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Abstract
Following spinal cord injury, a regenerating neurite encounters a glial scar enriched in chondroitin
sulfate proteoglycans (CSPGs), which presents a major barrier. There are two points at which a
neurite makes contact with glial scar CSPGs: initially, filopodia surrounding the growth cone
extend and make contact with CSPGs, then the peripheral domain of the entire growth cone makes
CSPG contact. Aggrecan is a CSPG commonly used to model the effect CSPGs have on
elongating or regenerating neurites. In this study, we investigated filopodial and growth cone
responses to contact with structurally diverse aggrecan variants using the common stripe assay.
Using time-lapse imaging with 15-sec intervals, we measured growth cone area, growth cone
width, growth cone length, filopodia number, total filopodia length, and the length of the longest
filopodia following contact with aggrecan. Responses were measured after both filopodia and
growth cone contact with five different preparations of aggrecan: two forms of aggrecan derived
from bovine articular cartilage (purified and prepared using different techniques), recombinant
aggrecan lacking chondroitin sulfate side chains (produced in CHO-745 cells) and two additional
recombinant aggrecan preparations with varying lengths of chondroitin sulfate side chains
(produced in CHO-K1 and COS-7 cells). Responses in filopodia and growth cone behavior
differed between the structurally diverse aggrecan variants. Mutant CHO-745 aggrecan (lacking
chondroitin sulfate chains) permitted extensive growth across the PG stripe. Filopodia contact with
the CHO-745 aggrecan caused a significant increase in growth cone width and filopodia length
(112.7% ± 4.9 and 150.9% ± 7.2 respectively, p<0.05), and subsequently upon growth cone
contact, growth cone width remained elevated along with a reduction in filopodia number (121.9%
± 4.2; 72.39% ± 6.4, p<0.05). COS-7 derived aggrecan inhibited neurite outgrowth following
growth cone contact. Filopodia contact produced an increase in growth cone area and width
(126.5% ± 8.1; 150.3% ± 13.31, p<0.001), while these parameters returned to baseline upon
growth cone contact, a reduction in filopodia number and length was observed (73.94% ± 5.8,
75.3% ± 6.2, p<0.05). CHO-K1 derived aggrecan inhibited neurite outgrowth following filopodia
contact, and caused an increase in growth cone area and length (157.6% ± 6.2; 117.0% ± 2.8,
p<0.001). Interestingly, the two bovine articular cartilage aggrecan preparations differed in their
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effects on neurite outgrowth. The proprietary aggrecan (BA I, Sigma-Aldrich) inhibited neurites at
the point of growth cone contact, while our chemically purified aggrecan (BA II) inhibited neurite
outgrowth at the point of filopodia contact. BA I caused a reduction in growth cone width
following filopodia contact (91.7% ± 2.5, p<0.05). Upon growth cone contact, there was a further
reduction in growth cone width and area, (66.4% ± 2.2; 75.6% ± 2.9; p<0.05) as well as reductions
in filopodia number, total length, and max length (75.9% ± 5.7, p<0.05; 68.8% ± 6.0; 69.6% ± 3.5,
p<0.001). Upon filopodia contact, BA II caused a significant increase in growth cone area, and
reductions in filopodia number and total filopodia length (115.9% ± 5.4,p<0.05; 72.5% ± 2.7;
77.7% ± 3.2, p<0.001). In addition, filopodia contact with BA I caused a significant reduction in
growth cone velocity (38.6 nm/sec ± 1.3 before contact, 17.1 nm/sec ± 3.6 after contact). These
data showed that neuron morphology and behavior are differentially dependent upon aggrecan
structure. Furthermore, the behavioral changes associated with the approaching growth cone may
be predictive of inhibition or growth.

Keywords
neuronal growth cones; dorsal root ganglia neurons; velocity; extracellular matrix (ECM);
regeneration; cell culture

Introduction
CSPGs are abundant in the injured spinal cord and prevent neuronal regeneration

The expression of chondroitin sulfate proteoglycans (CSPGs) is temporally and spatially
restricted in the central nervous system (CNS) during development, and serves to guide
neurons to appropriate targets, in part, by inhibiting them from entering inappropriate
territories (Reichardt and Prokop, 2011, Snow, et al., 1990). Following injury to the mature
CNS, the significant increase in protein levels of CSPGs surrounding the lesion (Asher, et
al., 1998, Davies, et al., 1997, McKeon, et al., 1999, Oohira, et al., 1994), inhibit axonal
regeneration and deter functional reconnectivity of damaged axons (Fitch and Silver, 1997,
Jones, et al., 2003, Lemons, et al., 1999, Moon, et al., 2002, Pasterkamp, et al., 2001, Plant,
et al., 2001, Stichel, et al., 1999). CSPGs are produced, in part, by reactive astrocytes
surrounding the glial scar (Asher, et al., 2000, Fitch and Silver, 1997, Smith and Strunz,
2005). Although not without benefit to the organism, such as cordoning off the injury site,
repairing the blood-brain barrier, regulating the immune response (Faulkner, et al., 2004,
Myer, et al., 2006, Ribotta, et al., 2004), and limiting cellular degeneration, i.e. glutamate
uptake (Beller, et al., 2011), portions of the glial scar impede neurite outgrowth and interfere
with successful plasticity and regeneration (Silver and Miller, 2004). When reactive
astrocytes are isolated and pretreated with chondroitinase ABC (to enzymatically remove
chondroitin sulfate chains), neurite growth is increased to that observed in the presence of
non-reactive astrocytes (McKeon, et al., 1995). Other studies targeting CSPG carbohydrate
chains in vivo confirm the inhibitory activity of the carbohydrate chains on regeneration
(Bradbury, et al., 2002, Galtrey, et al., 2007, Garcia-Alias, et al., 2009). Thus, CSPGs
expressed by astrocytes of the glial scar, specifically the carbohydrate portion of the
molecules, dramatically inhibit axonal outgrowth.

CSPG interaction with neurites is complex and involves receptor-mediated mechanisms
The neural response to inhibitory CSPGs and other CNS components involves the motile
activity of the distal-most portion of a migrating or regenerating nerve cell, called the
growth cone (Gordon-Weeks, 1989, Letourneau, 1975, Ramon y Cajal, 1928). Growth cones
extend fine processes called filopodia that exert tension at points of contact and allow for
adherence to other cells or surfaces. In addition to providing adhesion to support neurite
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elongation, filopodia and growth cones interact with the extracellular matrix, through
integrins and other receptors, to navigate the growing neurite towards the appropriate
synaptic target(s) (McKerracher, et al., 1996, Schmidt, et al., 1995). Filopodia and growth
cone interactions with the environment are highly complex and involve both adhesive and
anti-adhesive functions, such as attraction and repulsion (Song, et al., 1998). The cell
surface molecules that mediate cell-cell and cell-matrix interactions, modulate and are
modulated by the same cytoplasmic second messenger pathways (e.g. cytoplasmic calcium
signaling, protein kinases, inositol phosphates) as hormones, growth factors,
neurotransmitters, and pharmaceuticals commonly target (Chierzi, et al., 2005, Giuseppetti,
et al., 1994, Ivins, et al., 2004, Juliano and Haskill, 1993, Simmons, et al., 2003). Further,
growth cones take on specific, pathologic morphologies when injured, as was first described
by Ramon y Cajal and called `sterile clubs' or `dystrophic growth cones', and further defined
by others (Horn, et al., 2008, Ramon y Cajal, 1928, Tom, et al., 2004). Thus, it is
particularly relevant to examine growth cone morphologies and behaviors, as well as the
molecules with which growth cones interact, to learn about putative mechanisms underlying
both normal and pathological responses.

