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Abstract—A novel cell culture methodology is described
in which diffusion tensor magnetic resonance imaging
(DTMRI) and cell micropatterning are combined to fabricate
cell monolayers that replicate realistic cross-sectional tissue
structure. As a proof-of-principle, neonatal rat ventricular
myocyte (NRVM) monolayers were cultured to replicate the
tissue microstructure of murine ventricular cross-sections.
Specifically, DTMRI-measured in-plane cardiac fiber direc-
tions were converted into soft-lithography photomasks.
Silicone stamps fabricated from the photomasks deposit
fibronectin patterns to guide local cellular alignment. Fibro-
nectin patterns consisted of a matrix of 190 um? subregions,
each comprised of parallel lines 11-20 ym-wide, spaced
2-8.5 um apart, and angled to match local DTMRI-mea-
sured fiber directions. Within 6 days of culture, NRVMs
established confluent, electrically coupled monolayers, and
for 18 um-wide, 5 um-spaced lines, directions of cell align-
ment in subregions microscopically replicated DTMRI-
measurements with a local error of 7.2 4 4.1°. By adjusting
fibronectin line widths and spacings, cell elongation, gap
junctional membrane distribution, and local cellular disarray
were altered without changing the dominant directions of cell
alignment in individual subregions. Changes in the anisot-
ropy of electrical propagation were assessed by optically
mapping membrane potentials. This novel methodology
is expected to enable systematic studies of intramural
structure—function relationships in both healthy and struc-
turally remodeled hearts.

Keywords—Monolayer, Micro-contact printing, Soft litho-
graphy, Cardiac cell alignment.

INTRODUCTION

Traditional monolayers of cultured cells have been
widely used as simplified, but well-controlled, in vitro
model systems to dissect and study specific physio-
logical and pathophysiological phenomena at the cel-
lular and molecular scale. Their main advantages
over intact tissue and organ preparations include a
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relatively small number of cells studied, precise control
over cellular composition, direct access to cells for
electrical and optical measurements, and the absence
of uncontrollable systemic effects. With direct diffu-
sional access to cells, monolayer cultures also enable
well-controlled and spatially uniform cell conditioning
and manipulation by drugs and gene vectors. However,
despite exhaustive histological characterizations and
significant advances in tissue imaging, current cell
culture models still fall short in replicating the realistic
structure of intact tissues and organs. Consequently,
systematic in vitro studies of structure—function rela-
tionships in healthy and diseased tissues remain
limited.

Cardiac tissue is a particularly important example,
as the influence of its complex structure in the normal
and pathological electromechanical functioning of the
heart has been recognized for centuries. Unfortunately,
experimental attempts at correlating structure and
function in intact cardiac tissues encounter three major
obstacles. First, high spatial resolution electrical mea-
surements from the heart are mainly limited to epi-
cardial and endocardial surfaces, while correlations
with intramural structure are only indirectly inferred
from cross-sectional histology. Secondly, natural
regional heterogeneities in electrical properties of car-
diac cells exist throughout the heart, limiting the ability
to dissect and study the roles of specific structural
features in heart function. Lastly, as each heart is elec-
tromechanically and structurally unique, each intact
tissue preparation lacks reproducibility, thus compli-
cating correlations across multiple samples.

Some of these issues have been overcome in vitro
using monolayers of neonatal cardiomyocytes. In
particular, the functionally homogenized cell source
used in cardiac monolayers allows structure-related
phenomena to be dissected from the confounding
regional variations in electrical function that are nat-
urally present in the heart. Furthermore, techniques
involving the precise deposition of extracellular matrix
proteins and cells onto tissue culture substrates
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(i.e. micropatterning) allow the generation of simplified
2D tissue structures with excellent geometric control
and reproducibility. Examples of such structures have
included branching or non-branching strands,**-**
abrupt tissue expansions,'>* acellular obstacles,”” and
uniformly anisotropic sheets with varying anisotropy
ratios.° Importantly, the two-dimensional nature
enables direct functional measurements that can be
correlated with the underlying tissue structure. There-
fore, electrical stimulation and optical mapping of
action potential and Ca’ " -transient propagation have
been previously used’ ' to directly correlate micro-
patterned tissue structure with the associated electro-
physiological function while eliminating any interference
from propagation in deeper tissue layers, a concern in
studies of the intact heart.

The main limitation of current cardiac monolayer
cultures, other than their 2D nature, is that they are
generally comprised of either randomly aligned cells
(isotropic structure)®'%2*3! or cells aligned in a single
direction (uniformly anisotropic structure).”’ In con-
trast, natural cardiac tissue consists of fibers and sheets
that continuously change direction, twisting and
turning throughout the heart wall at both micro- and
macroscopic spatial scales.'®'®*” The inability to
recreate this realistic tissue structure in cardiac mon-
olayers has prompted us to develop novel techniques to
help bridge the gap between current cell culture models
and whole heart preparations.

