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(Background: Trigeminal sensations can arise from the direct stimulation of intraepithelial free nerve endings or indirectly
Results: Exposure to the odorant chemicals induces a chemical communication between human HaCaT keratinocytes and

Conclusion: Keratinocytes act as chemosensors linking the environment and the trigeminal system via ATP signaling.
Significance: This work contributes to our knowledge of how chemical cues indirectly activate the trigeminal system.
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Trigeminal fibers terminate within the facial mucosa and skin
and transmit tactile, proprioceptive, chemical, and nociceptive
sensations. Trigeminal sensations can arise from the direct
stimulation of intraepithelial free nerve endings or indirectly
through information transmission from adjacent cells at the
peripheral innervation area. For mechanical and thermal cues,
communication processes between skin cells and somatosen-
sory neurons have already been suggested. High concentrations
of most odors typically provoke trigeminal sensations iz vivo but
surprisingly fail to activate trigeminal neuron monocultures.
This fact favors the hypothesis that epithelial cells may partici-
pate in chemodetection and subsequently transmit signals to
neighboring trigeminal fibers. Keratinocytes, the major cell type
of the epidermis, express various receptors that enable reactions
to multiple environmental stimuli. Here, using a co-culture
approach, we show for the first time that exposure to the odor-
ant chemicals induces a chemical communication between
human HaCaT keratinocytes and mouse trigeminal neurons.
Moreover, a supernatant analysis of stimulated keratinocytes
and subsequent blocking experiments with pyrodoxalphos-
phate-6-azophenyl-2’,4'-disulfonate revealed that ATP serves
as the mediating transmitter molecule released from skin cells
after odor stimulation. We show that the ATP release resulting
from Javanol® stimulation of keratinocytes was mediated by
pannexins. Consequently, keratinocytes act as chemosensors
linking the environment and the trigeminal system via ATP
signaling.

The ability of the body to sense harmful environmental ther-
mal, physical, and chemical cues is essential for survival. For the
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head, the principal sensory system is represented by the trigem-
inal nerve. Free trigeminal nerve endings innervate the facial
mucosa and the skin and transmit sensory information regard-
ing oral or respiratory substance intake and contact with the
facial skin (1-4). The polymodal neurons express numerous
sensory receptors that enable these cells to respond to a broad
range of stimuli (5-16). However, their location and accessibil-
ity raise the question of whether trigeminal chemesthesis arises
either from the direct stimulation of intraepithelial free nerve
endings or indirectly through information transmission from
adjacent cells of the peripheral innervation area (17-21). Anos-
mic patients, who have lost their sense of smell, can still dis-
criminate between several odorants in higher concentrations,
supporting the hypothesis that trigeminal neurons can essen-
tially contribute to odor detection and discrimination (22, 23).

In the facial epidermis and mucosae, trigeminal free nerve
endings are located in close proximity to epithelial cells. Kera-
tinocytes, constituting the major epidermal cell type, express
several thermo-, chemo-, osmo-, and mechano-sensitive recep-
tors initially identified in sensory neurons (24 -26). Previous
studies have revealed that keratinocytes represent the frontier
sensory system of the skin, transmitting mechanical and ther-
mal information to sensory neurons (27, 28). In both cases,
transient calcium elevations result in the secretion of the trans-
mitter molecule ATP, subsequently activating P2 receptors of
adjacent keratinocytes and neurons.

However, the question regarding chemical cues remains. Do
trigeminal neurons also receive information regarding chemi-
cal stimuli from adjacent cells in their peripheral innervation
area? The skin is permanently exposed to environmental chem-
ical stimuli. For example, odorants are widely used as ingredi-
ents of cosmetics, perfumes, detergents, cigarettes, and ali-
ment. The odorants can exert a strong physiological impact on
skin cells, as shown for eugenol and isoeugenol, causing anti-
proliferative effects by affecting the intracellular aryl hydrocar-
bon receptor (29). Most odorants have a trigeminal component
at high concentrations (22, 30) inducing typical trigeminal
sensations, such as cooling, warming, burning, stinging, or
prickling.
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However, we discovered that high concentrations of odors
that typically provoke trigeminal sensations in vivo surprisingly
fail to activate monocultured trigeminal neurons. According to
our hypothesis, “epithelial cells participate in chemodetection
by transmitting signals to neighboring trigeminal fibers,” we
demonstrated that Sandalore® and Javanol® induced signal
transmission from human keratinocytes to mouse trigeminal
neurons using a co-culture approach. This process was medi-
ated by ATP release from keratinocytes, most likely via hemi-
channels rather than exocytotic events. Keratinocytes thus rep-
resent a functional link between the environment and the
body’s chemosensory system.

