant decrease in MAP1B, MAP2, and
tau levels when compared with 7 d sense-treated and nontreated
controls (Fig. 3, Table 3).

It has been shown that the cytosolic pool of these microtubular
proteins is significantly larger than the one actually present in the
polymeric form (Ferreira et al., 1989; Ferreira and Caceres,
1992). Therefore, we next analyzed the content of these tubulins
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and microtubule-associated proteins in the cytoskeletal fractions
prepared at different times of development from neurons cultured
in the presence of recombinant agrin and sense or antisense
oligonucleotides. Similar changes in the levels of MAPs were
observed when the cytoskeletal fractions were analyzed (Table 4).
In addition, the increase in MAPs observed in agrin-treated
cultures was accompanied by an increase (~30%) in polymeric
tubulin at both 4 d (Table 4) and 7 d (Fig. 3C, Table 4) after
plating. Conversely, the decrease in MAPs that was observed in
cytoskeletal fractions prepared from cultures treated with anti-
sense oligonucleotides correlated with a decrease (~35%) in poly-
meric tubulin when compared with sense-treated samples obtained
from 4 (Table 4) and 7 d in vitro cultures (Fig. 3C, Table 4).

Agrin modulates the expression of microtubule-
associated proteins in cultured hippocampal neurons
We determined next whether the changes observed in the levels
of different microtubule-associated proteins in cultured hip-
pocampal neurons grown in the presence of recombinant agrin
and sense or antisense agrin oligonucleotides were the results of
changes in their transcription. Semiquantitative RT-PCR was
performed, and the expression of these MAP transcripts was
compared using the actin transcript as an internal control as
previously described (Wang and Dow, 1998). Our results indi-
cated that agrin depletion is accompanied by a significant de-
crease in mRNA for MAP1B as compared with nontreated or
sense-treated controls at both 4 and 7 d in culture (Table 5, Fig.
4). In samples obtained 7 d after plating, we also detected a
significant decrease in the mRNA corresponding to MAP2 and
tau (Table 5, Fig. 4). In contrast, a significant increase in the
expression of MAP1B and M AP2 was detected in agrin-treated
cells 4 and 7 d after plating, respectively (Table 5, Fig. 4).

DISCUSSION

The results presented here confirmed and extended our previous
observations, suggesting that agrin has a distinct effect on axonal
and dendritic elongation in cultured hippocampal neurons. In

Table 4. Content of microtubular proteins in cytoskeletal extracts
obtained from hippocampal neurons cultured in the presence of
recombinant agrin, agrin sense oligonucleotides, or agrin antisense
oligonucleotides

. Treatment

Days in
Protein culture Agrin“ Sense” Antisense”
a-Tubulin 4 140 = 12* 109 =8 70 = 7*
MAPIA 4 99 = 15 100 =9 99 =13
MAPI1B 4 180 = 21* 103 £5 53 = 8*
MAP2 4 102 = 11 100 = 8 99 =7
Tau 4 100 = 6 97 £ 15 87 £ 11
a-Tubulin 7 134 = 4* 105 = 6 65 = 6*
MAPIA 7 109 = 10 107 =7 94 =19
MAPIB 7 190 = 11* 96 = 10 10 = 4*
MAP2 7 202 + 20* 102 = 11 54 + 13*
Tau 7 192 = 10* 99 = 10 49 + 16*

The amount of individual proteins in 4 and 7 d in vitro agrin-, sense-, and antisense-
treated cultures were determined by densitometry of immunoreactive bands as
described in Materials and Methods. Protein amounts are expressed as percentage
of untreated controls. Each number represents the mean * SEM. Samples were
prepared from three independent cultures for each experimental condition. *p <
0.001, differs from control cultures.

