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TO THE EDITOR
Sensory neurons are localized in dorsal
root ganglia (DRG) (Birder and Perl,
1994). They are associated with glial
cells, like Schwann cells, which are
important for synaptic plasticity (Allen
and Barres, 2005). Synapses between
nerve endings and epidermal cells have
been shown by confocal scanner laser
microscopy and transmission electron
microscopy (Merkel, 1875; Hosoi et al.,
1993; Hilliges et al., 1995; Hara et al.,
1996; Gaudillere et al., 1996; Chateau
and Misery, 2004); Through an efferent
neurosecretory activity (Ansel et al.,
1996; Misery, 1997), they modulate
skin properties (Misery, 1997; Steinhoff
et al., 2003). Numerous interactions
between skin, immunity, and the ner-
vous system allow definition of the
neuro-immuno-cutaneous system (Mis-
ery, 1997). Because there is no in vitro
model for studies on neuro-immuno-
cutaneous system, we performed a tri-
compartmentalized co-culture, each
compartment reproducing epidermis,
DRG, and spinal cord, respectively,
spontaneously connected by neurites.
The functionality of these ‘‘synapses’’
was assessed by electrophysiological
studies.

Epidermal cells were isolated from
skin specimens obtained from healthy
humans (Bessou et al., 1995). Neurons
and glial cells were isolated from DRGs
and spinal cords of 2- to 5-day-old
Wistar rats (Lindsay et al., 1990; Stucky
and Lewin, 1999; Wang and Cynader,
1999). Cultures were performed with
glial conditioned medium, as described
previously (Bottenstein and Sato, 1979;
Wang and Cynader, 1999). Coverslips
were sterilized by UV and coated by
poly-L-lysine. Two kinds of specific
culture dishes were used. A first model
was prepared from plastic Petri dishes
by drilling three wells connected by
channels and attaching a glass coverslip
to the outer surface of the dish. A

second model consisted of a two-part
design, which includes a glass substrate
topped by polydimethylsiloxane, in-
cluding wells and microchannels (Mor-
in et al., 2006).

We performed a tri-compartmented
culture with: 1/cells from spinal cords
cells (1�106 cells/ml); 2/cells from
DRGs (1� 105 cells/ml); 3/epidermal
cells (3� 106 cells/ml). To provide
trophic support, a glial feeder layer
was added (Wang and Cynader, 1999).
Glial conditioned medium was re-
placed every 2 days.

After 15 days of co-culture, the
growth of many neurites, often as-
sembled in bundles, was observed (by
phase-contrast microscopy) from the
DRG compartment to both equivalents
of spinal cord and epidermis and
between neurons in the DRG equiva-
lent and neurons.

Immunostainings were performed on
co-cultures (first model) after 15 days.
Primary antibodies recognized protein
gene product (PGP) 9.5 (neurons),
cytokeratin (CK, keratinocytes), cyto-
keratin 20 (Merkel cells), chromogranin

A (neuro-secretory granules of Merkel
cells), glial fibrillary acidic protein
(astrocytes and oligodendrocytes),
A2B5 (oligodendrocytes), and myelin
basic protein. Neurons and glial cells
were assembled in clusters in the spinal
cord and DRG compartments and
PGP9.5þ nerve endings were seen in
the epidermal compartment. Neurites
were often surrounded by myelin and
associated with Schwann cell-shaped
cells.

By confocal scanner laser micro-
scopy, we could recognize in the
epidermal compartment, PGP 9.5þ
neurons, CKþ keratinocytes, and
CK20þ or chromograninþ Merkel
cells. PGP9.5þ nerve fibers were
growing from the DRG compartment
to the epidermal cells. Double immu-
nostainings revealed overlapping areas,
assessing synapse-like structures be-
tween nerve endings and keratinocytes
and, more frequently, between nerve
endings and Merkel cells. Merkel cells
often formed Merkel corpuscles (Figure
1a). Contacts of nerve endings with
single Merkel cells were also observed
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Figure 1. Confocal scanning laser micrography with a double-labeling with anti-CK 20 and anti PGP 9.5

in the epidermal compartment after 15 days of co-culture. (a) Merkel cells (green) in contact with PGP

9.5þ nerve endings (red). Merkel cells are assembled around nerve ending and form a Merkel corpuscle.

They are associated with nerve endings obtained by division from one axon. (b) Merkel cell (green) in

contact of nerve fibers (red). An overlap area (yellow) shows the synapse-like structure.