EXPERIMENTAL PROCEDURES

Cell Culture—The methods for culturing trigeminal primary
sensory neurons were similar to those of Spehr et al. (13).
Briefly, male and female newborn mice (postnatal days 1-4)
were decapitated, and the two trigeminal ganglia (ganglion
grassi) were excised. The trigeminal ganglia (TG)® were washed
in PBS (Invitrogen) and collected in Leibovitz medium (L15;
Invitrogen). The TG were incubated for 45 min in warm
DMEM (Invitrogen) containing 0.024% collagenase (type IA;
Sigma) at 37 °C (95% air and 5% CO,). Afterward, the TG were
gently triturated with a file-polished glass pipette, and this solu-
tion was centrifuged at 1,000 rpm for 4 min. The pellet was
resuspended in TG medium (DMEM/F-12 + GlutaMax) sup-
plemented with 10% fetal bovine serum (Invitrogen), 100
units/ml penicillin, and 100 ug/ml streptomycin. The cells were
plated on poly-L-lysine (0.01%)-coated Petri dishes (35 mm;
Falcon, BD Biosciences) and maintained in a humidified atmo-
sphere (37 °C; 95% air, 5% CO,). One hour after plating, 2 ml of
culture medium was added to each dish. Trigeminal neurons
were grown for 1-4 days before experimentation.

The human keratinocyte cell line HaCaT (31) was main-
tained in DMEM with 5% fetal bovine serum and 1% (100X)
penicillin/streptomycin at 37 °C (95% air and 5% CO,). The
cells were passaged twice a week. For experiments, the cells
were grown in Petri dishes (35 mm) for a minimum of 2 days.
For the ATP assay, the cells were grown in 24-well plates until
confluence. The primary human keratinocytes cultures were
kindly provided by the Beiersdorf AG (Hamburg, Germany)
and maintained under the culture conditions described by
Jacob et al. (32).

For the co-culture approach, 2-day-old HaCaT cells in Petri
dishes were used. After removal of the HaCaT medium, fresh
primed TG were diluted with TG culture medium and added to
the HaCaT cell dishes. Co-cultures were used after 2—4 days for
measurements when HaCaT cells reached a confluence of
70—80%. Under typical co-culture conditions, the relative pro-
portion between neurons and HaCaT cells was about 2—5 per
100.

Calcium Imaging—For the calcium imaging experiments, the
cells were treated with the calcium-sensitive dye Fura-2 AM (3

® The abbreviations used are: TG, trigeminal ganglia; Trp, transient receptor
potential; LPA, lysophosphatidic acid; PPADS, pyridoxalphosphate-6-azo-
phenyl-2’,4'-disulfonate; TrigMono, trigeminal neurons in monocultures;
TrigCoCu, trigeminal neurons in co-cultures.
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uM; Molecular Probes, Leiden, Netherlands) for 60 min (37 °C;
95% air, 5% CO,) (13). The cells were transferred to the stage of
an inverted microscope equipped for ratiometric live cell imag-
ing (Olympus IX71) with a 150-watt xenon arc lamp, a motor-
ized fast change filter wheel illumination system (MT20, Olym-
pus) for multiwavelength excitation, a 12-bit 1376 X 1032-pixel
charge-coupled device camera (F-View II, Olympus), and Cell®
imaging software (Olympus). The cells were viewed at X 10 and
X20 magnification and illuminated sequentially at 340 and 380
nm. The average pixel intensity within user-selected regions of
interest was stored on a computer. Calcium-dependent fluores-
cence signals at 510 nm were calculated as the intensity ratio of
faao0!fzs0- Stimuli were applied using a custom-made, pressure-
driven, multibarrel perfusion system that allows instantaneous
solution change and focal application. For the calculation of the
response frequency of trigeminal cells in experiments with
three repetitive odor stimulations, a cell had to respond to at
least one application. The cells were maintained in an extracel-
lular bath solution consisting of 140 mm NaCl, 5 mm KCl, 2 mm
CaCl,, 1 mm MgCl,, and 10 mm HEPES (pH 7.3). At the end of
each measurement, a high potassium solution (K™; 45 mm) was
applied as a positive control for neuronal cells. ATP (100 wm)
application served as a control for cell viability of HaCaT cells.

Electrophysiological Recordings—Recordings were performed
using the whole-cell patch clamp technique. The cells were
maintained in an extracellular bath solution consisting of 140
mM NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,, and 20 mm
HEPES (pH 7.4). Patch electrodes were pulled from borosilicate
glass (1.2-mm OD X 1.17-mm ID; Harvard Apparatus, Eden-
bridge, Kent, UK) and fire-polished to 4—6-megaohm tip
resistance using a horizontal pipette puller (Zeitz Instruments,
Munich, Germany). The pipette solution contained 140 mm
KCl, 5 mm EGTA, 1 mm MgCl,, 0.1 mm CaCl,, 10 mm HEPES, 2
mMm ATP, and 1 mm GTP (pH 7.4). The recordings were per-
formed at room temperature using a HEKA EPC7 amplifier.
The membrane potential was held at —60 mV. The data were
acquired using Pulse software.

ATP Assay—The ATP concentration of the supernatant of
stimulated HaCaT cells was measured using the Cell Titer-Glo®
luminescent cell viability assay (Promega) according to the
manufacturer’s instructions. The HaCaT medium of a 24-well
plate was exchanged with Ringer’s solution with the tested sub-
stance. After incubation with the odorants or chemicals for 1-2
min, the supernatant was collected and transferred to a 96-well
plate. For the blocker experiments, carbenoxolone (10 um) or
probenecid (10 um) were also applied to the Javanol® stimula-
tion. Brefeldin A (5 pg/ml) was added to the medium of the
HaCaT cells 1 h before the experiment. The stimulation with
Javanol® was also performed with 5 ug/ml brefeldin A. The
relative luminescence was measured with a Mithras LB 940
multiplate scanner. Every substance was measured in at least
three independent experiments.

