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Abstract: Low neural tissue extracellular matrix (ECM) content has led to the understudy of its effects
on neural cells and tissue. Hyaluronic acid (HA) and laminin are major neural ECM components,
but direct comparisons of their cellular effects could not be located in the literature. The current
study uses human-induced pluripotent stem-cell-derived neural stem cells to assess the effects of HA,
laminin, and HA with laminin-derived peptides IKVAV and LRE on cellular morphology, attachment,
neurite extension and ECM remodeling. Increased attachment was observed on HA with and without
IKVAV and LRE compared to laminin. Cellular morphology and neurite extension were similar on all
surfaces. Using a direct binding inhibitor of Cav2.2 voltage gated calcium channel activity, a known
binding partner of LRE, reduced attachment on HA with and without IKVAV and LRE and altered
cellular morphology on surfaces with laminin or IKVAV and LRE. HA with IKVAV and LRE reduced
the fluorescent intensity of fibronectin staining, but did not alter the localization of ECM remodeling
enzymes matrix metalloprotease 2 and 9 staining compared to HA. Overall, the data indicate HA,
IKVAV and LRE have complementary effects on human-induced pluripotent stem-cell-derived neural
stem cell behavior.
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1. Introduction

Due to its relatively low content in neural tissue [1], the effects of the extracellular matrix (ECM)
on neural cell and tissue function have been understudied. However, recent evidence indicates that
a number of ECM properties, including biochemical composition, have significant effects on the
behavior and function of neural cell types and tissue [2–4]. This has significant ramifications for
the development of biomaterials to support therapeutic and in vitro models of the central nervous
system (CNS). Understanding how these changes in the ECM affect cellular response to the materials
is necessary to effectively develop biomaterial formulations for the CNS.

Hyaluronic acid (HA) is a major component of the CNS ECM [5] that has been used as a backbone
polymer for the development of matrices for neural stem cell growth and differentiation [6,7]. HA
also stimulates matrix metalloprotease (MMP) 2 expression [8,9]. MMP 2 is associated with axonal
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regeneration after CNS injury [10–12] and ECM remodeling, which is emerging as an important
regulator of neural cell behavior and tissue formation [4,13]. The addition of laminin to HA further
enhances axon extension [14]. Laminin is a major constituent of the basement membrane that is often
used in two dimensional (2D) neural cell culture. Direct comparisons of cellular response to HA and
laminin surfaces were not found in the literature, and mixed results have been reported about neural
cell response to both HA and laminin when compared with other molecules in 2D culture [15–18].
Understanding how each molecule contributes to cellular response would be beneficial in the rational
development of biomaterial supports for neural cultures.

MMP 2 and 9, which HA-stimulates expression of [8,9], degrades laminin [19–21]. The degraded
laminin fragments have a number of biological effects that intact laminin molecules do not possess [22].
Therefore, the utilization of bioactive peptides isolated from laminin will provide greater control
of bioactive signal presentation than using the whole laminin molecule [22]. A number of
laminin-derived peptides are known to have biological effects, and different peptides promote
different cellular behaviors [22,23]. Laminin α1 chain derived Ile-Lys-Val-Ala-Val (IKVAV) promotes
neural differentiation and axon extension [24,25] in addition to altering MMP 2 and 9 expression
through calcium (Ca2+)-dependent integrin signaling mechanisms [26]. However, IKVAV does not
always support cellular attachment [27,28]. Due to this and other shortcomings, additional peptides are
often used to supplement IKVAV’s biological effects to achieve the desired biological response [29–31].
Leu-Arg-Glu (LRE), a peptide present in the laminin α2, β2 and γ1 chains [32], modulates Ca2+ flow
through Cav2.2 voltage-gated Ca2+ channels, altering the expression of MMP 2 and 9 and inhibitors
of MMP activity, called tissue inhibitors of metalloproteinases (TIMP) [33]. LRE further supports
adhesion, axon guidance, and other cell behaviors not stimulated by IKVAV [32,34,35]. Our previous
study of mouse embryonic stem cells encapsulated in HA matrices with IKVAV and LRE peptide
signaling found increased axon extension due to altered MMP expression [36]. However, the cell
response to peptide signaling can vary between species [37,38]. The present study probes the effects of
IKVAV and LRE on human-induced pluripotent stem-cell-derived neural stem cells (hNSC), a potential
cell source for CNS cell therapy treatments, in two-dimensional culture. IKVAV and LRE tethered to
HA were found to support adhesion, matrix remodeling and neurite extension by hNSC 2D culture at
a concentrations similar to those used with mouse embryonic stem cells.

