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Abstract: Hippocampal neuronal networks were
cultured on poly-L-lysine stamped microelectrode
array. The neurons plated with low density enabled
us to monitor electrical activities in a single cell level
and to observe the signal propagation through the
network. We found that electrically functional
synapses still existed even in the density as low as 200
cells/mm2. The cells were evoked by electrical
current and high-K+. To identify what kinds of
synapse are dominant in the cultured neurons,
DNQX, AMPA antagonist were applied into the
cultures. By scanning electron microscopy and
immunocytostaining, the cultured neurons were
visualized.
Introduction

Several methods have been developed to precisely
pattern proteins which can affect the attachment and
growth of cells in culture [1,2]. Especially stamping on
planar microelectrode arrays (MEAs) enables us to
pattern neurons at exact location close to the electrode
sites. Using these technologies, investigators have
produced neuronal networks on the planar
microelectrode arrays, but failed to investigate the
networks on a cell level because of the difficulties in
culturing the small number of neurons. Our primary
goal is to determine the fewest number of neurons that
can be used to form long-lived cultures to permit
continuous extracellular recording and stimulation.
Secondly, we verify the physiological functionalities of
cultured neuronal networks by various methods such as
treatment of high-K+ and antagonists. We also
performed scanning electron microscopy(SEM) for
visual inspection and immunocytostaining to identify
dendrites, synapses, and nuclei in the patterned neurons.

stamping
on
the
microelectrode array is
shown in Figure
1.
Flourescein isothiocyanate
(FITC) labeled poly-Llysine (PLL) was applied to
the PDMS stamp for 1 hour
after dissolved at 1 mg/ml
in borate buffer solution
and transferred to the
surface of electrodes by
custom-made
alignment
tool for 1 hour with the
pressure of 50 gm/cm2 [6].
Hippocampal
neurons
were
extracted
as
previously described [4].
Figure 1: Fabrication of PDMS
stamp and stamping process

Dissociated cells were
seeded at the densities of 100, 200, and 400 cells/cm2 on
the PLL-patterned MEAs in order to find out how
sparse a culture can still have electrical connectivity.
The culture was performed in minimal essential
medium(MEM) supplemented with 10% horse serum
and 0.1% pyruvic acid. After several hours, the medium
was replaced with serum-free neurobasal media(Gibco)
supplemented with B27 (Gibco) and 0.5mM Lglutamine. Cultures were maintaned at 37℃, 5% CO2.

Materials and Methods

The MEAs were fabricated by the semiconductor
process
reported
previously
[3].
The
polydimethylsiloxane (PDMS) stamp was molded from
the stamp master which was designed to match the
patterns of MEAs. The fabricated PDMS stamp has the
pattern of 2㎛-wide lines and 20㎛ circles at the
crossing points. The procedure of stamp fabrication and
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Figure 2: PLL stamped pattern on microelectrode array(left) and
cultured hippocampal neurons on the electrodes at DIV 7 (right)
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Half of the media were replaced with fresh media twice
a week.
For electrophysiological experiments, the culturing
media was replaced with recording media (HEPES).
MEAs were mounted into the custom-made connector,
which was placed on a resistively heating stage.
Ag/AgCl reference electrode was placed into the
recording media. Electrical activities from the recording
sites were amplified with the gain of 10,000 and filtered
(0.3~5 kHz, 40 dB/decade) by A-M systems differential
AC amplifier model 1700. The signals were sampled at
the frequency of 20 kHz and digitized by data
acquisition board (NI 6024E, National Instruments).
During recording the amplitude of background noise
were maintaned below 10㎶rms. Electrical stimulation
was applied through one of electrode sites by isolated
stimulator (ISO-Flex, AMPI, Israel). The stimulation
current pulse width was fixed with 50 ㎲, and was
applied through a electrode site for stimulation.
High K+ HEPES Hank’s buffer solution was made to
see how the spontaneous activity changes. The
concentration of K+ was adjusted to 10 mM by adding
potassium chloride. In order not to give cells excessive
osmopressure, the osmolarity was also adjusted to
around 285 mM/kg. The osmolority was measured by
Vapor Pressure Osmometer 5520 (VAPROTM , Wescor).
6,7-dinitroquinoxaline-2,3-dione(DNQX),
glutamate
antagonist was also applied to the culture with the
concentration of 1µM and 2µM. After the application,
the media exchanged for fresh media without DNQX to
see if the activity of neurons recovers or not.
After the series of electrophysiological experiments,
the neurons were fixed with 4% paraformaldehyde at
37℃ for 15 minutes, made permeable with 1% triton in
HEPES Hank’s buffer for 15 minutes at room
temperature (RT), and incubated in 6% bovine serum
albumin for 30 minutes at RT to block nonspecific