Propidium lodide Staining—Dishes with cultured keratino-
cytes were incubated with 1 mm Sandalore®, Javanol®, or Rin-
ger’s solution for 24 h. Then 25 ug/ul propidium iodide was
added for 5 min. The dead cells were detected with a fluores-
cence microscope (Axioskop, Zeiss).
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TABLE 1

Substance screening for the ability to stimulate monocultured human
primary keratinocytes, HaCaT cells, or trigeminal neurons

Several substances (odorants, 1 mwm; histamine, 100 um; LPA, 200 nMm) induced
calcium transients in human keratinocytes. Sandalore® and Javanol® evoked repet-
itive calcium signals in a large number of cells. Experiments were conducted on
three different days, with the confluence of keratinocytes or HaCaT cells at 80% and
neurons at 50% per dish. NA, not applicable.

Trigeminal
Substance Keratinocytes HaCaT neurons
% % %

Citronellol 46 45 33
Javanol® 90 90 5

Lyral 80 80 80
Sandalore® 80 86 4

Helional NA 27 28
Histamine 93 99 4

LPA 91 96 2

Ringer’s 0 0 4

Substances—Unless otherwise noted, all substances were
purchased from Sigma-Aldrich. The sandalwood derivatives
were kindly provided by Symrise AG (Holzminden, Germany).

Statistical Analyses—Unless otherwise noted, the data were
analyzed using a two-tailed unpaired ¢ test, and p < 0.05 values
were regarded as significant.

RESULTS

The Stimulation of Monocultured Mouse Trigeminal Neu-
rons, Keratinocytes, and HaCaT Cells with Odorant Substances—
To answer the question of whether trigeminal neurons directly
react to chemical stimulation or receive their information from
adjacent cells, we aimed to identify substances that activate
human keratinocytes but fail to affect monocultured trigeminal
neurons. Either monocultured human primary keratinocytes or
HaCaT cells and mouse trigeminal neurons were subjected to
chemical stimulation, and the reaction was measured using the
calcium imaging technique. For chemical stimulation, several
natural and synthetic substances from different substance
classes with clear odorous and trigeminal impact were selected,
diluted in Ringer’s solution, and tested in comparison with the
application of Ringer’s solution only. Unexpectedly, in calcium
imaging experiments, sandalwood oil derivatives did not elicit
calcium signals in mouse trigeminal monocultures over Rin-
ger’s controls in concentrations up to 1 mm (selection shown in
Table 1). Approximately 4% of the neurons showed spontane-
ous activity that did not correlate with the application of stim-
ulus. The application of substances such as citronellol as a con-
trol, which was previously described as activating transient
receptor potential (Trp) channels on sensory neurons (33-36),
induced calcium transients, as expected. In contrast, the san-
dalwood derivatives Javanol® and Sandalore®, which elicit
moderate trigeminal sensations, such as stinging or prickling,
when inhaled, did not induce calcium signals in monocultured
trigeminal neurons, indicating an indirect activation of the tri-
geminal system.

Surprisingly, all five tested substances induced a transient
increase in intracellular calcium in human primary keratino-
cytes or HaCaT cells. Moreover, Javanol® and Sandalore® acti-
vated keratinocytes and HaCaT cells but not TG neurons (cf
Table 1).

Depending on the tested substance, the kinetic and ampli-
tude of the evoked calcium signals varied, and several sub-
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stances, such as helional, affected the cells only once, even when
applied with longer interstimulus intervals of approximately 1
min (data not shown). For subsequent experiments, we
required odorants that evoke stable, repetitive calcium signals
in HaCaT cells. We selected Javanol® and Sandalore® because
neither sandalwood derivative activated trigeminal neurons
more strongly than the Ringer’s control, but they induced
robust calcium signals in ~80% of either primary keratinocytes
or HaCaT cells. Furthermore, the cells responded to each stim-
ulus when applied repetitively (cf Fig. 1, A and B). The dose-
response curves showed that Sandalore® acted at a minimum
concentration of 500 um (Fig. 1C), whereas the cells were
slightly more sensitive to Javanol® (~300 um).

The Reactivity of Trigeminal Neurons Increased in a Co-cul-
ture Approach with Human Keratinocytes or HaCaT Cells—To
prove the hypothesis of a chemically induced signal transmis-
sion from either keratinocytes or HaCaT cells to trigeminal
neurons, a co-culture model was established. Mouse trigeminal
neurons were prepared from newborn CD1 mice (postnatal
days 1-4) and added to cultures of primary human keratino-
cytes or HaCaT cells. Both cell types survived in the co-culture,
showed typical morphologies (Fig. 24), and exhibited normal reac-
tivity to ATP stimulation in calcium imaging experiments (Fig. 2, B
and C). The application of high potassium provoked depolariza-
tion of trigeminal neurons, indicating normal reactivity (Fig. 2, B
and C). After 2 days in co-culture, neurite outgrowth was observed
from trigeminal neurons. Furthermore, HaCaT cells and keratino-
cytes retained the ability to respond to the tested substances in the
co-culture approach (Fig. 2, B and C). Subsequent experiments
were performed with HaCaT keratinocytes to ensure charge- and
culture-independent conditions.