2. Materials and Methods

Materials and analytical instrumentation: Supplies and chemicals were purchased from Thermo
Fisher Scientific (Waltham, MA, USA) or VWR International (Radnor, PA, USA) unless specified
otherwise. 1H spectra (Bruker, Billerica, MA, USA) were recorded at 600 MHz in D2O and were
referenced to the residual proton. The degree of functionalization was probed by NMR analysis and
normalized to the integral of acetyl–methyl signal at 2.041 ppm on the HA backbone.

Peptide Synthesis: Leu-Arg-Glu-Gly-Gly-Gly-Cys (LREGGGC, MW = 691.2 g mol−1),
Acryl-Gly-Ill-Lys-Val-Ala-Val (IKVAV, MW = 640.3 g mol−1) and KCGPQGIWGQCK (GPQGIWGQ,
MW = 1340.53 g mol−1) peptides were synthesized with a Biotage Initiator+Alstra automated microwave
peptide synthesizer (Charlottesville, VA, USA) and purified with Biotage Isolera/Dalton2000 flash
purification system as previously described [36,39]. Ultraviolet (254 nm) tracing from the Biotage
Isolera/Dalton2000 flash purification system after mass-based sorting and mass spectra from an Advion
Mass express ESI-MS spectrometer (Ithaca, NY, USA) were used to determine peptide purity. IKVAV
and GPQGIWGQ were used without further processing, while dibenzocyclooctyne (DBCO)-maleimide
was bound to LREGGGC in phosphate-buffered saline (PBS) as previously described [36].

Dual functionalization of HA with thiol and azide (DIFF-HA): HA (average Mw = 75 kDa,
Lifecore, Chaska, MN, USA) was functionalized in a manner similar to that previously described [7,36].
Then dialyzed (MWCO = 12–14 kDa) against sodium chloride (1 M, 1 L) for 1 day, followed by dialysis
against DDW (3 L) for the next 5 days with the DDW being changed daily. The product was frozen
at −80 ◦C and lyophilized to obtain a white powder. Based on the 1H-NMR spectra, ~14% of the
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HA backbone was functionalized with thiols. 1H-NMR spectra cannot be used to determine azide
functionalization due to proton overlap with the HA backbone. Azide content was measured indirectly
by quantification of DBCO binding and was determined to be ~4% of the HA backbone.

Functionalization of DIFF-HA with IKVAV and LRE peptides (PEP-HA): DIFF-HA was
functionalized with IKVAV and LRE as previously described [36]. Briefly, IKVAV (1.024 mg) was added
to 100 mg of DIFF-HA in PBS overnight then dialyzed (MWCO = 10 kDa) against DDW for 3 days.
DBCO-Maleimide-LREGGGC (3 mg) was added to the solution and stirred overnight. The solution
was dialyzed (MWCO = 10 kDa) in DDW for 3 days, then lyophilized to obtain a white powder. Based
on the 1H-NMR spectra of the product, ~5% of the backbone remained thiol-functionalized, ~9% of the
backbone was IKVAV-functionalized and ~4% of the backbone was LRE-functionalized.

Surface coating fabrication and characterization: Tissue culture plates were coated with
poly-L-ornithine (20 µg/mL) at 4 ◦C overnight then washed with PBS. A 1% solution of DIFF-HA
or PEP-HA or mouse laminin (20 µg/mL, Corning 354232) control was then allowed to absorb onto
plate for 1 h, followed by three washes with PBS. The amount of DIFF-HA or PEP-HA deposited
on the surface was quantified using Alcian blue quantification of glycosaminoglycan as previously
described [40,41]. Briefly, culture surface was stained with 0.5% Alcian blue (Sigma) for 1 h and then
washed with PBS and water. Samples were then destained twice in 3% acetic acid, washed in PBS
then dye was extracted with 8 M guanidine HCl overnight. The supernatant was centrifuged and the
absorbance read at 600 nm on a microplate reader (Tecan Infinite M1000, Maennedorf, Switzerland).
A standard curve of HA, stained according to Alcian blue protocol above and pelleted by centrifuge
for 10 min at 16,000× g at 4 ◦C, was used to determine HA amount. The DIFF-HA and PEP-HA surface
coatings were found to contain 2.14 ± 0.19 µg/mL and 2.29 ± 0.36 µg/mL, respectively (n = 5).