CSPGs are a complex and diverse family of proteins
Given the vast degree of diversity in CSPG structure, the resulting behavior of growth cones
that contact them is likely to depend on the specific structural components of a given CSPG
type. The CSPGs commonly expressed in the CNS are neurocan, brevican, versican and
aggrecan, which are grouped together as lecticans, or hyalecticans (Zimmermann and Dours-
Zimmermann, 2008). They have similar N-terminal hyaluronan binding domains (G1) and
C-terminal globular domains (G3) that share homology to lectins. NG2 and phosphacan, two
other CNS CSPGs, have structures distinct from the lecticans/hyalecticans. NG2 is a
transmembrane CSPG (Lorber, 2006, Nishiyama, et al., 1991), and phosphacan (DSD-1 PG)
(Maurel, et al., 1994) is a secreted splice variant of a larger transmembrane protein, RTPTß
(Klausmeyer, et al., 2007). Proteoglycans can be substituted with chondroitin sulfate,
dermatan sulfate, heparan sulfate, and keratan sulfate side chains (glycosaminoglycans;
GAGs) in different combinations. Each carbohydrate can be sulfated in unique patterns,
which imbue them with functionality (Brown, et al., 2012, Coles, et al., 2011, Laabs, et al.,
2007, Wang, et al., 2008). Additionally, their core proteins may be glycosylated with N- and
O-linked oligosaccharides, all providing the potential for a high level of structural diversity.
The effect of each of these substitutions on neurite outgrowth is unclear, since separate
conflicting data in vitro show that either promotion or inhibition of axonal outgrowth by
CSPGs may be a result of interactions with GAG chains, core proteins, or both (Iijima, et al.,
1991, Snow, et al., 1990, Snow, et al., 2001, Garwood et al., 1999). This provides yet
another structural factor to address when attempting to dissect the key elements of growth
cone-CSPG interactions.

Assessment of structurally diverse CSPGs effect on growth cone morphology and
behavior

Aggrecan is commonly tested to explore the effects of CSPGs on neurite outgrowth,
regeneration, and physiology. However, the wide structural diversity within this molecule
may be critical for neuronal behavior and regeneration. Thus, in this study, we tested five
different variants of aggrecan. The structures of these variants have been previously
determined through biochemical analyses (Esko, et al., 1985, Miwa, et al., 2009, Miwa, et
al., 2006a). Two of these variants were extracted from bovine articular cartilage, but differed
in the chemical means of purification, resulting in compositional dissimilarities. We
evaluated both a proprietary preparation purified through anion-exchange chromatography
(Sigma-Aldrich; BA I) and a preparation produced by our laboratory using a method, which
relies on hyaluronic acid binding (A1A1D1; BA II). The BA I preparation contained a

Beller et al. Page 3

Exp Neurol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



greater amount of fragments with cleavage products from both the N and C-terminus of the
aggrecan core protein, as the negative charge of the associated chondroitin sulfate chains
were used for purification. In contrast, BA II was purified using a method, which relied on
hyaluronic acid binding ensuring that all purified aggrecan contained the G1 domain. In
addition, three variants of recombinant aggrecan were also used, one lacking chondroitin
sulfate side chains, and two with a varying number and length of chondroitin sulfate chains
(Figure 1). We hypothesized these structurally diverse aggrecan variants would differentially
affect the morphology and behavior of outgrowing neurites.

We used a routine outgrowth assay (stripe, or “choice” assay) combined with a novel
methodology to examine overt and subtle behavioral changes in growth cones, as they made
their first contact with structurally diverse aggrecan molecules in vitro. To model the action
of regenerating growth cones that contact glial scar aggrecan following SCI, analyses were
designed to compare properties of the growth cone before and after filopodial and growth
cone contact with aggrecan. Thus, the assay presented in this report is a model of
regenerating neurons' first contact with glial scar-relevant CSPGs.

Using time-lapse video-microscopy, chick embryonic dorsal root ganglion (DRG) growth
cone properties such as general morphology, growth cone area, growth cone width and
length, filopodia number and length (individually and total per growth cone), angle of
approach to an aggrecan-adsorbed stripe, axonal vector, and growth cone velocity were
measured. Each characteristic was compared before and after first filopodial contact and
subsequent growth cone contact with aggrecan. This novel data revealed significant and
rapid changes in sensory growth cone morphology and behavior resulting from filopodia and
growth cone contact with substratum-bound aggrecan. These results represent potential
cellular targets to clearly identify the steps necessary for successful axonal regeneration
following SCI, and a useful model to test the effects of potential therapeutics on growth
cone morphology of regenerating neurons.

Methods
Preparation of Structurally Diverse Aggrecan Variants

Five variants of the chondroitin sulfate proteoglycan (CSPG), aggrecan, were used in the
current study to determine the response(s) of sensory neuron filopodia and growth cones to
specific microstructures of aggrecan. Below is a description of the preparation of each
variant.

Chondroitin sulfate-deficient aggrecan (CHO-745)—Chondroitin sulfate-deficient
aggrecan (CHO-745) was prepared as described previously (Esko, et al., 1985, Miwa, et al.,
2006b). Briefly, CHO(pgsA745) cells (abbreviated as CHO-745 in this paper), deficient in
expression of xylosyl transferase (the enzyme that initiates chondroitin sulfate synthesis)
were transiently transfected with a recombinant bovine aggrecan expression vector
(pBAGG771-28) using lipofectamine 2000 (Invitrogen, Grand Island, NY). Following
transfection (48 hrs), the conditioned media was collected and guanidine was added to a
concentration of 4M, to ensure solubilization and denaturing of proteins. The media samples
were then passed through a G-50 Sephadex (Sigma-Aldrich, St. Louis, MO) column and
exchanged into a urea buffer (8 M Urea, 50mM Na-acetate, 150mM NaCl, 0.5% CHAPS,
pH 6.0). Following G-50 chromatography, aggrecan was then purified through
diethylaminoethyl (DEAE; Sigma-Aldrich, St. Louis, MO) anion-exchange chromatography,
eluting the aggrecan with two concentrations of NaCl (250mM and 1M). The presence and
concentration of aggrecan was determined through dot blot analysis.
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CHO-K1 and COS-7 recombinant aggrecan molecules—CHO-K1 and COS-7 cells
were transiently transfected with a recombinant bovine aggrecan expression vector
(pBAGG71-28) using lipofectamine 2000 (Invitrogen, Grand Island, NY), as previously
described (Miwa, et al., 2006b, Miwa, et al., 2009). Secreted recombinant aggrecan was
purified from the conditioned medium as described above for the CHO-745 derived
aggrecan variant.

Bovine Articular Cartilage derived Aggrecan (BA I)—Aggrecan BA I preparation
was purchased from Sigma-Aldrich (Product # A1960; St. Louis, MO). As described in the
product information sheet, BA I was extracted from mature steer articular cartilage with
guanidine hydrochloride and purified using gel-filtration and ion-exchange chromatography.