In the co-culture system, the keratinocytes were activated by
the repetitive application of 1 mM Javanol® or Sandalore® as in
the monocultures. Strikingly, this activation induced calcium
responses of co-cultured but not of monocultured trigeminal
neurons that were significantly enhanced over the Ringer’s
solution control (Fig. 2, B-D). However, the majority of acti-
vated neurons reacted only once, independent of the number of
preceding responses from HaCaT cells in the same dish. There-
fore, to quantify the results, trigeminal neuron reactions were
summarized for all three subsequent odorant applications and
described as the average response rate per experiment (Fig. 2D).
Bar graph analysis demonstrated a dramatic increase in the rate
of trigeminal responses induced by Javanol® and Sandalore® in
the co-culture. In contrast, in the monoculture, response rates
to Sandalore® (6%) or Javanol® (5%) were not significantly dif-
ferent from the Ringer’s control (4%); Sandalore® or Javanol®
enhanced the neuronal activity by almost 6- or 2.4-fold in the
co-culture approach. In the case of Javanol® application, 32% of
the trigeminal neurons responded in the co-culture, but only
5% responded in the monoculture, which was indistinguishable
from background activity (Ringer’s solution). This stimulus-de-
pendent effect can thus be clearly attributed to the presence of
skin cells, as demonstrated by control experiments with mono-
cultured trigeminal neurons.

To further investigate whether other chemicals generally
provoke communication events in the co-culture approach, the
effects of histamine and lysophosphatidic acid (LPA) applica-
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FIGURE 1. A, representative calcium imaging experiments of monocultured trigeminal neurons that fail to react to Sandalore® and Javanol® stimulation (n =
413 and 85, respectively; 1 mm, 20 s). B, HaCaT keratinocytes in monoculture show repetitive calcium signals at each application of Sandalore® and Javanol®
(n = 168 and 242, respectively; 1 mm, 20 s). ATP (100 um) application served as a positive control. High potassium (K*; 45 mw) served as a positive control for
neuronal cells. C, the dose-response curve of measurements of HaCaT cells after stimulation with 25, 100, 500, 1000, and 2000 um Sandalore® (gray) or Javanol®
(black). The mean amplitudes of stimulated HaCaT cells at the first application are shown. At 500 um, the intracellular calcium was notably increased at the first

application. D, the chemical structure of Sandalore® and Javanol®.

tion were examined. Keratinocytes have previously been shown
to respond to histamine and LPA application (37, 38). Indeed,
repetitive calcium transients could be observed in calcium
imaging experiments for HaCaT keratinocytes stimulated by
either substance (Fig. 34). However, monocultured mouse tri-
geminal neurons failed to react to histamine and LPA stimula-
tion (Fig. 3B). In the co-culture, the number of reactive trigem-
inal neurons was significantly enhanced ~6.7-fold upon
histamine stimulation (Fig. 3, C-E). In contrast to histamine,
Javanol®, and Sandalore®, LPA thus represents an exemplary
activator of repetitive calcium signals in keratinocytes that does
not lead to subsequent signal transmission of co-cultured tri-
geminal neurons (Fig. 3, D and E).

Further, we analyzed whether histamine or Javanol® stimula-
tion induced different calcium signals in co-cultured neurons. The
quantification showed no statistically significant difference in
amplitude levels upon Javanol® or histamine application (Fig. 3F).
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Responding Trigeminal Neurons Were Not Distributed Ran-
domly but Were Located in Close Proximity to Keratinocytes—
Approximately 67% of the reactive neurons were located in
close proximity to the responding keratinocytes. Although sub-
stantially more distantly located, the remaining 33% of reacting
neurons were in obvious contact with keratinocytes via long
neurite projections. Silent neurons were predominantly located
quite distant from the reactive skin cells and did not show vis-
ible neurite outgrowth. These findings support the occurrence
of communication events between the cell types that poten-
tially require direct cell contact. However, the latencies
between the induction of calcium signals in skin cells and the
response of trigeminal neurons varied and did not appear to be
linked to the distance between reacting cells.

Keratinocytes Release ATP upon Chemical Stimulation with
Javanol® and Sandalore®—XKeratinocytes are known to pro-
duce and secrete various substances and neurotransmitters that
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FIGURE 2. A, co-culture of HaCaT cells and trigeminal neurons (arrow). Arrowhead, neurite processes. Band C, representative calcium imaging experiments with
co-cultured HaCaT cells (black lines) and trigeminal neurons (gray lines). Stimulation with the tested sandalwood derivative (1 mm) leads to an increase of
trigeminal activity. D, quantitative analysis of the responses of trigeminal neurons in monocultures (TrigMono) compared with co-cultures (TrigCoCu). The
activity of trigeminal neurons in co-cultures observed upon application of Sandalore® and Javanol® was significantly increased compared with the activity in
monoculture (Sandalore®: TrigMono n = 413 neurons in 21 monocultures, TrigCoCu n = 66 neurons in 23 co-cultures; Javanol®: TrigMono n = 111 neurons in
3 monocultures, TrigCoCu n = 25 neurons in 7 co-cultures; Ringer: TrigMono n = 145 neurons in 5 monocultures, TrigCoCu n = 48 neurons in 7 co-cultures).
** p < 0.01; *** p < 0.001; ns, not significant; Fisher’s exact test.