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

®The dose of oligonucleotides used for these experiments was 50 pm.
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A 4 Days in culture
C Ag S AS
Betn =~— 700 700 —= B-Actin
MAP1B
B 7 Days in culture
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et = -— 700 700 B-Actin
MAP2 =-— 500 500 MAP2
Tau 2
RN - 500 500 Tau
MAP1B

Figure 4. Changes in MAP mRNA expression in agrin-treated and
agrin-depleted hippocampal neurons. RT-PCR analysis of the expression
of B-actin, MAP2, tau, and MAP1B in control (C), agrin-treated (A4g),
sense-treated (.S), and antisense-treated (A4S) hippocampal neurons kept
in culture for 4 d (A4) and 7 d (B). The numbers indicate base pairs.

addition, they provided evidence of the role of agrin as a regu-
lator of the transcription of neuron-specific genes involved in
neurite elongation and branching in central neurons. We report
here that agrin may regulate the rate of neurite elongation, at least
in part, by modulating the expression of MAP1B, MAP2, and tau.

Distinct effect of agrin on axonal and dendritic
elongation in cultured hippocampal neurons

Agrin is highly expressed during early phases of development
both in vivo and in cultured cells (Mann and Kroger, 1996; Cohen
et al., 1997a,b; Ferreira, 1999; Serpinskaya et al., 1999). The
predominant expression of agrin during the early stages of devel-
opment, as well as its subcellular localization in growth cones,
suggests that agrin could participate in developmental events
other than synapse formation in central neurons (Ferreira, 1999).
Previous studies have suggested that agrin might play a role in
neurite elongation. When sensory motor neurons were grown on
a monolayer of agrin-expressing Chinese hamster ovary (CHO)
cells, they elongated shorter processes than controls growing on
untransfected CHO cells (Chang et al., 1997). Conversely, in
agrin knock-out mice, peripheral axons seemed to be longer that
wild-type ones (Gautam et al., 1996). We have extended these
studies by taking advantage of a model system, cultured hip-
pocampal neurons, that allows the analysis of both axonal and
dendritic elongation (this study; see also Ferreira, 1999). Neurite
elongation and differentiation in cultured hippocampal neurons
have been extensively characterized. When placed in culture,
hippocampal neurons differentiate axons and dendrites through a
predictable series of events (Dotti et al., 1988), providing an
excellent tool to study the distinct effects of different experimen-
tal conditions on axons and dendrites. The results presented in
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this study indicated that in the presence of agrin, cultured hip-
pocampal neurons elongated shorter, more branched axons.
These results confirmed previous observations indicating that
agrin-depleted neurons elongated longer primary axons with
fewer branches (Ferreira, 1999).

Agrin seems to have a different effect on dendritic elongation.
Neurons grown in the presence of agrin elongated dendrites that
were both longer and more branched (Ferreira, 1999). However,
these effects of agrin on dendritic elongation did not become
apparent until the undifferentiated minor processes had initiated
their phase of rapid elongation and differentiation.

Agrin regulates the expression of microtubule-
associated proteins in cultured hippocampal neurons
A growing body of evidence indicates that in central neurons,
neurite elongation is accompanied by an extensive remodeling of
the cytoskeleton. These changes in the cytoskeleton include the
polymerization and stabilization of microtubules driven by the
expression of different M APs (Greene et al., 1983; Ferreira et al.,
1989; Tucker, 1990; Matus, 1991; Ferreira and Caceres, 1992;
Avila et al., 1994; Black et al., 1994; Hirokawa, 1994). While
axonal elongation is accompanied by the expression of tau and
MAPI1B, dendritic development is paralleled by an increase in
MAP 2 levels (Calvert and Anderton, 1985; Riederer et al., 1986;
Ferreira et al., 1989; Caceres and Kosik, 1990; Caceres et al.,
1992; Brugg et al., 1993; Holgado and Ferreira, 2000). The factors
that induce the expression of these MAPs are unknown. How-
ever, our results suggest that agrin could play a role. The initial
effect of agrin on axonal elongation was accompanied by changes
in the expression of MAP1B. The induction of this MAP has
been correlated with neurite extension in PC12 cells (Greene et
al., 1983; Avila et al., 1994; Black et al., 1994). Conversely, the
suppression of MAP1B reduces NGF-induced neurite outgrowth
in PC12 cells (Brugg et al., 1993). Because, in the presence of
agrin, hippocampal neurons elongated shorter main axons, albeit
with more branches, we could speculate that MAP1B might be
associated with the formation of new axonal branches. In the
absence of concomitant changes in tau, the main axonal M AP,
there could be redistribution of microtubules into new branches
resulting in a decreased rate of elongation of the main axon.
The effect of agrin on dendritic elongation and branching was
paralleled by the induction of other M APs known to be localized

