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Abstract

Dissociated neuronal cultures on substrates patterned with extracellular matrix (ECM) proteins have yielded much information in
the past. However, although the culture of brain slices has many advantages over dissociated neuronal cultures, its feasibility on

patterned substrates has not been demonstrated to date.

In the present study, neuronal outgrowth from brain stem slices onto homogeneous control substrates, and onto laminin
structures of grid- and line-shape was achieved. Cultures were evaluated by means of phase contrast microscopy, antibody staining,

and patch-clamp measurements.

Only patterns with line sizes of more than 4 um yielded satisfactory neuronal outgrowth. The size of the nodes in the pattern
influenced the nodal compliance of the spreading cells and the amount of unstructured overgrowth.

Best grid patterns were 4 um lines and 10 pm nodes, best line patterns were 4 pm lines and 20 pm nodes.

On patterned substrates, average sodium and potassium currents were reduced by ~350% compared to controls, whereas area-
normalized ion-currents were in the same order of magnitude. This indicates that as a consequence of the pattern-enforced
geometrical confinement, neurons tend to have a smaller surface. In addition, neurons on patterned substrates were rapidly covered
with glial overgrowth. This was shown by antibody staining. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

The analysis of synaptic physiology and plasticity as
well as pathological changes of neuronal behaviour in
disease have been the focus of many studies. Almost all
these studies utilize either dissociated neurons or brain
slices from a variety of brain regions. These in vitro
cultures are mostly undirected in growth. The cells,
whether dissociated or migrating out of a slice, simply
form random and highly complicated networks within
the environment in which they are placed. In order to
better understand the neuronal functions, e.g. synaptic
connections, a simplified system is necessary. Simplifica-
tion can be achieved by limiting the adhesion of neurons
to specific arcas on substrate surfaces, e.g. by applying

*Corresponding author. Forschungszentrum Jilich GmbH, 1SG-2,
>-52425 Jiilich. Tel.: +49-2461-61-2330; [ax: +49-2461-2333.
E-mail address: a.ollfenhaeusser@(z-juelich.de (A. Offenhiusser).
"Present address: The Chinese University of Hong Kong, 147K
Argyle Street, Mongkok, Kowloon, Hong Kong.

0142-9612/02/$ - see [ront matter © 2002 Published by Elsevier Science Ltd.

PII: S0142-9612(02)00056-X

micropatterns of ECM proteins to non-adhesive sub-
strates.

Although a considerable number of reports regarding
dissociated neurcnal cell patterning exists [1-6], there
are many advantages of using thin brain slices rather
than conventional dissociated cultures. In organotypic
cultures, slices suffer no more mechanical damage other
than the initial slicing, Most importantly, the original
tissue organization is intact and the neurons ultimately
migrating out of the slice should retain more of their
original physiological characteristics, In contrast, dis-
sociated neuronal cultures require trypsinatlion, mechan-
ical trituration and sometimes even centrifugation.
Dissociation undoubtedly increases cell loss, cellular
membrane damage and causes destruction of all the
connections between neurons.

Brain slice cultures have been investigated and
performed for many years. Comprehensive methodolo-
gies for a number of brain regions have been provided
by Géhwiler [7,8]. These cultures have been used in a
variety of investigations, such as morphological studies
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with contrast enhancing optics [7,9], electrophysiologi-
cal experiments based on patch-clamp recording [10,11],
and optical recording techniques [12]. It has been shown
that nerve cells continue to differentiate and mature in
slice cultures [13], and that all major neuronal and glial
cell types are present [9,14,15]. In cocultures of neurons
with muscle cells, target selectivity of axonal growth has
been studied [16].

In the present study, ultra-thin brain stem slices have
been used as a cell reservoir for the formation of
artificially organised networks from neuronal cells on
micropatterned substrates. A modified preparation
protocol of brain stem slices has been developed [17]
to support cell migration onto micropatterns of laminin,
which have been produced as described earlier [18].

The cultures were characterised by phase contrast
microscopy, antibody staining, and electrophysiological
recordings.

2. Materials and methods
2.1. Organotypic cultures of brain stem slices

Organotypic cultures of brain stem slices were
prepared based on the method described by Gahwiler
in 1981 [8]. In the present study this protocol was varied
in terms of the medium used, slice thickness and
embedding strategies.

Brain slice medium was made from HAMS FI10
(SIGMA, NI1387) supplemented with 20% fetal bovine
serum (SIGMA, F-7524) and 4 mM glutamine (SIGMA,
G-7513).

