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Astrocytes are found throughout the brain where they make extensive contacts with neurons and synapses. Astrocytes are known to display
intracellular Ca2� signals and release signaling molecules such as D-serine into the extracellular space. However, the role(s) of astrocyte Ca2�

signals in hippocampal long-term potentiation (LTP), a form of synaptic plasticity involved in learning and memory, remains unclear. Here, we
explored a recently discovered novel TRPA1 channel-mediated transmembrane Ca2� flux pathway in astrocytes. Specifically, we determined
whetherblockorgeneticdeletionofTRPA1channelsaffectedLTPofSchaffercollateraltoCA1pyramidalneuronsynapses.Usingpharmacology,
TRPA1�/� mice, imaging, electrophysiology, and D-serine biosensors, our data indicate that astrocyte TRPA1 channels contribute to basal Ca2�

levels and are required for constitutive D-serine release into the extracellular space, which contributes to NMDA receptor-dependent LTP. The
findings have broad relevance for the study of astrocyte–neuron interactions by demonstrating how TRPA1 channel-mediated fluxes contribute
to astrocyte basal Ca2� levels and neuronal function via constitutive D-serine release.

Introduction
Astrocytes are found throughout the brain and their close prox-
imity and contact with neurons has been known for over a cen-
tury (DeFelipe, 2010). More recent anatomical studies show that
single astrocytes have nonoverlapping territories encompassing
thousands of synapses (Bushong et al., 2002; Halassa et al., 2007),
and electron microscopy shows that 57% of all excitatory syn-
apses in the stratum radiatum region of the hippocampus are
adjacent to astrocyte processes (Ventura and Harris, 1999). Thus,
astrocytes are an important part of neuronal networks, where
they serve homeostatic roles, contribute to synapse formation,
respond to neuronal excitation, and regulate neuronal function
(Barres, 2008; Halassa and Haydon, 2010). However, our under-
standing is still incomplete and several fundamental questions
remain open, including if/how astrocyte Ca 2� signals contribute
to synaptic plasticity.

Pioneering studies showed that astrocytes synthesize, contain,
and release D-serine (Hashimoto et al., 1993; Schell et al., 1995,
1997; Wolosker et al., 1999; Mothet et al., 2000). Later, D-serine
was shown to be required for LTP because of its coagonist actions
at the “glycine site” of NMDA receptors (NMDAR; Yang et al.,
2003). Subsequent studies also showed that astrocyte-derived
D-serine regulated LTP within the hippocampus in situ (Basu et
al., 2009; Henneberger et al., 2010) by selectively targeting synap-
tic NMDARs (Papouin et al., 2012) and that a D-serine-
dependent form of cortical plasticity occurred in vivo (Takata et
al., 2011). Of note, three studies highlighted the potential impor-
tance of hippocampal astrocyte Ca 2� signaling in regulating
D-serine release and long-term potentiation (LTP; Mothet et al.,
2000; Henneberger et al., 2010; Kang et al., 2013). In contrast, a
separate study demonstrated that the deletion of IP3 type 2 re-
ceptors (IP3R2) abolished Ca 2� elevations mediated by intracel-
lular stores, but had no effect on hippocampal LTP (Agulhon et
al., 2010). At first sight, these studies seem contradictory (Kirch-
hoff, 2010), but perhaps a deliberated interpretation is war-
ranted, because abolishing store-mediated Ca 2� release is not the
same physiologically or biophysically as chelating Ca 2� with or-
ganic Ca 2� buffers, especially since astrocytes contain multiple
Ca 2� sources (Nedergaard and Verkhratsky, 2012). From this
perspective the recent discovery of TRPA1 channels as mediating
a transmembrane Ca 2� flux pathway that (1) is independent of
intracellular stores and (2) contributes to free basal Ca 2� levels in
stratum radiatum region astrocytes (Shigetomi et al., 2012) pro-
vided a unique opportunity to explore if this novel pathway con-
tributes to LTP (for review, see Clarke and Attwell, 2012; Tong et
al., 2013; Scimemi, 2013). Recently these studies have been ex-
tended to show that hippocampal astrocytes display TRPA1 re-
sponses and express TRPA1 mRNAs (Nagai et al., 2004; Kimura
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et al., 2013). Moreover, TRPA1 proteins have been localized to
astrocyte processes by immunogold electron microscopy (Lee et
al., 2012). Thus, the possible role(s) of TRPA1 channels in LTP is
an important issue to address, because stratum radiatum region
astrocytes express TRPA1 channels, and also have the highest
content of D-serine in relation to other regions of the brain (Schell
et al., 1995, 1997). Additionally, the mechanisms that regulate
D-serine release from astrocytes are not fully explored or com-
pletely understood (Oliet and Mothet, 2006, 2009).

Materials and Methods
Wild-type and mutant mice. Homozygous TRPA1�/� mice (Kwan et al.,
2006; Shigetomi et al., 2012) backcrossed onto a C57BL/6J background
were a gift from Dr. David P. Corey (Harvard Medical School, Boston,
MA). The backcrossed TRPA1�/� mice were maintained as homozy-
gotes: control mice for comparisons were C57BL/6J. Heterozygous
IP3R2�/� mice (Li et al., 2005) were a gift from Dr. Ju Chen (University
of California San Diego, La Jolla, CA). The IP3R2�/� mice were main-
tained as heterozygotes. Homozygotes and their wild-type (WT) litter-
mates were used.

