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Abstract
The transmembrane isoform of agrin (Tm-agrin) is the predominant form expressed in the brain but
its putative roles in brain development are not well understood. Recent reports have implicated Tm-
agrin in the formation and stabilization of filopodia on neurites of immature central and peripheral
neurons in culture. In maturing central neurons, dendritic filopodia are believed to facilitate synapse
formation. In the present study we have investigated the role of Tm-agrin in regulation of dendritic
filopodia and synaptogenesis in maturing cultures of hippocampal neurons. We did this by infecting
the neurons with an RNAi lentivirus to deplete endogenous agrin during the developmental period
when filopodia density on the dendritic arbor was high, and synapse formation was rapid. We found
that dendritic filopodia density was markedly reduced, as was synapse density along dendrites.
Moreover, synapse formation was more sharply reduced on dendrites of infected neurons contacted
by uninfected axons than on uninfected dendrites contacted by infected axons. The results are
consistent with a physiological role for Tm-agrin in the maturation of hippocampal neurons involving
positive regulation of dendritic filopodia and consequent promotion of synaptogenesis, but also
suggest a role for axonal agrin in synaptogenesis.

Introduction
Synapse formation between axons and dendrites in the central nervous system (CNS) is
initiated by physical interaction between the out-growing axon of the presynaptic neuron and
the dendritic arbor of the post-synaptic neuron. Motile dendritic filopodia that contact and
recruit passing axons facilitate this interaction (Ziv and Smith, 1996). Filopodia also play a
role in shaping axonal and dendritic arbors (Chang and De Camilli, 2001; Niell et al., 2004).
After initiating synaptogenesis, some dendritic filopodia may differentiate into the more stable
spines (reviewed in Yuste and Bonhoeffer, 2004). Dendritic spines are the post-synaptic sites
of most excitatory synapses in the CNS (Harris, 1999; Hering and Sheng, 2001). At nascent
stages of synaptogenesis, many filopodia are still observable on the dendritic arbor, and are
still highly motile (Dailey and Smith, 1996; Dunaevsky et al., 1999; Lendvai et al., 2000). As
synapses develop and mature, the number of filopodia declines, while those still present
become more stable and more spines are established. In mature, highly developed neurons,
dendritic spines still show significant plasticity. They change in size, shape and number in
response to stimuli leading to both long term potentiation (LTP) and long term depression
(LTD), thought to be the physical basis of memory formation (Collin et al., 1997) (and reviewed
in Luscher et al., 2000).
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Various cell surface molecules are known to influence spine properties in response to external
signals by mediating cell adhesion, affecting Rho-family GTPase activity or altering Ca2+
fluxes, ultimately modulating actin dynamics (Ethell and Pasquale, 2005). Some of these
molecules provide linkages between the presynaptic and post-synaptic membranes, whereas
others connect these membranes to the extracellular matrix (ECM). Although the roles of the
ECM in synapse development and function are not completely understood, some ECM
components and their cell surface receptors are known to regulate synaptic plasticity (Dityateva
et al., 2003).

Agrin is a large proteoglycan (McMahan et al., 1992; Tsen et al., 1995) that is expressed as
secreted and transmembrane forms (Burgess et al., 2000; Neumann et al., 2001). The most
extensively studied and established role of agrin is in development of the neuromuscular
junction. Agrin secreted by motor neurons is required for stable post-synaptic differentiation
of skeletal muscle cells, most notably the aggregation of acetylcholine receptors (Gautam et
al., 1996). The transmembrane form of agrin (Tm-agrin) is predominantly expressed in neurons
of the central nervous system (CNS) (Burgess et al., 2000; Neumann et al., 2001), but its
functions there are not yet well established (Neumann et al., 2001; Smith and Hilgenberg,
2002). Synaptogenesis was inhibited by anti-sense reduction of agrin expression in
hippocampal neuron cultures (Ferreira, 1999; Bose et al., 2000) and was reduced in sympathetic
neuron cultures from agrin knock-out mice (Gingras et al., 2002). These mice also showed
impaired synaptogenesis in the sympathetic ganglia in vivo (Gingras et al., 2007), suggesting
an in vivo role for agrin in neuron-to-neuron synapse formation. A recent report suggests that
agrin secreted by glial cells plays a role in hippocampal neuron synapse formation in culture
(Tournell et al., 2006). Early results with agrin knock-out mice did not support a role for agrin
in synapse formation or maintenance in the CNS (Li et al., 1999; Serpinskaya et al., 1999).
However, a recent study (Ksiazek et al., 2007) has indicated an in vivo role for agrin in the
formation or stabilization of excitatory synapses in cortical neurons of young mice. It is widely
supposed that the absence of gross abnormalities in synaptic development in the CNS of agrin-
null mice may be due to the presence of functionally redundant molecules that can compensate
for the loss of agrin (Serpinskaya et al., 1999).

Recently it was reported that the clustering of the endogenous membrane-bound agrin or over-
expression of Tm-agrin leads to increased formation of filopodia-like processes along
developing axons and dendrites of central and peripheral neurons (Annies et al., 2006;
McCroskery et al., 2006). Moreover, suppression of agrin expression in immature hippocampal
neurons reduces the number of filopodia by destabilizing them and reducing their formation
(McCroskery et al., 2006). All of these results suggest that Tm-agrin has a role in positively
regulating neuronal filopodia. Thus, the regulation of filopodia could contribute to agrin’s
putative role in regulation of neurite outgrowth and synaptogenesis.