Abbreviations: CK, cytokeratin; DRG, dorsal root ganglia
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(Figure 1b). Chromogranin A was loca-
lized in neuro-secretory granules from
Merkel cells, in front of nerve fibers,
like in a synaptic organization.

Transmission electron microscopy
observations after 15 days of co-culture
(second model) confirmed confocal
scanner laser microscopy data. In the
epidermal compartment, keratinocytes,
Merkel cells, and melanocytes were
present. An epithelial organization was
assessed by desmosomes. Melanocytes
and Merkel cells express dendrites and,
respectively, melanosomes and neuro-
secretory granules. Nerve fibers were
coursing through epidermal cells. They
ended in the contact of keratinocytes
and Merkel cells.

Electrophysiological measurements
were performed after 15 days of co-
culture. Electrical activity was recorded
from neurites using a macro-patch

clamp technique. The signal was re-
corded via a GeneClamp 500B ampli-
fier. Pipettes were pulled and heat
polished from 1.5 mm diameter borosi-
licate glass with a DMZ – Universal
puller. Resistance of the pipettes aver-
aged 1.5 MO when filled with recording
solution. Currents were low-pass fil-
tered at 5 kHz and digitized at 35 kHz.
Giga-seal was checked and leak cur-
rents were compensated. The physiolo-
gical state of the neurite was first
checked by recording Naþ and Kþ

currents, confirming the viability of the
neurites and the possibility of electro-
physiological measurements. Continu-
ous recordings were made in a cell-
attached configuration on nerve fiber-
like formations allowing the monitoring
of spontaneous activity. Heat stimulus
was applied by infusing hot medium
(371C for heat stimulation and 451C for

pain stimulation) in the epidermal cell
compartment. Electrophysiological re-
cordings were made in the DRG
compartment.

Recordings (Figure 2) showed that
without external stimulation, no elec-
trical activity could be recorded at
221C. After heat or painful stimulation,
a depolarization was observed and
spikes were recorded, corresponding to
the triggering of a spontaneous activity.
The effects were enhanced with pain
stimulation. Ten minutes after stimula-
tion, repetitive electrical activities were
still persistent. The spikes progressively
disappeared, but could be reinitiated by
another heat stimulation, showing the
reversibility of the heat effect.

Hence, we have performed an in vitro
reconstruction of equivalents of spinal
cord, DRG, and epidermis connected by
neurites. We have obtained a viable
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Figure 2. Triggering of spontaneous activity in neurons after heat stimulation of co-cultured keratinocytes. The initial temperature was 221C. The application

of the heat stimulus is indicated by the arrows. Upper trace: control recording showing no spontaneous activity. Middle traces: initial response (start) after

stimulation by 100ml of medium heated at 371C showing a slow depolarizing current along with the triggering of some spontaneous spikes; after 10 minutes, the

slow current vanished, but some spikes still remained. Lower traces: response observed immediately after the application of 100 ml of medium heated at 451C

corresponding to a larger depolarizing current and more numerous spikes. A second application (second arrow) enhances the current. After 10 minutes, a

spontaneous activity remained, somewhat more sustained that in the previous stimulation. Recordings were made from neurites by macro-patch technique, in

cell-attached configuration.
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in vitro culture model of Merkel cells
(Gaudillere and Misery, 1994; Moll
et al., 2005). To our knowledge, the
longest previous culture of Merkel cells
was 4 days (Fradette et al., 2003) or 5
days (Vos et al., 1991), whereas Merkel
cells were maintained for 15 days of
culture in our hands. Other authors had
performed co-cultures with keratinocytes
(Fradette et al., 2003) or sensory nerve
endings (Vos et al., 1991; Shimohira-
Yamasaki et al., 2006), but our results
suggest that the association of keratino-
cytes and nerve endings is better.

Until recently, neurons were the
only cells that were never included in
reconstructed skin or mucosa (Sivard
et al., 2004). Gingras et al. (2003) have
performed a tissue-engineered model
mimicking the integration of nerve
endings in reconstructed skin but did
not show functional synapse-like struc-
tures as we did in this study.

Our model of co-culture could be
used for studies of the neuro-immuno-
cutaneous system (Misery, 1997) by
adding external stimuli, drugs, or cos-
metics, and it could be an in vitro
model of itch (Yosipovitch et al., 2003).
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