Reverse transcription PCR analysis of TRPA1 transcripts in purified as-
trocyte cultures. Purified astrocytes were prepared as previously de-
scribed in detail (Shigetomi and Khakh, 2009; Shigetomi et al., 2010,
2012). Total RNAs were extracted from cultured astrocytes using the
RNeasy Mini kit (Qiagen) with QIAshredder (Qiagen) according to
the manufacturer’s protocols. Reverse transcription (RT) was per-
formed at 40°C for 60 min in a reaction volume of 25 �l containing
500 ng of total RNAs, 5� First-Strand Buffer (Invitrogen), 0.5 �g oligo
(dT) (Invitrogen), 200 �M dNTP mix (Ambion), nuclease free water
(Ambion), and 200 U M-MLV Reverse Transcriptase (Invitrogen). PCR
amplification was performed in a reaction volume of 50 �l containing
10� PCR buffer, 5� Q solution, 250 �M dNTPs, 1 �M each of forward
and reverse primers, and 2.5 U TaqDNA polymerase (Qiagen). PCR
amplification included denaturation at 95°C for 5 min, 35 cycles at 95°C
for 60 s, 50°C (for TRPA1) or 56°C (for glial fibrillary acidic protein;
GFAP) for 45 s, and 72°C for 60 s, followed by 72°C for 10 min. Primers
used were as follows: TRPA1 (5�-GATCTTCGTGTTGCCCTTATTC-3�
and 5�-ATAAACACTCCCGTCGATCTC-3�) and GFAP (5�-AGAAAC
CAGCCTGGACACCAAA-3� and 5�-TGGGAATTGGGCCTAGCAAA
CA-3�). Following the PCR, 20 �l samples of PCR product were analyzed
by agarose gel electrophoresis. The controls were processed identically
but lacked reverse transcriptase (these gave no detectable bands on the
gels; see Fig. 1).

Field EPSP recordings and induction of LTP. Standard techniques were
used as described by us (Carlisle et al., 2008; Moody et al., 2011) to
prepare 400 �m hippocampal slices from halothane- or isoflurane-
anesthetized 8- to 18-week-old mice. Slices were maintained in interface
type chambers (Fine Science Tools) at 30°C in oxygenated (95% O2/5%
CO2) artificial CSF (ACSF) containing the following (in mM): 124 NaCl,
4.4 KCl, 25 NaHCO3, 1 NaH2PO4, 2 CaCl2, 1.2 MgSO4, and 10 glucose
(flow rate � 2–3 ml/min). A bipolar nichrome wire stimulating electrode
was placed in stratum radiatum of the hippocampal CA1 region to acti-
vate Schaffer collateral fiber synapses onto CA1 pyramidal cells and the
resulting field EPSPs (fEPSPs) were recorded using an extracellular glass
microelectrode (filled with ACSF; resistance � 5–10 M� placed in stra-
tum radiatum. Presynaptic fibers were stimulated once every 50 s using a
stimulation intensity (5–11 V, 20 �s) that evoked approximately half-
maximal fEPSPs. LTP was induced using two 1 s trains of 100 Hz stimu-
lation (intertrain interval � 10 s).

Brain slice whole-cell voltage-clamp recordings. The methods used have
been described previously (Carlisle et al., 2008; Moody et al., 2011).
Briefly, slices with CA3 region removed were maintained in a submerged
slice recording chamber and bathed in a modified ACSF containing pi-
crotoxin (100 �M), elevated concentrations of CaCl2 and MgSO4 (4 mM

each), and a lower concentration of KCl (2.4 mM). Whole-cell patch-
clamp recordings were performed with intracellular solution comprising
the following (in mM): 102 Cs gluconate, 10 K gluconate, 20 CsCl, 0.1
EGTA, 20 HEPES, 10 TEA-Cl, 5 QX-314, 4 Mg-ATP, and 0.3 Tris-GTP,

pH 7.2, osmolarity 295 mOsm. The resistance of the pipettes was 4 – 6
M�. Membrane currents were recorded using pCLAMP 9 software,
Axopatch1D amplifier, and Digidata 1322A (Molecular Devices). To ex-
amine the AMPA receptor (AMPAR)- and NMDAR-mediated compo-
nents of the evoked EPSCs, we measured the amplitude of EPSCs
recorded at postsynaptic membrane potentials of �80 or �40 mV. The
AMPAR-mediated component of the EPSC was measured at the time
after EPSC onset corresponding to the peak amplitude of the EPSC at
�80 mV (�3–5 ms), while the amplitude of the EPSC 50 ms after onset
was used to estimate the NMDAR-mediated component.

Surgery and in vivo microinjections of adeno-associated virus 2/5.
Adeno-associated viruses (AAVs) of the 2/5 serotype, using the minimal
gfaABC1D promoter and capable of expressing the membrane-targeted
genetically encoded calcium indicator (GECI) Lck-GCaMP3 specifically
within astrocytes, were available from recent studies (Shigetomi et al.,
2013). Then 7- to 8-week-old male and female C57BL/6 mice were used
in all experiments in accordance with institutional guidelines. All surgical
procedures were conducted under general anesthesia using continuous
isoflurane (induction at 5%, maintenance at 1–2.5% v/v). Depth of an-
esthesia was monitored continuously and adjusted when necessary. Fol-
lowing induction of anesthesia, the mice were fitted into a stereotaxic
frame with their heads secured by blunt ear bars and their noses placed
into an anesthesia and ventilation system (David Kopf Instruments).
Mice were administered 0.05 ml of buprenorphine (Buprenex; 0.1 mg/
ml) subcutaneously before surgery. The surgical incision site was then
cleaned three times with 10% povidone iodine and 70% ethanol. Skin
incisions were made, followed by craniotomies of 2–3 mm in diameter
above the left parietal cortex using a small steel burr (Fine Science Tools)
powered by a high-speed drill (K.1070; Foredom). Saline (0.9%) was
applied onto the skull to reduce heating caused by drilling. Unilateral
viral injections were performed by using a stereotaxic apparatus (David
Kopf Instruments) to guide the placement of beveled glass pipettes
(1B100 – 4; World Precision Instruments) into the left hippocampus (2
mm posterior to bregma, 1.5 mm lateral to midline, and 1.6 mm from the
pial surface). Two microliters of AAV2/5 gfaABC1D Lck-GCaMP3
(1.2 � 10 13 gc/ml) was injected by using a syringe pump (Pump11 Pico-
Plus Elite; Harvard Apparatus). Glass pipettes were left in place for at
least 10 min. Surgical wounds were closed with single external 5– 0 nylon
sutures. Following surgery, animals were allowed to recover overnight in
cages placed partially on a low-voltage heating pad. Buprenorphine was
administered two times per day for up to 2 d after surgery. In addition,
trimethoprim sulfamethoxazole (40 and 200 mg, respectively, per 500 ml
water) was dispensed in the drinking water for 1 week. Mice were killed
12–20 d postsurgery for imaging (typically 13–15 d). Based on our past
experience (Shigetomi et al., 2013), we chose this period since generally it
takes �2 weeks to achieve GECI expression in cells by AAV infection and
because it has been suggested that long-term expression (�3 weeks post-
AAV injection) can cause toxicity in neurons (Akerboom et al., 2012).

