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Abstract
TRPA1 are cation channels expressed in sensory neurons and in several other cell
types. This channel is specifically activated by ally isothiocyanate (AITC), the pungent component of mustard oil, as well as by other electrophilic compounds. Although TRPA1 expression in central glia has been reported, its subcellular localization and its expression in peripheral glia have not been investigated before. In this
paper we report the molecular and functional expression of TRPA1 in rat cortical astrocytes. Real-time RT-PCR identified low but significant amounts of TRPA1 mRNA
in cortical astrocytes while no signal was seen in peripheral glia isolated from dorsal
root ganglia (DRG) or in a glial cell line (DITNC-1). Calcium imaging showed
AITC-induced signals in astrocytes while no response in peripheral glia. AITC induced calcium signals in astrocytes in the presence and in the absence of extracellular
calcium, suggesting an intracellular localization of TRPA1 channels. Whole cell electrophysiological recordings were performed in astrocytes, in peripheral glia and in
DITNC-1 cells transfected with TRPA1 during AITC application. In TRPA1-transfected DITNC-1 cells typical TRPA1 currents were recorded with a reversal potential
near 0 mV, consistent with the opening of a non-selective cation channel. No such
currents were recorded in untransfected DITNC-1 cells, in astrocytes and in peripheral glial cells, where even high concentrations of AITC (up to 10 mM) induced no
significant outward current. In astrocytes AITC transiently induced an outward rectifying current with the reversal potential near −90 mV, consistent with K channel
activation, likely activated by intracellular release of calcium. Our results suggest that
TRPA1 channels are molecularly and functionally expressed in calcium-containing
organelles of rat cortical astrocytes, with no expression in the plasma membrane.
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1. Introduction
Transient receptor potential ankirin-1 (TRPA1) is an ion channel member of the transient receptor potential family [1] [2]. The intracellular aminoterminal contains a remarkable number (up to 18) of predicted ankyrin repeats, while most other TRPs have
zero to 8 ankyrin repeats [3]. This channel, formerly termed ANKTM1, was first identified as a transformation-sensitive RNA transcript in human fibroblasts [4], is a distant
family member of TRP channels with sensitivity to cooling, and it displays very little
amino acid similarity and much lower activation temperature (around 17˚C) compared
to the cold and menthol receptor TRPM8 [5]. In the peripheral nervous system, TRPA1
is found in a population of sensory neurons distinct from those expressing TRPM8 [6],
and almost exclusively in nociceptive afferents, largely colocalized with TRPV1, the
capsaicin receptor [7] [8], and with the neuropeptides substance P and CGRP [5].
TRPA1 channels, as well as by intense cooling, can be gated by structurally diverse
reactive electrophilic compounds capable of causing covalent modification of key Nterminal cysteine residues [9] [10] thereby forming covalent adducts with thiol groups.
The canonical selective activators of TRPA1, allyl isothiocyanate (AITC), is also known
as mustard oil, the pungent component contained in foods such as mustard and wasabi.
Other exogenous compounds (cinnamaldehyde, tear gasses, nicotin, formalin, plantderived cannabinoids [6]) activate wild-type TRPA1 channels when expressed in native
and heterologous systems by the covalently modification within the amino terminal
cytoplasmic domain of the channel [9] [10] [11]. As expected, cysteine-to-serine mutant TRPA1 channels are not activated by AITC [9].
Detected in several areas of the murine central nervous system (CNS) [12], interestingly TRPA1 has been recently localized in hyppocampal astrocytes, where it is functionally expressed in the plasma membrane, where it participates in regulation of basal
intracellular Ca2+, contributing to NMDA receptor-dependent long term potentiation
via D-serine release [13] and in other modulatory functions [14]. TRPA1 has also been
detected in astrocytes in the brainstem (specifically, in the rat trigeminal caudal nucleus) with upregulation during experimental inflammation of the temporomandibular
joint [15].
Because of its ligand sensitivity and modulation properties, TRPA1 has been proposed to be a chemical sensor in the nervous system (both peripheral and central), with
relevant tasks in neurons as well as in glial cells, in addition to roles also in other systems [16] [17].
The present study provides novel information on TRPA1 in glial cells by investigating its molecular and functional expression in rat cortical astrocytes, in glial cells isolated from dorsal root ganglia (DRG) and in DI TNC1 cells [18].
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2. Results
2.1. Astrocytes Calcium Responses to AITC
TRPA1 is a non-selective cation channel with good permeability to calcium. We examined whether the agonist allyl isothiocyanate, also called mustard oil (MO), stimulated cultured astrocytes to produce changes in intracellular free calcium concentration
([Ca2+]i) as an indication of TRPA1 activation. Although with low affinity, AITC
evoked a visible increase in [Ca2+]i in astrocytes, with a little variation in different cultures (percentage of responsive cells ranged between 80 and 100%). Occurrence of
non-responsive cultures was seen only once in 21 cultures tested. Responses to AITC
occurred both in the presence and absence of external calcium (Figure 1(a)) and full
dose-response studies were carried out measuring responses induced by AITC in both
conditions (Figure 1(b)). Because of the gating mechanism, TRPA1 shows large adaptation to AITC, with slow and incomplete recovery of sensitivity, therefore only the first
concentration of AITC tested in each coverslip was considered. Amplitude of response
was normalized to fluorescence in the presence of ionomycin (10 µM applied in 30 mM
calcium) measured at the end of the recording. Presence or absence of extracellular calcium did not affect AITC-induced [Ca2+]i increase. Calcium signals were produced by
AITC application in DRG cultures in a subpopulation of neurons, as previously shown
[19] [20] but no response at all was ever seen in non-neuronal cells (not shown) in a
large number of recordings (more than 30 coverslips). 10 mM AITC did not produce
signals in DRG non-neuronal cells cultured both in the presence and in the absence of
ARA-c, nerve growth factor (NGF, 100 ng/ml), glia-derived neurotropic factor (GDNF,
50 ng/ml), neurturin (50 ng/ml) and a mixture of NGF and GDNF at the same concentrations (not shown).