modulate adjacent cells in a paracrine and autocrine manner stimulation, as shown previously (27, 28, 39). To test whether
(27, 28, 39). Two substances, ATP and prostaglandin E2, are  ATP is also a mediator of chemical stimuli, ATP release assays
released from keratinocytes upon mechanical and thermal were performed. For this purpose, HaCaT cells were cultured in
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(100 wm) application serves as a positive control for cell viability. B, in monoculture, trigeminal neurons fail to react to histamine (n = 85) or LPA (n = 590)
stimulation. C, trigeminal neurons react in a co-culture approach subsequent to keratinocytes. D, repetitive LPA application induced calcium signals in
keratinocytes but failed to induce signal transmission to trigeminal neurons. E, quantification of the co-culture results. The number of responding cells at
histamine stimulation was significantly increased in the co-cultures. In contrast, LPA application did not lead to a significant increase in the co-cultures
(histamine: TrigMono n = 85 neurons in 3 monocultures, TrigCoCu n = 29 neurons in 7 co-cultures; histamine: TrigMono n = 590 neurons in 10 monocultures,
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45 mm). ¥**, p < 0.001; Fisher's exact test; ns, not significant. Error bars, S.E.

96-well plates and subjected to the luciferase-based ATP detec- measured upon stimulation with other odorants, such as citro-
tion system. Luminescence measurements were performed nellol (1 mm) and helional (1 mm), and substances, such as LPA
subsequent to stimulation with the indicated substances (Fig. (200 nm). Interestingly, stimulation with histamine (100 um),
4A). In the supernatant of stimulated HaCaT cells, the ATP formerly shown to enhance trigeminal activity in co-cultures
concentration was significantly increased after a 1-2-min stim-  (Fig. 3, C and D), did not lead to ATP release. To exclude toxic
ulation with the sandalwood derivatives (1 mm). Estimated effects of the sandalwood substances that might result in ATP
from independent experiments, Sandalore® and Javanol® stim-  leakage from dying cells, stimulated keratinocytes were ana-
ulation resulted in a release of ~40 nm and 200 nM ATP into the  lyzed with propidium iodide staining. Even long term incuba-
culture medium, respectively. In contrast, no ATP increase was  tion (24 h) of keratinocytes with 1 mM Javanol® and Sandalore®
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could be measured upon stimulation with histamine (100 um; n = 15), citronellol (1 mm; n = 7), helional (1 mm; n = 8),and LPA (200 nv; n = 3). B, determination
of the ATP concentration for Sandalore® (~40 nm) and Javanol® (~200 nm) from two independent experiments. C, quantitative analysis of the supernatant of
Javanol®-stimulated HaCaT cells in the presence of carbenoxolon (CBX) (10 um; n = 4), probenecid (Prob.; 10 um; n = 3), and brefeldin A (BFA; 5 wg/ml; n = 4).
Carbenoxolone and probenecid significantly inhibited the ATP release; CBX had no effect. D, the ATP receptor blocker PPADS had no effect on ATP release of
HaCaT cells after stimulation with Javanol® (Javanol, 1 mm; PPADS, 200 um; n = 4). PPADS application was initiated 90 s before and continued through the
Javanol® stimulation (1 mm). *, p < 0.05; **, p < 0.01; **, p < 0.01; ns, not significant. Error bars, S.E.

did not lead to cell damage (data not shown). Thus, the sandal-
wood-induced ATP release represents a physiological reaction
of the skin cells.

The ATP Release by Keratinocytes Is Mediated by Pannexin 1
Hemichannels—Next, the mechanisms that lead to chemically
induced ATP secretion from HaCaT keratinocytes were ana-
lyzed. A known mechanism of ATP release in keratinocytes is
the release via connexins, pannexins, or exocytotic events (40,
41). For this purpose, the involvement of exocytotic events or
gap junction-forming proteins was assayed by the use of spe-
cific inhibitors. The co-application of Javanol® and the con-
nexin inhibitor carbenoxolone (42, 43) dramatically reduced
the concentration of ATP released by HaCaT keratinocytes.
Moreover, the co-application of the specific pannexin 1 inhib-
itor probenecid also blocked ATP release to the same extent,
further implicating an involvement of pannexins and, more
specifically, pannexin 1. Brefeldin A, a drug that blocks the
movement of molecules from the endoplasmic reticulum to the
trans-Golgi apparatus, had no inhibitory effect on the keratino-
cyte release of ATP (Fig. 4C).