In the present study, we have suppressed Tm-agrin expression during the period of rapid
synaptogenesis in maturing hippocampal cultures in order to investigate the role of Tm-agrin
in regulating dendritic filopodia and to determine the possible consequences to synapse
formation and dendritic arbor development. We demonstrate that this suppression results in a
large reduction in the density of filopodia along dendrites, a modest increase in dendrite length
and branching, and a severe reduction in the number of synapses formed. The reduction in
synapses appears to depend more on the loss of agrin in the post-synaptic dendrite than in the
presynaptic axon.
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Experimental Methods
Rat hippocampal neuron cultures and transfection

Hippocampal neuron cultures were prepared as previously described (Neuhuber and Daniels,
2003) with slight modifications. Hippocampi from E19-20 rat embryos were incubated for 15
min at 37 °C in 10 ml Earle’s balanced salt solution containing 100 units papain (Worthington/
Technicon, Bad Vibel, Germany) followed by trituration in Eagle’s minimal essential medium
(MEM) (Invitrogen, Gaithersburg, MD) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Logan, UT).

If the neurons were to be transfected we used the Nucleofector System (Amaxa Biosystems,
Gaithersburg, MD) according to the protocol provided by the manufacturer. Briefly, 2×106

neurons were re-suspended in 100 μl Rat Neuron Nucleofector Solution (Amaxa) with 5 μg
expression construct. The cell suspension was electroporated using the O-03 program (Amaxa).
After transfection, the cell suspension was diluted with MEM supplemented with 10% horse
serum, penicillin (100 units/ml), and streptomycin (100 μg/ml).

All neurons were plated on coverslips coated with a mixture of 66 μg/ml poly-D-lysine (PDL;
Sigma, St. Louis, MO) and 6.6 μg/ml mouse laminin (Invitrogen). This substrate promoted
maturation in low-density cultures without glial conditioned medium (Howard et al., 2003).
The coverslips were placed in a 10 cm petri dish, and the cells plated at a density of 2 ×105 per
dish in initial studies or later, at 1 ×105 per dish to provide better separation between neurons.
Neurons for protein or RNA collection were plated onto identically coated 6-well plates at a
density of 1-2 ×106 per well.

Three hours after initial plating, the medium was removed and gently replaced with Neurobasal
medium plus B27 supplements (Invitrogen), penicillin, and streptomycin (referred to here as
Neurobasal +). Cultures were maintained at 37° with 10% CO2. After 3 days in culture each
coverslip was transferred to a separate well in a 6-well dish. Each week, half of the medium
was removed and very gently replaced with fresh Neurobasal +.

Generation of siRNA lentivirus
We used the identical shRNA sequence (number 3) described in the experimental methodology
section of our previous publication (McCroskery et al., 2006) that knocked down
transmembrane agrin expression by >95%. This sequence targets all agrin isoforms, but since
hippocampal neurons almost exclusively expressed the transmembrane form (see Results) this
was the affected isoform in our experiments. The sequence was cloned into the lentiviral
expression plasmid pNUTS (kind gift of Dr. Vittorio Sartorelli), containing a U6 promoter and
a separately expressed ubiquitin promoter-driven eGFP to indicate transduction. The pNUTS
plasmid generates a replication-deficient lentiviral vector when co-transfected with,the
packaging vectors (ViraPower packaging mix; Invitrogen) into HEK 293FT packaging cells
with Lipofectamine 2000 following the Virapower protocols (Invitrogen). After 72 h the
culture supernatants were centrifuged at 1000 X g for 15 min at 4° to pellet cell debris. The
supernatant was then filtered through a Millex-HV 0.45 μm PDVF filter (Millipore). The virus
was concentrated 10-15x by centrifugation in a Centricon plus-20 filter (Millipore) following
the manufacturer’s instructions. Aliquots were stored at -80 °C. Both the Tm-agrin and control
shRNA virus preparations were titered according to the Virapower protocol and found to
contain ∼5 ×107 infectious units/μl.

Western blot analysis
The construct, DsRed-Agrin4,19 (TM-agrin) was generated from a full-length GFP-Tm-agrin
construct designated Full-length (TM)GFP(N0)-agrin4,19 (Neuhuber and Daniels 2003) by
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cloning in-frame into the pDsRed-Monomer-C1 Vector (Clontech Laboratories, Inc. Mountain
View, CA), generating a construct with DsRed at the 5′ end of full-length Tm-agrin. This
plasmid was transfected into hippocampal neurons using the Amaxa system. After two weeks
the neurons were infected with either VsiAgrin or VsiMock and were incubated for a further
1, 3 or 7 days. To collect protein, the cells were scraped into ice-cold lysis buffer containing
0.1% NP-40, 50 mM Tris (pH7.5), 250 mM NaCl, 5 mM EDTA, and protease inhibitors. After
10 min incubation on ice, the lysate was passed through a 22 gauge needle 6 times. Insoluble
material was removed by centrifugation at 20,000 × g for 3 min at 4°. Protein concentration of
extracts was evaluated by the BCA assay (Pierce Biotechnology, Rockford, IL). Equal amounts
of protein were separated on 3-8% Tris-acetate SDS-PAGE gels (Novex, San Diego, CA) and
transferred to polyvinylidene difluoride membranes. The lower halves of the gels were excised
to monitor protein loading and stained with Coomassie blue for imaging with the Odyssey
infrared imaging system (Li-Cor Biotechnology, Lincoln, NE). After incubation in blocking
buffer (Tris buffered saline plus 0.01% Tween 20 and 5% dry non-fat milk) for 2 hr at room
temperature, blots were probed with a rabbit dsRed antibody (1:5,000; A6455, Clontech)
overnight at 4°C. Membranes were incubated with an Alexa 680-conjugated anti-rabbit IgG
secondary antibody (1:5000; Molecular Probes), and the signal was visualized on the Odyssey
infrared imaging system.