Brain slice astrocyte Ca2� imaging using Fluo-4. Coronal slices of hip-
pocampus (300 �m) of 9- to 11-week-old C57BL/6J mice or TRPA1�/�

mice were cut in solution comprising (in mM): 87 NaCl, 25 NaHCO3, 2.5
KCl, 1.25 NaH2PO4, 25 D-glucose, 75 sucrose, 7 MgCl2, and 0.5 CaCl2
saturated with 95% O2 and 5% CO2. Slices were incubated at �34°C for
30 min and subsequently stored at room temperature in ACSF compris-
ing (in mM): 126 NaCl, 2.5 KCl, 1.3 MgCl2, 10 D-glucose, 2.4 CaCl2, 1.24
NaH2PO4, and 26 NaHCO3 saturated with 95% O2 and 5% CO2. Brain
slices were loaded at room temperature in the dark with 5 �M Fluo-4/AM
(Invitrogen) in ACSF for 60 min, then transferred to dye-free ACSF for at
least 30 min before experimentation to allow for cleavage of the AM ester
group. Live astrocytes were predominantly loaded with the fluorescent
dye with these conditions. This was confirmed by simultaneous acquisi-
tion of infrared-differential interference contrast images of astrocytes in
the same area. Slices were imaged using an Olympus Fluoview 300 laser-
scanning confocal microscope with a 20 mW argon laser, at 	2% power.
Emitted green fluorescence was collected through a 515 long-pass filter.
Fluoview software was used for image acquisition. Imaging was per-
formed in the presence of 6-cyano-2,3-dihydroxy-7-nitroquinoxaline
(10 �M), DL-(–)-2-amino-5-phosphono-pentanoic acid (20 �M), bicuc-
ulline (10 �M), and tetrodotoxin (1 �M). We added the same concentra-
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tion of 0.1% dimethylsulfoxide in the control buffer, when we applied
HC 030031.

D-Serine biosensor measurements. D-Serine and null biosensor elec-
trodes, 0.5 mm in length and 50 �m in diameter, were purchased from
Sarissa Biomedical and used following the manufacturer’s instructions
(Dale et al., 2005). The biosensor electrodes were mounted on Narishige
micromanipulators to allow for manual positioning within hippocampal
slices, which were maintained exactly as described above. Changes in
electrical potential of the biosensors were measured using a Potentiostat
Model 3104 (Pinnacle Technology). Biosensors and null sensors were
rehydrated in ACSF before use for �1 h and allowed to polarize to �500
mV over 30 min. Biosensors and null reference sensors were rapidly
advanced into the stratum radiatum of CA1. D-Serine biosensor currents
were measured by subtracting the current recorded from the reference
null biosensor (which lacks D-amino acid oxidase; see Fig. 7A) from the
D-serine biosensor. We only analyzed steady-state D-serine levels within
slices, and did not measure the decay of the [D-serine] upon impaling the
slices (see Results; Fig. 7C,D). In this regard, our use of the D-serine
biosensors to measure steady-state in-slice ambient D-serine concentra-
tions is similar to recent work that measured in-slice adenosine levels
(Schmitt et al., 2012). Sensors were calibrated before and after every
experiment with 10 �M D-serine to measure the sensitivity of the biosen-
sors, and 10 �M 5-HT to check for reaction to nonspecific electro-active
compounds. Current changes during the different experimental condi-
tions were compared with the post experiment calibration with the stan-
dards. The biosensors were extremely sensitive to, and selective for,
D-serine, and responded in a linear manner to varying concentrations of
the compound (Fig. 7B).

Data analysis. Data were analyzed using pCLAMP10 (Molecular De-
vices), Origin 8 (OriginLab), ImageJ (National Institutes of Health,
Bethesda, MD), and GraphPad InStat 3.06 (GraphPad Software). All
statistical tests were run in Origin 8 or GraphPad InStat 3.06 using paired
or unpaired Student’s t tests as appropriate, with significance declared at
p 	 0.05, which was indicated by one star in the figures. Significant
differences with p 	 0.01 were indicated with two stars in the figures.
Origin 8 was also used for creating graphs. Data are as mean 
 SEM from
n experiments as indicated in the text (where n is the number of slices for
fEPSP and biosensor experiments and the number of cells for patch-
clamp experiments, as indicated in each of the figures) from between
three and eight mice.

Chemicals. All reagents were from VWR, Invitrogen, Sigma-Aldrich,
or Ascent Scientific.

Results
Initial observations on the expression of TRPA1 in astrocytes
In our recent studies, we provided evidence for the expression of
functional TRPA1 channels in hippocampal astrocytes based on
imaging, patch-clamp electrophysiology, siRNA knock-down,
knock-out mice, pharmacological screening, TRPA1 selective an-
tagonists, astrocyte-enriched cultures, and Western blot analysis
(Shigetomi et al., 2012). This work has now been reviewed and
discussed in detail by us and others (Clarke and Attwell, 2012;
Tong et al., 2013; Scimemi, 2013). However, we did not perform
transcript analysis in the past work and thus began the present
study by using RT-PCR to seek to identify TRPA1 transcripts in
hippocampal astrocyte enriched cultures. The data shown in Fig-
ure 1 show that TRPA1 transcripts were detected in hippocampal
astrocytes by RT-PCR, at lower levels than GFAP controls (p 	
0.01 unpaired Student’s t test; n � 3). Moreover, no transcripts
were detected for either TRPA1 or GFAP in samples identically
prepared but lacking in reverse transcriptase (Fig. 1). Overall, our
RT-PCR data are consistent with recent TRPA1 RT-PCR data for
hippocampal astrocytes (Kimura et al., 2013). Together with past
work from us (Shigetomi et al., 2012) and others (Kimura et al.,
2013) showing functional TRPA1 and TRPA1 protein expression
within astrocytes, and with recent immunogold electron micros-
copy studies showing that TRPA1 channels are localized to astro-

cyte peripheral processes (Lee et al., 2012), our data show that
hippocampal astrocytes also express TRPA1 transcripts (Fig. 1).