Bovine Articular Cartilage derived Aggrecan (BA II)—Like BA I, aggrecan BA II
was isolated from mature steer articular cartilage, but using a different technique, which
produces a different compositional preparation (Miwa, et al., 2006a). Briefly, articular
cartilage from 1–2 year old steer was isolated from metacarpalphalangeal joint surfaces.
Proteoglycans were solubilized in ice-cold buffer (4M guanidine-HCL, 150mM sodium
acetate, 50mM EDTA, pH 6.3, with protease inhibitors). The cartilage was extracted at 4°C
for 48 hrs, filtered and subsequently dialyzed at 4°C for 16 hrs in 20 volumes of associative
buffer (150mM sodium acetate, 5mM EDTA, pH 6.3 with protease inhibitors). BA II was
then purified from solution through three separate equilibrium density gradient centrifugal
separations. Specifically, the first separation was carried out under associative conditions;
articular cartilage sample was placed in a 2.5M CsCl solution and centrifuged for 48 hrs at
4°C at 40,000rpm. The gradient resolved into three equal fractions called A1–A3, according
to previous characterization. Fraction A1 (bottom 1/3 of associative gradient) was isolated
and two volumes of disassociative buffer (5.5M guanidine HCl, 5mM EDTA, 150mM
sodium acetate, pH 6.3, with protease inhibitors) were added. The solution was stirred for 4
hrs and subsequently dialyzed overnight against 20 volumes of associative buffer. The
second separation in associative buffer was performed in 3.5M CsCl at 4°C for 48 hours at
40,000rpm. The resulting bottom third of the sample (Fraction A1A1) was subjected to a
final equilibrium gradient centrifugal separation under dissociative conditions. The gradient
resolved into three equal fractions, called D1–D3, and fraction D1 was dialyzed against
100mM sodium acetate/5mM EDTA, 50mM sodium acetate/2.5mM EDTA, followed by
three changes of water. The sample was lyophilized and stored at −80°C. The aggrecan
preparation used was the fraction A1A1D1.

Neurite Outgrowth Stripe Assay
Substratum Preparation—This laboratory and many others have historically used a
patterned substratum to introduce molecules of interest into the path of elongating axons
(Letourneau, 1975, Snow, et al., 2001). In this study, we chose a basic paradigm of
adsorbing aggrecan and laminin in a striped pattern with modifications to improve optical
resolution (Snow et al., 2001). Briefly, glass coverslips were mounted over 22 mm holes in
the bottom of 50 mm polystyrene Petri dishes. A 0.1 mg/ml poly-D-lysine solution (in
borate buffer; 50mM Boric Acid, 24mM sodium tetraborate decahydrate) was applied to the
coverslip (2 hrs; room temperature (RT)) to provide an adhesive substratum for the binding
of the aggrecan variants to glass. The coverslips were washed (2×) with PBS and air-dried at
RT for 1 hr. Each aggrecan variant (150 μg/ml) was mixed with Alexa 555 fluorochrome (to
identify the region where aggrecan was bound; Invitrogen; Grand Island, NY) and applied
by soaking cellulose strips (1 cm × 250 μm; cut from Whatman filter paper) in the aggrecan
mixture and placing the strips on the poly-D-lysine coated glass coverslip until dry (5
minutes). Once the aggrecan was transferred to the substratum and the cellulose strips were
removed, laminin (25 μg/ml) was applied to the entire coverslip, and incubated at RT for 1
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hr with gentle agitation. The surface of the coverslip was washed to remove unbound
aggrecan and laminin. The result was a patterned substratum consisting of alternating stripes
of aggrecan + laminin, and laminin alone (Figure 2A). This method was performed using
each of the aggrecan variants mentioned above.

Sensory Neuron Dissection—Embryonic dorsal root ganglia (DRG; E9–12; chicken)
neurons were dissected according to AAALAC regulations (UK IACUC protocol
#0086M2005) and transferred to culture dishes containing 500 μl of serum-free Dulbecco's
Modified Eagle Media (DMEM) with F12 in a 1:1 ratio; supplemented with 0.5% bovine
serum albumin, 25mM HEPES, 5mM phosphocreatine, 1mM sodium pyruvate, 50 ng/mL
NGF (R&D Systems; Minneapolis, MN), and N2 supplement (Invitrogen; Grand Island,
NY). The DRG were cut into small explants and plated on the substratum described above
(Figure 2A). The tissue culture plates were incubated at 37°C for approximately 16 hrs.

Growth Cone Morphology Measurements
A wide variety of filopodial and growth cone morphologies and behaviors were examined in
detail to determine the overt and subtle response to the above aggrecan variants. This section
describes each analysis.

Image Acquisition—In order to ensure that first contact of a filopodia with the aggrecan-
adsorbed stripe was captured, we conducted a pilot study. Growth cones were imaged at 1
frame per second. From this pilot study, we determined that an interval of 15 sec was
sufficient to observe all critical filopodia behaviors, including first contact with the
aggrecan-adsorbed stripe. For all subsequent experimentation, we imaged the outgrowing
neurites at a rate of 15 sec/frame. A Zeiss Axiovert 200M with a 40× air objective was used.
Both a phase-contrast and Texas Red epifluorescent image was captured of each frame,
displaying the neurite and aggrecan-adsorbed stripe respectively. These images were then
analyzed using the methods described below.

Growth Cone Root identification: To dependently measure changes in growth cone
morphology, it was necessary to identify the growth cone root. For neurons with
stereotypical, large, “hand-like” growth cones, the identification of the “root” of the growth
cone, i.e. the demarcation between growth cone and axon, was obvious. However, in many
cases, normal growth cones take on a narrow, or “bullet-shaped” morphology, and the
location of the root is no longer clear. For this reason, we analyzed 100 stereotypical (hand-
shaped) growth cones from 3 experiments, and measured the distance between the tip of the
leading edge of the growth cone (not including filopodia) and the obvious root. From these
experiments we determined that the average distance was 10 μm. For all subsequent
experiments, we used this average distance (10 μm) from tip to root to demarcate the growth
cone root in all growth cones with an unidentified root. While this has inherent error, using
the same procedure for all growth cones over hundreds of measurements provided a
reasonable means for comparison between growth cones under differing conditions.

Measurement #1. Growth cone length and width: Growth cone length and width were
measured at the widest points for each. The Zeiss Rectangle Tool (Zeiss, Inc., Axiovision
4.4) was extended until all four sides just touched the maximum extension of the growth
cone in each direction, matching the axon-facing side at the growth cone root (see “Growth
Cone Root” above). The rectangle formed was perpendicular to the growth cone vector. The
rectangle distance parallel to the vector was recorded as the length (μm). The rectangle
distance perpendicular to the vector was recorded as the width (μm).
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Measurement #2. Growth Cone Area: The point of the growth cone perimeter where a
filopodia began was marked with an “X” on the growth cone image for each frame. To
qualify as a filopodia, the projection had to be a rigid, linear (actin-based) projection of ≥5
μm long and 0.8–1.2 μm wide. These morphological guidelines were used to distinguish a
filopodia from a lamellopodia, defined as ≥1.3 μm wide and contained within the growth
cone perimeter. The growth cone root was also marked with an “X” (see “Growth Cone
Root” above). At high magnification, the marked “X's” were connected using the “outline”
tool (Zeiss, Inc., Axiovision 4.4), and the growth cone area of this boundary was
automatically determined, excluding filopodia, but including lamellipodia/veils.

Measurement #3. Filopodial length: The length of each growth cone projection meeting
the criteria of filopodia (see “growth cone area”) was measured, beginning with the “X”
along the growth cone perimeter (see “growth cone area”) moving away from the body of
the growth cone, using digital calipers. If the observer questioned whether an item qualified
as a filopodia, he/she viewed numerous frames prior to and after the frame in question to
determine if it was a filopodia or a transient projection of the growth cone membrane.
Filopodia were excluded if they did not continually meet the criteria for filopodia
dimensions (see “growth cone area”), for instance if they extended out of the field of view,
extended under or over another structure, or folded back upon itself. All measurements were
stringently conservative, requiring complete compliance with all criteria to be included in
the analysis.