2.2. TRPA1 mRNA Is Expressed in Astrocytes
The expression of TRPA1 mRNA was analysed in sensory neurons, in central and peripheral glial cells, and in naive DT NC1 cells by real time PCR. DRG neurons isolated
from neonatal rats were used as positive control. The relative expression data are reported in Figure 2. TRPA1 messenger, which was normalized to GAPDH levels, is
clearly detectable in neuronal cells, as expected. In cultured peripheral glial cells (ensheathing Schwann cells and satellite cells) isolated from DRG ganglia, we did not detected any significant amplification of TRPA1. On the contrary, cortical astrocytes
show a low, but consistent and clearly detectable expression of TRPA1 mRNA, which is
about 2.7% ± 1.1% of mRNA levels measured in DRG neuronal cells, where level of expression is very high. TRPA1 mRNA expression in DITNC-1 cells was undetectable,
except in positive controls when transfection with TRPA1 plasmid had been performed
(not shown).

2.3. AITC Activates Potassium Channel Currents in Cultured Cortical
Astrocytes
Whole cell patch clamp experiments were performed to verify the presence of functional
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(a)

(b)

Figure 1. AITC generates calcium signals in astrocytes. (a) Response recorded from a single astrocyte to increasing concentrations of AITC in the absence of extracellular Ca2+, indicating
AITC-induced release from internal stores. (b) Dose-response curve obtained in the presence
(triangles) and in the absence (circles) of extracellular calcium. Each measurement was obtained
by challenging a coverslip to a single 30 s application of AITC. Response amplitude was normalised to response to ionomycin applied in the presence of 30 mM extracellular calcium, applied at
the end of the experiment. Each datapoint represents an average of four to twelve independent
coverslip readings. Each coverslip reading represents the average response of astrocytes present
in the coverslip. Data were interpolated with the Hill equation. K1/2 was 798 µM AITC in the absence and 737 µM in the presence of extracellular calcium, and the Hill coefficient was 2.6 and 2.8
respectively. The graph shows the theoretical Hill curve for 0 calcium data. Error bars represent
the standard error and are only plotted when they exceeded symbol size.