Human-Induced Pluripotent Stem Cell Derived Neural Stem Cell (hNSC) Culture: hNSC
derived from the ND2.0 human induced pluripotent stem cell line were isolated from neural rosettes
after 10 days of neural differentiation from the pluripotent state according to a previously published
protocol [42,43]. Similar to previous studies [37,39,44,45], hNSC were then expanded on Matrigel
coated flasks in N2B27 maintenance media (50% F12/DMEM, 50% Neurobasal medium, 1% Glutamax,
1% non-essential amino acids, 0.5% N2 supplement, 1% B27 supplement, 1% penicillin/streptomycin
and 20 ng/mL FGF-2). For 2D studies, 25,000 hNSC (passage 12) were plated in each well of a 24-well
plate unless otherwise noted. Neural differentiation media (1:1 mixing ratio of neurobasal media:
F12/DMEM media, 1X Glutamax, 1X N2, 1X B27, 1X non-essential amino acid, 1% pen/strep, 20 ng/mL
brain-derived neurotrophic factor, 20 ng/mL Glial cell-line-derived neurotrophic factor, 200 ng/mL
ascorbic acid, 500 ng/mL cyclic adenosine monophosphate) was used for differentiation studies. Culture
media was completely changed every other day.

Immunofluorescence: At designated timepoints, samples were fixed with 4% paraformaldehyde
for 20 min. A solution of 0.1% Tween X in PBS was then added for 30 min, followed by blocking with
5% donkey serum in PBS for 1 h to minimize nonspecific antibody binding. Samples were incubated
with purified anti-neuron-specific class III β-tubulin (TUJ1, BioLegend san Diego, CA, USA, catalog #:
801201, 1:500), MMP 2 (catalog #: PA1-1667, 1:1000), MMP9 (Millipore Sigma, St. Louis, MO, USA,
catalog #: AV33090, 1:1000), vinculin (Millipore Sigma, catalog #: V4505, 1:1000), phalloidin (catalog
#: U0292, 1:2500), fibronectin (Millipore Sigma, catalog #: F3648, 1:5000), or collagen IV (Millipore
Sigma, catalog #: AB769, 1:500) antibodies at 4 ◦C overnight and treated with appropriate fluorescently
conjugated donkey anti-rabbit or anti-mouse IgG (1:1000) antibodies 4 ◦C overnight. Cell nuclei were
stained with DAPI (1:1000). All the steps were followed by several washes of PBS. All the images
were taken using an inverted fluorescence microscope (Nikon TE2000-E, Tokyo, Japan). The tracing of
cellular-perimeters-based cytoskeletal staining (phalloidin or TUJ1) in ImageJ was used to calculate
cellular area, aspect ratio (ratio of the cellular length to width) and circularity (4 × π × area/perimeter2)
(n = 3 with greater than 80 cells analyzed per condition). The length of projection extension was
defined as the distance from the termination of phalloidin-staining in projections of a cell body to
the closest edge of the nucleus (n = 3 with over 400 projections analyzed per condition). Fluorescent
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intensity was measured using ImageJ by thresholding an image to create a region of interest and then
applying that region of interest towards the original image. Then, the average pixel intensity per unit
area was determined and compared between the different groups (n = 3 with at least seven images
analyzed per sample). The percentage of cells stained positive for TUJ1 and polarization (organization
of the more cytoskeleton on one side of the nucleus begin neurite formation) (n = 3 with over 400 cells
analyzed) and the length of neurite extension defined as the distance from the termination of TUJ1
staining in projections of a cell body to the closest edge of the nucleus were measured (n = 3 samples
with over 100 axons measured per formulation).