Measurement #4 – 5. Total Filopodia and Average Filopodia Number: All structures
that met the criteria for a filopodia were counted and totaled for each growth cone. These
were expressed as total number of filopodia per growth cone, and as the average number of
filopodia per growth cone of a given population.

Measurement #6 – 7. Growth Cone Approach Angle and Velocity: In order to determine
the angle of approach of an elongating growth cone, a vector representation of the growth
cone was constructed. A line was drawn along the length of the axon, through an “X”
positioned on the elongating growth cone root (see above definition), through an “X” placed
at the central domain of the growth cone (visualized with phase microscopy; 40×), and
onward until reaching the edge of the aggrecan stripe. A reference vector was then
constructed by following the edge of the aggrecan-adsorbed stripe. The angle of approach
was then measured using the “Angle” Tool (Zeiss, Inc., Axiovision 4.4), measuring the
angle between the two vectors. This allowed direct measurement of the growth cone
approach angle.

The velocity (distance the growth cone traveled over time) was determined over the course
of 40 frames – 20 frames prior to and 20 frames after first filopodia contact. To calculate the
velocity of the growth cone, the distance traveled by the growth cone root along the angle of
trajectory (mentioned above) over 10 frames was measured and then divided by the amount
of time (150 seconds).

Data and Statistical Analysis
Statistical analysis was performed using SPSS software (Version 20; IBM, Chicago IL).
Alpha level for Type I error was set at 0.05 for rejecting the null hypothesis.

All parameters were normalized to the average calculated for Zone 1 for each individual
neurite. Zone 1 values were averaged and then compared to the raw values in order to
determine the SEM for the Zone 1 measurements. Zone 2 and Zone 3 measurements were
then compared to the Zone 1 averages, converting the measurements into percent of Zone 1
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values for each individual data point. These individual data points were then averaged
together (by Zone) to express the mean as percent of Zone 1 levels. ANOVA analysis was
conducted separately for each parameter (i.e. length, or width). Dunnett post-hoc analysis
was then conducted comparing Zone 2 and Zone 3 to Zone 1 in order to determine
significance. In those scenarios in which the growth cone did not reach Zone 3, standard T-
tests were used to determine significance between Zone 1 and Zone 2 levels.

For the velocity studies, the velocity measured for the 20 frames prior to filopodia contact
was averaged and compared to the average of the 20 frames following filopodia contact
using a standard T-test.

Results
Development and verification of novel time-lapse methodology for measuring growth cone
and filopodia responses

Dorsal root ganglia neurons are inhibited by substratum bound CSPGs—The
inhibitory influences of CSPGs on neurite outgrowth are well documented using a wide
variety of experimental paradigms and for many neuronal cell types (Kofron, et al., 2009, Li,
et al., 2008, See, et al., 2010, Snow, et al., 2001, Tom, et al., 2004). However, novel to the
present report, neuronal growth cones undergo rapid and significant morphological and
behavioral changes; 1) merely by making CSPG contact via a single filopodia, and 2) that
are dependent upon the structural composition of the CSPG (Figure 3).

Annotation and measurement of growth cone changes—Sensory neurons placed
on a patterned substratum containing alternating regions of CSPG-laminin and laminin
alone, in vitro, were analyzed for changes in growth cone morphology. Neuronal growth
cones grew from regions adsorbed solely with laminin toward CSPG-laminin adsorbed
regions, and contacted the CSPG stripe. Using numerous time-lapse microscopy image
series prior to, during, and after contact, total growth cone area, growth cone width and
length, filopodia number, filopodia length (individually and total per growth cone), angle of
approach to CSPG stripe, growth cone vector, and growth cone velocity were measured and
recorded. Figure 4 is a representative image of a typical assessment of growth cone
morphology using the Axiovision image analysis system (Version 4.4, Zeiss, Inc.),
performed on repeated frames during a single growth cone's elongation.

User consistency; reliability of measurement data—Examination of growth cone
behaviors required detailed measurements of many growth cone traits over hundreds of
time-lapse video frames. It was therefore essential to be assured that measurements by
different users were consistent. Thus, a detailed protocol was constructed with multiple
criteria for each type of measurement. To determine the success of this training for each
user, we conducted an experiment where each user measured the same frame series (100
frames), and the results obtained by each user were compared.

In Figure 5, the left and center panels (Users A and B) show measurements of growth cone
length acquired from two experienced measurers, and the right panel (User C) shows results
obtained by a novice measurer following an initial training using the designed rubric. There
is a great similarity between the two experienced measurers (left and center panel) and
between the experienced measurers and the novice measurer (right panel). This result
suggests that the use of a detailed rubric, combined with hands-on instruction, leads to
consistent data among different measurers. Regardless of the notable reliability of data
acquired by new measurers, data was not used until a measurer was in the “experienced”
range, i.e. those having performed analysis of greater than 20 traces (e.g. User A).
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Differential responses to structurally diverse aggrecan variants
CHO-745 derived aggrecan allowed extensive growth across the aggrecan
stripe and caused numerous changes in growth cone and filopodia behavior
—CHO-745 derived aggrecan does not contain chondroitin sulfate chains due to a lack of
xylosyl transferase. The CHO-745 derived aggrecan did not inhibit neurite outgrowth and
allowed extensive growth across the stripe (Figure 6). Growth cone width and filopodia
length were significantly increased following filopodia contact with the stripe (Zone 1 to 2),
with values of 112.7% ± 4.9 and 150.9% ± 7.2 of Zone 1 values, respectively (p<0.05;
Figure 6A, B). When the growth cone made contact with the stripe (Zone 3) there was a
significant increase in growth cone width (121.9% ± 4.2, p<0.001), and reduction in
filopodia number (72.39% ± 6.4, p<0.05) when compared to Zone 1 values (Figure 6A, B).

COS-7 derived aggrecan was inhibitory to neurite outgrowth and associated
with changes in growth cone area, width, length, and filopodia number and
length—DRG neurons were inhibited by the presence of COS-7 derived aggrecan. Growth
of the extending neurites progressed through the area of filopodia contact (Zone 2) and was
inhibited at the time the growth cone made contact with the stripe (Zone 3) (Figure 7). As
the outgrowing neurite's filopodia contacted the COS-7 derived aggrecan (Zone 2) there was
a significant increase in growth cone area (126.5% ± 8.1, p<0.001) and width (150.3% ±
13.31, p<0.001) compared to Zone 1 values (Figure 7A). At the point the growth cone
contacted the COS-7 derived aggrecan (Zone 3) both growth cone area and width returned to
Zone 1 levels, however there was a significant decrease in filopodia number (73.94% ± 5.8,
p<0.05) and length (75.3% ± 6.2, p<0.05) compared to Zone 1 values (Figure 7B).

CHO-K1 derived aggrecan is inhibitory to neurite outgrowth and associated
with changes in growth cone area, and length—In response to CHO-K1 derived
aggrecan the growth cone retracted upon filopodia contact and did not progress into Zone 3
(Figure 8). There was a significant increase in growth cone area (157.6% ± 6.2, p<0.001),
and length (117.0% ± 2.8, p<0.001) following filopodia contact compared to Zone 1 values
(Figure 8A). There was no change in filopodia number, total length, and max length (Figure
8B).