TRPA1 channel in the plasma membrane of cultured cortical astrocytes. Voltage clamp
experiments were conducted by holding the membrane potential (Vh) at −60 mV and
stimulating the cells with a voltage step to −120 mV for 400 ms followed by a 500-ms
long depolarizing ramp to +60 mV (Figure 3(a) inset). Under these conditions only an
outwardly rectifying K+ current was elicited at potentials more positive than −40 mV, as
previously seen [21]. AITC mediated an increase in membrane conductance which
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Figure 2. TRPA1 mRNA is expressed in central but not in peripheral glia. TRPA1 mRNA quantitation normalised to expression measured in DRG neurons. Significant signal was
detected in astrocytes but not in non-neuronal cells isolated
from DRG sensory neurons and in DITNC-1 cells (n = 6; error bars represent standard error of the mean).

was sustained and completely reversible (Figure 3(c) and Figure 3(d)), both spontaneously and after AITC wash out. The steady-state current-voltage relationship (I-V) of
the AITC-induced current (Figure 3(b)) suggests that AITC increased the astroglial K+
conductance, as the zero-current potential shifted from −37.9 ± 2.5 mV to −73.2 ± 5.9
mV (n = 16), which is a value close to the equilibrium potential of K+ (EK) of about −91
mV expected in our experimental conditions.
The quantitative analysis (Figure 3(e)) indicated that AITC effect was statistically
significant only in the positive range of membrane potentials (p < 0.001). These results
suggest that in cultured astroglial cells, even at very high concentration, AITC does not
produce any activation of TRPA1 cation channel, but instead causes an increase in K+
permeability.
It is well known that the activity of TRPA1 promotes an increase in intracellular Ca2+
[22]-[25] and that voltage-dependent Ca2+ conductances may [26] [27] or may not [28]
be expressed in astrocytes. To address the possibility that the effect of AITC on K+
conductance was mediated by an increase in [Ca2+] int caused by an influx from the
plasma membrane, a set of experiments was performed by using Ca2+—free bath solution. Figure 4(a) and Figure 4(b) shows that the basal currents activated in the absence
of extracellular Ca2+ before stimulation were not affected by extracellular Ca2+ removal.
Subsequent exposure of astrocytes to AITC promoted and increase in membrane conductance at positive potentials that was comparable to that observed in the presence of
extracellular Ca2+. The I-V plot of the AITC-mediated current illustrates that the current reversal potential was not significantly different from that measured in physiological Ca2+ (Figure 4(b)). The quantitative analysis denotes that the current density at
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Figure 3. AITC activates potassium channel current in cultured cortical astrocytes. (a) Representative current traces activated from a holding potential (Vh) of −60 mV after ramp stimulation (inset). Upon exposure to 10 mM AITC a large outward rectifying increase in membrane
conductance in the whole range of ramp potential was observed. Note that upon washout of
AITC the current returned to the level of the control trace (3). (b) The I-V curve of current traces
to steady-state current levels before and after AITC exposure. AITC shifts Erev to much more
negative potentials. (c), (d) Time-course of experiments in A-and B. Astrocytes exposed to 10
mM AITC showed in all cases a slowly developing and reversible large increase in outward current. In a minority of cases an initial inhibition of the basal outward current was observed immediately after AITC application, followed by a delayed but large increase (d). (e) Histogram of
current densities at −120 mV and 60 mV in the two conditions, the asterisks indicate P < 0.001,
with ANOVA followed by Bonferroni’s post-hoc test.
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Figure 4. The outward rectifier current induced by AITC is not influenced by extracellular calcium in cultured cortical astrocytes. (a) Representative current traces activated by the same stimulation ramp shown in Figure 3. Upon exposure to 10mM AITC a large outward rectifying
current is shown (3), rapidly followed by deactivation (4). Interestingly, this deactivation current
was smaller than the control traces (1, 2). (b) The I-V curve of steady-state currents before and
after AITC exposure. AITC shifts the Erev to more negative voltage potential compared to control conditions (0 mV). (c) Histogram of current densities at −120 mV and +60 mV with and
without AITC, the asterisk indicate P < 0.05, with ANOVA followed by Bonferroni’s posthoc test.
Only outward rectifier currents were significantly different.

both positive and negative potentials following the maximal activation by AITC was not
different from that obtained in the presence of extracellular Ca2+ (Figure 4(c) and Figure 3(e)). Surprisingly, however, in the absence of extracellular Ca2+ prolonged exposure to AITC caused a diminution of the evoked current and an irreversible depression
of basal conductance.