In this study, we describe in detail a combined cell
micropatterning and magnetic resonance imaging
methodology to create cardiac cell cultures that exhibit
anatomically accurate myocardial structure. Our pre-
vious studies have involved micropatterned parallel
lines of fibronectin to guide the adhesion and align-
ment of neonatal rat cardiomyocytes in a single
direction or in distinct angles across two neighboring
regions.® With the current approach, the previous
micropatterning technique has been extended to locally
guide changes in cell alignment over cm?-sized areas in
an effort to replicate the spatially complex micro-
architecture imaged from the intact heart.

To obtain information about the detailed three-
dimensional architecture of the heart, we utilized dif-
fusion tensor magnetic resonance imaging (DTMRI).
DTMRI has been validated as a non-invasive tech-
nique to measure 3D fiber directions of the healthy and
diseased heart and brain with high spatial resolu-
tion.!1%3738 A5 a  proof-of-principle, DTMRI-
measured fiber directions of a transverse murine
ventricular cross-section were replicated in 2D micro-
patterned cardiac monolayer cultures with high accu-
racy and reproducibility. In addition, local cellular
disarray and the presence of fibroblasts were each
systematically varied while maintaining realistic

cellular alignment. The described methodology repre-
sents a novel paradigm in cardiac cell culture which we
believe will enable unique insights into the roles of
realistic intramural tissue structure and cellular com-
position in normal and disease-related cardiac con-
duction and arrhythmias.

MATERIALS AND METHODS

Photomask Design

For this study, DTMRI data from a mouse ventricle
was kindly provided by our colleagues.>’ Example
datasets from other species, as well as diseased hearts,
are publicly available at http://www.ccbm.jhu.edu,
while additional datasets are constantly being gener-
ated. Starting from a DTMRI dataset of interest, six
3D arrays were loaded into MATLAB (The Mathworks),
three of which were primary eigenvector components
(u, v, w) describing the local 3D direction of cardiac
fibers, and another three were spatial components
(x, y, z) describing the corresponding coordinates in the
heart. For a heart cross-section of interest, the inter-
secting vectors were projected onto the cross-sectional
plane to yield an array of 2D in-plane fiber direction
vectors. In-plane angles (0, from —90° to +90°) were
assigned to each vector to yield a 2D angle map, shown
as quivers in Figs. l1a and 1b (e.g. for projection onto a
transverse (z) cross-section, the u and v vector com-
ponents at that plane were simply extracted and
assigned an in-plane angle of 0 = tan™' (v/u)).

DTMRI )

MATLAB

(c) AutoCAD

FIGURE 1. Design of micropatterning photomask. (a)
Transverse cross-section from murine ventricle with overlaid
in-plane DTMRI fiber direction quivers. (b) Projected fiber
direction map calculated in MaTLaB. (c) Corresponding Auto-
CAD micropattern, where the DTMRI angle map was converted
to a pixilated array of angled parallel lines. White regions
correspond to fibronectin-printed areas on the coverslip.
Scalebars: (a) 1 mm; (b—c) 2 mm left side, 250 um right side.


http://www.ccbm.jhu.edu

2512 BADIE et al.

The photomask pattern was drawn in AutoCAD
(Autodesk). The function fprintf'in MATLAB was used
to write three AutoCAD-compatible *.LSP files: two
position files (x and y) and one corresponding angle file
(0), all in vector form. In order to load vectors into
AutoCAD, *.LSP files were created in the following
format, where x = [x] x> ... X; ...]:

(setq x (list (cons 1 xy)
(cons 2 x3) ...
(cons i x;)...))

Using the AutoLISP programming language, the x, y,
and 0 *.LSP files were loaded into AutoCAD. For
example, for the vector x, commands used were:
(load “x_file.Isp™)
(setq xi (cdr (assoc 1 x)
X, (cdr (assoc 2 x) ...
x; (cdr (associ x)...)
For each element of the DTMRI-derived 2D angle
map, the AutoLISP programming language was used

to draw a square “pixel” subregion (190 x 190 um?
used here) centered at (x; y;) consisting of angled
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parallel lines (18 ym wide, spaced 5 um apart used
here) aligned to the corresponding angle (6,), as shown
in Fig. lc. A square border (I mm thick) was drawn
around the entire cross-section micropattern, 2 mm
away from all features. This border ultimately limited
stamp sagging and undesired cell adhesion outside of
patterned areas. The micropattern was finally printed
as a high resolution glass photomask (chrome on soda-
lime, Advance Reproductions Inc.).