Upon extraction of the whole embryonic, 15-18 days-
old Sprague-Dawley rat brains, the medulla and pons
were removed by a transverse section through the rostral
pons and the cerebellum was removed by sectioning the
peduncles. Coronal sections of brain stem slices were
harvested in sterile conditions in chilled brain slices’
culture medium (pH 7.4). The slices, which were cut
using a tissue chopper (Mcllwain), were 250 um thick.
The prepared slices (usually about 6-12 slices per rat
brain) were placed in an incubator at 37°C and 5% CO,
enriched atmosphere for a minimum of 4-5h. This
incubation period was provided to allow the damaged
cells (resulting from slicing) to detach from the surfaces
of the cut slices.

The slices were then positioned onto control surfaces
(tissue culture dishes, Greiner, Germany) or laminin-
patterned substrates (printed onto polystyrene Petri
dishes, Greiner Labortechnik, Germany), using a small
surface-polished spatula. Care was taken not to further
damage the prepared slices. Unlike the method de-
scribed by Géahwiler, no plasma clot or collagen was
used in immobilizing the slices as the authors felt that

either method would hinder the cell migration, particu-
larly migration onto patterns.

In all culture dishes, a critical amount of medium was
added such that the slices would not detach from the
surface and yet would remain moist even after overnight
incubation. After 2-3 days in culture, usually a
significant migration of cells out of the slice would take
place while more medium could be added. Anti-mitotic
agent, cytosine fi-p-arabinofuranoside (ARA-C, SIG-
MA C-6645), was added on day 4 or 5 to inhibit non-
neuronal cell proliferation. The culture medium was
reverted to ARA-C-free after 5-7 days.

2.2. Micro contact printing

Microstamps for the experiment were produced by
photolithography and moulding. An electron beam
writer transposed the different structures designed for
the experiment to a chrome mask. Applying UV-
photolithography, master stamps were produced out of
spin-coated 12.5um-thick photoresist layers (AZ 4562,
Clariant GmbH, Germany) on 0.6mm thick silicon
wafers (MEMC Electronic Materials, Germany). Poly-
dimethylsiloxane (PDMS) microstamps were then fab-
ricated curing Sylgard 182 (Dow Corning, Germany) in
2ml eppendorf tubes for 48 h at 55°C upside down on
the master stamps. After master stamps release, final
curing was performed for 1h at 110°C.

In order to increase the stamp hydrophilicity, PDMS
stamps were stored for at least 24 h in deionized water.
Just before patterning, stamps were taken out of the
water and decontaminated in a 70% ethanol bath for
I min. Inking took place for 30s in 25 pgml~" laminin
(1243217, Boehringer Mannheim GmbH, Germany)
dissolved in PBS. The inked stamp was then dried in a
soft nitrogen airstream and immediately pressed to the
substrate for 10s. In all the experiments, structuring was
performed on non-tissue-culture polystyrene Petri dishes
of 3cm-diameter (Greiner Labortechnik, Germany).

Line and grid patterns, which had already been
successfully used in earlier experiments [17,18] were
applied. These patterns have nodes for the adhesion of
cell bodies in equidistant steps of 100 um in x-direction
and 50 um in y-direction. The nodes of the grid patterns
are located at the intersections of the grid. The nodes of
the line patterns are distributed along the lines. In order
to study the impact of pattern geometry on cellular
growth, patterns with varying line sizes (2-6 um) and
node sizes (10-20 um) were chosen.

2.3. Electrophysiology

Patch-clamp recordings were performed using a triple
patch-clamp set-up (EPC 9/3, Heka Elektronik GmbH,
Germany) in both voltage clamp and current clamp
mode. The recordings were performed at room



L. Lauer et al. | Biomaterials 23 (2002) 3123-3130 3125

temperature (air conditioned at 25°C) in 2ml of
extracellular recording medium. The culture medium
was replaced with pre-warmed recording medium 15 min
prior to experimentation.

Borosilicate micropipettes (1810016, Hilgenberg,
34323 Maisfeld) were pulled immediately before each
individual recording, using a micropipette puller (P-97,
Sutter Instrument Company, USA). Pulling parameters
were sel to obtain pipette resistances of ~6MQ. Before
each recording, new pipettes were backfilled with
intracellular pipette solution.

Micromanipulation of the pipettes was perfomed with
stepper-motor-based micromanipulator units (Mini 25,
Luigs & Neumann, Germany) under microscopic
control (IX 50, Olympus, Germany).