Bovine aggrecan is greatly inhibitory to neurite outgrowth and causes
significant changes in growth cone and filopodia behavior—The bovine aggrecan
preparations we examined in our study caused numerous changes in growth cone behavior.
We examined both a commercially available preparation (Sigma, Bovine Aggrecan I; BA I)
and a preparation prepared by our laboratory through the A1A1D1 methodology (Bovine
Aggrecan II; BA II). Both of these preparations prevented growth of the neurite onto and
across the aggrecan stripe. Through Western blot analysis BA I was determined to contain a
greater amount of aggrecan fragments as compared to BA II (data not shown), as would be
predicted based on the differences in preparation. BA I allowed growth up to Zone 3, while
the BA II prevented the growth cone from reaching Zone 3 (Figure 9, 10). Following
filopodia contact with the BA I stripe (Zone 2) there was a reduction in growth cone width
(91.71% ± 2.5, p<0.05) and max filopodia length (90.24% ± 3.5, p<0.05) as compared to
Zone 1 values. Growth cone contact with BA I (Zone 3) caused a significant reduction in
growth cone area (75.6% ± 2.9, p<0.05) and width (66.4% ± 2.2, p<0.001) as compared to
Zone 1 values (Figure 9A). In addition, BA I caused changes in filopodia behavior with
reductions in filopodia number (75.9% ± 5.7, p<0.05), total length (68.8% ± 6.0, p<0.001)
and max length (69.6% ± 3.5, p<0.001) after growth cone contact with the BA I stripe (Zone
3) (Figure 9B).
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BA II caused a different response in DRG neurite outgrowth, but was also fully inhibitory.
In response to BA II, growth cones were inhibited following filopodial contact (Zone 2)
thereby preventing the growth cone from contacting the stripe (Zone 3) (Figure 10). A
significant increase in growth cone area (115.9% ± 5.4, p<0.05) and width (118.8% ± 4.5,
p<0.05) was observed following filopodia contact compared to Zone 1 values (Figure 10A).
While a significant reduction in total filopodia number (72.5% ± 2.7, p<0.001) and length
(77.7% ± 3.2, p<0.001) was observed compared to Zone 1 values (Figure 10B). The results
from these analyses are summarized in Table 1.

A single filopodia contact resulted in a dramatic change in growth cone
velocity—In order to measure the effect of a single filopodia touch on growth cone
velocity, we analyzed 8 neurites (from 8 different animals) as they came into contact with
BA I. For analysis, 20 frames before filopodia contact and 20 frames after were used (at a
rate of 15 sec/frame; see Methods). Figure 11 shows a representative growth cone and its
assessment of velocity. The left-most “X” marks the distal part of the central domain of the
growth cone and the right “X” marks the growth cone root by which angle of trajectory was
determined (Figure 11A). This vector was extended to intersect with the aggrecan (vertical)
border, and the growth cone angle of approach was determined by comparing to a reference
vector drawn parallel to the aggrecan border.

In Fig. 11B, the left-most and middle “X” in panels A and B mark the distal end of the
central domain of the growth cone, and the growth cone root, respectively. The right-most
“X” was the position of the growth cone root ten frames prior to the one shown. Therefore,
measuring the distance the growth cone root moved over time yields the velocity of the
growth cone. As shown in Figure 11B, a parallelogram was used to measure the distance, or
the change in growth cone root position. Growth cone approach velocity was significantly
decreased immediately following the first filopodia contact with BA I (Figure 12A) as the
growth cone moved at a velocity of 38.6 nm/sec ± 1.3 before filopodia contact and slowed to
17.1 nm/sec ± 3.6 after filopodia contact (Figure 12B).

Discussion
Chondroitin sulfate proteoglycans inhibit neurite outgrowth following spinal cord injury

Chondroitin sulfate proteoglycans (CSPGs, e.g. aggrecan) are large, structurally complex
extracellular matrix molecules. CSPGs are upregulated in response to nervous system injury
and subsequently inhibit axonal regeneration. The neuronal growth cone is the portion of the
regenerating nerve cell that makes first contact with CSPGs, therefore, we sought to model
that interaction in vitro and to examine whether the growth cone can detect differences in
variations in CSPG structure. One main goal of the study was to develop a method to
intricately model the primary interactions of growing neurites when approaching a CSPG-
rich glial scar that forms following injury in vivo. By using time-lapse video imaging and
static imaging of dorsal root ganglion (DRG) sensory neurons in vitro, the interaction of
growth cones with a variety of CSPGs was assessed. For this study, we selected chicken
DRG neurons (to compare with previous studies from our lab and many others) and
structurally diverse forms of the CSPG, aggrecan. Current studies are underway to repeat
these assays using adult DRG neurons.

Aggrecan is the most widely studied CSPG used to model and investigate outgrowing
neurites interaction with CSPGs. Although there are many CSPGs in the central nervous
system (e.g. brevican, neurocan, phosphacan, versican, decorin) we desired to use aggrecan
to compare to the many studies in the literature, and to utilize our expertise in producing and
testing structurally diverse forms of aggrecan. The stripe assay was used in this study to
subject outgrowing neurites to a steep change in CSPG concentration, reminiscent of what

Beller et al. Page 10

Exp Neurol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may occur at the glial scar. Other models such as the proteoglycan spot model (Tom et al.,
2004) likely mimic a different gradient in CSPG concentration, which may cause different
effects on growth cone morphologies and subtle behaviors. Importantly, both paradigms
result in high levels of neurite outgrowth inhibition.

Limitations of Our Approach
In this project, we used embryonic DRG neurons to investigate the effect different structural
variants of aggrecan had on growth cone and filipodia behavior. Numerous studies from our
laboratory and others have used embryonic neurons to measure the effect of CSPGs on
neurite outgrowth (Condic, et al., 1999, Fok-Seang, et al., 1995, Hynds and Snow, 2001,
Koprivica, et al., 2005, Lemons, et al., 2005, Snow, et al., 1994, Snow, et al., 1990a, Snow,
et al., 2001, Snow, et al., 1990b, Yu and Bellamkonda, 2001). Thus, to compare directly the
current findings with previous results from our own laboratory, as well as to those of
numerous other investigators, we used embryonic neurons. Although studies using adult
DRG neurons may represent a more physiologically relevant model given that the
overarching goal is to understand the role CSPGs play in inhibiting regeneration of the adult
injured spinal cord, there is not ample evidence suggesting the response of adult neurons to
CSPGs differs from that of embryonic neurons (Busch and Silver, 2007, Fok-Seang, et al.,
1995, Zhou, et al., 2006, Zuo, et al., 1998b; D. Snow, unpublished data using young adult
DRG and 5-HT neurons). Both embryonic and adult neurons are inhibited by CSPGs and
other proteoglycans, and within a comparable concentration range.