Soft Lithography and Micro-Contact Printing

The details of the microfabrication procedure
are shown in Fig. 2. A virgin 4-in. silicon wafer
(WaferWorld) was first “piranha-etched” in a solution
of 1 part H>O,, 3 parts H,SO4 at 80 °C for 10 min, then
thoroughly rinsed in fresh deionized water. The wafer
was transferred to a 200 °C hotplate (720 Series, PMC)
for 5 min for surface dehydration, cleaned with a N,
gun, and UV-decontaminated (UV decontamination
system, Novascan PSD-UVT, Novascan Technologies)
for 8 min. Negative photoresist (SU8-2, Microchem
Inc.) was spin-coated onto the wafer at 1000 rpm for
1 min (programmable spin-coater, Headway Research,
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FIGURE 2. Schematic of the photolithography and microcontact printing methodology. (a) Photoresist was spin-coated and
baked onto a UV-decontaminated silicon wafer and (b) covered with the photomask. (c) Close-up of one pixel parallel-line pattern is
shown for simplicity. (d) The photoresist was exposed to UV light through the photomask, baked, developed, and silanized to yield
a template wafer (e). PDMS (shown in light blue) was poured on the template wafer (f) and cast as a reusable stamp (g), which was
cleaned and coated with fibronectin (shown in purple, h). Fibronectin was dried by N, gas, and a PDMS-coated coverslip was lightly
pressed down on the stamp with forceps (i) for protein transfer and eventually pried off to reveal a fibronectin-micropatterned

coverslip (j). Note: elements not drawn to scale.
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PW3200730-D) to obtain a 5 um thick layer. The spin-
coated wafer was baked on the hotplate at 65 °C for
1 min followed by 95 °C for 3 min. The wafer with
baked photoresist was then exposed to a collimated
350 W UV light for 15 s through the photomask using a
mask aligner (SUSS MicroTec MA/BA6 Mask Aligner)
under “hard contact” mode. The exposed wafer was
returned to the hotplate and baked again at 65 °C for
I min and 95 °C for 3 min. The temperature was
ramped down to 25 °C at 8 °C/h to reduce stress to the
photoresist-silicon bond. Finally, the photoresist was
developed in PGMEA (propylene glycol methyl ether
acetate, Aldrich) for 2 min and rinsed with isopropyl
alcohol. After rinsing, the developed wafer was
N,-dried and visually assessed under a metallurgic micro-
scope (VWR VistaVision) to ensure uniform line widths
and spacings, the absence of dust or other impurities,
and no photoresist detachment. The microfabricated
template wafer was then left overnight at room tem-
perature inside a vacuum desiccator containing a micro
slide with 1 drop of silane solution ((tridecafluoro-
1,1,2,2-tetrahydro octyl)-1-trichlorosilane, UCT Spe-
cialties), to render the wafer surface ““non-stick™.

To create complementary PDMS (poly-dimethylsi-
loxane, Sylgard 184, Dow Corning) stamps, 20 g
elastomer base and 2.0 g curing agent were thoroughly
mixed and then de-gassed in a vacuum desiccator for
20 min. The mixture was poured directly onto the
silanated template wafer in a 100 mm diameter Petri
dish and baked in an 80 °C oven (Isotemp Vacuum
Oven, Model 280A, Fisher Scientific) for 2 h to cure
the PDMS. The cured PDMS was then peeled from the
wafer and cut with a razor blade into individual,
reusable stamps. Meanwhile, 5 g elastomer base was
thoroughly mixed with 0.5 g curing agent to PDMS-
coat 22 mm glass coverslips (No. 1, VWR). Approxi-
mately 250 L. was spin-coated onto each coverslip at
4000 rpm for 20 s. Coverslips were transferred by hand
to a Petri dish, avoiding contact with the PDMS-
coated surface, and baked in an 80 °C oven for 1 h.

Before each use, the stamps were sonicated in 70%
ethanol for 20 min (Branson 1510, Branson Ultrasonic
Corp.), dried with a N, gun, and placed, feature-side
up, onto a Petri dish in a sterile hood. Using a sterile
pipette tip, each stamp was evenly coated with 400 uL
fibronectin solution (50 pug/mL dissolved in H-O,
human fibronectin, BD). The coated stamps were
placed in a tissue culture incubator (IR Autoflow,
NUAIRE) for 1 h. At the end of the stamp incubation,
the PDMS-coated coverslips were UV-decontaminated
for 8 min. In a sterile hood, the fibronectin-coated
stamps were dried with the N, gun. Using fine forceps,
each coverslip was then gently placed, PDMS-side-
down, onto a dried stamp. One tip of the fine forceps
was then gently traced across the back of the coverslip

along the features of the underlying stamp to ensure
contact. After 30 min, the coverslip was slowly pried
from the stamp. Each coverslip was finally transferred,
fibronectin-side-up, into the well of a 12-well plate
(Linbro) containing 2 mL PBS (Gibco). Patterned
coverslips were stored in the sterile hood at room
temperature until ready for cell seeding (up to 4 h).