Table 5. Analysis of relative changes in microtubule-associated protein
mRNA levels in agrin-treated and agrin-depleted hippocampal neurons

. Treatment
Days in

Protein culture Agrin® Sense” Antisense”
B-Actin 4 100 110 £ 13 9 =5
MAPIB 4 178 + 6* 94 +5 15 = 5*
MAP2 4 103 =5 107 = 10 115 = 17
Tau 4 98 = 14 105 =5 110 = 12
B-Actin 7 100 92+6 96 =8
MAPIB 7 88 + 11 9 +9 12 = 8*
MAP2 7 125 + 5% 96 = 8 15+ 7*
Tau 7 98 = 14 915 10 = 6*

The relative changes of target mRNA are expressed as percentage of untreated
controls. Each number represents the mean = SEM. Samples were prepared from
three independent cultures for each experimental condition. *p < 0.001, differs from
control cultures.

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

®The dose of oligonucleotides used for these experiments was 50 pm.
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in dendrites in cultured neurons, i.e., MAP2 and tau (Caceres et
al., 1984, 1986; Ferreira et al., 1987, 1989). We recently showed
that the expression of MAP2 is required for the elongation of
dendrites in cultured hippocampal neurons (Holgado and Fer-
reira, 2000). Cultured neurons in which the expression of MAP2
has been suppressed by means of specific antisense oligonucleo-
tides 4 d after plating failed to elongate and differentiate their
minor processes into dendrites (Holgado and Ferreira, 2000).
Although these results suggest that MAP2 is the principal
microtubule-associated protein in dendrites, we cannot com-
pletely rule out that changes in the total levels of tau proteins
contribute to changes in the rate of growth of dendritic processes
since no compartmentation of tau has been observed in cultured
neurons (Ferreira et al., 1989).

By regulating the rate of microtubule polymerization and sta-
bilization, the M APs could induce axonal and dendritic elonga-
tion in cultured neurons (Ferreira et al., 1989; Caceres et al.,
1992; Ferreira and Caceres, 1992). This correlation between
MAP expression and microtubule polymerization has been ex-
tensively characterized in hippocampal neurons (Ferreira et al.,
1989; Ferreira and Caceres, 1992). M APs have distinct effects on
the formation of microtubules in these cells. The expression of
MAP 2 and MAPIB has been associated with formation of
unstable microtubules (Ferreira et al., 1989; Caceres et al., 1992;
Ferreira and Caceres, 1992). These microtubules are essential for
the initial elongation of processes. On the other hand, the induc-
tion of tau proteins correlated primarily with the stabilization of
microtubules (Ferreira et al., 1989; Caceres and Kosik, 1990;
Caceres et al., 1992; Ferreira and Caceres, 1992). Once the
formation of microtubules has been triggered and neurite elon-
gation has begun, microtubules must be stabilized to maintain the
processes already formed and to sustain their further elongation.
Therefore, factors that induce changes in the M APs, i.e., agrin,
could alter the rate of neurite elongation in cultured hippocampal
neurons.

Our results also suggest that agrin may regulate the levels of
MAPs, at least in part, by regulating their transcription. This role
of agrin as modulator of protein expression is in agreement with
earlier reports showing that agrin induces specific changes in gene
expression in muscle. Thus, agrin induced the expression of
utrophin and acetylcholine receptor subunits in myoblasts (Mar-
tinou et al., 1991; Jones et al., 1996; Cohen et al., 1997a,b; Meier
et al., 1997, 1998; and Gramolini et al., 1998). Conversely, defec-
tive transcription has been reported in muscle fibers of agrin-
deficient mice (Gautam et al., 1996). Agrin seems to have a
similar effect in central neurons in which the addition of agrin
resulted in the expression of c-fos in cultured cortical neurons
(Hilgenberg et al., 1999) or MAPs in hippocampal neurons (this
study). The signal transduction pathway activated by agrin is not
yet known. Recently, it has been reported that cAMP response
element binding protein (CREB) was activated by agrin in cul-
tured hippocampal neurons (Ji et al., 1998) (our unpublished
observations). We speculate that the activation of transcription
factors like CREB could mediate the effect of agrin on the
expression of M APs since a binding site or consensus sequences
for this transcription factor have been identified in the MAP1B
and tau promoter regions (Liu and Fischer, 1996; Sadot et al.,
1996).