We recall that a published gene chip transcriptome database
did not find that TRPA1 mRNAs were enriched in astrocytes
relative to other cells such as neurons (Cahoy et al., 2008). How-
ever, it is important to note that this study only analyzed mRNAs
in a population of S100�-positive astrocytes from entire fore-
brain (Cahoy et al., 2008). In contrast, the TRPA1 RT-PCR work
reported here (Fig. 1) and in published work (Kimura et al., 2013)
specifically analyzed all hippocampal astrocytes irrespectively of
whether they expressed S100� or not. This is relevant because of
the growing realization that astrocytes represent a genetically and
functionally heterogeneous group of cells (Zhang and Barres,
2010; Oberheim et al., 2012).

TRPA1 channels mediate a proportion of microdomain Ca 2�

signals in astrocytes
Astrocyte TRPA1 channel-mediated spotty microdomain Ca 2�

signals have been observed using evanescent wave microscopy
and membrane-tethered genetically encoded calcium indicators
in cultured astrocytes (Shigetomi et al., 2010, 2012). By “spotty,”
we mean that the signals were localized to microdomains and
occurred randomly without any external stimulation. These
studies showed that localized microdomain Ca 2� entry via
TRPA1 channels dissipated and thus contributed significantly to
basal Ca 2� at �120 nM in cultures and in situ within brain slices
of young rodents (Shigetomi et al., 2012). Conversely, blocking
TRPA1 reduced basal Ca 2� to �60 nM. Moreover, within the
CA1 region of the hippocampus, functional TRPA1 channels
were only detected in astrocytes and not within neurons
(Shigetomi et al., 2012). With these studies as a basis, we next
determined whether TRPA1 channels contributed to (1) mi-
crodomain Ca 2� signals and (2) basal Ca 2� levels of astrocytes in
hippocampal slices from adult mice.

TRPA1 channel-mediated microdomain Ca 2� signals cannot
be reliably monitored with cytosolic Ca 2� indicator dyes, be-
cause these dyes do not enter fine branches and branchlets and/or
because the underlying signals are small and most pronounced in
near plasma membrane regions (Shigetomi et al., 2010, 2012).
However, we showed that TRPA1-mediated signals can be ob-
served using plasma membrane-targeted GECIs (Shigetomi et al.,

Figure 1. RT-PCR evidence for TRPA1 mRNAs in hippocampal astrocytes. The gel shows the
results of RT-PCR experiments for TRPA1 and GFAP (control) with and without reverse transcrip-
tase for mRNA harvested from purified hippocampal astrocytes. The lower bar graph quantifies
the results from multiple experiments (n � 3).
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2010, 2012). To explore contributions of
TRPA1 channels to microdomain Ca 2�

signals in astrocytes in situ from adult
mice, we used AAVs specifically devel-
oped to study near membrane Ca 2� sig-
nals in entire astrocytes (Shigetomi et al.,
2013). As recently reported during the de-
velopment and characterization of Lck-
GCaMP3 viruses (Shigetomi et al., 2013),
using this approach we measured numer-
ous Ca 2� signals in astrocyte branches.
We used the selective TRPA1 blocker HC
030031 (McNamara et al., 2007; Eid et al.,
2008) to determine whether any of these
were due to TRPA1. As can be seen in the
representative traces shown in Figure 2, A
and B, HC 030031 reduced the numbers
of microdomain Ca 2� signals observed in
astrocytes. To quantify this result, we an-
alyzed the amplitude (dF/F), half-time
(T0.5), and frequency of the microdomain
Ca 2� signals before and during HC
030031 applications (80 �M). We found
that HC 030031 significantly reduced the
amplitude and frequency of microdomain
Ca 2� signals by �20% (Fig. 2C; n � 12
cells; p 	 0.05 by paired Student’s t tests).
Thus the peak event dF/F in control and in
the presence of HC 030031 was 1.3 
 0.03
and 1.1 
 0.02, respectively (n � 944 and
598 events, p 	 0.01 with a paired Stu-
dent’s t test). The event frequency for con-
trol and in the presence of HC 030031 was
1.4 
 0.07 and 1.0 
 0.06 events/min (n �
139 and 120 sites, p 	 0.01 with a paired
Student’s t test). However, HC 030031
produced no change in the T0.5 of the
events (3.6 
 0.12 and 3.6 
 0.1 s for con-
trol and in the presence of HC 030031,
n � 944 and 598 events). Further analysis
showed that HC 030031 reduced the total
number of Ca 2� events measured per cell
(n � 12 astrocytes; Fig. 2D), but that this
reduction occurred over entire astrocytes
and not at a specific distance from the
soma (Fig. 2E). This latter result suggests
that TRPA1 channels are diffusely ex-
pressed throughout astrocyte branches,
which is consistent with the uniform dis-
tribution of astrocyte branchlets as determined by light and elec-
tron microscopy (Shigetomi et al., 2013) and with recent
immunogold electron microscopy studies showing TRPA1 in as-
trocyte processes (Lee et al., 2012). Overall, these data suggest
that �20% of the spontaneous Ca 2� signals seen within entire
astrocytes using Lck-GCaMP3 are due to TRPA1 channels. This
number is lower than that previously reported in astrocyte cul-
tures (Shigetomi et al., 2012), but provides strong evidence for
functional TRPA1 channels in astrocyte branches.

TRPA1 channels regulate astrocyte basal Ca 2� levels
Although TRPA1-mediated microdomain Ca 2� signals can be
observed using Lck-GCaMP3, their function is to contribute to
astrocyte basal Ca 2� levels as measured with cytosolic organic

Ca 2� indicator dyes (Shigetomi et al., 2012). Given that a modest
�20% of the microdomain signals were mediated by TRPA1
channels (Fig. 2), we tested for this possibility in adult slices. To
this end, we recorded a baseline period of 5 min and then applied
80 �M HC 030031 in the bath and observed a significant drop in
the baseline fluorescence of Fluo-4-loaded astrocytes (Fig. 3A,B;
�21 
 2%, n � 42; p 	 0.05 using a paired Student’s t test). This
effect of HC 030031 was almost completely abolished in
TRPA1�/� mice (Kwan et al., 2006) as seen in the cumulative
probability plots and in the histogram (Fig. 3B; �4 
 2%, n �
28; p 	 0.01 using a unpaired Student’s t test), indicating that
HC 030031 acted via TRPA1 and not via some other mecha-
nism (Shigetomi et al., 2012). These observations in adult
mice extend our past work in young mice, and indicate that