Cell Culture

Ventricular cells were enzymatically isolated from
2 day old neonatal Sprague—Dawley rats as previously
described.”**? The standard, highly cardiomyocyte-
enriched cell suspension was obtained after two
preplating steps, during which the faster-attaching
non-cardiomyocytes (i.e., fibroblasts***?) were discarded.
The cells were diluted in our standard cell seeding
medium (M199 (Gibco) supplemented with 10% (v/v)
fetal calf serum (Hyclone), 10% (v/v) horse serum
(Hyclone), 1% (v/v) HEPES (100x, Gibco), 1% (v/v)
MEM non-essential amino acids (Gibco), 1% (v/v)
GlutaMAX (Gibco), glucose (4 mg/mL, Sigma), vita-
min By, (2 pg/mL, Sigma), and penicillin-G (20 U/mL,
Sigma)) to a concentration of 250,000 cells/mL. Two
milliliters of the cell suspension was added to each well
of the 12-well plate, which was stored in an incubator at
37 °C for 4 h to allow cell adhesion. Coverslips were
then rinsed with PBS and returned to the incubator in
fresh cell seeding medium. The cell seeding medium was
replaced with cell maintenance medium after 24 h and
every other day thereafter. Cell maintenance medium
was identical to cell seeding medium, but with 2% (v/v)
fetal bovine serum (Gibco) replacing the fetal calf and
horse sera.

Immunofluorescence

One, three, and six days after cell seeding, the cov-
erslips were harvested and immunostained as previ-
ously described.® Briefly, cultures were fixed,
permeabilized, blocked, and incubated with primary
antibodies for 1 h (anti-sarcomeric o-actinin, anti-
connexin43, anti-vimentin, Sigma) followed by sec-
ondary antibodies (Molecular Probes) and/or stains
(DAPI, Phalloidin-FITC, Sigma) for 1 h. Sarcomeric
o-actinin, connexin43, and nuclear stains were used for
qualitative structural analysis, phalloidin-FITC alone
was used for quantitative angle alignment analysis, and
phalloidin-FITC in conjunction with vimentin was
used for the assessment of cellular composition.

Image Acquisition

Image acquisition was performed using a fluores-
cence microscope (Nikon, Eclipse TE2000-U) equipped
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with a 10x objective (Nikon), a high-resolution CCD
camera (SensiCam QE, Cooke Corp., 1376 x 1040
pixels, 6.45 x 6.45 um?/pixel), and an automated XYZ
stage (Prior Proscan). The prepared slide was manually
rotated and secured onto the stage such that the XY
motion of the stage was aligned with the rows/columns
of the pattern’s square subregions (Fig. 5a). Using
Metamorph (Molecular Devices), a “‘journal” (i.e.
macro) was created that executes the following tasks,
in order: auto-focus, auto-expose, acquire image, save
image (recording the acquisition number in the file-
name), and close image window. Using the joystick,
the stage was translated to the top edge of the culture
to record the y-position, “y,,”~ and then to the left
edge to record the x-position, “x,.”” The stage was
then translated to (xo, yo) to the field-of-view corre-
sponding to the top-left corner of the entire culture
(Fig. 5a).

The scan stage function was used in conjunction
with the previously saved “‘journal” to acquire an array
of images encompassing the entire culture. The scan
stage step size was calculated based on the number of
subregions in each image and the size of each subre-
gion. The number of rows and columns of images that
must be acquired to capture all subregions in the cul-
ture was calculated based on the field-of-view and total
culture size. The result was a set of grayscale image
files in a single directory, where a small array of
micropatterned subregions was captured by each
image.

Analysis of Cell Alignment

Image processing was performed in MATLAB to
calculate the local angles of cell alignment throughout
the patterned cell culture. Each of the acquired images
was loaded into MaTrLAB and subdivided into image
subregions, corresponding to the 190 x 190 um?
micropatterned cell culture subregions. For each
image subregion, “A” (consisting of a 2D matrix of
image pixels with dimensions that depend on the
camera resolution and image magnification), the
dominant angle of cell alignment was calculated as
outlined in Fig. 5c, and described elsewhere.?* Briefly,
the following horizontal (S,) and vertical (S))
Sobel edge-detection filters (5 x 5 matrices) were
constructed:

Seli) =j-e )25 (i j) = i e (FH7)2
fori=[-2, 2] and j = [-2,2].

Next, each edge-detection filter was convolved with
image subregion “A4”, to calculate the x- and y-direction
edge intensities, E,=S.®4 and E,=S5,®A4,

respectively. For all image pixels, the local angles of cell
alignment, @, were calculated as:
<[4
2’2

The dominant angle of cell alignment in each sub-
region (@™ € [-Z,%]) was determined by taking the
cumulative angular sum of all of its pixel angles. If the
average grayscale image intensity value of subregion
“A4” was below 10% of the maximum subregion value
in the culture, the subregion “4” was defined as acel-
lular and assigned a dominant angle of cell alignment
of NaN (not a number).