In sum, our results suggest that agrin may participate in the
morphological differentiation of central neurons by regulating the
expression of neuro-specific genes involved in neurite elongation.
The identification of the agrin receptor in central neurons will
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clarify the underlying mechanisms of agrin-dependent regulation
of axonal and dendritic elongation.

REFERENCES

Avila J, Dominguez J, Diaz-Nido J (1994) Regulation of microtubule
dynamics by microtubule associated protein expression and phosphor-
ylation during neuronal development. Int J Dev Biol 38:13-25.

Bensadoun A, Weinstein D (1976) Assay of protein in the presence of
interfering material. Anal Biochem 70:241-250.

Black MM, Slaughter T, Fischer I (1994) Microtubule-associated protein
1b (M AP-1b) is concentrated in the distal regions of growing axons.
J Neurosci 14:857-870.

Bose CM, Qui D, Bergamaski A, Gravante B, Bossi M, Villa A, Rupp F,
Malgaroli A (2000) Agrin controls synaptic differentiation in hip-
pocampal neurons. J Neurosci 20:9086-9095.

Bottenstein JE, Sato GH (1979) Growth of a rat neuroblastoma cell line
in serum-free supplemented media. Proc Natl Acad Sci USA
76:514-517.

Bowe MA, Fallon JR (1995) The role of agrin in synapse formation.
Annu Rev Neurosci 18:443-462.

Brugg B, Reddy D, Matus A (1993) Attenuation of microtubule-
associated protein 1B expression by antisense oligodeoxinucleotides
inhibits initiation of neurite outgrowth. Neuroscience 52:489-496.

Caceres A, Kosik KS (1990) Inhibition of neuronal polarity by tau
antisense oligonucleotides in primary cerebellar neurones. Nature
343:461-463.

Caceres A, Binder LI, Payne M, Bender P, Rebhum LI, Steward O
(1984) Differential subcellular localization of tubulin and the microtu-
bule associated protein M AP-2 in brain tissue as revealed by immuno-
cytochemistry with hybridoma monoclonal antibodies. J Neurosci
4:394-410.

Caceres A, Banker G, Binder LI (1986) Immunocytochemical localiza-
tion of tubulin and microtubule-associated protein 2 during the devel-
opment of hippocampal neurons in culture. J Neurosci 6:714-722.

Caceres A, Mautino J, Kosik KS (1992) Suppression of MAP 2 in
cultured cerebellar macroneurons inhibits minor neurite formation.
Neuron 9:607-618.

Calvert R, Anderton BH (1985) A MT-associated protein (MAP1)
which is expressed at elevated levels during development of the rat
cerebellum. EMBO J 4:1171-1176.

Chang D, Woo JS, Campanelli J, Scheller RH, Ignatius MJ (1997) Agrin
inhibits neurite outgrowth but promotes attachment in embryonic mo-
tor and sensory neurons. Dev Biol 181:21-35.

Cohen I, Rimer M, Lomo T, McMahan UJ (1997b) Agrin-induced
postsynaptic-like apparatus in skeletal muscle fibers in vivo. Mol Cell
Neurosci 9:237-253.

Cohen NA, Kaufmann WE, Worley PF, Rupp F (1997a) Expression of
agrin in the developing and adult rat brain. Neuroscience 76:581-596.

Dotti CG, Sullivan CA, Banker GA (1988) The establishment of polarity
by hippocampal neurons in culture. J Neurosci 8:1454-1468.

Ferreira A (1999) Abnormal synapse formation in agrin depleted hip-
pocampal neurons. J Cell Sci 112:4729-4738.

Ferreira A, Caceres A (1992) Expression of the class III B-tubulin
isotype in developing neurons in culture. J Neurosci Res 32:516-529.

Ferreira A, Busciglio J, Caceres A (1987) An immunocytochemical
analysis of the ontogeny of the microtubule associated proteins MAP-2
and tau in the nervous system of the rat. Dev Brain Res 34:9-31.