2.4. AITC Does Not Have Any Effect of Electrical Properties on
Peripheral Glia
We next investigate whether AITC could cause similar effects on membrane currents in
peripheral glial cells (satellite cells/ensheating Schwann cells) isolated from dorsal root
ganglia. In our recording conditions, the peripheral glial cells showed very high membrane resistance, and the absence of any noticeable voltage-dependent currents when
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investigated with the ramp shown in Figure 5(a). AITC applied at the same concentration used in cortical astrocytes (10 mM) did not evoke any significant change in membrane conductance (n = 5, Figure 5(b)), even upon prolonged exposure (10 - 15 min).
This result suggests that AITC does not cause aspecific effects on the plasma membrane, that the effect observed must be mediated by a secondary mechanism activated
by AITC, causing the effect on astroglial K+ conductance.
As a control, we recorded the effect of 10 mM AITC on the glial cell line DITNC-1.
This cell line does not express any endogenous TRPA1 (Figure 2). Patch clamp recordings were performed on naive DI TNC-(1) and on cells transiently transfected with
recombinant TRPA1. As expected for a non selective cation channel, the AITC challenge caused, in transfected cells, a robust increase in membrane conductance. The
current increase had an ohmic behavior (Figure 6(a)). The reversal potential of the
AITC-induced current obtained by the I-V curve was substantially not far away from 0
(Erev = −7.6), a result consistent with the presence of TRPA1 in the plasma membrane.

3. Methods
3.1. Astrocytes Cell Culturing
Primary cultures of pure cortical rat astrocytes were prepared as previously described
[21]. Newborn Sprague Dawley rats were sacrificed under total anaesthesia according to
Italian and European legislations, with protocols in agreement with the guidelines of
the Committee for Research and Ethical Issues of IASP published in PAIN®, 16 (1983)
109-110.27. Experimental work was also reviewed and approved by local institutional
animal care and use committee. Briefly, after removing the meninges, the cerebral cortices of newborn up to 2-day-old pups (P0-P2) were mechanically dissociated and
placed in cell culture flasks containing DMEM-glutamax medium supplemented with

Figure 5. Absence of AITC-induced currents in peripheral glia. (a) Current development after
ramp stimulus (inset) recorded in non-neuronal cells isolated from dorsal root ganglia. The
AITC application did not produce any change in the control trace (1, 2). (b) The histogram of
current densities at −120 mV and 60 mV did not show any significant difference between control
condition and after AITC exposure.
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Figure 6. Positive control of the TRPA1 channel expressed in DI-TNC cells. (a) TRPA1 currents
activated by AITC after ramp stimulation (inset). (b) The I-V relationship showed a large decrease in membrane resistance caused by AITC with Erev remaining near zero mV (−10 mV in
this recording), which is typical of TRPA1 channels.

15% foetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (all
products purchased from Gibco-Invitrogen, Milan, Italy). Culture flasks were maintained in a humidified-atmosphere incubator at 37˚C and 5% CO2 for three to five
weeks. The culturing medium was replaced every three days. Before changing the medium flasks were shaken for 5 minutes in order to detach microglial cells that seeded on
top of the astrocyte monolayer. Immunostaining for the glial fibrillary acidic protein
(GFAP) and the flat, polygonal morphological phenotype of the cultured cells indicated
that more than 95% were type-1 cortical astrocytes [29].