The structural variants we used in our study varied in the number of CS chains and types of
fragments in each preparation. This makes confirming that equal concentrations of each
variant were adsorbed to the plate problematic and complicated. There are a number of ways
of detecting the presence of aggrecan or CSPGs in general, which include the
dimethylmethylene blue (DMMB) assay, a uronic acid assay, the Alcian blue assay, and
immunoreactivity. However, none of these would yield a reliable result. For instance, the
DMMB, uronic acid, and Alcian blue assays all rely on a colorimetric reaction between a
dye and different components of the associated GAGs (Barbosa, et al., 2003, Masuda, et al.,
1994, van den Hoogen, et al., 1998). Since, our variants differed in the amount of GAGs
these assays would not produce reliable measurements to determine equal concentrations of
aggrecan bound to each region of the culture dish. Immunoreactivity quantification would
use antibodies specific to different components of either the core protein or epitopes of the
associated GAGs. Since our variants differed in both the amount of GAG and fragments
present, this method would also be unable to produce reliable measurements to determine
whether we had an equal presence of aggrecan bound. In addition, there is no evidence
suggesting that there is a direct interaction between the amount of GAG associated with the
core protein and its ability to bind to a poly-d-lysine coated substratum. Furthermore,
evidence suggests that aggrecan binds to laminin via its core protein (Hynds and Snow,
2001, Snow, et al., 1996). However, the possibility that there could be a difference in the
amount of bound CSPG is a reality and a limitation to our approach. While we will continue
to pursue valid means by which to substantiate exact binding of each variant, it is unlikely
that unequal binding is cause for such diversity in results. For example, a wide range of
concentrations of intact CSPGs as well as CSPGs treated with chondroitinase, keratanses,
hyaluornidase, or PNGase have been performed by our laboratory, and do not simply mirror
the results seen with comparative analysis of the current, engineered CSPG variants, but
rather reveal additional detail.

Inhibitory effect of aggrecan depends on the presence of chondroitin sulfate chains
Aggrecan produced by CHO-745 cells does not contain chondroitin sulfate chains due to the
lack of xylosyl transferase (Miwa, et al., 2006a). Many studies show that the enzymatic
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removal of chondroitin sulfate chains on aggrecan abolishes the inhibitory effect on
outgrowing neurites in vitro and in vivo (Barritt, et al., 2006, Laabs, et al., 2007, Massey, et
al., 2006, Snow, et al., 1990, Yick, et al., 2003, Zuo, et al., 1998a). In agreement with these
previous studies, outgrowing neurites were not inhibited by CHO-745 derived aggrecan.
Therefore, the absence of chondroitin sulfate, albeit enzymatically or genetically, abolishes
the inhibitory effect of aggrecan. Studies in vivo demonstrate that chondroitin sulfate
digestion can augment regeneration in some models, but only minimal success has been
achieved to date. Thus, the removal of chondroitin sulfate is an important step in
regeneration, but does not appear to be the “magic bullet”.

Upon growth cone contact with an aggrecan border there is a reduction in filopodia
number

CHO-K1-derived and A1A1D1-purified bovine articular cartilage aggrecan (BA II) did not
permit growth cones to contact the aggrecan stripe, because the outgrowing neurite retracted
following filopodia contact. In contrast, CHO-745-derived, COS-7-derived, and the
proprietary bovine articular cartilage aggrecan (BA I) permitted the growth cone to make
contact with the aggrecan border. In all the conditions permitting contact of the growth cone
with the aggrecan stripe there was a significant reduction in filopodia number. This may
implicate the role of aggrecan in not only inhibiting neurite outgrowth, but also in directing
and controlling synaptic connections. Specifically, aggrecan is abundant in central nervous
system extracellular structures, termed “perineuronal nets” (PNNs) (Matthews, et al., 2002,
McRae, et al., 2007, Morawski, et al., 2010). These structures encapsulate neurons in the
central nervous system, determine formation of synaptic connections, and prevent aberrant
synaptic connections (Dityatev, et al., 2010, Frischknecht and Seidenbecher, 2008, Reimers,
et al., 2007). Upon contacting aggrecan, the reduction in filopodia number may represent an
important effect of aggrecan molecules, as a “focusing” of growth cone connectivity through
a reduction of “sensing” filopodia. Studies of hippocampal mossy fiber filopodia motility
showed a similar phenomenon, in which filopodia motility was correlated with free
extracellular space (Tashiro, et al., 2003). Therefore the aggrecan stripe represents a barrier,
or reduction in free extracellular space, and is correlated with a reduction in filopodia
number. Since this reduction is evident using CHO-745-derived aggrecan, it is likely a
response to the presence of any variant of aggrecan (i.e., core protein), rather than a process
of neurite inhibition. In contrast, following growth cone contact with COS-7 and BA I there
was also a significant decrease in filopodia length. This result suggests that inhibition of
outgrowing neurites by aggrecan at the point of the growth cone reduces the ability for the
growth cone to “sense” its surroundings, as a reduction in filopodia length would limit
filopodia contact with the surrounding environment. These results may represent the
physical manifestation of aggrecan molecules orienting effect on neurites.

Inhibition following filopodia contact is associated with an increase in growth cone area
The CHO-K1 derived and A1A1D1-purified aggrecan (BA II) inhibited outgrowing neurites
following filopodia contact with aggrecan. Inhibition at this level was associated with an
increase in growth cone area. Similar to inhibition following growth cone contact, there
were reductions in filopodia number and length following filopodia contact with BA II.
These similar changes in filopodia behavior further support the “focusing” effect of
aggrecan.

Filopodia contact with the aggrecan stripe caused a significant reduction in growth cone
velocity

Growth cone velocity was significantly reduced following a single filopodia contact with
BA I. This result was highly intriguing – that a single filopodial contact can induce a
significant change in growth cone behavior. This result lies in parallel with our earlier
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published results showing that CSPG-coated beads presented to a single filopodia induced a
rapid increase in intracellular calcium leading to outgrowth inhibition (Snow, et al., 1994).
BA I did not inhibit neurite outgrowth at the point of filopodia contact using this paradigm
(although inhibition was the final result), the filopodial-induced reduction in velocity may
represent another example of aggrecan-induced “focusing”. Constructively, if slowed
velocity is predictive of eventual inhibition, then perhaps agents that increase the rate of
outgrowth following injury could improve the chances of growth cones to overcome
inhibitory barriers, such as CSPGs. In fact there is some supporting evidence, for instance,
neurons from younger animals grow much quicker and regenerate more effectively than
older animals (Bernstein, 1964, Black and Lasek, 1979, Goldberg and Frank, 1981, Verdu,
et al., 2000). In addition, an immunosuppressant drug (FK506) and cyclic-AMP are able to
increase the rate of axonal growth, increase the overall rate of regeneration, and increase the
amount of functional recovery (Gold, et al., 1995, Gold, et al., 1994, Neumann, et al., 2002,
Qiu, et al., 2002). Whether or not the velocity of a growing neurite directly impacts its
ability to grow across growth-inhibitory CSPGs is not known, but is a direction of interest to
our laboratory.

Mechanism of aggrecan inhibition on an outgrowing neurite
The mechanism by which aggrecan, and CSPGs in general, inhibit neurite outgrowth is not
fully understood. Evidence suggests that the protein tyrosine phosphatase, PTPσ, is activated
upon binding of chondroitin sulfate and inhibits neurite outgrowth (Chien and Ryu, 2013,
Coles, et al., 2011, Shen, et al., 2009). However, in vivo, enzymatic removal of either
chondroitin sulfate or keratan sulfate chains enhances neurite outgrowth in models of spinal
cord injury (SCI) (Bradbury, et al., 2002, Imagama, et al., 2011, Jefferson, et al., 2011).
Since, PTPσ specifically binds chondroitin sulfate, the effect of keratan sulfate removal
through the action of keratanase II suggests a separate receptor for keratan sulfate. In
addition, chondroitin sulfate, keratan sulfate, and heparan sulfate chains may bind, block
diffusion, or inhibit responsiveness of neurons to neurotrophic factors and cytokines. This
further complicates the exact mechanism by which proteoglycans interact with an
outgrowing neurite. For instance, treatment with BDNF, NGF, and NT-3 in combination
with chondroitinase ABC promotes neurite growth in vivo (Garcia-Alias, et al., 2011,
Massey, et al., 2008, Tropea, et al., 2003). There is also evidence that the responsive second
messenger Rho kinase (Rock) is activated by the glycosaminoglycan side chains of aggrecan
and inhibits the responsiveness of an outgrowing neurite to NGF and NT-3 (Chan, et al.,
2008). Since most neurotrophic receptors belong to the class of tyrosine kinase receptors and
are suggested to increase neurite outgrowth, there is likely an intricate interaction between
kinase and phosphatase activity regulating the phosphorylation level of the outgrowing
neurite, determining whether to stop or continue growing.