Ferreira A, Busciglio J, Caceres A (1989) Microtubule formation and
neurite growth in cerebellar macroneurons which develop in vitro:
evidence for the involvement of the microtubule-associated proteins
MAP-1a, HMW-M AP-2 and Tau. Dev Brain Res 49:215-228.

Ferreira A, Han H-Q, Greengard P, Kosik KS (1995) Suppression of
synapsin II inhibits the formation and maintenance of synapses in
hippocampal culture. Proc Natl Acad Sci USA 92:9225-9229.

Ferreira A, Li L, Chin L, Greengard P, Kosik KS (1996) Postsynaptic
element contributes to the delay in synaptogenesis in synapsin I defi-
cient neurons. Mol Cell Neurosci 8:286-299.

Fletcher TL, Cameron P, DeCamilli P, Banker GA (1991) The distri-
bution of synapsin I and synaptophysin in hippocampal neurons in
culture. J Neurosci 11:1617-1626.

Fletcher TL, DeCamilli P, Banker GA (1994) Synaptogenesis in hip-
pocampal cultures: evidence indicating that axons and dendrites be-
come competent to form synapses at different stages of neuronal de-
velopment. J Neurosci 14:6995-6706.

Gautam M, Noakes PG, Moscoso L, Rupp F, Scheller RH, Merlie JP,
Sanes JR (1996) Defective neuromuscular synaptogenesis in agrin de-
ficient mutant mice. Cell 85:525-535.

Goslin K, Banker GA (1991) Rat hippocampal neurons in low-density
culture. In: Culturing nerve cells (Banker GA, Goslin K, eds), pp
251-283. Cambridge, MA: MIT.

Gramolini AO, Burton EA, Tinsley JM, Ferns MJ, Cartaud A, Cartaud
J, Davies KE, Lunde JA, Jasmin BJ (1998) Muscle and neural iso-
forms of agrin increase utrophin expression in cultured myotubes via a
transcriptional regulatory mechanism. J Biol Chem 273:736-743.



Mantych and Ferreira ¢ Distinct Effects of Agrin on Neurite Elongation

Greene LA, Liem RK, Shelanski M (1983) Regulation of the high mo-
lecular weight microtubule-associated protein in PC12 cells by nerve
growth factor. J Cell Biol 96:76-83.

Hall ZW, Sanes JR (1993) Synaptic structure and development: the
neuromuscular junction. Cell [Suppl] 72:99-121.

Haydon PG, Drapeau P (1995) From contact to connection: early events
during synaptogenesis. Trends Neurosci 18:196-201.

Hilgenberg LG, Hooever CL, Smith MA (1999) Evidence of an agrin
receptor in cortical neurons. J Neurosci 19:7384-7393.

Hirokawa N (1994) Microtubule organization and dynamics depend on
MT-associated proteins. Curr Opin Cell Biol 6:74-81.

Holgado A, Ferreira A (2000) Synapse formation proceeds indepen-
dently of dendritic elongation in cultured hippocampal neurons. J Neu-
robiol 43:121-131.

Ji R, Bose C, Lesuisse C, Qui D, Huang C, Zhang Q, Rupp F (1998)
Specific agrin isoforms induce cAM P response element binding protein
phosphorylation in hippocampal neurons. J Neurosci 18:9695-9702.

Jones G, Herczeg A, Ruegg M A, Lichtsteiner M, Kroger S, Brenner HR
(1996) Substrate-bound agrin induces expression of acetylcholine re-
ceptor subunit e in cultured mammalian muscle cells. Proc Natl Acad
Sci USA 93:5985-5990.

Kosik KS, Orecchio L, Binder LI, Trojanowski J, Lee V, Lee G (1988)
Epitopes that span the tau molecule are shared with paired helical
filaments. Neuron 1:817-825.

Kosik KS, Orecchio L, Bakalis S, Neve R (1989) Developmentally reg-
ulated expression of specific tau sequences. Neuron 2:1389-1397.

Laemmli UK (1970) Cleavage of structural protein during the assembly
of the head of the bacteriophage T4. Nature 227:680-685.