Semi-quantitative RT-PCR
To assess the level of endogenous agrin messenger RNA in hippocampal neurons, total RNA
was isolated from neurons using Trizol (Invitrogen). The neurons were harvested after 14 days
in culture (before infection) and 1, 3 or 7 days after infection with the siAgrin or siMock
lentivirus, or with no infection at the same time points. RNA was isolated from 3 different
neuron preparations for each condition. Three μg of total RNA was reverse transcribed using
Superscript III by the manufacturer’s protocol using random hexamers (Invitrogen). To
determine which isoforms of agrin were expressed in the hippocampal cultures, PCR primers
specific to either form were used (Neumann et al., 2001); Tm-agrin specific sense: 5′
TGGTGCCTCC ATGCTGGTTCG, Sc-agrin specific sense: 5′
AGCCCACAAGAATGAGTTGC, common anti-sense 5′AAGCCACATAACATTC
CCCTGC. Annealing temperature for both sets was 55°. For a positive control 3 μg of total
RNA from the neuroblastoma X glioma cell line NG108-15 was reverse transcribed as
described above. This cell line is known to express agrin (Pun and Tsim, 1997) and RT-PCR
in the present study revealed that both secretory and transmembrane forms are expressed. After
electrophoresis, bands were scanned and relative expression levels were determined with a
densitometer (Bio-Rad, Hercules, CA). PCR with primers specific for β-actin and GAPDH
(not shown) were used to normalize RNA levels.

Immunohistochemistry and imaging
Neuron cultures were fixed with freshly prepared 4% paraformaldehyde, 4% sucrose in 0.1 M
sodium phosphate buffer for 30 min. The fixative was pre-warmed to 37°C and allowed to cool
to room temperature during the fixation period. Immunofluorescence labeling was performed
essentially as described (Neuhuber and Daniels, 2003). The fixed cells were permeabilized for
30 min at RT in 0.05% saponin in Dulbecco’s phosphate buffered saline (DPBS) with 10%
normal goat serum and 1% BSA to block non-specific antibody binding. Cultures to be labeled
with antibody to PSD-95 were incubated for 3 min in 0.05% Triton X-100 in DPBS before
blocking. Primary antibodies used were mouse monoclonal antibody to PSD-95 (1:2000)
(DakoCytomation, Inc., Carpinteria, CA), mouse monoclonal antibody to MAP2 (1:2000)
(Chemicon International, Temecula, CA), rabbit antiserum to γ-actin (1:1000) (kindly provided
by Dr. J. Bulinsky); rabbit antiserum to synaptotagmin I (V216; 1:1000) (kindly provided by
Dr. T. Sudhof) and chicken monoclonal antibody to GFP (1:1500) (Aves Labs, Inc., Tigard,
Or). Primary antibodies were detected with anti-mouse Alexa Fluor 488 or 555 (1:800); anti-
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rabbit Alexa Fluor 555 (1:800), Cy5 (1:200) or Alexa Fluor 647 (1:500) and anti-chicken Alexa
Fluor 488 (1:800). All fluorescent secondary antibodies were obtained from Molecular Probes
(Invitrogen, Carlsbad, CA), except for anti-rabbit Cy5, which was obtained from Jackson
Immunoresearch Labs (West Grove, PA). Possible background staining was identified by using
secondary antibodies only. Neurons were imaged using a 40x, 1.3 N.A. oil immersion objective
on a Zeiss Axioplan microscope (Zeiss Inc, Oberkochen, Germany). Digital images were
acquired with a CCD camera (C4742-95, Hamamatsu Photonics, Hamamatsu, Japan). All
images were acquired with MetaMorph software (Universal Imaging Corp, Downingtown,
PA), which was also used to perform measurements of neurite lengths.

Quantification and statistical analysis
For this study we differentiated between spines and filopodia by shape and length, defining a
spine to be more round or mushroom shaped and less than 3 μm long, and filopodia narrower
and between 3 and 10 μm long. If an elongate protrusion also showed MAP2 staining we
considered it to be a branch. To determine the density of dendritic filopodia and spines, we
measured the lengths of all dendrites of a given neuron and manually counted the filopodia or
spines (provided that they clearly emanated from the dendrites of that particular neuron) to
calculate the number per 100 μm. Synapse density on dendrites was determined similarly, the
criterion for a synapse was co-localization of puncta of PSD-95 and synaptotagmin labeling.
Images to be used for quantitation of filopodia or synapses, using a particular combination of
labels, were acquired under constant conditions for a given fluorescence channel. Adjustments
of brightness and contrast and color balance adjustments for overlays to be used for quantitation
were also kept constant. One-tailed t-tests were conducted to evaluate the significance of
differences in mean values of filopodia, spine or synapse density using Instat Graphpad
software. Mean values were considered to be statistically different for P values < 0.05. Results
are presented as mean ± standard error (SEM).