Each dominant subregion angle was assigned to its
appropriate coordinate in the cell culture cross-section
to construct a composite 2D cell culture angle map. The
resulting cell culture angle map could then be directly
compared to the original DTMRI angle map on which
it was based. The absolute angle difference, A®, was
calculated between each value in the cell culture angle
map, ®", and the corresponding value in the
DTMRI angle map, ® ™R a5 follows:

® = tan"' (—E,/E,) +g

_ culture DTMRI
A, = |5t — oPTVRI)

AD; if A®; < 90
A(I),:f =

A®D; € (0,90).
180 — AD; if AD; > 90, i € (0,90)

Analysis of Local Structural Anisotropy

The influences of fibronectin line width and spacing
on structural anisotropy in patterned monolayers were
quantified on a cell-by-cell basis. Specifically, individual
cells in fluorescence images with immunostained sar-
comeric a-actinin and connexin43 were manually traced
using Photoshop (CS3 Extended, Adobe Systems, Inc.)
and analyzed in MATLAB. Each traced cell boundary was
used to find the best-fit ellipse, and determine its major
and minor axes. Major-to-minor axis ratio, approxi-
mating cell length-to-width ratio (‘““‘elongation ratio’),
was used to quantify cell elongation. Gap junctions (i.e.
connexin43-labeled pixels that exhibit intensities greater
than 30% of the full range and existed within 3.5 ym
from the traced cell boundary) were classified as ““side-
to-side” if they were within a radius (r = 0.9 x half-
major axis) from the center of the ellipse, and classified
as “end-to-end” otherwise. For each cell, end-to-end
and side-to-side gap junction membrane density was
obtained by dividing the number of end-to-end and
side-to-side gap junction pixels with “end” and “‘side”
arc lengths of the cell’s fitted ellipse, respectively. The
end-to-side distribution of gap junctions was quantified
by calculating the ratio of the “end-to-end” to ‘‘side-
to-side” gap junction membrane densities. The local
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cellular “disarray” within each 190 x 190 um?subregion
was quantified as the mean deviation of each cell’s ori-
entation (being along the major axis of the fitted ellipse)
from the dominant cell orientation for that subregion.

Optical Mapping of Membrane Potentials

Optical mapping recordings of action potential
propagation during 2 Hz stimulation were performed as
previously described.’ Briefly, coverslips were stained
with a voltage sensitive dye (Di-4 ANEPPS, 16 ymol/L)
for 5 min, transferred to a custom, thermo-regulated
chamber perfused with Tyrodes solution, and stimu-
lated with a platinum bipolar point electrode. Optical
signals were recorded by a 504 optical-fiber photodiode
array (RedShirt Imaging). Action potential activation
times, defined as the times of maximum upstroke, were
registered onto the culture’s corresponding DTMRI
angle map to produce isochrone maps of activation.?
Local conduction velocities were calculated from acti-
vation times and spatially averaged across the entire
mapping area as previously described.’

Statistical Analysis

All values were reported as mean £ SD with the
statistical ~ significance analyzed using one-way
ANOVA followed by post hoc Tukey’s multiple com-
parison tests. Angle differences between corresponding
subregions in different anisotropy settings and the
original DTMRI angles were compared using a paired
Student’s t-test. Differences were considered statisti-
cally significant for p < 0.05.

RESULTS

Using the described microfabrication methods, the
in-plane DTMRI fiber directions were translated into a
photomask containing an array of subregions com-
posed of angled parallel lines. A photomask with
20 um-wide lines spaced 3 um apart ultimately yielded
a template wafer with features 5.3 um tall, 5 um wide,
and spaced 18 um apart (Fig. 3a). The widening of the
features relative to initial photomask pattern (e.g.,
from a 3 um spacing to a 5 um wide ridge) was a result
of UV light diffraction. The PDMS stamp cast as a
negative replica of these microfabricated features
served to deposit an array of 190 um-sized square
subregions containing 18 um-wide fibronectin lines
spaced 5 um apart (Fig. 3b). The width and spacing of
fibronectin lines were also varied using various pho-
tomask patterns while maintaining the subregion size
of 190 um. In particular, for the patterns in Figs. 3b—
3d, the width of the lines was varied from 11 to 18 um
while their spacing was varied from 2.0 to 8.5 um.

(a)

line width,
spacing: 18.0, 5.0 ym

FIGURE 3. Template wafer and microcontact-printed fibro-
nectin. (a) Representative optical profile of four subregions
from the microfabricated template wafer. Fabricated features
were 5.33 um tall. Wafers with different feature width and
spacing were used to create different fibronectin micropat-
terns. (b—d) Microcontact-printed fluorescent fibronectin lines
(light) of various widths and spacings (dark), fabricated from
different template wafers. Scalebars: (a) 50 um; (b—d) 100 zm.