CaV2.2-blocking studies of attachment and axon extension: To assess the contribution of CaV2.2
to cellular attachment, hNSC in suspension were exposed to 0.4 ng/mL ofω-conotoxin GVIA or vehicle
(ultrapure sterile water) in human N2B27 maintenance media for 20 min. hNSC (passage12) were then
plated at 105 cells per cell in 48-well plates coated with DIFF-HA, PEP-HA or control (poly-L-ornithine
and mouse laminin (20 µg/mL, Corning 354232)-coated surface) and allowed to adhere for 48 h.
The culture surface was washed with PBS to remove non-adherent cells and then adherent cells were
removed with accutase. Harvested cells were treated with 0.1% tween X in PBS for 15 min and
pelleted. The supernatant was removed and the pellet resuspended in PBS. A Quant-iT Pico Green
dsDNA Fluorescence Kit was used to quantify the DNA content according to manufacturing protocols.
To determine the contribution of CaV2.2 to axon extension in 2D culture, 25,000 hNSC were plated on
the surface of a 48-well plate and allowed to attach for 48 h. ω-Conotoxin GVIA (0.4 ng/mL) or vehicle
was then added to neural differentiation media. Media was changed every other day. After 7 days,
cells were fixed and stained for TUJ1 expression as described above.

Statistics: All quantitative data are presented as mean± standard deviation of the mean. Two-way
ANOVA followed by Bonferroni’s multiple comparison post hoc tests were conducted where appropriate
using GraphPad Prism version 5.01 (GraphPad Software, La Jolla, CA, USA). Comparisons between
two groups were evaluated using an unpaired two-tailed student T-test to determine significance.
A p-value of less than 0.05 in all analysis determined significance. All experiments had at least two
independent replicates. The number of independent replicates with a technical replicate number for
each experiment is as follows: phalloidin and vinculin staining had three independent replicates with
one technical replicate per experiment; adhesion staining had two independent replicates with three
technical replicates per experiment; TUJ1 staining had two independent replicates with two or one
technical replicates per experiment, MMP staining had three independent replicates with one technical
replicate per experiment and fibronectin staining had two independent replicates with three technical
replicates per experiment. A final n ≥ 3 was given for each timepoint. The minimum N for each
experimental is contained in the description of the methods for the experiment.

3. Results

Cytoskeletal staining 48 h after hNSC plating on thiol and azide di-functionalized HA
(DIFF-HA) and IKVAV and LRE peptides tethered to HA (PEP-HA)-coated surfaces do not indicate
significant morphological differences (Figure 1, cellular area: DIFF-HA = 1101.4 ± 371.4 µm2 and
PEP-HA = 1024.6 ± 470.5 µm2, circularity: DIFF-HA = 0.39 ± 0.06 and PEP-HA = 0.34 ± 0.08, aspect
ratio: DIFF-HA = 2.56 ± 0.52 and PEP-HA = 2.86 ± 0.18, projection number DIFF-HA = 1.95 ± 0.33 and
PEP-HA = 2.43 ± 0.41 and projection length: 19.8 ± 7.2 µm and PEP-HA = 23.9 ± 6.7 µm, N ≥ 80 cells
and 400 projections from three independent samples). hNSC culture on a laminin control surface
yielded a similar cytoskeletal morphology to that of DIFF-HA and PEP-HA (Supplemental Figure S1).
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Figure 1. Phalloidin cytoskeletal staining (red) and vinculin staining (green) with nuclear staining 

(blue) of hNSC after 48 h of culture in N2B27 maintenance media on hyaluronic-acid-coated tissue 

culture plastic with (PEP-HA) and without (DIFF-HA) IKVAV and LRE peptide signaling. Scale bar 

= 6 µm. 

Cellular attachment was similar between DIFF-HA and PEP-HA at the 48 h timepoint (Figure 

2). The use of small molecule ω-conotoxin GVIA to block Ca2+ flow through Cav2.2 voltage-gated Ca2+ 

channels, a known binding partner for the LRE peptide, significantly reduced adhesion to the DIFF-

HA surface, but not the PEP-HA or the laminin control surfaces (Figure 2). 
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without (DIFF-HA) IKVAV and LRE peptide signaling or a laminin-coated control surface 48 h after 

Figure 1. Phalloidin cytoskeletal staining (red) and vinculin staining (green) with nuclear staining (blue)
of hNSC after 48 h of culture in N2B27 maintenance media on hyaluronic-acid-coated tissue culture
plastic with (PEP-HA) and without (DIFF-HA) IKVAV and LRE peptide signaling. Scale bar = 6 µm.