For voltage-clamp recordings, the patched cells were
clamped to a membrane voltage of —50mV. A series of
13 voltage steps with 100ms pulse width in 500 ms
intervals, ranging from -20, —10, 0, +10, +20,..., to
+100mV was applied to the cells and the resulting
current signal was recorded. For current-clamp record-
ings, the membrane current was set to zero and the
resulting membrane potential was measured. In this
configuration, action potentials were stimulated with
current pulses of 150 pA and 20 ms pulse width.

The extracellular recording medium contained (mM):
KCl, 5; NaCl, 150; MgCl,, 1; HEPES, 10; CaCl,, 2.5;
Glucose, 10; pH 7.4 at 24°C, adjusted with 1 M NaOH,
The intracellular pipette solution contained (mm):
CeH 105K, 125; KCl, 20; CaCl,, 0.5; MgCl,, 2; HEPES,
10; EGTA, 5; ATP, 4; pH 7.4 at 24°C, adjusted with 1M
KOH.

2.4. Antibody staining

Cells were fixed in 2% paraformaldehyde for 20 min
at room temperature. After three washes with PBS, the
cells were permeabilised either with 0.1% Triton X-100
in PBS for 20min at room temperature (as done for
MAP-2) or with a 95:5 mixture of ethanol and acetic
acid for 7min at —20°C (as done for GFAP). Cells were
again washed three times with PBS, followed by a 1h
incubation with the primary antibody diluted in 10%
FCS, 0.02% NaN; in PBS. After three more washes
with PBS, a | h incubation with the respective secondary
antibody followed, diluted as above. For staining the
nuclei, cells were incubated with 0.25pgml™" DAPI in
PBS for 5min. Cells were washed again, mounted and
examined using a Sony XC-333 P camera and an
Olympus IX-50 (phase contrast) microscope.

Both primary antibodies were purchased [rom Che-
mikon (MAB3418/MAB3402), the secondary antibody
was purchased from Dianova (715-096-150). All were
diluted according to the manufacturers’ recommenda-
tion. Fluorescence mounting medium was purchased
from DAKO (S3023).

3. Results and discussion
3.1. Structured growth

Brain stem slices on laminin-patterned substrates
yielded effective guidance of neurite outgrowth. The
growth of neurites was rapid and it extended to the edge
of the stamped pattern within a week.

The width of the track and the node size were crucial
to the success of ncuronal slices patterning. A pattern
with line width of only 2 pum was too narrow for the
migrating neurons to pass. In this case, only neurites
were spreading onto the pattern (Fig. 1A: grid with 2 um
lines and 20 um nodes). In contrast, line widths of 4 and
6 pm enabled neuronal proliferation. Best results were
achieved with 4 um lines (Fig. 1B: grid with 4 pm lines
and 10pum nodes). Neurons on 6pm lines were less
focused to the nodes of the pattern.

When 20pum nodes instead of 10pum nodes were
applied in a grid structure, cells started forming bridges
between the adhesive structures, resulting in an un-
structured overgrowth (Fig. 1C: grid with 4 um lines and
20 pm nodes).

For a quantitative analysis of the relationship
between applied micropattern and the resulting neuro-
nal growth, 54 phase contrast micrographs were taken
from 24 substrates from day 5 to 16. In each
micrograph, cells were counted in randomly chosen
observation fields of 300 um x 400 um, In each field, the
total number of cells on the pattern and the number of
cells on node points was counted. In addition, the area
covered by overgrowth was determined and a percen-
tage of coverage calculated, ranging from 0% (no
coverage) to 100% (total coverage).

These data were used for statistical evaluation of the
cell proliferation, the amount of overgrowth and the
nodal compliance. Figs. 2A-C show the calculated mean
values and standard deviations.

Cell proliferation clearly increased with track width
(Fig. 2A). Both for line structures and grid structures, a
significant increase of cells proliferating into the
observation field was found for increasing line size.

On grid structures, the total number of cells in the
observation frame increased from 141 at 2pum track
width, to 9+6 at 4 um track width, up to 1346 at the
maximum track width of 6 um. On line structures, the
number of cells counted increased from 1046 cells at
2 um track width to 17+8 cells at 4 pm track width. The
fact, that at the same track width more cells were found
on lines than on grids, may be due to an increased
proliferation speed along the highly confining one-
dimensional lines.