FIGURE 4. Formation of realistic cell alignments in micro-
patterned cultures. After seeded cells adhered at day 0 (a),
they spread and aligned along the underlying fibronectin lines
(shown for 18 um width, 5 um spacing) (b), and formed con-
fluent cardiac fibers by day 6 (c). Cardiac fibers transitioned
across different pixel borders in a continuous fashion. (d) A
close-up near two pixels at day 6 shows the presence of
aligned, cross-striated cardiomyocytes interconnected via
connexin-43 gap junctions. Red: sarcomeric «-actinin, green:
connexin-43, blue: nuclei. Scalebars: (a—c) 250 um; (d) 50 zm.

Similar to our previous studies of macroscopic cell
alignment,® fibronectin lines enabled cell adhesion and
spreading while the unpatterned areas of the PDMS-
coated coverslip remained acellular. The seeded cells
began to spread and elongate along fibronectin lines
(for all line widths and spacings) by culture day 1
(Fig. 4a), crossed to neighboring lines by day 3
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(Fig. 4b), and ultimately formed a confluent mono-
layer by day 6 (Figs. 4c and 4d). Cardiomyocytes
formed fibers that exhibited clear cross-striations and
abundant intercellular coupling (as assessed by sar-
comeric o-actinin and connexin43 stainings, respec-
tively, Fig. 4d). Once cell confluence was established,
the bulk of cells in the centers of individual sub-
regions aligned along their underlying fibronectin
lines. The cells at the subregion periphery smoothly
transitioned to neighboring subregions (Fig. 4c), thus
maintaining confluence even for sharp turns in fiber
direction (Fig. 4d).

To quantify directions of cell alignment in individ-
ual subregions, immunofluorescence images were
systematically acquired by scanning the entire micro-
patterned cell culture area. The calculated directions of
cell alignment in all subregions were used to assemble a
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cell culture angle map with one-to-one correspondence
with the original DTMRI map. As a result, we were
able to directly quantify the local agreement between
the natural, DTMRI-measured in-plane myofiber
directions and those of the micropatterned cultures.
For the cross-section shown in Fig. 5a (18 um wide,
5 pm spaced lines), dominant angles of cell alignment
in over 4000 cellular subregions (within the 15.2 x
13.3 mm” culture area) exhibited a mean absolute
angle difference of 7.2 £ 4.1° (mean £ SD among
all subregions) compared to the original DTMRI
pattern (Fig. 5d). Similar average angle differences
have been measured when validating the accuracy of
DTMRI against corresponding histological sections
in the same heart'”"! and between anatomically
registered DTMRI-measurements among multiple
hearts.'®
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| DTMRI — Cell Culture |
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FIGURE 5. Assessment of cell alignment in micropatterned cross-sections. (a) Composite F-actin image of the entire cross-
section produced using the photomask from Fig. 1. Yellow field-of-view shown at the origin (image at upper-left: x,, yo) was used
for automated left-to-right, top-to-bottom scanning. (b) Sample field-of-view obtained using 10x objective. Red grid subdivides the
image into a5 x 6 array of subregions. (c) Calculation of dominant fiber angle in sample subregion from (b), outlined in light blue.
Calculated x- and y-direction edge intensities were used to calculate the local image-pixel angles, which were then averaged to
obtain the subregion’s dominant fiber angle (see text for additional details). (d) Validation of local cell alignment in patterned cross-
section. Dominant fiber angles calculated for each subregion were compiled into a cell culture angle map and directly compared
(for all 4000 subregions) to the original DTMRI angle map. The resulting angle difference map exhibits a mean angle difference of
7.2°, demonstrating the accuracy in translating DTMRI-measured realistic cardiac microstructure into a micropatterned cell culture.

Scalebars: (a) 2 mm; (b) 190 um; (d) 2 mm.
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FIGURE 6. Control of structural and functional anisotropy ratio. Micropatterned cross-sections were produced with varying
degrees of local structural anisotropy using fibronectin line widths and spacings of (a) 18 and 5 um, (b) 20 and 3 um, or (c) solid
patterns with no lines. Red: sarcomeric «-actinin, green: connexin-43, blue: nuclei. (d—f) Isochrone maps of the resulting propa-
gation initiated by a point electrode placed at the same locations (pulse symbol) relative to tissue boundaries. Colored isochrone
lines denote wavefronts with activation times spaced every 8 ms. Note the progressive decrease in the degree of local functional
anisotropy (i.e. change from elliptical to circular propagation patterns) in (d—e) dictated by the apparent decrease in structural
anisotropy. (g) This apparent decrease in structural anisotropy was associated with a reduction in cellular elongation (length:width
ratio, p<0.001), an increase in local cellular disarray (mean angle deviation from the subregion’s dominant cell orientation,
p<0.05), and a reduction in the end:side ratio of gap junction membrane density from the highest anisotropy setting (connexin-43
positive fraction of cell membrane, end:side, p<0.05). High, medium, and no anisotropy bars correspond to culture settings with
example images shown in (a—c), respectively. N>250 cells/group, 2 cultures/group. Scalebars: (a—c) 100 zm.