Figure 4: DNQX dose-dependent spontaneous activities

monoclonal anti-synaptophysin (1:200, Sigma) for 1
hour at 37℃. To identify these primary antibodies,
Texas Red goat anti-rabbit (1:200, Molecular Probes)
and Alexa 488 goat anti-mouse (1:200, Molecular
Probes) were used as secondary antibodies. MAP-2 is a
maker for the identification of the neuronal cell bodies
and dendrites, and synaptophysin is one of the
presynaptic proteins which show the locations of the
synapses. After the immunostaining, cells were applied
with DAPI for staining nuclei. The samples were
observed with an Olympus BX41WI epifluorescence
upright microscope and the images were captured by an
optronics magnafire CCD camera (Olympus, Melville,
NY).
For scanning electron microscopy, the samples were
dehydrated with ethyl alcohol and critical point dried [9].
The dehydrated samples were observed using SEM after
coated with gold.
Results

The cells were well patterned on the poly-L-lysine as
shown at Figure 2. Almost neurons were attatched
exactly on the poly-L-lysine stamped surface. When
cells were plated at 200 cells/cm2, spontaneous activity
could be recorded as early as 7 days in culture. By 21
days in culture, levels of spontaneous activity were

Figure 3: Electrically evoked responses by current stimulation
with the pulsewidth of 50㎲, and the amplitude of 200㎂

bindings. Samples were exposed to a mixture of rabbit
polyclonal anti-MAP2 (1:500, Sigma) and mouse
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Figure 5: Firing rate increasement by high K+ treatment

constant. In Figure 3, electrical stimulation (200 ㎂
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current amplitude, 50 ㎲pulse width) evoked neuronal
activities. Signal propagation through the network was
also observed.

Discussion and Conclusion

Neurons were successfully cultured in low density
for long term survival during more than 1 month. The
cultured neuronal network was shown to have
electrically functional synapses in spite of the low
number of cells. The electrical activity of networks
could be modulated by chemical treatments such as
high-K+ or neurotransmitter antagonists. The
distributions of pre- and post-synaptic proteins were
described using immunocytochemistry and their
distribution mapped relative to cell bodies and patterns
on the substrates. Results demonstrate the effectiveness
and robustness of these cultures for studying network
function. We believe this study is fundamental and also
important for understanding functional circuits of
neuronal networks and developing cell-based biosensors.
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Figure 6: Fluorescence micrographs (a) dendrites and cell bodies by
MAP-2 staining, (b) presynaptic proteins by synaptophysin staining,
(c) nuclei by DAPI staining and (d) merged image

When high-K+ HEPES Hank’s buffer solution was
applied, the activities increased dramatically as shown
in Figure 5. The treatment of DNQX, glutamate
antagonist, inhibited the spontaneous activities. 1µM
DNQX blocked about half of activities, and all activites
were ceased when 2µM DNQX applied. After washing
out, the neurons started to fire again at the same rate as
the initial state.
Figure 6 shows that a single cell body is located in
the vicinity of electrode sites. The synapses between
neurons are distributed along the neurites bundles, not
some specific location.
The SEM image obtained from dehydrated neurons
was like Figure 7. The electrode site had a little
protrusion due to platinum electrodeposition. But it
didn’t prevent the neurites from growing through the
surface of sites.

Figure 7: SEM image of patterned neurons near the electrode site
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