Aggrecan contains both keratan and chondroitin sulfate chains, and our structurally diverse
aggrecan variants differ in the number and length of these chains, and likely contain
fragments of the aggrecan core protein. This heterogeneity in purified aggrecan samples and
the absence of a clear mechanism of action complicates the interpretation of our structurally
diverse aggrecan variants and their effect on neurite outgrowth. However the absence of
chondroitin sulfate chains on CHO-745-derived aggrecan permitted neurite outgrowth,
further implying a role of chondroitin sulfate chains in neurite inhibition. The two aggrecan
variants that permitted growth cone contact with the aggrecan stripe but subsequent
inhibition (COS-7 and BA I) both contain chondroitin sulfate chains. Comparing the COS-7-
derived aggrecan to that produced in CHO-K1 cells suggest that the number of chondroitin
sulfate chains may be a contributing factor in the inhibition of an outgrowing neurite. CHO-
K1-derived aggrecan contains a greater number of chondroitin sulfate chains comparatively
to COS-7-derived aggrecan, and inhibited the outgrowing neurite at the point of filopodia
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contact. Therefore it is possible, the greater the number of chondroitin sulfate chains the
more NGF is bound, and the lack of NGF to bind the filopodia prevents growth of the
neurite beyond that point. In contrast, the fewer chondroitin sulfate chains on COS-7-
derived aggrecan, allows a greater amount of NGF stimulation, and allows growth of the
growth cone up to the point of the aggrecan stripe, at which point a receptor (i.e. PTPσ)
specifically on the growth cone that is not localized on the filopodia is activated causing
inhibition. Indeed, NGF receptors are localized on both the growth cone and filopodia of an
outgrowing neurite (Echarte, et al., 2007). Though the exact cellular localization of the
PTPσ receptor is not known; future studies will address the localization and interaction of
these putative receptors on an outgrowing neurite to understand the complex interaction of
neurotrophic and inhibitory cues.

In the present study, we investigated two different preparations of bovine articular cartilage:
a proprietary preparation (BA I) and one purified by our laboratory through the A1A1D1
method (BA II). Since the techniques used to purify these preparations of aggrecan relied on
the chemical structure/interaction of aggrecan, not only full-length but fractions of the
aggrecan molecules were present in the preparations. This is a limitation of the analytical
techniques of aggrecan purification that is not easily overcome. Surprisingly, these two
preparations caused different effects on outgrowing neurites, as BA I permitted the growth
cone to contact the stripe, while BA II prevented growth cone contact (retraction) and
inhibited outgrowth at the point of filopodia contact. These differences in response are likely
due to different amounts and structure of aggrecan fragments present in each preparation, as
BA I contained a greater amount of aggrecan fragments (data not shown). In addition, all
aggrecan (full-length and fragments) present in the BA II preparation contained the G1
domain, which suggests that the G1 domain is highly inhibitory and prevents the growth
cone from contacting the stripe. The presence of fragments is physiologically relevant as the
extracellular matrix both normally and following injury contains a mixture of full-length and
fragmented CSPGs, including aggrecan. The effect of these CSPG fragments is the focus of
a separate study in our laboratory.

Conclusions
Aggrecan, and CSPGs, likely play a multipotent role in the injured spinal cord

Research suggests that targeting CSPGs to promote neuronal regeneration following SCI is a
promising therapeutic approach. Enzymatic removal of chondroitin sulfate and keratan
sulfate, cleavage of aggrecan, genetic knockout of CSPGs and enzymes necessary for
chondroitin sulfate synthesis, all enhance neuronal regrowth following SCI in rodent
models. Though extremely promising findings, regeneration of the injured spinal cord is a
complex undertaking. Increasing the amount of neurite outgrowth through the injury site is a
necessary step to reconnect the brain to areas caudal of the injury. However, once across the
injury site a neurite needs to make the appropriate connection, and intact CSPGs may play a
key role in this direction or “focusing”. The exact interaction and mechanisms by which
CSPGs interact with an outgrowing neurite need to be determined in order to design the next
generation of CSPG-oriented therapies. The results in this study suggest that structural
variation in CSPGs determines the proximity of growth cone inhibition, possibly
representing the interaction of various signaling pathways cueing the outgrowing neurite to
either, grow, stop, or turn.
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CSPG Chondroitin Sulfate Proteoglycan

CHO Chinese hamster ovary K1 (cell line)
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Highlights

• Structurally diverse aggrecan variants differentially inhibit neurite outgrowth

• Aggrecan variants cause different effects on growth cone and filipodia behavior

• Reduced filipodia number is a result of contact with a variety of aggrecan
variants

• Neurite velocity is reduced following a single filipodia contact with aggrecan
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Figure 1. Structurally diverse aggrecan variants
Full-length aggrecan molecules contain 3 globular domains (G1, G2 and G3) connected by
an interglobular domain (IGD; between G1 and G2) and a highly substituted stretch of
amino acids, consisting of a domain of keratan sulfate substitution (KS) and two chondroitin
sulfate substitution domains (CS1 and CS2) lying in between the G2 and G3 domain. In
addition, the three recombinant aggrecan variants used in this study (CHO-745, CHO-K1,
and COS-7) contain a FLAG peptide (FL). The appreciable differences in composition and
content of the structurally diverse aggrecan variants are displayed. (A) CHO-745 aggrecan,
(B) CHO-K1 aggrecan, (C) COS-7 aggrecan, (D) DEAE-purified steer bovine articular
cartilage (BA I; Sigma), and (E) A1A1D1-purified steer bovine articular cartilage aggrecan
(BA II). It is important to note the difference in fragmentation between BA I and BA II (D
and E), as the A1A1D1-purified aggrecan contains only full-length protein or G1-containing
fragments. For each of these variants the estimated chondroitin sulfate chain length is
displayed in kDa. In addition, the degree of keratan sulfate and N-linked oligosaccharide
substitution is also illustrated.
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Figure 2. A schematic diagram of the tissue culture paradigm for testing dorsal root ganglion
(DRG) neuron responses to substratum-bound aggrecan
(A) The tissue culture substratum was coated with poly-D-lysine (0.1 mg/ml) to bind
protein. Aggrecan (150 μg/ml) was adsorbed in a stripe pattern. Laminin (25 μg/ml) was
coated over the entire dish to create alternating lanes of laminin and aggrecan/laminin.
(Adsorption of each aggrecan variant was done using the same technique and concentration,
but in different cultures dishes for each; 3 replicates each). DRG neurons (E9–12) were
seeded over the entire dish, and bound to laminin-only regions of the dish. (B) Time-lapse
video-microscopy was used to observe outgrowth behaviors on laminin and as neurons
encountered aggrecan/laminin-adsorbed regions. For analyses, examination points consisted
of 1) outgrowth on laminin alone (Zone 1); 2) the point at which the first filopodia contacted
the aggrecan-adsorbed area (Zone 2); 3) the transition zone when the growth cone was fully
in contact with the aggrecan-adsorbed stripe (Zone 3); 4) outgrowth onto the aggrecan stripe
(Zone 4; not used in analysis).
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Figure 3. First filopodial contact
Growth cones elongate rapidly and efficiently on laminin alone (left side of image). As they
elongate, they send out filopodia that sample the substratum, e.g. aggrecan labeled with
Alexa 555 (right side of image; red). Changes in growth cones and filopodia can
subsequently be observed following the initial filopodial contact with aggrecan (tip of
arrow).