Results
Density of filopodia, spines and synapses in maturing hippocampal neurons

Our strategy to study the role of Tm-agrin in regulating dendritic filopodia, arbor development
and synaptogenesis was to knock down agrin expression in hippocampal neuron cultures
specifically during a period of rapid synapse formation and a decrease in dendritic filopodia
density. This was done by use of a defective lentivirus carrying an shRNA specific to Tm-
agrin, which we previously used to efficiently knock down agrin expression by transfection at
the time of plating the hippocampal neurons (McCroskery et al., 2006). Thus it was first
necessary to determine the appropriate time to infect with the lentivirus to knock down agrin
expression in our culture system. Our primary goal was to quantify two related processes in
maturing cultured neurons: change in filopodia number on dendrites and synapse formation.
To detect and count filopodia and spines on the dendrites, the cultures were immuno-stained
for MAP2 to highlight the dendritic arbor, and for γ-actin, to highlight actin-based protrusions.
Figure 1A shows representative images of hippocampal neurons cultured for 7 or 21 days.
Quantitative data were taken at DIV 7, 14 and 21 from 3 separate experiments (n=100 dendrites
at least 100 μm long from at least 25 separate neurons at DIV 7, 14 or 21). As previously
reported for dendritic arbors of hippocampal neurons (Ziv and Smith, 1996), our cultures
displayed an abundance of filopodia (long arrows), which decreased in density as the neurons
matured between one and three weeks in culture (Figure 1C). This decrease in filopodia density
was correlated with an increase in the density (Figure 1D) of spines (arrowheads in 1A) and
an increased number of branches (Figure 1E).

To evaluate the number of synapses on dendrites we immuno-stained for the post synaptic
marker PSD-95, seen as small puncta on dendrites (short arrows in 1B DIV7), and the pre-
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synaptic marker synaptotagmin, seen as puncta along axons. A synapse was defined as a site
where PSD-95 and synaptotagmin puncta overlapped or were touching (yellow arrowheads in
Figure 1B, DIV 21). Quantitative data were taken at DIV 7, 14 and 21 from 3 separate
experiments (n=100 dendrites at least 100 μm long from at least 25 separate neurons at DIV
7, 14 or 21). The number of synapses per 100 μm of dendrite increased 15-fold between DIV
7 and 21 (Figure 1F), in parallel with the increase in spines (Figure 1D). The greatest absolute
increase in synapse density appeared to occur between DIV 14 and 21. Therefore we decided
to infect with the lentivirus at DIV14 and assay possible effects of Tm-agrin suppression at
DIV 21. We also decided not to further evaluate spine formation. Since it was difficult to
conclusively distinguish short spines from filopodia in DIV21 neurons, all protrusions less
than 3 μm long were ignored in subsequent assays.

Agrin knock-down in mature hippocampal neuron cultures
In order to introduce our shRNA constructs into hippocampal neurons in mature cultures with
high efficiency, the same shRNA sequence (called siAgrin) used previously (McCroskery et
al., 2006) was cloned into the pNUTS vector to generate a defective lentivirus. The final
shRNA-expressing virus was termed VsiAgrin. The nonsense control sequence identical to
that used previously (McCroskery et al., 2006) was cloned into pNUTS to make VsiMock.
Figure 2A shows a hippocampal culture infected with VsiAgrin at 14 DIV and then fixed 3
days later, demonstrating efficiency of infection. Immunofluorescent staining with an antibody
against GFP (to identify infected neurons) and MAP2 (to identify all neurons), showed that
the virus consistently infected > 95% of the cells (as did VsiMock, not shown). To demonstrate
that the virus effectively down-regulates agrin, we measured endogenous agrin messenger
RNA. Figure 2B shows one of 3 separate semi-quantitative RT-PCR assays comparing the
relative mRNA levels of agrin in hippocampal neurons that had been infected with VsiAgrin
after 0, 1, 3 or 7 days. Agrin expression was reduced after one day in VsiAgrin-infected cultures
and was visually undetectable after 3 or 7 days, suggesting an estimated reduction in agrin
mRNA levels of >95%. VsiMock did not affect agrin mRNA levels. We also used semi-
quantitative RT-PCR to determine whether the hippocampal neurons in our cultures expressed
primarily Tm-agrin, as suggested previously by in situ hybridization in mouse brain (Stone
and Nikolics, 1995), and whether this was the form of agrin message suppressed by VsiAgrin.
RNA was obtained from cultures of hippocampal neurons kept free of contamination with glia
or any other dividing cell types by the addition of 2.5 μM cytosine arabinoside to the culture
medium. Figure 2C shows that only the transmembrane form of agrin was detected in the highly
enriched cultures of DIV 21 hippocampal neurons, while both the transmembrane and secreted
forms were detected in the RNA from cultures of neuroblastoma-glioma cell line NG108-15,
which was previously shown to express agrin (Pun and Tsim, 1997).

We next determined how effectively and how rapidly the infection with VsiAgrin would reduce
the amount of cellular Tm-agrin protein, taking into consideration the unknown rate of protein
turnover. In our hands, detection of endogenous agrin protein in hippocampal neurons by use
of commercial antibodies has proven unreliable. Instead, we transfected monomeric DsRed-
Tm-agrin (DsRed fused 5′ to full length Tm-agrin) into hippocampal neurons and, after 14
DIV, infected with either VsiAgrin or VsiMock. Protein was collected 1, 3 or 7 days later.
Figure 2D shows a representative Western blot of dsRed-Tm-agrin in neuron cultures. The
reduction in protein levels followed that of mRNA levels, but with a lag presumably
corresponding to the time required for turnover of pre-existing dsRed-Tm-agrin. The amount
of protein was sharply reduced by 3 days after infection and was undetectable by 7 days (Figure
2E), indicating that Tm-agrin turnover is fast enough to allow an effective knock-down of
expression in cultures between 14 and 21 DIV.
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Tm-agrin knock-down moderately increases dendritic length and branching
In order to have well separated neurons, the effects of VsiAgrin infection on maturing
hippocampal neurons described below were assayed in cultures plated at 1.2 × 105 cells per
well (“low density”), half the density used for the time course experiments described above
(Figure 3A and B). Measurements of dendritic arbors in DIV 21 cultures that had been infected
at 14 DIV revealed a small, but significant, increase in the mean length of the primary dendrite
(the longest dendrite), and the mean total length of all dendrites per neuron in VsiAgrin-infected
cultures compared to VsiMock and uninfected cultures (18 ± 3% and 26 ± 1%, respectively).
The mean number of dendrites originating from the soma was comparable in uninfected
neurons, VsiMock and VsiAgrin-infected neurons. However, there was a 28± 2% (p<0.01)
increase in the number of dendrite branches per neuron in VsiAgrin-infected neurons compared
to VsiMock neurons (Figure 3C).