Li Z, Hilgenberg LG, O’Dowd DK, Smith M (1999) Formation of func-
tional synaptic connections between cultured cortical neurons from
agrin-deficient mice. J Neurobiol 39:547-557.

Liu D, Fischer I (1996) Two alternative promoters direct neuron-specific
expression of the rat microtubule-associated protein 1B gene. J Neu-
rosci 16:5026-5036.

Lowry OH, Resebrough NJ, Farr AL, Randall RJ (1951) Protein mea-
surements with the folin phenol reagent. J Biol Chem 193:265-275.
Magill-Sole C, McMahan UJ (1988) Motor neurons contain agrin-like

molecules. J Cell Biol 107:1825-1833.

Mann S, Kroger S (1996) Agrin is synthesized by retinal cells and
colocalizes with gephyrin. Mol Cell Neurosci 8:1-13.

Martinou J-C, Falls DL, Fischbach GD, Merlie JP (1991) Acetylcholine
receptor-induced activity stimulates the expression of the E-subunit

J. Neurosci., September 1, 2001, 27(17):6802-6809 6809

gene of the muscle acetylcholine receptor. Proc Natl Acad Sci USA
88:7669-7673.

Matus A (1991) Microtubule-associated proteins and neuronal morpho-
genesis. J Cell Sci [Suppl] 15:61-67.

McMahan UJ (1990) The agrin hypothesis. Cold Spring Harb Symp
Quant Biol 55:407-418.

Meier T, Hauser DM, Chiquet M, Landmann L, Ruegg MA, Brenner HR
(1997) Neural agrin induces ectopic postsynaptic specializations in
innervated muscle fibers. J Neurosci 17:6534-6544.

Meier T, Masciuli F, Moore C, Schoumacher F, Eppenberger U, Denzer
AlJ, Jones G, Brenner HR (1998) Agrin can mediate acetylcholine
receptor gene expression in muscle by aggregation of muscle-derived
neuregulins. J Cell Biol 141:715-726.

Riederer B, Cohen R, Matus A (1986) MAP5: a novel brain MT-
associated protein under strong developmental regulation. J Neurocytol
15:763-775.

Ruegg M A, Tsim KW, Horton SE, Kroger S, Escher G, Gensch EM,
McMahan UJ (1992) The agrin gene codes for a family of basal lamina
protein that differ in function and distribution. Neuron 8:691-699.

Rupp F, Payan DG, Magill-Solc C, Cowan DM, Scheller RH (1991)
Structure and expression of a rat agrin. Neuron 6:811-823.

Rupp F, Ozcelik TH, Linial M, Peterson K, Francke U, Scheller R (1992)
Structure and chromosomal localization of the mammalian agrin gene.
J Neurosci 12:3535-3544.

Sadot E, Heicklen-klein A, Barg J, Lazarovici P, Ginzburg I (1996)
Identification of a tau promoter region mediating tissue-specific-
regulated expression in PC12 cells. J] Mol Biol 256:805-812.

Sanes JR (1997) Genetic analysis of postsynaptic differentiation at the
vertebrate neuromuscular junction. Curr Opin Neurobiol 7:93-100.
Serpinskaya AS, Feng G, Sanes JR, Craig AM (1999) Synapse formation

by hippocampal neurons from agrin-deficient mice. Dev Biol 205:65-78.

Siidhof TC, Czernik AJ, Kao H-T, Takei K, Johnston PA, Horiuchi A,
Wagner M, Kanazir SD, Perin MS, De Camilli, P, Greengard P (1989)
Synapsins: mosaic of shared and individual domains in a family of
synaptic vesicle phosphoproteins. Science 245:1474-1480.

Towbin H, Staechelein T, Gordon J (1979) Electrophoretic transfer of
protein from polyacrylamide gels to nitrocellulose sheets: procedure
and some applications. Proc Natl Acad Sci USA 76:4354-4356.

Tucker R (1990) The roles of microtubule-associated proteins in brain
morphogenesis: a review. Brain Res Rev 15:101-120.

Wang W, Dow KE (1998) Quantitative analysis of mRNA expression of
neuron-specific growth-associated genes in rat primary neurons by
competitive RT-PCR. Brain Res Brain Res Protoc 2:199-208.