3.2. Sensory Neurons and Peripheral Glial Cells Culturing
Sprague Dawley rats (2 - 3 weeks old) were sacrificed as decribed above. Dorsal root
ganglia (DRGs) containing neuronal cell bodies and peripheral glial cells were carefully
dissected removing perineurium and nerve branches, incubated for 1 hour at 37˚C with
0.125% collagenase (Worthington, Freehold, NJ), and mechanically dissociated, plated
onto flasks or Petri dishes pretreated with 10 µg/ml poly-L-lysine (Sigma, St. Louis,
MO). For plating on glass also a treatment with 20 µg/ml laminin (Sigma, Milan, Italy)
was necessary. Cells were cultured in DMEM containing 1% penicillin/streptomycin,
10% fetal bovine serum, 1% L-glutamine (Invitrogen, San Diego, CA), 1.5 µg/ml cytosine 1-d-arabinofuranoside (ARA-C, from Sigma), as described previously [20] [30]. In
order to obtain cultures of peripheral glia, cells from dissociated DRGs were plated
onto flasks in a medium similar to the one described above but without ARA-C, nonneuronal cells were allowed to reproduce. Medium was changed bi-weekly. By the time
confluence was reached (about 2 weeks) all neuronal cells had died off. Cells were then
splitted onto Petri dishes for patch clamp recordings, calcium imaging, or mRNA extraction.
523
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3.3. Solutions and Chemicals
Salts and other chemicals were of the highest purity grade (Sigma, Milan, Italy). For
electrophysiological and calcium imaging experiments the standard extracellular saline
was (mM) 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 5 glucose, buffered to pH 7.4
with NaOH and osmolarity adjusted to ~315 mOsm with mannitol. The calcium-free
extracellular saline was prepared by removing CaCl2 salt and adding 0.5 mM EGTA in
patch clamp experiments, and 5 mM EGTA in calcium imaging experiments. It can be
calculated that 0.5 mM EGTA, even considering a 0.1 mM contamination of calcium
from other salts, is sufficient to clamp free calcium in the extracellular solution to a level similar to intracellular resting calcium in astrocytes [31]. The patch pipette (intracellular) solution was composed of (mM): 144 KCl, 2 MgCl2, 5 EGTA, 10 HEPES, pH 7.2
with KOH, and osmolarity adjusted at ~300 mOsm with mannitol. Osmolality was
measured with a vapor-pressure osmometer (Wescor 5500, Delcon, Italy). For patch
clamp, the different solutions containing the pharmacological agents were applied with
a gravity-driven, local perfusion system at a flow rate of ~200 μl/min positioned within
~200 μm of the recorded cell. Solution changes during calcium imaging experiments
were performed with an automated fast application system (CV Scientific, Modena, Italy) or manually. AITC was dissolved in the extracellular solution while sonicating to
aid dispersal, and fresh solution prepared every 2 hours.

3.4. Calcium Imaging
Calcium imaging was performed with protocols similar to those described in previous
work [19] [20] [30]. In brief, cultured cells were plated on poly-L-lysine-coated glass
coverslips, then loaded with the calcium dye Fluo-4 AM (10 μM; Invitrogen). Coverslips were imaged with an EMCCD camera-based system (Andor Technology, Belfast,
UK) in a solution of the following composition: 140 mM NaCl, 1.8 mM CaCl2, 1 mM
MgCl2, 4 mM KCl, 10 mM HEPES, 4 mM glucose, pH 7.4. High numerical aperture 10x
objective was used throughout. At the end of the experiment, the maximal fluorescence
(Fmax) was measured with a saturation concentration of ionomycin (10 μM; Calbiochem, La Jolla, CA) in the presence of Ca2+ (30 mM) and K+ (125 mM). Data are expressed as ΔF/Fmax. All experiments were performed at 20˚C - 22˚C (RT). Solutions
were applied with an automated fast perfusion system (CV Scientific, Modena, Italy).

3.5. Electrophysiology
Current recordings were obtained with the whole-cell configuration of the patch clamp
technique as previously described [29]. Patch pipettes were prepared from thin-walled
borosilicate glass capillaries to obtain a tip resistance of 2 - 4 MΩ when filled with the
standard internal solution (see above). Membrane currents were amplified (amplifier
List EPC-7, Darmstadt, Germany), filtered at 2 kHz (−3 dB) and acquired at a sample
rate of 5 kHz on a microcomputer for off-line analysis (pClamp 6, Axon Instrument,
Foster City, CA, USA and Origin 6.0, MicroCal, Northhampton, MA, USA). Because of
the large amplitude of the currents often measured, the access resistance (below 10
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MΩ) was corrected for to 60% - 80%. Reference electrode was an agar bridge filled with
150 mM NaCl. Experiments were carried out at 20˚C - 24˚C. Current densities were
calculated by dividing the current values measured at each membrane potential by the
cell capacitance derived from the correction of the capacitive transients of the recorded
cells by means of the analogical circuit of the patch-clamp amplifier.

3.6. Transient Expression of TRPA1 Channel
DITNC-1 cells, an astrocyte derived cell line [32], were cultured in DMEM supplemented with 10% FBS, non essential amino acid cocktail (0.1 mM), penicillin (50 U/ml)
and streptomycin (50 µg/ml), grown in 100-mm Petri dishes and maintained in a humidified-atmosphere incubator at 37˚C with 5% CO2.
As a control experiment, DITNC-1 cells were co-transfected with the TRPA1 clone
and the plasmid encoding the reporter gene EYFP (pEYFP). Briefly, the day before
transfection, cells were re-plated in 35-mm Petri dishes at a density of 2 - 5 × 104 per
dish and maintained in supplemented DMEM. Cells were co-transfected with the two
plasmids by use of Lipofectamine 2000, following the manufacturer’s instructions (Invitrogen, San Diego, CA). All experiments were performed after 48 h from transfection.