Tm-agrin knock-down decreases dendritic filopodia density
Low-density cultures of hippocampal neurons were infected with either VsiAgrin or VsiMock
virus after 14 DIV or left uninfected, then fixed 7 days later. After immuno-staining for both
MAP2 and γ-actin, individual neurons were imaged and assayed (n= 75 neurons from 3 separate
isolations and infections). Figure 4 shows representative images of DIV 21 neurons that were
not infected (Figure 4A), infected with VsiMock (Figure 4B) or VsiAgrin (Figure 4C). As can
been seen in Figure 4D, knocking down Tm-agrin in hippocampal neurons reduced dendritic
filopodia density by 43± 5% compared to non-infected neurons and by 37± 4% compared to
VsiMock-infected neurons (p<0.05). There was no statistically significant reduction of
filopodia density in neurons that were infected with VsiMock. These results indicate that Tm-
agrin positively regulates filopodia density on the dendrites of maturing hippocampal neurons,
as it does on the neurites of immature ones (McCroskery et al., 2006).

Tm-agrin knock-down decreases dendritic synapse density
In order to determine the effect of agrin knock-down on synaptogenesis in maturing cultures,
infected and control neurons were immuno-stained for PSD-95 and synaptotagmin in an
experiment of the same design as used to examine the effect on filopodia density (above). The
cultures used for the synapse assay were taken from the same isolations as those for the
filopodia assay. Individual neurons were imaged and assayed (n= 75 neurons from 3 separate
isolations and infections) for dendritic synapse density as described above. Representative
images of DIV 21 neurons that were not infected (Figure 5A) infected with VsiMock (Figure
5B) or VsiAgrin (Figure 5C) are shown. Down-regulation of Tm-agrin by the shRNA reduced
dendritic synaptic density by 52± 4% compared to uninfected neurons (p<0.01) and 55± 4%
compared to VsiMock-infected neurons (p<0.01). Thus, the reduction of dendritic filopodia
density by Tm-agrin suppression was paralleled by a similar reduction in dendritic synapse
formation.

Depletion of dendritic Tm-agrin expression reduces dendritic synapse density more than
depletion of axonal Tm-Agrin expression

Reducing agrin expression decreased synapse density by over 50% (Figure 5D). This reduction
was correlated with a similar decrease in dendritic filopodia density, consistent with the
hypothesis that the reduction in synapse formation resulted from lower filopodia density.
However, Tm-agrin expression was reduced in axons as well as dendrites. To estimate the
relative role of pre- or post-synaptic agrin on synaptogenesis, we used a reduced concentration
of shRNA lentivirus to infect only about 40% of the neurons, and then examined segments of
infected axons interacting with uninfected dendrites or segments of infected dendrites
interacting with uninfected axons. To obtain quantitative data from these experiments, we
selected low-density regions of the cultures where we could find segments of single axons
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unambiguously contacting single dendrites, and assayed synapse density only along such
segments. The results shown in Figure 5 included dendrites contacted by more than one axon,
where more synapses would form. For this reason, the VsiMock-treated synapse densities in
Figure 7 are lower than those shown in Figure 5. Figure 6A shows an example of axons from
a VsiMock-infected neuron, pseudo-colored blue, penetrating an uninfected dendritic network.
Synapse formation was unaffected, with numerous synaptotagmin (red) and PSD-95 (green)
puncta overlapping. Conversely a VsiAgrin-infected axon (Figure 6B) interacting with an
uninfected dendritic network shows few overlapping puncta, although many PSD-95 (green)
puncta are present. In contrast, several synapses are seen where the same dendritic arbor is
contacted by axons of uninfected neuron(s), showing that the dendrites of this neuron were
competent to form synapses. Figure 7A shows that synaptic density along VsiAgrin-infected
axons was reduced by 38± 2% (p<0.001; n=16 segments from 8 neurons, 3 separate
experiments) relative to VsiMock-infected axons .

Figure 6C shows part of the dendritic arbor of a VsiMock-infected neuron innervated by axons
from uninfected neurons, displaying a typical density of synapses. In contrast, the dendritic
arbor of a VsiAgrin-infected neuron (Figure 6D) displays a low density of synapses. Synaptic
density along VsiAgrin-infected dendrites was reduced by 79± 1% relative to VsiMock-
infected dendrites (p<0.0001) (Figure 7B). Synaptic density with VsiAgrin-infected axons was
significantly different from synaptic density with VsiAgrin-infected dendrites (p<0.0001; n=14
segments from 8 neurons, 3 separate experiments). These results suggest that dendritic Tm-
agrin plays a more important role in synapse formation in this system than does axonal Tm-
agrin, but both appear to play a significant role.