Pretreatment of the Co-culture with the Global P2 Receptor
Antagonist PPADS Inhibited the Indirect Activation of Trigem-
inal Neurons—To verify the participation of ATP as a mediator
of the chemical communication events between human kerati-
nocytes and mouse trigeminal neurons, calcium imaging exper-
iments with co-cultures were performed in the presence of
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pyrodoxalphosphate-6-azophenyl-2’,4'-disulfonate (PPADS).
PPADS is a previously described inhibitor of ATP receptors and
affects a large number of P2X and P2Y receptors (reviewed by
von Kiigelgen (44)). Control experiments revealed that PPADS
did not influence the odorant-mediated ATP release of HaCaT
cells (Fig. 4D).

Application of PPADS for 90 s prior to and during the stim-
ulation of co-cultures with Sandalore® and Javanol® inhibited
trigeminal reactivity (Fig. 54), whereas keratinocytes showed
normal reactivity to the sandalwood substances. The quantifi-
cation indicated the dramatic effect of PPADS co-application
with either Javanol® or Sandalore® on trigeminal reactivity (Fig.
5B). In contrast, the histamine-induced cross-talk activity was
not affected by co-application of PPADS in the co-culture
approach (n = 82; Fig. 5, Cand D).

To additionally prove that ATP serves as the mediating
transmitter molecule released from skin cells after odor stimu-
lation, we used the pannexin 1 inhibitor probenecid. In the
presence of this blocker, a significant reduction of trigeminal
activity was observed (Fig. 5E). Control experiments revealed
that PPADS or probenecid did not influence keratinocyte or
neuronal morphology or responsiveness to stimulation with 1
mM odorant or 100 um ATP (positive control for HaCaT cells)
and 100 uM high potassium (positive control for neurons) (Fig.
5, Fand G).
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Patch Clamp Characterization of Responding Trigeminal
Neurons in the Co-culture—To further investigate the chemi-
cally induced communication events between skin cells and
trigeminal neurons, patch clamp experiments were performed.
This method allows for a rough differentiation between ATP-
responsive neurons by comparing the signal amplitudes and
enables the identification of the subgroup of ATP receptors

potentially involved in the communication with keratinocytes.
Recordings were conducted using the whole-cell mode with a
holding potential of —60 mV. Javanol®, the most potent odor-
ant enhancer of trigeminal activity in co-cultures, was applied.
Again, application of this substance (1 mm) had no effect on
monocultured trigeminal neurons (Fig. 64). In the co-culture,
trigeminal neurons located in close proximity to keratinocytes
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FIGURE 6. A and B, patch clamp recordings of trigeminal neurons in monoculture (A) and in co-culture with HaCaT keratinocytes (B). A, application of Javanol®
(1 mm) did not induce currents in monocultured trigeminal neurons. ATP (20 um) was used as a viability control. In co-cultures, Javanol® stimulation led to an
inward current (B), which was not observed in the presence of 100 um PPADS (C). D, quantification of the results presented in A-C. Javanol®-induced activation
in percent for monocultured trigeminal neurons (Mono; n = 18 in 9 monocultures), co-cultured trigeminal neurons (CoCu; n = 26 neurons in 9 co-cultures), and
co-cultured trigeminal neurons in the presence of PPADS (CoCu PPADS; n = 9 neurons in 3 co-cultures). ***, p < 0.001; Fisher’s exact test.

were preferentially examined. Upon keratinocyte stimulation
with the given substance, activating inward currents were
detected in ~73% of the co-cultured neurons (Fig. 6, B and D).
Interestingly, trigeminal neurons without any visible contact
with keratinocytes (cell-cell contact or neurites) did not show
activating currents after Javanol® stimulation (n = 4; data not
shown). Moreover, ~50% of the neurons reacted with a burst of
action potentials. However, the onset of the inward sodium
current that occurred subsequent to stimulation differed
strongly. Inward currents in trigeminal neurons induced by
Javanol stimulation of co-cultures desensitized within 10 s.
With few exceptions, all responding neurons reacted only once.
Subsequent ATP stimulation did not induce a current, probably
indicating the desensitization of ATP-activated currents. How-
ever, the subsequent application of the TrpV1 agonist capsaicin
(3.3 uM), used to perform a rough classification of the respond-
ing neurons, did induce inward currents signals in all Javanol®-
reactive neurons in the co-culture.

According to our previous findings in calcium imaging, tri-
geminal reactivity was abolished in the presence of 100 um

PPADS (Fig. 5C). The inhibitory effect of PPADS was complete,
as indicated by a lack of inward currents upon external ATP
stimulation at the end of the experiment. Quantification of the
PPADS effect revealed a complete reduction of the Javanol®
effect (Fig. 6D). This indicates that the blocker was sufficient to
completely inhibit Javanol®-induced communication events
between HaCaT keratinocytes and trigeminal neurons in the
co-culture.