3.7. Statistical Analysis
Currents elicited with families of voltage steps or voltage ramps were analyzed with
Clampfit of pClamp 6 suite (Axon Instruments, Foster City, CA, USA) and Origin (Microcal, Northampton, MA, USA). Data are expressed as mean ± standard error (SE) of
several cells (n) in the different conditions. Because of possible differences in cell size,
membrane currents have been normalized and are shown as current densities. The statistical evaluation was performed with ANOVA followed by Bonferroni’s posthoc test
appropriate and a p value < 0.05 was taken as statistically significant.

3.8. Preparation of cDNA and Real Time PCR
Total RNA was isolated using QIAgen RNAeasy minikit (QIAgen, Hilden, Germany),
following instructions provided by the manufacturer. RNA was eluted in a final volume
of 50 µl of sterile water and stored at −80˚C. cDNA was prepared from total RNA using
Superscript III Reverse Transcriptase (Gibco-BRL, Rockville, MD,USA) according to
manufacturer’s instructions, in a final volume of 25 µl, with random hexamers as primers. At the end of the reverse transcription cDNA was diluted 1:2, and used for real
time PCR.
Real time PCR was performed using UDG Glicosylase Invitrogen Supermix, following manufacturer’s instructions, in a iQ5 real time PCR detector (Biorad Laboratories,
Hercules, CA, USA). Primers for TRPA1 were TRPA1Dir (5’-GTGGATCAGAGGTCCACCAT-3’) and TRPA1Rev (5’-TGGTGCTTCTTGTCGTGTTT-3’). SYBR green
was used as fluorescent detector. Reactions, always performed in triplicate, were carried
out for 45 cycles, each cycle consisting of 10 sec at 94˚C and 30˚ sec at 60˚C. At the end
of the reactions melt curve analysis was always performed to detect possible aspecific
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amplification. Data were normalized to GAPDH expression, used as a housekeeping
gene. GAPDH was quantified using a SYBR green as fluorescent detector, with primers
GAPDHDir (5’-TCCATCCTCCACTAATCCACCTAA-3’) and GAPDHrev (5’-CAGCACCTAGCACCCATGATC-3’). Relative expression of TRPA1 in astrocytes, was calculated with the “deltadelta cycle” method on the basis of the difference in the threshold cycle of TRPA1 and GAPDH, setting expression level of control sample as 1. Expression levels of DITNC-1, astrocytes and peripheral glial cells were therefore normalised to the value measured in DRG.