Figure 2. Functional evidence that astrocyte branches express TRPA1 channels that mediate spotty Ca 2� signals. A, Represen-
tative traces of spontaneous spotty Ca 2� signals recorded from branches of astrocytes expressing Lck-GCaMP3 (Shigetomi et al.,
2013). B, As in A, but in the presence of HC 030031 (80 �M). C, Cumulative probability plots for Ca 2� signal peak heights (dF/F ),
duration (T0.5), and frequency. The cumulative probability plots are shifted to smaller amplitudes and lower frequencies in the
presence of HC 030031. Note the two distributions are significantly different on the basis of a Kolmogorov–Smirnov test. Average
data are presented in the text. D, Scatter plot shows how the number of spotty Ca 2� events measured per astrocyte with
Lck-GCaMP3 decreases in the presence of HC 030031. E, Plots the number of spotty Ca 2� events measured as a function of distance
from the soma. Note there is a consistent decrease in the number of Ca 2� events measured in the presence of HC 030031
throughout astrocyte territories, implying that the significant decrease shown in E does not occur at any specific distance from the
soma. Rather, the HC 030031-sensitive Ca 2� events appear to be drawn from entire astrocytes.
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TRPA1 channels in astrocytes regulate the bulk cytosolic basal
Ca 2� concentration of astrocytes (Shigetomi et al., 2012; Tong
et al., 2013).

TRPA1 channel blockade reduced LTP and this was rescued
by exogenous D-serine
Astrocytes are thought to both constitutively and actively re-
lease D-serine. However, the cellular mechanisms that regulate
D-serine release are not fully understood (Oliet and Mothet,
2006, 2009; Rusakov et al., 2011; Henneberger et al., 2012).
Although activity-dependent D-serine release through Ca 2�-
dependent mechanisms has been proposed, recent data sug-
gest that D-serine is also released via Ca 2�-dependent
constitutive release. To explore the potential role of astrocyte
TRPA1 channels, we determined whether HC 030031 affected
LTP. We applied HC 030031 10 min before and during high-
frequency electrical field stimulation of the Schaffer collaterals
and monitored fEPSPs for 1 h. HC 030031 (80 �M) signifi-
cantly suppressed LTP relative to control slices from WT mice
at �52– 60 min postinduction (Fig. 4 A, B). Control fEPSPs
were potentiated to 171 
 11% of baseline, whereas in the
presence of HC 030031 they were potentiated to 137 
 7% of
baseline (p 	 0.05, using unpaired Student’s t tests: HC 030031
n � 6; WT n � 7).

In light of the finding that blocking TRPA1 channels reduces
astrocyte Ca 2� levels (Shigetomi et al., 2012) (Fig. 3A,B), we
hypothesized that Ca 2� entry via TRPA1 channels may permit
D-serine release (Yang et al., 2003; Henneberger et al., 2010) and
hence explain why HC 030031 reduced LTP. This hypothesis
linking basal Ca 2� and D-serine release is based on the finding
that Ca 2� buffers dialyzed selectively into astrocytes reduce
D-serine levels (Henneberger et al., 2010; Kang et al., 2013). Con-
sistent with previous reports (Henneberger et al., 2010), bath
applications of D-serine (10 �M) did not affect LTP (Fig. 4C;
170 
 11%, n � 6, p � 0.05, using unpaired Student’s t tests).
However, bath applications of D-serine completely blocked the
reduction of LTP caused by HC 030031 (Fig. 4B; 173 
 15%, n �
6, p 	 0.05, using unpaired Student’s t tests). This result demon-
strates that the reduction of LTP observed upon blocking TRPA1

channels can be rescued by exogenous D-serine, suggesting that
TRPA1 channel function in astrocytes permits or causes the con-
stitutive release of substantial amounts of D-serine, which in turn
regulates LTP. We further tested this possibility by applying the
NMDAR “glycine site” antagonist 10 �M 5,7-dichlorokynurenic
acid (DCKA) (Yang et al., 2003; Henneberger et al., 2012) and
found that it reduced LTP to levels indiscernible from the effect of
HC 030031 (Fig. 4D). Together these evaluations strongly suggest
that NMDAR-dependent LTP is regulated by endogenous
D-serine release, which is sensitive to pharmacological block of
astrocyte TRPA1 channels (Fig. 4B).

Recent studies using engineered mice show that increasing
cytosolic Ca 2� levels within astrocytes does not affect LTP (Agul-
hon et al., 2010). In light of these data, we applied the TRPA1
agonist allyl isothiocyanate (AITC; 100 �M) to hippocampal
slices to determine whether this affected LTP (Shigetomi et al.,
2012). Interestingly, we found that AITC increased short-term

Figure 3. Blocking TRPA1 channels reduces astrocyte basal Ca 2� levels. A, Graphs plot dF/F
over time from astrocytes loaded with Fluo-4 in hippocampal slices from adult mice. Application
of HC 030031 (80 �M) reduced the baseline fluorescence of astrocyte somata. Note that in these
traces, some of the peaky Ca 2� transients have been clipped to more clearly show the drop in
baseline Ca 2�. B, Cumulative probability plot of dF/F evoked by HC 030031 applications to
astrocytes in acute hippocampal slices from WT and TRPA1�/� mice. Note the two distributions
are significantly different on the basis of a Kolmogorov–Smirnov analysis. The bar graph sum-
marizes the finding that HC 030031 reduces resting Ca 2� levels in astrocytes from WT hip-
pocampal slices.