DISCUSSION

Our data show that keratinocytes communicate with trigem-
inal neurons in response to odorant stimulation via ATP signal-
ing. Keratinocytes release ATP upon chemical stimulation,
leading to the subsequent activation of co-cultured trigeminal
neurons, which fail to react to such stimuli in monoculture.
These findings strongly support the hypothesis that trigeminal
neurons receive environmental signals indirectly by transmis-
sion from adjacent cells in their peripheral innervation area.
Previous studies have shown that mechanical and thermal stim-
ulation of skin cells also leads to the release of ATP, which

FIGURE 5. A, the ATP receptor blocker PPADS significantly inhibited the reactivity of trigeminal neurons in co-cultures. B, quantitative analysis of the responses
of trigeminal neurons in co-cultures (TrigCoCu) and co-cultures in the presence of PPADS (TrigCoCu PPADS). PPADS lead to a decrease in the activity of
trigeminal neurons upon Javanol® stimulation (Sandalore®: TrigCoCu n = 66 neurons in 23 co-cultures, TrigCoCu PPADS n = 88 in 17 co-cultures; Javanol®:
TrigCoCu n = 25 neurons in 7 co-cultures, TrigCoCu PPADS n = 81 in 11 co-cultures). The ATP receptor blocker PPADS (200 M) had no influence on reactivity
(O) or calcium amplitudes (D) of trigeminal neurons in histamine (100 um)-stimulated co-cultures (TrigCoCu, n = 29 neurons in 7 co-cultures) or histamine-
stimulated co-cultures in the presence of PPADS (TrigCoCu PPADS, n = 89 neuronsin 10 co-cultures). Amplitude levels were normalized to high potassium (K*;
45 mm). E, pannexin 1 inhibitor probenecid (10 um) leads to a decrease in the activity of trigeminal neurons upon Javanol® stimulation (Javanol®: TrigCoCun =
49 neurons in 5 co-cultures, TrigCoCu PPADS n = 47 in 6 co-cultures). F, quantification of Javanol®- and ATP-induced Ca** responses of HaCaT cells in
co-cultures in the absence (n = 54 cells/72 cells) or presence of PPADS (n = 45 cells) or probenecid (n = 67 cells). Both inhibitors had no influence on reactivity
of HaCaT cells in co-cultures. Shown are mean amplitudes of Ca* responses at repetitive applications of Javanol® (7-3; 1 mm) and ATP (100 uwm, positive
control). Amplitude levels were normalized to control measurements. G, quantification of high potassium (K*; 45 mm)-induced Ca®* responses of trigeminal
neurons in co-cultures in the absence (n = 43 neurons/48 neurons) or presence of PPADS (n = 43 neurons) or probenecid (n = 48 neurons). Amplitude levels
were normalized to control measurements. Both inhibitors had no influence on reactivity of trigeminal neurons in co-cultures. In all measurements, PPADS (200
um) or probenecid (10 um) application was initiated 90 s before and continued through the Javanol® or K* stimulation. *, p < 0.01; **, p < 0.01; ***, p < 0.001;
ns, not significant; Fisher's exact test (B-E) or Student’s t test (F and G).
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subsequently activates trigeminal neurons (27, 45). This result
is strongly indicative for similar processing mechanisms and a
general skin-nerve communication.

Almost all odorants induce trigeminal sensations; however,
even at high concentrations, monocultured trigeminal neurons
failed to react to several odorants. Thus, the complex receptor
expression pattern of trigeminal neurons does not explain all
chemosensory features associated with the trigeminal nerve.
Keratinocytes respond with calcium transients to stimulation
with substances from various chemical groups with the ability
to elicit clear trigeminal excitation and thus, in some cases, are
generally thought to be trigeminal activators (46). Because syn-
thetic sandalwood odorants are often added to perfumes or
creams and thus frequently contact skin cells, it is interesting
that keratinocytes are able to detect and convert such stimuli
through intrinsic pathways. The stimulation of keratinocytes
with synthetic sandalwood derivatives, such as Sandalore® and
Javanol® led to a robust increase in intracellular calcium in all
tested primary keratinocyte cultures from various donors but
never in primary trigeminal neuron cultures. We thus used
Sandalore® and Javanol® to investigate possible communica-
tion events between keratinocytes and trigeminal neurons in a
co-culture approach. The subsequent activation of co-cultured
trigeminal neurons in response to prior keratinocyte stimula-
tion by communication processes shows that sandalwood
derivatives induced communication processes from keratino-
cytes to trigeminal neurons. Thus, we have demonstrated for
the first time that, for several chemical cues, skin cells and not
trigeminal neurons function as primary chemodetectors and,
further, that the subsequent neuron excitation is caused indi-
rectly by ATP release from the keratinocytes. Moreover,
because trigeminal neurons in monoculture fail to react to such
stimuli, our findings demonstrate an essential role of skin cells
in trigeminal chemodetection.