4. Discussion
The neonatal rat cultured astrocytes that we employed in this paper are normally considered a reliable model for the study of physiological functions of mammalian astrocytes. In culture, as in vivo, they express several functional TRP channels in the plasma
membrane, with increasing evidence of the several, important roles that they play in astrocyte physiology [33] [34] [35].
In this paper we demonstrated the functional expression of TRPA1 channels in
Ca2+-containing intracellular organelles in rat cortical astrocytes, with no expression in
the plasma membrane. Furthermore, we demonstrate the absence of TRPA1 in cultured
peripheral glial cells (satellite glial cells and Schwann cells), and in the largely used glial
cell line DI TNC1. Our data also lead to the conclusion that non-neuronal cells in our
DRG cultures are not contaminated by fibroblasts, which on the contrary express high
levels of functional TRPA1: this channel, originally called P120 and ANKTM1, was
originally detected in human cultured fibroblasts [4] [36].
AITC-activated responses measured both with Ca2+ imaging and with patch clamp
[37] are totally absent in peripheral glial cells and in DI TNC1 glial cell line. This provides good evidence that the high concentration of AITC that we applied did not produce any non-specific effects on the plasma membranes, or on the internal organelles.
Absence of TRPA1 in these cells is also ruled out by the complete absence of any
mRNA specific for this channel. On the contrary, although low, the level of expression
of TRPA1 mRNA detected in astrocytes is sufficient to justify protein expression, and it
is not artifactual: if a contamination of TRPA1-expressing cells such as fibroblast occurred, it would have more likely occurred in peripheral, rather than in central glia
preparations. Moreover the cells responding to AITC with calcium signals had typical
astrocyte morphology, and were stained by the GFAP monoclonal antibody (see Methods), so we can rule out any contamination from fibroblasts or other glial cells.
The outward current that we measured in response to AITC is consistent with Ca2+activated potassium currents, which are ubiquitous, and largely present in astrocytes
[38]. It is difficult to speculate the subtype of calcium-activated potassium channel(s)
that may be responsible for the current measured, as the AITC treatment will likely
cause a very large intracellular calcium increase, which would activate most calciumactivated channels, even at low voltages, as it is in our case. The fact that not every astrocyte responded to AITC with an outward current, the slowly-dev eloping and re526
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versible nature of this current (with a time course similar to calcium changes produced
by AITC, and its presence even in the absence of extracellular calcium, rules out any
possible non-specific effect of AICT on potassium currents. The transient nature of
AITC effect supports the notion that the outward current is caused by calcium released
intracellularly from stores via TRPA1, followed by calcium depletion, causing the decrease of current. In rat cortical astrocytes we could not see any voltage-activated calcium entry in imaging experiments where depolarization was induced with increased
extracellular potassium (not shown), and the lack of voltage-activated calcium entry is
also ruled out by patch clamp experiments in 0 extracellular calcium (see Figure 4).
This experiment also further demonstrates the absence of functional TRPA1 channels
in the membrane: TRPA1 current in several cell types displays outward rectification
dependent on extracellular calcium, caused by channel partial blockage by calcium at
membrane potentials negative to Erev [8]. However, we did not observe any difference
between experiments with or without extracellular calcium.
Intracellular localization deep inside the cell is likely responsible for the low apparent
affinity to AITC reported by our dose-response curve obtained with Ca2+ imaging
(Figure 1). Plasma membrane and intracellular environment in fact may cause significant buffering of AITC and possibly of other endogenous activators, because of their
chemical reactivity. Buffering of AITC by cytoplasm may contribute an explanation for
the steep dose-response curve measured: cytoplasm may buffer AITC at low to mid
concentrations, and then saturate at higher concentrations, therefore producing a steep
rise towards the right of the curve.
The exact physiological or pathophysiological role of TRPA1 channels expressed
intracellularly but not in the plasma membrane in rat cortical astrocytes is difficult to
demonstrate based on our data. However, as it is well-accepted that TRPA1 functions
as a chemosensor [16], intracellular TRPA1 would likely respond to a number of membrane permeant factors that may become present in the brain in a variety of conditions.
Acrolein, an electrophilic TRPA1 agonist, not only is present in very high amounts in
tobacco smoke and in other fumes and is produced as a toxic catabolite of chemotherapy agents [39], but it is also endogenously produced during oxidative stress, and its
production is relevant in diseases such as multiple sclerosis [40]-[42]. Hydrogen sulfide
(H2S)-derived polysulfides are also produced in the brain, where they activate TRPA1
in hippocampal astrocytes [43]. Also a role of TRPA1 as an oxygen-sensing mechanism
cannot be ruled out in cortical astrocytes [44], as oxygen readily permeates the membrane, and an intracellular sensor would be able to produce a cellular response via calcium signals, while simultaneously avoiding changes in membrane potential.
It has been reported that also bacterial lipopolysaccharides (LPS) directly activate
TRPA1 [45]. LPS may reach astrocytes during vascular damages or even when the
blood-brain barrier is intact, although in small amounts [46], but LPS is probably unlikely to reach TRPA1 in cells that express it only intracellularly.
Further work will be necessary to demonstrate whether the absence of proximity/contact with neurons or the absence of a specific growth factor in the culture me527
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dium is the reason for the lack of expression of TRPA1 in the membrane in rat cortical
astrocytes, or if relegation of TRPA1 to organelles is a specific physiological localization
in these cells, differently from the proposed physiological localization in other areas:
intracellular localization may be necessary to differentiate the function of TRPA1 in
cortical astrocytes (allowing them to respond only to high levels of agonists) from the
function of TRPA1 expressed in the plasma membrane in astrocytes in the hippocampus [13] [14] where TRPA1 mediates different, more physiological rather than pathophysiological functions.

5. Conclusion
In conclusion, our data suggest a role of TRPA1 in central but not in peripheral nervous system mechanisms mediated by glia.
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