Discussion
We have used a lentivirus to efficiently introduce a specific RNAi sequence into maturing
cultured hippocampal neurons, yielding an overall reduction of agrin message by what appears
to be more than 95% at 3 days after infection. PCR indicated that the cultured neurons expressed
the transmembrane form of agrin (Tm-agrin) rather than the secretory form, consistent with
previous reports for CNS neurons (Neumann et al., 2001). Tm-agrin protein was markedly
reduced by 3 days post-infection and virtually eliminated by 7 days. The lag in reduction of
agrin protein relative to reduction of message was presumably related to the rate of turnover
of the protein. One striking result of decreased agrin expression was a 43% decrease in dendritic
filopodia density at 7 days after infection with the siAgrin lentivirus. This is consistent with
our previous results (McCroskery et al., 2006) and those of Annies et al (2006) indicating that
Tm-agrin positively regulates the formation and stability of filopodia on the neurites of
immature neurons. The present results extend the role of agrin in regulation of filopodia to the
dendrites of maturing hippocampal neurons.

In contrast to previous reports of decreases in dendrite length (Ferreira, 1999; Ksiazek et al.,
2007) and branching (Mantych and Ferreira, 2001) when agrin expression was inhibited or
absent, we found a small increase in total dendrite length and in the number of dendrite
branches. The increase in branches was surprising in itself since there was a 43% reduction in
filopodia in the same neurons and filopodia are considered to be a precursor to de novo branch
formation (Szebenyi et al., 1998). It is likely that some destabilization of the F-actin core of
filopodia is required for the invasion of microtubules (Kornack and Giger, 2005) in transition
to a branch, thus the reduction in agrin in this system may cause the small net increase observed
in the number of branches, by destabilizing the actin filaments of filopodia. The differences
between the present and previously published results with respect to morphology of the
dendritic arbor might be ascribed to differences in the systems used and in developmental stage.
Some of the previous studies involved cultures containing astroglia conditioned medium or
astroglia, sources of soluble agrin (Ferreira, 1999), which can increase extension and branching
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of dendrites in week-old cultures (Mantych and Ferreira, 2001). The other (Ksiazek et al.,
2007) involved in vivo development, where glia play an important role. In contrast, cultures
used in our studies contained defined culture medium and few glial cells. It remains to be
determined whether Tm-agrin in neurons and soluble agrin from glia or other sources, such as
the proteolytic cleavage of Tm-agrin (Reif et al., 2007) play different roles in neuronal
morphogenesis in vivo. In relation to this, it has recently been shown that activity-dependent
formation of dendritic filopodia in hippocampal slices of young adult mice requires the
proteolytic cleavage of agrin by neurotrypsin (Matsumoto-Miyai et al., 2009). It is not yet
known whether proteolytic cleavage of agrin is involved in filopodia regulation or
synaptogenesis during development, as opposed to plasticity in adults.

A role for agrin in mammalian CNS synapse formation has been supported by in vitro studies
(Ferreira, 1999, Bose et al., 2000) and more recently by a study in vivo (Ksiazek et al., 2007).
In the latter study, the density of synaptic spines and excitatory synapses on cortical pyramidal
neuron dendrites was reduced ∼ 30% in young agrin null mice that were rescued from perinatal
death by targeted expression of agrin in motor neurons. Our present finding that synaptic
density on the dendrites of cultured hippocampal neurons was reduced ∼40% by infection with
an agrin specific RNAi expressing lentivirus during a period of rapid synapse formation is
consistent with these earlier findings.

The authors of these previous studies have suggested that agrin from the synapse-forming
neurons (Ksiazek et al., 2007) or from glia (Tournell et al., 2006) may act upon receptors such
as MuSK (Garcia-Osta et al., 2006), or the alpha3 subunit of the Na+/K+- ATPase (Hilgenberg
et al., 2006) to organize or stabilize synapses. Another possible target for agrin is the agrin-
binding putative MuSK coreceptor Lrp4, which is also expressed in brain (Kim et al., 2008;
Zhang et al, 2008). The results of the present study suggest an additional pathway through
which Tm-agrin may promote synaptogenesis. We show that the reduction in dendritic synapse
density resulting from infection with the siAgrin lentivirus is correlated with a similar reduction
in the density of dendritic filopodia, which are believed to facilitate synaptogenesis by
recruiting the passing axons and in some instances are converted into stable dendritic spines
(Konur and Yuste, 2004; Johnson and Ouimet, 2006). Moreover, in experiments where only
∼ 40% of neurons were infected with the siAgrin lentivirus, we showed that suppression of
Tm-agrin in dendrites alone is twice as effective in reducing dendritic synapse density as
suppression in the axons alone. Therefore, the present results suggest a physiological role of
Tm-agrin in the promotion of synaptogenesis through positive regulation of dendritic filopodia.
However, we also observed that dendritic synapse density was significantly reduced when
siAgrin-infected axons contacted uninfected dendrites. This is consistent with the idea that
multiple pathways involving agrin expressed by both presynaptic and post-synaptic neurons
are involved in the regulation of synapse formation or stabilization.