Cellular attachment was similar between DIFF-HA and PEP-HA at the 48 h timepoint (Figure 2).
The use of small molecule ω-conotoxin GVIA to block Ca2+ flow through Cav2.2 voltage-gated Ca2+

channels, a known binding partner for the LRE peptide, significantly reduced adhesion to the DIFF-HA
surface, but not the PEP-HA or the laminin control surfaces (Figure 2).
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Figure 2. Attachment of hNSC with hyaluronic acid coated tissue culture plastic with (PEP-HA) and
without (DIFF-HA) IKVAV and LRE peptide signaling or a laminin-coated control surface 48 h after
plating. Small moleculeω-conotoxin GVIA was used to block calcium signaling through the CaV2.2
voltage gated Ca2+ channel, a known binding target of LRE. * indicates p-value < 0.05.
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After 1 week of neural differentiation culture, the percentage of TUJ1+ cells (DIFF-HA = 99.2 ± 2.6,
PEP-HA = 98.8 ± 3.1 and laminin = 100 ± 0 N ≥ 400 cells from three independent samples), average
neurite length and standard measures of cellular morphology were found to be similar between
test surfaces, but blocking Ca2+ flow through Cav2.2 voltage-gated Ca2+ channels led to changes
in morphology from control conditions on each surface (Figure 3). Staining for MMP 2 and 9 was
conducted on DIFF-HA- and PEP-HA-coated surfaces in order to understand how IKVAV and LRE
could impact ECM remodeling and axon extension. MMP 2 was expressed down the length of cellular
projections of cells cultured on both the DIFF-HA and PEP-HA surfaces (Figure 4). MMP 9 expression
was localized on the cell body on both surfaces (Figure 4). Neurons express fibronectin and collagen
IV during differentiation [46,47]. Staining for fibronectin was found to be less intense on PEP-HA
compared to DIFF-HA surfaces (Figure 5), while collagen IV was not detected on either surface.
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Figure 3. Neuron-specific class III β-tubulin staining (red) with nuclear staining (blue) in hNSC after
1 week of culture on hyaluronic acid-coated tissue culture plastic with (PEP-HA) and without (DIFF-HA)
IKVAV and LRE peptide signaling or a laminin-coated control surface (A). Small moleculeω-conotoxin
GVIA was used to block Ca2+ signaling through the CaV2.2 voltage-gated Ca+ channels, a known
binding target of LRE. Scale bar = 50 µm. neurite length (B), cellular area (C), cellular circularity (D),
and cellular aspect ratio (E) were measured in the immunoflourescent images. * indicates p-value < 0.05
between indicated groups.
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Figure 5. Fibronectin staining (green) staining with nuclear counter-stain (blue) after 1 week of neural
differentiation culture on hyaluronic-acid-coated tissue culture plastic with (PEP-HA) and without
(DIFF-HA) IKVAV and LRE peptide signaling (A). Scale bar = 50 µm. Quantification of fibronectin
staining intensity (B). * indicates p < 0.05 between indicated groups.

4. Discussion

Although the effect of ECM properties on cellular behavior is widely studied in other tissues [48,49],
their effects on central nervous system behavior have been largely understudied due to the low ECM
content in mature CNS tissue [1]. As a result, information regarding the effects of the ECM change on
neural cell response is incomplete in the literature. The current study examines the effects of signaling
from HA and laminin on hNSC attachment, neurite extension and ECM remodeling. Comparisons of
hNSC cultured HA with and without laminin-derived peptide signaling did not promote significant
differences in cytoskeletal morphology compared to hNSC cultured on whole laminin (Figures 1 and 3)
under standard culture conditions. However, the inclusion of HA was found to increase cellular
attachment at 48 h compared to laminin (Figure 2). Previous comparisons of cellular attachment to
HA and laminin could not be found in the literature, but comparisons of HA and laminin attachment
to other molecules have produced mixed results [15–18]. Both HA and laminin have been found to
increase axon extension separately [3] and in combination [14], but increased neurite extension was
not observed in the present study (Figure 3). These inconsistencies in and with the literature could
be due to changes in a number of physical and chemical factors between studies that play a role in
neural cell attachment and differentiation [50]. In addition, the bioactivity of HA is affected by the
amount and type of modification it has undergone [51–54]. Laminin peptide selection, concentration
and confirmation also play a role in their ability to stimulate adhesion and axon extension [28,39,55,56],
both of which further complicate comparisons between studies.