Figure 4. Blocking TRPA1 channels reduces LTP. A, fEPSP traces were recorded from the
stratum radiatum before and after high-frequency stimulation (HFS; 2 � 100 Hz, inter-
train interval 10 s). Traces are shown for several experiments at various time points
before and after HFS. B, HFS-induced robust LTP in control experiments (n � 7). HC
030031 (80 �M, n � 6) suppressed LTP in a manner that was rescued by 10 �M D-serine
(n � 6). C, D-Serine (10 �M) did not affect LTP (n � 6, p � 0.876). D, The “glycine site”
antagonist DCKA (10 �M; n � 6) suppressed LTP E, AITC (100 �M) did not affect LTP (n �
7). F, G, HC 030031 did not affect AMPAR-mediated fEPSPs (F ) or presynaptic fiber volleys
(G; n � 7).
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post-tetanic potentiation, but did not af-
fect LTP relative to control (Fig. 4E; 163 

11%, n � 6, p � 0.05, using a paired Stu-
dent’s t tests), even though it significantly
elevated astrocyte Ca 2� levels in �40% of
astrocytes (Shigetomi et al., 2012). Con-
sistent with past work on store-mediated
Ca 2� elevations (Agulhon et al., 2010),
these data suggest that astrocyte Ca 2� el-
evations triggered by exogenous activa-
tion of TRPA1 channels do not detectably
regulate LTP.

HC 030031 did not affect either basal
fEPSPs or presynaptic fiber volleys (Fig.
4F,G) and did not change CA1 pyramidal
neuron resting membrane potentials,
membrane resistances, or action poten-
tials (Shigetomi et al., 2012), arguing
against effects of this molecule on presyn-
aptic and postsynaptic neurons directly.
The available literature also indicates that
HC 030031 is a selective TRPA1 antago-
nist (McNamara et al., 2007; Eid et al.,
2008).

TRPA1�/� mice displayed reduced LTP
that was rescued by D-serine
To further explore roles for TRPA1
channels in regulating LTP, we analyzed
TRPA1�/� deletion mice (Kwan et al., 2006). We started by
examining basal excitatory synaptic transmission and found
that the relationship between fEPSP slope and Schaffer collat-
eral stimulation was indiscernible from WT control mice (Fig.
5A; n � 11 and 16 for TRPA1�/� and WT mice, respectively).
These data recall past work (Shigetomi et al., 2012) and indi-
cate that basal excitatory synaptic transmission in TRPA1�/�

mice is normal.
We next examined WT and TRPA1�/� mice and found that

LTP was significantly reduced in the knock-out mice (Fig. 5B,D;
p 	 0.01 using unpaired Student’s t tests; n � 12 and 16 for
TRPA1�/� and WT mice, respectively) to a level comparable to
the effect of HC 030031 on WT mice (Fig. 4B). Moreover, LTP in
the TRPA1�/� mice was fully rescued to WT levels by the bath
application of 10 �M D-serine (Fig. 5C,D; n � 6 and 5 for
TRPA1�/� and plus D-serine conditions, respectively). We also
determined whether HC 030031 reduced LTP in the TRPA1�/�

mice and found that it did not (Fig. 5D; n � 7 and 6 for
TRPA1�/� and plus HC 030031 conditions, respectively). This
latter result is important because it provides strong evidence that
the effects of HC 030031 in WT mice (Fig. 4) are due to actions via
TRPA1 and not some other mechanism.

Recent studies show that LTP is normal in IP3R2�/� mice
(Agulhon et al., 2010), implying that cytosolic Ca 2� store signals
are not crucial for LTP. In accord, we also found that LTP was the
same for IP3R2�/� and WT littermate control mice (Fig. 5D; n �
7 and 10 for WT and IP3R2�/� mice, respectively). Thus our data
show that blockade (Fig. 4) or deletion (Fig. 5) of the TRPA1
channel-mediated pathway significantly reduces LTP, but that
deletion of the IP3R2-mediated cytosolic store pathway does not,
emphasizing how distinct astrocyte Ca 2� sources have separable
effects on LTP.

Controls for TRPA1 blockade: ruling out effects of GABA
Recently, we showed that blocking astrocyte TRPA1 channels
reduced phasic miniature IPSCs and increased tonic GABA cur-
rents onto interneurons of the hippocampus (Shigetomi et al.,
2012). The mechanism was reduced GABA transport by astrocyte
GAT-3 GABA transporters leading to elevated ambient GABA
levels in the extracellular space. As such, the effects of TRPA1
blockade could be mimicked by blocking GAT-3 transporters
(Shigetomi et al., 2012). Might this coincidental altered inhibi-
tory interneuron synaptic transmission contribute to the LTP
effects (Fig. 4) observed by blocking TRPA1? We considered this
unlikely because HC 030031 was only applied for 10 min in the
LTP experiments (Figs. 4, 5) and because the effect on inhibitory
synapses was limited to interneurons. Nonetheless, we repeated
the LTP experiments with the GAT-3 blocker �-alanine (100 �M;
Fig. 6A,D; n � 5), with 5 �M GABA in the bath to mimic the
effects of elevated tonic GABA levels (Fig. 6B,D; n � 7) and with
both together (Fig. 6C,D; n � 5). In all three conditions LTP was
normal (Fig. 6; p � 0.05 using unpaired Student’s t tests for each
pair in Fig. 6D). We suggest, therefore, that the effects of TRPA1
blockade on LTP described in preceding sections (Figs. 4, 5)
cannot be accounted for by coincidental effects on inhibitory
synapses.

Measuring in situ D-serine levels using D-serine
biosensor electrodes
Since the electrophysiological studies strongly suggest that block-
ade or deletion of TRPA1 channels reduced the extracellular lev-
els of D-serine, we next sought to measure D-serine levels directly
using D-serine biosensor electrodes (Dale et al., 2005) (Fig. 7A;
see Materials and Methods). Our calibration experiments show
that the biosensor electrodes can reliably detect D-serine levels
between 0.4 and 25 �M (Fig. 7B). This sensitivity is appropriate

Figure 5. Reduced LTP in TRPA1�/� mice. A, Traces for fEPSPs recorded from hippocampal slices harvested from WT and
TRPA1�/� mice. The relationship between fEPSP slope and presynaptic fiber volley for WT and TRPA1�/� mice is also shown. The
inset shows an average fEPSP. B, LTP was suppressed in TRPA1�/� mice relative to WT controls. C, Suppressed LTP in TRPA1�/�

mice was restored by bath applications of 10 �M D-serine. D, Summary bar graph showing the degree of LTP in control recordings
and under the various conditions indicated. HC 030031 (80 �M) failed to suppress LTP in TRPA1�/� mice and LTP was equivalent
in IP3R2�/� and WT littermate mice.
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for our studies because we expect the amount of D-serine will be
	10 �M (Schell, 2004) (Figs. 4B, 5D).