The signal transduction pathway by which Tm-agrin regulates filopodia is poorly understood.
A recent study has shown that the induction of filopodia by antibodies that cluster Tm-agrin
is dependent on the formation of lipid rafts and requires the activation of Fyn and MAP kinase
(Ramseger et al., 2009). The authors suggest that Tm-agrin may act as a receptor or co-receptor
to activate this pathway. Studies on the induction of filopodia by transfection of muscle cells
(Uhm et al., 2001) or neurons (McCroskery et al., 2006) with Tm-agrin constructs indicate that
induction of filopodia is not dependent on the Z-site inserts of the C-terminal moiety of agrin
that are required for activation of MuSK (Glass et al., 1996) or to the alpha3 subunit of the Na
+/K+-ATPase (Hilgenberg et al., 2006) and in fact requires only the N-terminal moiety of the
molecule. Thus regulation of filopodia by endogenous Tm-agrin may not depend on binding
to either MuSK or to the alpha3 subunit of the Na+/K+-ATPase. Induction of filopodia by
transfection of agrin in SH-SY5Y neuronal cells is dependent on the activation of the Rho
family GTPase Cdc42 (McCroskery et al., 2006), which plays a well-known role in stimulation
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of actin filament formation (reviewed in Ridley, 2006), and appears to be crucial for the
induction of acetylcholine receptor aggregation on myotubes by agrin (Weston et al., 2000;
Weston et al., 2003). Interestingly, it has been shown that receptor-mediated activation of
Cdc42 can result in activation of the MAP kinase pathway (Kang et al., 2008). This may tie
the observations of (McCroskery et al. 2006) to those of Ramseger et al. (2009). However, the
upstream signaling pathway regulated by Tm-agrin leading to Cdc42 activation is not known.
The N-terminal moiety of agrin contains binding sites for heparan sulfate and chondroitin
sulfate glycosamino glycans (GAGs), which can interact with a variety of glycoproteins and
growth factors (Cotman et al., 1999; Kim et al., 2003; Winzen et al., 2003). These GAG chains
appear to be important for the activation of Cdc42 in Tm-agrin-transfected cells and the
induction of filopodia in neurons (unpublished data). It is thus of interest that reduction in the
expression of the membrane-bound glycoprotein M6a (Alfonso et al., 2005) or the
transmembrane proteoglycan syndecan 2, which is expressed in the developing hippocampus
(Ethell and Yamaguchi, 1999; Lin et al., 2007) results in a reduction of filopodia and synapses
in hippocampal neuron cultures (Lin et al., 2007).

In summary, this study has provided evidence for a role of Tm-agrin in the regulation of CNS
synapse formation through its effects on dendritic filopodia. This suggests a novel pathway
whereby Tm-agrin and other membrane glycoproteins or proteoglycans may regulate
synaptogenesis in the CNS.
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Figure 1. Changes in the relative number of filopodia, spines, dendrite branches and synapses
during development in culture
(A) Fixed hippocampal neurons were immuno-stained for γ-actin (green), to visualize filopodia
and spines and MAP2 (red) to highlight the dendritic arbor. Examples shown here are at 7 days
in vitro (DIV) and 21 DIV. Arrows indicate examples of filopodia; arrowheads indicate
examples of spines. The inset in the right-hand panel is an ∼ 3-fold enlargement of the boxed
area. (B) Fixed hippocampal neurons were immuno-stained for PSD-95 (green), to visualize
post-synaptic sites and synaptogamin (red) to highlight the pre-synaptic boutons. Overlapping
puncta of PSD-95 and synaptotagmin (yellow) were considered to be synapses. Examples
shown here are at 7 DIV and 21 DIV. Yellow arrowheads indicate examples of synapses.
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Arrows indicate examples or PSD-95 puncta without overlapping synaptotagmin puncta. Bar
= 10 μm. (C) Graph illustrating the number of filopodia /100μm dendrite length comparing
DIV 7, 14 and 21 hippocampal neurons (n=100 dendrites at least 100 μm long, from at least
25 separate neurons at DIV7, 14 or 21; 3 separate experiments). As the neurons mature, the
density of filopodia declines. (D-F) Graphs illustrating the number of spines /100μm dendrite
length (D), dendritic branches per neuron (E) and the number of synapses /100μm dendrite
length (F), comparing DIV 7, 14 and 21 hippocampal neurons. In C, D and F, n=100 dendrites
at least 100 μm long from at least 25 separate neurons at DIV 7, 14 or 21; 3 separate
experiments. In E, n= at least 25 neurons at DIV 7, 14 or 21; 3 separate experiments). As the
neurons mature, the density of synapses increases 15 fold, similar to the increase observed with
spines, while branching of the dendritic arbor increases markedly. All data bars represent the
mean ± SEM.
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Figure 2. Demonstration of effectiveness of the shRNA-producing lentivirus in suppression of Tm-
agrin expression in hippocampal neurons
(A) Immunofluorescence image of infected hippocampal neurons, immuno-stained for GFP to
indicate viral infection and MAP2 to distinguish neurons. The lentivirus infected >95% of
neurons, albeit with variable expression of GFP. Bar = 50 μm. (B) Semi-quantitative RT-PCR
demonstrates the effectiveness of the shRNA (VsiAgrin) in knocking down endogenous Tm-
agrin message expression. Densitometry of the bands in 3 separate experiments showed that
the Tm-agrin message was reduced by ∼15% at 1 day post infection (D1), and by almost 100%
at D3 and D7, while the mock shRNA (VsiMock) did not effect expression. RT-PCR for β-
actin was used to demonstrate that equal amounts of cDNA were used. (C) Semi-quantitative
RT-PCR from RNA isolated from either hippocampal neurons or from a neuroblastoma-glioma
hybrid cell line, NG108-15, using isoform-specific oligos shows that hippocampal neurons in
culture express only the transmembrane form of agrin. (D) To demonstrate the loss of Tm-
agrin protein after suppression of the message, we over-expressed dsRed monomer-Tm-agrin
in hippocampal neurons, and after 14 DIV infected with either VsiAgrin or VsiMock, then
determined Tm-agrin protein levels via Western blots using a dsRed antibody (example shown
here). The lower box shows the Coomassie stained lower half of same gel used for Tm-agrin
blotting, demonstrating equal protein loading. The small apparent discrepancy in mobility
between the VsiAgrin- and VsiMock-treated protein bands probably reflects differences in
glycosylation level as well as the differences in concentration of Tm-agrin protein caused by
VsiAgrin treatment. (E) Quantitative analysis of blots taken from 4 different experiments show
that the relative DsRed Tm-agrin protein levels had dropped by 45% at D1, 85% at D3, and
almost 100% at D7, compared to VsiMock. Bars show the mean ± SEM.
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Figure 3. Knock-down of Tm-agrin leads to moderately increased dendritic length and branching
Hippocampal neurons were cultured for 2 weeks, then infected with VsiMock, VsiAgrin or
left uninfected. At 7 days post infection the cultures were fixed, immuno-stained for MAP2
and imaged. (A and B) Measurements of fixed cells at DIV21, 7 days post infection, showed
that VsiAgrin-infected neurons had moderate increases in primary dendrite length and the total
length of dendrites per neuron (18± 3% and 26± 1% respectively) compared to both the
uninfected control and VsiMock neurons. (C) Cells infected with VsiAgrin showed no
difference in the number of primary dendrites per neuron but had significantly more branches
per neuron (28± 2%) compared to either VsiMock or uninfected control neurons. (n=150
neurons, 6 separate experiments). Bars show the mean ± SEM. Asterisks indicate values
significantly different from VsiMock and uninfected control.