The described micropatterning techniques not only
provide precise control over the dominant direction of
local cell alignment within individual subregions, but
can also provide control over the degree of local
structural anisotropy (e.g., cell elongation, degree of
cell disarray, etc.) by adjusting the line widths and

spacings of the micropattern. For instance, 18 um-
wide lines with 5 um spacings (Fig. 6a) produced more
elongated and aligned cells than 20 um-wide lines and
3 pum spacings (Fig. 6b). In contrast, isotropic patterns
with solid, rather than lined, subregions produced the
same gross anatomical boundaries of the ventricular
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cross-section, but exhibited more polymorphic cell
shapes and random, rather than realistic, cell align-
ment (Fig. 6¢). The influence of the degree of structural
anisotropy on electrical conduction was assessed using
voltage-sensitive dyes and optical mapping of action
potential propagation. As activation isochrone maps
(Figs. 6d—06f) illustrate, a higher degree of structural
anisotropy resulted in more lobed, elliptical propaga-
tion patterns, indicating a higher degree of local
functional anisotropy. Meanwhile, the spatially aver-
aged conduction velocities in the three settings were
similar (mean 20.4 + 2.1 cm/s) and comparable with
those previously reported for anisotropic neonatal rat
cardiac monolayers.>%4!

To determine the specific structural characteristics
that yielded the observed changes in local functional
anisotropy for these three culture settings (Figs. 6d—6f),
we quantified the degree of cell elongation, distribu-
tion of gap junction density along the cell membrane,
and local cellular disarray within each subregion. As
shown in Fig. 6g, by controlling fibronectin line
width and spacing, local functional anisotropy was
increased by increasing cellular elongation (increased
cell length:width ratio from 2.14 £ 0.71 in isotropic
cultures to 4.13 4+ 1.57 and 5.02 &£ 2.02 in anisotropic
cultures, p < 0.001) and decreasing cellular disarray
(decreased difference from subregion’s dominant fiber
direction from 28.1 & 12.5° in isotropic cultures to
10.5 + 8.0° and 7.1 £ 4.1° in anisotropic cultures,
p < 0.005). Despite differences in cell elongation and
disarray, the dominant direction of cell alignment
within each subregion was consistent in the two
anisotropic settings (mean difference between each
of the two settings and the corresponding DTMRI
angles of 9.1 £ 0.9°, p = 0.3). Meanwhile, the gap
junction membrane density at cell ends relative to cell
sides was slightly increased only in the highest aniso-
tropy setting (1.52 £ 1.19, 1.51 & 1.61, 1.87 £ 1.98,
Fig. 6g).

In addition to tissue microstructure, the described
methodology can enable independent control over
cellular composition. As an example (see Supplemental
Material), we prepared neonatal rat cardiac cells with
different fractions of cardiomyocytes and fibroblasts
by simply employing a different number of preplating
steps during the cell dissociation procedure. By
applying this methodology, cardiac tissue microstruc-
ture was relatively preserved, while the “fibrotic”” area
could be independently varied.

DISCUSSION

This paper details and validates a novel cell culture
methodology in which DTMRI-measured cardiac fiber

directions were combined with high-resolution cell
micropatterning to yield realistic in vitro replicas of
mouse ventricular cross-sections. OQur previous culture
techniques used parallel lines of fibronectin to establish
unidirectional cardiac cell alignment over cm®-sized
areas.® This macroscopic approach has been scaled
down in the current methodology to locally guide cell
orientation within each of the several thousand
microscopic subregions, forming a confluent, relatively
large cardiac monolayer culture. As such, this high
resolution micropatterning technique enables the
design of any desired 2D pattern of cardiac fiber
directions in cell culture.

In this particular approach, the entire cell culture
substrate was discretized into a 2D array of 190 um?
subregions containing parallel fibronectin lines angled
to match the discrete data points of the DTMRI
matrix. Within each subregion, cultured cardiomyo-
cytes adhered and aligned along the underlying lines
and ultimately transitioned between lines and across
subregions (Fig. 4) to establish a confluent, well-
spread, and well-coupled anisotropic monolayer with
realistic tissue boundaries (Fig. 5a). Immunofluores-
cence and custom cell angle analysis revealed the
realistic DTMRI-measured cardiac fiber directions to
be accurately replicated in cell culture on a microscopic
scale (Fig. 5d).

Despite discrete changes in the direction of
underlying fibronectin lines, cultured neonatal cardio-
myocytes demonstrated the intrinsic ability to create
continuous fibers that smoothly transitioned between
neighboring subregions. Differences between directions
of local cell alignment and the original DTMRI
directions, although small, were largest in the regions
where fibronectin lines sharply changed orientation
between neighboring subregions (not shown). While
more complex approaches to design continuous fibro-
nectin lines throughout the entire culture (e.g. fiber
tractography™) are expected to yield even better
agreement between local cell orientation and DTMRI
data, we feel that the described approach provides
sufficient accuracy, indeed comparable to that of the
DTMRI method itself.'”"”