Ca2+ availability affects attachment and axon extension in a substrate-dependent manner [57,58].
Changes in Ca2+ concentration due to altered Cav2.2 transport could activate MMP and lead to the
cleavage of cellular receptors for HA [59]. Fewer receptors for HA on the cells would lead to the observed
decrease in attachment on HA (Figure 2). Extracellular Ca2+ inhibits cell attachment to LRE [34], but
does not affect cellular attachment to whole laminin [34,60] or some other laminin-derived peptides [61].
The effects of Ca2+ availability on cellular attachment to IKVAV could not be located in the literature.
Therefore, IKVAV likely contributed to the increased attachment observed on PEP-HA compared
to DIFF-HA (Figure 2). The combination of Cav2.2 voltage-gated Ca2+ channel activity and Ca2+

concentration is associated with cytoskeletal organization and increased axon extension [62–65], so it is
not unexpected that blocking Cav2.2 Ca2+ channel activity changed cytoskeletal organization (Figure 3).
Cav2.2 voltage-gated Ca2+ channel activity increases the maturation of neuronal morphology [66],
while changes in neuronal morphology have been shown to alter Cav2.2 voltage gated Ca2+ channel
expression and function [67]. Cell size, aspect ratio, and circularity affect neural cell survival [68],
lineage choice [69], maturation [70–73] and axon commitment [74]. Although not often investigated
in neural cultures, modulating each of these parameters could substantially impact the efficacy of
cell therapy in the CNS. The observed hNSC cytoskeletal organization on the PEP-HA surface is
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similar to that previously reported in neuronal cell lines overexpressing acetylcholinesterase on laminin
surfaces [75]. Acetylcholinesterase contains LRE [32]. The similarities in cytoskeletal changes indicate a
potential interaction between IKVAV and LRE signaling. Independent of Cav2.2 Ca2+ channel blocking,
IKVAV and LRE stimulated integrin signaling interactions with HA signaling pathways that alter
cytoskeletal organization [76] and likely contribute to the observed differences in Figure 3.

A previous study found IKVAV and LRE signaling stimulated MMP 2 and 9 expression in a HA
matrix [36]. Immunofluorescence staining (Figure 4) indicates MMP 2 likely plays a more direct role
in ECM remodeling than MMP 9 in the present system due to its presentation on the cell body and
projections. However, MMP 9 regulates Ca2+ flow through Cav2.2 voltage-gated Ca2+ channels [77]
and Ca2+ flow through Cav2.2 voltage-gated Ca2+ channels stimulates MMP 2 expression [33]. This
implies that MMP 9 participates in regulating MMP 2 expression. Future studies will address if this
difference in localization contributes to changes in activity or protein level expression.

Differences in MMP activity can lead to changes in ECM content [20]. Laminin, fibronectin and
collagen IV expression are associated with neural differentiation [46,47]. However, fibronectin is
typically expressed at a higher concentration than the other two proteins [47]. Similar to a previous
study [78], the availability of laminin signaling in the matrix reduced the intensity of fibronectin
staining (Figure 5). This is important because neurons differentiate between laminin and fibronectin
signaling [79]. Laminin signaling better promotes axon extension [79]. Fibronectin slightly inhibits
axon extension [80,81]. Reduced fibronectin expression is likely beneficial due to its association with a
number of neuro-inflammatory conditions [82] and fibrotic scarring [83,84].

Overall, the data indicate that HA and laminin-derived signaling play complex and commentary
roles involving Cav2.2 voltage-gated Ca2+ channels to manipulate hNSC behavior and ECM content.
Further study is needed to assess the importance of these effects in three dimensional culture and their
ability to be developed into useful diagnostic and clinical platforms to aid in the treatment of CNS
diseases and injuries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4983/11/1/15/s1,
Figure S1: Phalloidin cytoskeletal staining (red) and vinculin staining (green) with nuclear staining (blue) of hNSC
after 48 h of culture in N2B27 maintenance media on laminin-coated tissue culture plastic. Scale bar = 10 µm.
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