We started with the biosensor electrodes positioned above
hippocampal slices. Upon moving the electrode �200 �m into
the slice, we measured a large increase in biosensor current,
which we converted to D-serine concentration ([D-serine]; Fig.
7B; n � 8). Thus, we measured the “Peak [D-serine] on entering
the slice” at �6 �M (Fig. 7C–E). We associate this transient signal
as D-serine release during damage caused by the insertion of the
50 �m diameter electrodes. In accord, this rapid increase in [D-
serine] declined over minutes and reached a steady-state level in
the slice. We estimated this steady-state level by removing the
electrode from the slice, providing a measure of “Steady-state
[D-serine] in the slice,” which was �1 �M (Fig. 7C; n � 8). We
repeated these experiments in TRPA1�/� mice (n � 6). Repre-
sentative traces are shown in Fig. 7D. By quantifying peak and
steady-state [D-serine] levels we found that the peak [D-serine]
was not significantly different between WT and TRPA1�/� mice,
and that HC 030031 application to WT slices did not change peak
[D-serine] levels (Fig. 7E; p � 0.05 using an unpaired Student’s t
test). In contrast, we found that the steady-state [D-serine] in
the slices was significantly lower in TRPA1�/� slices, as well as
in WT slices treated with HC 030031 (in relation to control
WT slices; Fig. 7C, D, F; n � 6 and 7; p 	 0.01 using an un-
paired Student’s t test). Together, these data provide strong
evidence that the [D-serine] within the slices is �1 �M and that
pharmacological block or deletion of TRPA1 significantly re-
duces this to �0.4 �M (Fig. 7F ).

Synaptic NMDAR/AMPAR ratios are
altered when TRPA1 channels are
blocked or deleted
Using whole-cell voltage-clamp recording
we evaluated how TRPA1 channels con-
tribute to the NMDAR and AMPAR com-
ponents of evoked EPSCs in pyramidal
neurons (measured as the NMDAR/
AMPAR ratio), and measured NMDAR/
AMPAR ratios to cancel the variability
of currents between cells. We measured
NMDA and AMPA EPSCs simultaneously
by varying the holding voltage (�80 mV for
AMPA and �40 mV for NMDA EPSCs; Fig.
8A) and explored the roles of TRPA1 chan-
nels using HC 030031 in WT mice as well as
by comparing between WT and TRPA1�/�

mice. From a control set of recordings, the
NMDA/AMPA ratios were 0.015 
 0.0045
and 0.543 
 0.027 at �80 and �40 mV,
respectively (n � 15 cells). We found that
the NMDAR/AMPAR ratio was signifi-
cantly smaller in TRPA1�/� mice (n � 17)
than WT mice (n � 15), and that this was
restored to WT levels by bath application of
D-serine (Fig. 8B; n � 8; p 	 0.01 using an
unpaired Student’s t test). Interestingly,
D-serine did not change the NMDAR/
AMPAR ratio in WT mice (Fig. 8B; n � 8)
implying that the “glycine site” of NMDA
receptors may be saturated, which recalls
data in Figures 4 and 5. Moreover, in WT
mice HC 030031 reduced the NMDAR/
AMPAR ratio (n � 9 from four mice; p 	
0.01 using an unpaired Student’s t test)

and this effect was absent in the TRPA1�/� mice (n � 8 cells from
4 mice; p � 0.05 using an unpaired Student’s t test), confirming
that HC 030031 acts via TRPA1 (Fig. 8C). Finally, bath applica-
tion of D-serine prevented the effects of HC 030031 on WT mice
(n � 8) and rescued the reduced NMDAR/AMPAR ratio ob-
served in TRPA1�/� mice back to WT control levels such that HC
030031 was without additional effect (Fig. 8D; n � 8; p � 0.05
using an unpaired Student’s t test). Together, these experiments
provide compelling evidence that blocking or deleting TRPA1
channels changes the NMDA component of evoked EPSCs re-
corded from CA1 pyramidal neurons in a D-serine-dependent
manner.

Discussion
The present study was motivated by the recent discovery that
hippocampal astrocytes express TRPA1 channels (Shigetomi et
al., 2012; Tong et al., 2013; Kimura et al., 2013; Scimemi, 2013)
and there are four main findings from it. First, astrocyte TRPA1
channels underlie �20% of the ongoing spontaneous Ca 2� mi-
crodomain signals (Shigetomi et al., 2013), but contribute signif-
icantly to resting basal Ca 2� levels in stratum radiatum region
astrocytes from adult mice. Second, blocking or deleting TRPA1
channels reduces NMDAR-dependent LTP in a manner that is
dependent on extracellular D-serine levels. Third, blocking or
deleting TRPA1 channels reduces extracellular D-serine levels.
Fourth, blocking or deleting TRPA1 channels reduces the
NMDAR component of evoked EPSCs. Overall, our data suggest
that astrocyte TRPA1 channels are endogenous regulators of as-

Figure 6. LTP was not altered when GAT-3 was blocked or when GABA was applied in the bath. A–C, LTP was normal and
indiscernible from WT controls in slices treated with (A) the GAT-3 blocker �-alanine (100 �M), (B) GABA (10 �M), and (C) both
�-alanine and GABA together. D, Summary bar graph of the findings shown in A–C.
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trocyte D-serine mediated signaling (Mus-
tafa et al., 2004; Oliet and Mothet, 2006,
2009).