Beller et al. Page 24

Exp Neurol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Annotation and growth cone analyses from time-lapse images
For each growth cone meeting the screening criteria, analyses were made of a wide variety
of growth cone behaviors. Using specific tools provided by the Zeiss Axiovision system
(Version 4.4), annotations were made on the images to perform measurements, e.g. growth
cone width and length (blue), growth cone total area (red; excluding filopodia), filopodial
length and number (yellow), and growth cone vector and angle of approach (green). A
representative image with annotated measurements is shown here.
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Figure 5. User consistency
The value of the data analyzing subtle and specific growth cone behaviors depends highly
on consistency and accuracy by those doing the measurements. The left two panels represent
data collected from two experimenters (Users A and B) who were trained, experienced at
these types of measurements, and followed a conservative, detailed rubric for measurement,
in this case, of growth cone length. The right panel (User C) represents data collected by a
novice experimenter, who followed the rubric precisely. Although not as alike as A and B,
user C clearly measures consistent trends, showing the value of the detailed rubric. Only
data collected by trained, experienced experimenters (>20 traces) who precisely followed
the rubric were used for this report.
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Figure 6. Effects on growth cone and filopodia behavior following contact with CHO-745 derived
aggrecan
Aggrecan (150 μg/mL) derived from CHO-745 cells was placed on a laminin-coated glass
coverslip in a stripe to determine the effect contact with the aggrecan has on an elongating
neurite. (Insert) CHO-745 derived aggrecan contains no chondroitin sulfate substitutions.
(A) Effect of filopodial (Zone 2) and growth cone (Zone 3) contact on growth cone area,
growth cone length, growth cone width, and (B) filopodia behavior; FP#, number of
filopodia; FPL, total filopodial length; MFP, max filopodial length. (C) Representative
phase-contrast micrographs of an individual growth cone in the 3 different zones, scale bar =
5 μM. *, p<0.05; ξ, p<0.001, n=3.
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Figure 7. Effects on growth cone and filopodia behavior following contact with COS-7 derived
aggrecan
Aggrecan (150 μg/mL) derived from COS-7 cells was placed on a laminin-coated glass
coverslip in a stripe to determine the effect contact with the aggrecan has on an elongating
neurite. (Insert) COS-7 derived aggrecan contains sparse chondroitin sulfate substitutions,
with approximate chain length of 20 kDa. (A) Effect of filopodial (Zone 2) and growth cone
(Zone 3) contact on growth cone area, growth cone length, growth cone width, and (B)
filopodia behavior; FP#, number of filopodia; FPL, total filopodial length; MFP, max
filopodial length. (C) Representative phase-contrast micrographs of an individual growth
cone in the 3 different zones, scale bar = 5 μM. *, p<0.05; ξ , p<0.001, n=3.
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Figure 8. Effects on growth cone and filopodia behavior following contact with CHO-K1 derived
aggrecan
Aggrecan (150 μg/mL) derived from CHO-K1 cells was placed on a laminin-coated glass
coverslip in a striped pattern to determine the effect contact with the aggrecan has on an
elongating neurite. (Insert) CHO-K1 derived aggrecan contains tightly packed chondroitin
sulfate substitutions, with approximate chain length of 20 kDa. (A) Effect of filopodial
(Zone 2) contact on growth cone area, growth cone length, growth cone width, and (B)
filopodia behavior; FP#, number of filopodia; FPL, total filopodial length; MFP, max
filopodial length. (C) Representative phase-contrast micrographs of an individual growth
cone in the 2 different zones, scale bar = 10 μM. *, p<0.05; ξ, p<0.001, n=3.
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Figure 9. Effects on growth cone and filopodia behavior following contact with bovine articular
cartilage derived aggrecan type I
Aggrecan (150 μg/mL) derived from bovine articular cartilage through DEAE
chromatography (Sigma-Aldrich; BA I) was placed on a laminin-coated glass coverslip in a
stripe to determine the effect contact with the aggrecan has on an elongating neurite. (Insert)
BA I aggrecan contains very dense chondroitin sulfate substitutions with approximate chain
length of 9 kDa, and fragments cleaved from both the N- and C-terminus. (A) Effect of
filopodial (Zone 2) and growth cone (Zone 3) contact on growth cone area, growth cone
length, growth cone width, and (B) filopodia behavior; FP#, number of filopodia; FPL, total
filopodial length; MFP, max filopodial length. (C) Representative phase-contrast
micrographs of an individual growth cone in the 3 different zones. Note beading and growth
cone retraction in micrograph of Zone 3, scale bar = 5 μM. *, p<0.05; ξ, p<0.001, n=3.
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Figure 10. Effects on growth cone and filopodia behavior following contact with bovine articular
cartilage derived aggrecan type II
Aggrecan (150 μg/mL) derived from bovine articular cartilage through A1A1D1 purification
was placed on a laminin-coated glass coverslip in a striped pattern to determine the effect
contact with the aggrecan has on an elongating neurite. (Insert) BA II aggrecan contains
very dense chondroitin sulfate substitutions with approximate chain length of 9 kDa. All
aggrecan molecules in this preparation contain the G1 domain. BA II prevented neurite
outgrowth into Zone 3. (A) Effect of filopodial (Zone 2) contact on growth cone area,
growth cone length, growth cone width, and (B) filopodia behavior; FP#, number of
filopodia; FPL, total filopodial length; MFP, max filopodial length. (C) Representative
phase-contrast micrographs of an individual growth cone in the 2 different zones, scale bar =
5 μM. *, p<0.05; ξ, p<0.001, n=3.
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Figure 11. Method of analyzing the approach angle and growth cone velocity
A) Phase contrast images of a growth cone approaching the CSPG-adsorbed stripe. The left-
most X marks the end of the growth cone central domain and the right X marks the growth
cone root (panel a; see Methods); b) When extended to the CSPG border (red vertical line),
the growth cone angle of approach can be determined by comparing to a line parallel to the
CSPG border. B) The left-most and middle X's (panels a and b) are the same as in Figure 8,
in that they mark the end of the growth cone central domain and growth cone root,
respectively. The right-most X is the position of the growth cone root of a frame that is ten
frames prior to the one shown. That is, the change in growth cone root position over time
approximates a velocity for the frame. b) A drawn parrallelogram assists in c) measuring
distance (change in growth cone root position).
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Figure 12. Growth cone velocity changes with single filopodial contact
(A) The velocity of an outgrowing neurites growth cone was measured for 20 frames prior to
filopodia contact and 20 frames following filopodia contact. (A) Growth cone velocity
versus time. The arrow indicates the point of first filopodial contact (n=8; time lapse series
of one growth cone from each of 8 different animals). (B) Velocity before and after contact
were averaged for direct comparison (n=8; * is p<0.001).
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