Importantly, because the cellular micropatterns are
based on DTMRI data of the entire heart, any
full-length tissue cross-section can be replicated and
electrophysiologically studied, as opposed to only a
portion of exposed surface in studies of intact hearts.
There is virtually no limit to the heart cross-section size
that can be micropatterned, as standard photolitho-
graphic equipment can accommodate 5 x 5 in.?
photomasks, thus allowing the reproduction of cross-
sections from hearts of various sizes and species,
including human. We have previously shown that
neonatal cardiomyocytes in culture can undergo
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a sharp change in direction over distances as short as
50-100 um.>® As the current resolution of DTMRI
varies between ~70 um and ~2 mm (depending on the
size of the heart and strength of the imaging mag-
net),'#19-21:36:3742 hishly accurate agreement between
cell orientation in culture and that measured by
DTMRI can be readily achieved for a variety of
conditions.

Furthermore, for given directions of local cell
alignment, we showed that the degree of local struc-
tural anisotropy could be varied by tuning the photo-
mask design to control the width and spacing of the
patterned fibronectin lines. In particular, quantitative
immunostaining demonstrated that altered dimensions
(but not directions) of fibronectin lines yielded the
expected changes in the degree of cell elongation and
local cellular disarray (Fig. 6g) with negligible differ-
ences in the dominant direction of cell alignment in
individual subregions. Meanwhile, the end-to-end rel-
ative to side-to-side gap junctions per unit length were
greater in only the highest anisotropy setting. The
increased structural anisotropy corresponded to an
increased degree of functional anisotropy, as assessed
by optically mapping action potential propagation
(Figs. 6d—6f). Meanwhile, the average conduction
velocity in different culture settings was unchanged.
Thus, changes in electrical anisotropy in these culture
settings were dominated by changes in cell geometry
and local disarray, with a contribution by the gap
junction membrane distribution in only the highest
anisotropy setting.

The demonstrated ability to locally (or globally)
alter anisotropy in vitro while maintaining realistic
fiber directions is important because the degree of
natural cardiac tissue anisotropy changes with the
stage of the postnatal development, region of the
heart,*' aging,>>* and cardiac disease.® Thus, with
simple adjustments of the fibronectin micropattern, the
described cell culture approach allows unique studies
of the individual and combined roles of (1) realistic
tissue boundaries, (2) local fiber directions, and (3)
local structural anisotropy (cell elongation, disarray) in
cardiac electrical conduction, and all independent of
spatial gradients in ion channel expression naturally
present in the heart. Using this and similar approaches
to identify intramural sites with potentially arrhyth-
mogenic tissue structure could eventually lead to
improved targets for cardiac pacing or ablation.

Although the outlined approach uses neonatal rat
cardiomyocytes, the same procedure could be extended
to other cell types. With respect to cardiac disease and
cell therapy in particular, the interactions between
cardiomyocytes and non-myocytes (e.g. fibroblasts,
different types of stem cells) could be studied in micro-
patterned co-cultures that mimic both the realistic

cardiac tissue structure derived by DTMRI and the
cellular composition obtained from immunohistologi-
cal sections. As a simple example, the cellular com-
position in monolayers with realistic tissue structure
was varied in this study by co-culturing distinct ratios
of cardiomyocytes and fibroblasts (Supplemental
Fig. 1). If media supplements (e.g. TGF-f, ascorbic
acid, angiotensin I1'*'>?%) were also used to increase
the fibroblast secretion of collagen I, the resulting
culture setting would capture several characteristics of
fibrotic heart tissues.”>* These and other modifica-
tions of basic culture conditions (representing healthy
heart tissue) could be used in the future to systemati-
cally study the roles of remodeled tissue structure and
cell composition in pathological cardiac conduction.
Importantly, since DTMRI can be performed non-
invasively in vivo,** disease-related structural remod-
eling can be tracked in the same subject over time. In
these cases, studies of realistic micropatterned cultures
from different stages of disease could help elucidate the
roles of progressive structural remodeling in the
development of electrophysiological dysfunction.

As with all model systems, this approach is not
without its limitations, the most obvious being its two-
dimensional nature, which can provide insight into
only in-plane patterns of electrical propagation.
Although the spatiotemporal dynamics of cardiac tis-
sue naturally occur in three dimensions, specific cross-
sections with minimal out-of-plane fiber angles® can be
used to study realistic patterns of propagation that
may develop inside the intact tissue when stimulated
from an in-plane site. In general, using this novel
model system, the complex roles of healthy or
remodeled cardiac microarchitecture in macroscopic
impulse conduction and reentrant arrhythmias can be
studied for the first time in a systematic and repro-
ducible fashion.'? In order to facilitate the transfer of
this versatile methodology to interested research
groups, we also present troubleshooting tips in the
Supplemental Material.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:10.1007/
$10439-009-9815-x) contains supplementary material,
which is available to authorized users.
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