In the co-culture approach, the majority of subsequently
activated neurons reacted only once. However, the latencies
between calcium signal induction in skin cells and trigeminal
neurons varied and did not appear to be linked to the distance
between reacting cells. This result probably indicates that neu-
rites, invisible due to the high culture confluence, proceed
among the keratinocyte layers and come into direct contact
with reacting keratinocytes at a distance. In this context, we
observed that trigeminal neurons in direct contact with kerati-
nocytes or neurons connected with keratinocytes via their neu-
rites were able to communicate. This also explains why not all
neurons of the co-culture communicated with keratinocytes.
Former studies describe the axonal outgrowth of sensory neu-
rons supported by co-culturing with keratinocytes (47, 48).
However, no junctions, such as synaptic contacts, have been
identified between the co-cultured keratinocytes and sensory
fibers under these conditions. In the intact skin, ultrastructural
analysis revealed that keratinocytes and fibers of dorsal root
ganglion neurons come in close contact through membrane-
membrane apposition (49). Antibody staining of respective pre-
and postsynaptic markers failed, supporting the lack of synaptic
contacts between keratinocytes and trigeminal neurons in the
co-culture approach described here.
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Supernatant analysis identified ATP as the transmitting sub-
stance of chemical signals, and this result was verified by block-
ing the communication events by the ATP receptor blocker
PPADS and the pannexin 1 inhibitor probenecid. ATP appears
to be a common transmitter of external stimuli. Numerous
mechanisms for the release of ATP from keratinocytes have
been discussed to date: ATP-binding cassettes, exocytosis, con-
nexins, and pannexins (40, 41, 50, 51). However, the successful
inhibition of Javanol®-induced communication using the selec-
tive inhibitor probenecid (42) implicates pannexin 1. This was
further emphasized by the described lack of synaptic structures
between keratinocytes and trigeminal neurons in the co-cul-
ture system. However, the mechanism of how calcium ions acti-
vate pannexins has not yet been fully elucidated (52).

ATP release from keratinocytes has already been described
as a consequence of mechanical and thermal stimulation and
subsequently induces processing of mechanical information
through the activation of P2Y2 or P2X2 receptors on trigeminal
neurons (27, 45, 53). An odorant-induced ATP release from
olfactory receptor neurons was recently observed by Spehr ez al.
(13). Because these different types of stimuli induce ATP
release from skin cells, the stimulus quality has to be transported
in another manner, probably by the co-release of additional trans-
mitters. The activation of P2 receptors is an important tool for
regulating processes in many tissues, such as skin blood flow and
wound healing (54, 55). P2 receptors comprise two subgroups, the
ionotropic P2X receptors and the metabotropic P2Y receptors
(56). Subtypes from both groups show tissue-dependent expres-
sion (57— 60). A previous investigation in our laboratory investi-
gated ATP-mediated currents in trigeminal neurons (13). A com-
parison of the kinetics of the inward currents induced by the
sandalwood derivatives measured by patch clamp analysis with
our previous data suggests an involvement of P2X2 receptors in
the communication processes described here. In contrast to P2X3,
P2X2 shows inward currents that weakly desensitize during ATP
application. Because these receptors are located on the somata and
neuron processes, the stimulation may occur via neurites that are
located in close proximity to the HaCaT cells (13). 20% of the tri-
geminal neurons express P2X3, 36% express P2X2/3, and 40%
express P2X2 receptors (13). In contrast to weakly desensitizing
homomultimeric P2X2 receptors, P2X3-containing receptors
quickly desensitize. Therefore, communication events based on
P2X3 receptors probably cannot be detected in neurons of our
co-culture system. Therefore, the rate of communication is prob-
ably even higher, as suggested by our measurements.

In the skin, nucleotide signaling is involved in proliferation
and differentiation and thus essentially contributes to the reg-
ulation of the epidermal barrier. Primary keratinocytes, HaCaT
cells (61), and trigeminal neurons express functional P2 recep-
tors of either subgroup. As described previously (13, 62), tri-
geminal neurons express a series of purinergic receptors.
PPADS was used to antagonize P2X and P2Y receptors with
effects on numerous receptor subtypes (reviewed by von Kiigel-
gen (44)). In patch clamp analysis, PPADS reduced trigeminal
activity after Javanol® stimulation to control levels. We showed
that the amount of ATP released from keratinocytes after San-
dalore® or Javanol® stimulation was sufficient to activate the
purinergic receptors of the co-cultured trigeminal neurons.
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These results indicate that extracellular communication by
ATP plays a major role in intercellular signaling.

In addition, non-odorant substances, such as histamine,
induced strong repetitive calcium signals in keratinocytes that
were also transmitted to trigeminal neurons. Histamine plays a
central role in allergic responses of external sensitizers in the body.
In addition, histamine is a transmitter molecule in inflammatory
processes and induces burning sensations (63— 67), leading to itch-
ing or pain (68, 69). Histamine release occurs from vesicles in mast
cells or basophils in IgE-mediated allergic reactions (70). This
leads to the activation of keratinocytes, which in turn release a
transmitter to excite free nerve endings in the epidermis. However,
histamine stimulation did not result in ATP release from keratino-
cytes, and the histamine-released transmitting molecule is still
unknown. Nevertheless, in our co-culture experiments, signal
transmission to trigeminal neurons was observed. This result
demonstrates that, depending on the type of the chemical stimu-
lus, different signal mechanisms exist for how skin cells transmit
signals to adjacent neurons. The occurrence of different transduc-
tion mechanisms would enable the skin to encode information
regarding stimulus identity.

In summary, we have shown for the first time that chemical
stimulation of keratinocytes and HaCaT cells, here induced by
the sandalwood derivative Sandalore® or Javanol®, leads to an
increase in intracellular calcium concentrations. In addition, it
induces a release of ATP mediated by pannexin 1. Secreted
ATP, in turn, activates ATP receptors, probably P2X2, in co-
cultured trigeminal neurons and, thus, mediates information
processing between the skin and the nervous system upon
chemical stimulation. The described mechanism emphasizes a
cutaneous contribution to trigeminal function.
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