McCroskery et al. Page 16

Neuroscience. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Knock-down of Tm-agrin in mature hippocampal neurons reduces filopodia density
Hippocampal neurons fixed at DIV21, 7 days post infection, were immuno-stained for γ-actin
(green) to visualize filopodia and spines, and MAP2 (red) to highlight the dendritic arbor. (A),
(B) and (C) are examples of uninfected, VsiMock-infected and VsiAgrin-infected neurons,
respectively. Inserts are magnified 2.5X. Arrows indicate examples of filopodia. Bar = 50 μm.
(D) Quantitative assay of filopodia density shows that VsiAgrin-infected neurons had a
significantly lower number of filopodia per 100μm dendritic length than control or VsiMock-
infected neurons. VsiMock filopodia density was not significantly different from the uninfected
control (n=75 neurons, 3 separate experiments). Bars show the mean ± SEM. Asterisks indicate
value significantly different from VsiMock and uninfected control.
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Figure 5. Knock-down of Tm-agrin in mature hippocampal neurons reduces synapse density
Hippocampal neurons fixed at DIV21, 7 days post infection, were immuno-stained for PSD-95
(green) to visualize post-synaptic puncta and synaptogamin (red) to label presynaptic boutons.
All dendrites were measured and all synapses were counted as described above. Examples of
hippocampal neurons from (A) uninfected control, (B) VsiMock-infected and (C) VsiAgrin-
infected cultures are shown. Yellow arrowheads indicate examples of overlapping puncta of
PSD-95 and synaptotagmin that were counted as synapses. (D) Quantitative assay of synapse
density in each group demonstrates that the VsiAgrin-infected neurons had a significantly
lower number of synapses per 100μm dendritic length compared to control or VsiMock-
infected neurons. Synapse density of VsiMock-infected neurons was not significantly different
from uninfected control (N=75 neurons, 3 separate experiments). Bars show the mean ± SEM.
Asterisks indicate value significantly different from VsiMock and uninfected control. Bar =
50 μm.
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Figure 6. Depletion of Tm-agrin in dendrites or axons alone reduces synapse density
Hippocampal neuron cultures were infected with a reduced concentration of shRNA lentivirus
to obtain an infection rate of approximately 40%. This allowed the identification of regions of
contact between axons and dendrites where either the axon or the dendrite, but not both,
emanated from an infected neuron. In each 4-part panel, X’ shows GFP immuno-staining (blue
in merge, indicting virus infected axons or dendrites), X” shows PSD-95 (green in merge) and
X”’ shows synaptotagmin (SYN) red in merge) in the same field. Yellow arrowheads indicate
examples of counted synapses. (A) Example of axon(s) from a VsiMock-infected neuron
penetrating an uninfected dendritic network. Synapse formation is unaffected, with numerous
PSD-95 and synaptotagmin puncta overlapping along the regions of contact between infected
axons and uninfected dendrites. (B) In contrast, a VsiAgrin-infected axon interacting with an
uninfected dendritic network shows relatively few overlapping puncta, although many PSD-95
(green in merge) puncta are present. In the same field many synapses are seen where dendrites
from the same uninfected neuron are contacted by axons of an uninfected neuron. (C) Part of
the dendritic arbor of a VsiMock-infected neuron innervated by axons from uninfected neurons,
displaying a typical density of synapses. (D) In contrast, the dendritic arbor of a VsiAgrin-
infected neuron displays a low density of synapses. Bar = 10 μm.
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Figure 7. Depletion of Tm-agrin in dendrites reduces synapse density more than depletion of Tm-
agrin in axons
Synapse density was assayed in cultures such as shown in Figure 6, along segments of dendrites
where it was clear that the only contact was between an infected axon and uninfected dendrite
or vice versa. (A) Synaptic density along contacts with VsiAgrin-infected axons was reduced
by 38± 2% relative to VsiMock-infected axons (p<0.01; n=16 segments from 8 neurons, 3
separate experiments), whereas (B) Synaptic density along VsiAgrin-infected dendrites was
reduced by 79± 1% relative to VsiMock-infected dendrites (p<0.0001; n=14 segments from 8
neurons, 3 separate experiments). Synaptic density with VsiAgrin-infected axons was
significantly different from synaptic density with VsiAgrin-infected dendrites (p<0.0001).
Bars show mean ± SEM. Asterisks indicate values significantly different from VsiMock
control.
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