Variation of the node size from 10 to 20 pm yielded
different results for grid and line structures, which is
probably due to the distinct lateral geometry of both
systems: For grid structures, the amount of overgrowth
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Fig. 1. Micrographs taken [rom cultures of brain slices on laminin-
patterned substrates. Scale bars equal 100pm. (A) Spreading of
neurites along a laminin pattern of 2 um lines and 20 um nodes at day
10 in culture. The small line size prohibits the spreading of neurons
into the pattern. (B) Brain stem neurons forming a grid-shape network
at day 12 in culture. Applied laminin pattern: 4 um lines and 12 pum
nodes: grid: 50 x 100 um?. (C) Overgrowth of a grid pattern with 4 um
lines and 22 um nodes at day 7 in culture. Due to the big node size, the
structure is overgrown by clusters of cells.

doubled from 304+26% to 574+27% (Fig. 2B). At the
same time the percentage of cells on nodes actually
increased by 2% from 71+15% to 73+7% (Fig. 2C).
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Fig. 2. (A) Relationship between line size and cell spreading evaluated
for grid and line patterns. With increasing line size of the pattern, the
number of neuronal cells spreading into the pattern increases. (B)
Relationship between node size and the amount of overgrowth
covering the pattern. Overgrowth increases with the node size. (C)
Relationship between node size and nodal compliance. For line
patterns nodal compliance is significantly increased on nodes of 20 um
compared to nodes of 10 pm. For grid patterns, nodal compliance is
equally high, both for 10 gm and 20 pm nodes.

Thus, for grids 10 pm nodes are favourable. Also, for
line structures, an increase in overgrowth was found,
raising from 10+13% to 18+29% (Fig. 2B). But this
time, the percentage of cells on nodes improved strongly
from 334+20% to 70+17% (Fig.2C). Hence, 20 um
nodes are a better choice for line structures.
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3.2, Antibody staining

In Fig. 3, a time series of micrographs from a specific
observation area of a grid-patterned substrate (6 um
lines, 10 pm nodes) is shown. In the encircled area, a
connection was formed over time along the patterned
pathway. Another effect is also clearly visible in the
micrographs: In the carly stage (day 3 and day 4) all the
neurons appeared phase bright under microscopic
observation. Later, on day 7, a darkening of the cells
was observable.

In order to characterise the dark overgrowth covering
the neurons in older cultures, antibody staining was
performed. Figs. 4A and B show the results of an anti-
GFAP staining, performed in a control and in a grid-
patterned culture which had shown characteristic
darkening. The darkened areas stained positive for
GFAP, verifying that the darkening indeed was due to
an overgrowth by glia cells.

For patch-clamp experiments, neurons were distin-
guished from glia cells on the basis of morphological
criteria. The electrophysiological properties of each
patched cell gave the certainty of the neuronal cell type.
Besides electrophysiological characterization, the pre-
sence of neuronal cells on the pattern was proved by
antibody staining. This time, an antibody to the protein
MAP-2 was used, which is specific for neuronal cell
bodies and dendrites. As shown in Fig. 5, the presence
of neuronal cells on the pattern, staining positive for
MAP-2, could be confirmed.

Fig. 3. Growth of brain stem neurons on a grid pattern (6 um lines,
14 um nodes). From left to right, the micrographs have been taken at
days 3, 4 and 7 in culture. The formation of connections is clearly
visible in the encircled area. Scale bar equals 50 um.

Fig. 4. (A) GFAP staining of glia cells in an unpatterned control
culture after 7 days in culture. Glia cells (appearing bright) are visible
on the substrate surface. Not all cells are covered by glia overgrowth.
(B) GFAP staining of glia cells on a grid-patterned substrate (6 pm
lines and 14 pum nodes) after 8 days in culture. Glia cells cover almost
the entire patterned surface.

3.3. Electrophysiology

Three types of patterns which had yielded best results
of ordered growth in the above-described examination
were subsequently used for electrophysiological experi-
ments. (Line patterns with 4 um lines and 20 um nodes.
Grid patterns with 4 pm/6 pm lines and 10 pm nodes.)

When patch-clamp measurements were performed,
gigaseal formation usually was impossible at glial-
covered neurons. Because of the progressive glial
coverage of neurons over lime, a quantitative compar-
ison of the electrophysiological properties of neurons on
patterned and unpatterned substrates has only been
feasible up to day 16 in culture. Glial coverage was
faster in patterned cultures. For this reason, electro-
physiological data were only available from unpatterned
control substrates after day 16.

At low depolarization amplitudes (+20mV) mainly
currents through sodium channels formed the recorded
signal, no significant potassium currents were detectable
(Fig. 6A). When depolarization increased (+50 and
+100mV in Fig. 6A), a substantial number of potas-
sium channels opened with a current contribution
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Fig. 5. Neuron specific antibody staining of cells growing on a grid-
patterned substrate (6 um lines and 14 um nodes) at 7 days in culture.
Dendrites and neuronal cell bodies were stained with FITC-labeled
MAP 2. In addition, the DNA-marker DAPI indicates the positions of
cell nuclei.

inverse to the sodium current. The recorded signals
show a superposition of sodium current and potassium
currents (A-type and K-type). For the quantitative
analysis presented below, the maximal amplitudes of
both sodium and potassium currents were determined
from each recording.

After two weeks in culture, the spike amplitude of
action potentials was usually in the range of 70mV and
the threshold level was at —40mV (Fig. 6B).

In a series of experiments, the electrophysiological
data from 63 cells on patterned substirates were
compared to the data from 90 cells on unpatterned
controls.

From day 8 to 16 in culture, the resting membrane
potential of cells on patterned substrates was in the same
range (—40 to—50mV) as of cells on unpatterned
substrates (Fig. 7A).

Although neurons in both systems had the same
resting membrane potential and thus the same driving
force for ionic currents, a substantial reduction of
average sodium and potassium currents was measured
on patterned subtrates compared to controls. Boeth
sodium and potassium currents were reduced by ~50%
on patterned substrates (Figs. 7B and C).

The membrane capacitance of any cell is directly
linked to the area of its surface. This fact was used for
further interpretation of the measured data. Taking into
account the measured membrane capacitance of every
patched cell, sodium and potassium currents could be
converted into surface-specific currents. In contrast to
the different average ion currents (Figs. 7B and C),
surface-specific ion currents of neurons on patterned
and control substrates had the same magnitude (calcula-
tion for day 16 is shown in Fig. 8).
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Fig. 6. Patch-clamp recordings from a brain stem neuron on a control
substrate at day 21. (A) Voltage-clamp mode: Three traces of a
stepwise stimulation with +20mV, +50mV and +100mV are
plotted. During the recording, the neuron was clamped to —50mV.
(B) Current-clamp mode: Action potentials were recorded applying
depolarization pulses of + 150 pA and 20 ms.

The results of this study indicate that the neurons in
patterned slice cultures tend to be smaller than neurons
in unpatterned controls. This effect accounts for a
decrease of cell surface area by ~50%. A possible
explanation for the reduced cell size may be the high
geometrical confinement of cell extension induced by the
pattern. When the cell size is taken into account, the
electrophysiological data recorded from brain slice
neurons is equal in patterned and unpatterned cultures.

4. Conclusion and outlook

Present study shows that ultra-thin brain stem slices
can be used as a cell source in patterned growth,
Migrating neurons form well-defined networks when
most suitable laminin-patterned structures are used. The
cells can be easily visualized with phase contrast
microscopy, and their electrophysiology can be char-
acterized by patch-clamp measurements.

The interpretation of the electrophysiological data
recorded in this study revealed no differences in the
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Fig. 7. (A) Membrane potential of brain stem neurons on laminin-
patterned substrates and on control substrates at different times in
culture. The membrane potentials on both substrate types are in the
same range. (B) Comparison of sodium currents. On laminin-patterned
substrates, sodium currents are reduced by ~30% compared to
control substrates. (C) Comparison of potassium currents. On laminin-
patterned substrates, potassium currents are reduced by ~50%
compared to control substrates.
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Fig. 8. Comparison ol surlace-specific sodium and potassium currents
at day 16 in culture. The surface-specific currents measured on

patterned and unpatterned subtrates are in the same range.

electrical properties of neurons growing on patterned
and unpatterned culture substrates. Although, due to
the geometrical confinement of the pattern, neurons on
patterned substrates were smaller than neurons on
homogeneous controls, their electrophysiological prop-
erties were identical.

However, one challenge that remains is the suppres-
sion of glial overgrowth. Under the described culture
conditions, glia cells tend to spread over the pattern and
cover neuronal cells, resulting in difficulties for gigaseal
formation. Although anti-mitotic agent, ARA-C, was
used in the experiments, this effect could only be
retarded but not fully suppressed. A simple increase in
the concentration of ARA-C probably would not
improve the results due to neurotoxic side effects.

In summary, the results underline the value of
patterned brain-slice neurons as a neuronal cell model
for electrophysiological studies.

As aligned micro conlact printing is feasible on planar
microelectronic devices for extracellular recording [19],
such as microelectrode or field effect transistor arrays,
this approach is also valuable for electrophysiological
recordings from microelectronic devices.
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