We found that activating TRPA1 chan-
nels did not affect LTP, whereas this did
result in elevations of astrocyte Ca 2� lev-
els (Shigetomi et al., 2012). A likely expla-
nation may be that close to �7 �M

D-serine is normally found in the extracel-
lular fluid, which may be sufficient to
nearly saturate hippocampal NMDA
receptors (Schell, 2004). If so, elevated as-
trocyte Ca 2� levels would be inconse-
quential even if they resulted in additional
D-serine release. A further question arises
from our work: namely are TRPA1 chan-
nels unique or autonomous in their ability
to regulate D-serine release? We argue that
this is unlikely to be the case. Thus, it is
already known that a specific glutamate
receptor-mediated molecular cascade is
necessary to evoke additional D-serine re-
lease from astrocytes (Mothet et al., 2000;
Kim et al., 2005) and it is therefore possi-
ble that TRPA1 activation failed to cause
any more D-serine release because the
TRPA1 pathway may not activate the req-
uisite signaling machinery within astro-
cytes. Clearly other parallel pathways
regulating D-serine release exist (Mothet
et al., 2000; Kim et al., 2005) and TRPA1
channels are not unique in this regard.
Broadly, these findings are consistent
with data showing that activation of a
Ca 2�-mobilizing G-protein-coupled re-
ceptor that was exogenously expressed
within astrocytes, or blocking intracellu-
lar store-mediated Ca 2� signals, also did
not affect LTP in the hippocampal CA1
region (Agulhon et al., 2010). In contrast,
astrocyte Ca 2� elevations mediated by in-
tracellular stores are involved in LTP in
the cortex (Takata et al., 2011). What ex-
plains these differences? It is likely that
brain region-specific differences between
the cortex and hippocampus reflect astrocyte diversity in differ-
ent parts of the brain (Zhang and Barres, 2010; Oberheim et al.,
2012). Moreover, empirical data suggest that D-serine levels in the
cortex are lower than those in the hippocampus and conse-
quently that the glycine site of NMDARs in the cortex may not
normally be saturated with D-serine (Fossat et al., 2012). This
largely supports the finding that store-mediated Ca 2� signals
within astrocytes contribute to D-serine release to regulate corti-
cal LTP (Takata et al., 2011). Along these lines, our data suggest
that D-serine levels in the CA1 region of the hippocampus are
relatively high, perhaps because astrocytes in this region contain
the highest amounts of D-serine (Schell et al., 1997).

Nonetheless, with the aforementioned considerations in
mind, in future work it will be important to activate TRPA1
channels with selective agonists and determine whether such
manipulations can cause more D-serine release and also affect
LTP. At this juncture, these experiments are not possible be-
cause no selective TRPA1 agonists exist and the “pungent”

molecules that nonspecifically activate them have multiple at-
tendant actions (e.g., mustard oil, nicotine, formaldehyde,
cinnamon oil, hydrogen sulfide). Specifically, it has been
shown that the commonly used TRPA1 agonist AITC (the
active substance of mustard oil) still produces responses in
TRPA1 deletion mice (Kwan et al., 2006), proving that such
molecules are of limited use to explore mechanisms in multi-
cellular preparations such as brain slices, although they are
adequate for biophysical studies of recombinant receptors in
HEK293 cells and Xenopus oocytes. This is the main reason
why we focused on blocking TRPA1 channels with a selective
antagonist (HC 030031), and why we also focused on using
knock-out mice to explore specific roles for TRPA1 channels.
Although cautious, we believe this was the right approach to
take. Nonetheless, our findings should be interpreted with all
these considerations in mind and, of course, it will be inter-
esting to return to this issue when selective TRPA1 agonists are
discovered or synthesized.

Figure 7. Extracellular D-serine levels are regulated by TRPA1 channel function. A, Photograph of a hippocampal slice from a
2-month-old mouse with biosensor electrodes placed in the stratum radiatum. This diagram illustrates how the biosensors work.
B, Representative traces and average data for biosensor electrode calibration. C, Representative traces showing measurement of
[D-serine] with biosensor electrodes when the biosensor was positioned above the slice, moved into the slice, and then withdrawn
from the slice. This protocol results in two measurements of [D-serine] indicated in blue and red text. D, As in C, but for recordings
from a TRPA1�/� mouse. E, The bar graph summarizes the peak [D-serine] for three experimental conditions. There were no
significant differences. F, The bar graph summarizes the steady-state [D-serine] within the slice for three experimental conditions.
Note that [D-serine] levels are reduced in WT slices treated with HC 030031 and in slices from TRPA1�/� mice.
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In future studies, it will be interesting to delete TRPA1 chan-
nels from all as well as specific subpopulations of hippocampal
astrocytes and explore synaptic plasticity using the experimental
approaches and controls reported herein. However, at this junc-
ture such experiments are not possible and at least two advances
are needed for them to commence. First, a knock-in mouse line
expressing a floxed allele of TRPA1, in which key exons are
flanked by loxP sites, needs to be generated and rigorously char-
acterized. Second, genetic strategies are needed to selectively ex-
press and inducibly activate Cre recombinase within astrocytes.
We endeavor to develop the appropriate genetic tools and return
to this issue in the years ahead.

We found that blocking or deleting TRPA1 channels signifi-
cantly reduced NMDAR-dependent LTP and the NMDA com-
ponent of evoked EPSCs in a manner that was completely rescued
by exogenous D-serine. Moreover, blocking or genetically delet-
ing TRPA1 channels also reduced the concentration of D-serine
within brain slices, providing strong evidence that TRPA1 chan-
nels regulate D-serine release. However, a note of caution is
necessary when precisely interpreting absolute D-serine concen-

trations measured using biosensor elec-
trodes. As such the 50 �m biosensor
electrodes provide a measure of ambient
D-serine levels in the extracellular fluid
rather than at synaptic NMDARs. Consis-
tent with this view, light and electron mi-
croscopy shows that NMDAR-expressing
synapses are often ensheathed by D-serine
containing astrocyte processes (Schell et
al., 1995, 1997, 2004), implying that syn-
aptic D-serine concentrations are likely to
be higher than those amenable to detec-
tion with biosensor electrodes. Nonethe-
less, our experiments provide strong
evidence that blocking or deleting TRPA1
channels reduces extracellular D-serine
levels in the hippocampus.

By demonstrating how TRPA1-
mediated astrocyte basal Ca 2� levels reg-
ulate LTP via D-serine release and
confirming that intracellular store signals
do not (Agulhon et al., 2010), our studies
highlight the importance of studying the
full diversity of astrocyte Ca 2� signals in
relation to their potential physiological
roles. As such, it will be important to em-
brace and rigorously explore the concept
of astrocyte heterogeneity and calcium
signal diversity (Zhang and Barres, 2010;
Oberheim et al., 2012) in future experi-
ments in situ and in vivo. From this per-
spective, our study builds on recent work
demonstrating the existence of distinct
types of Ca 2� signals in Bergmann glia
(Nimmerjahn et al., 2009) and work
showing that quantifiably similar Ca 2�

signals have distinct downstream conse-
quences in cell culture and in situ (Bowser
and Khakh, 2007; Shigetomi et al., 2008).
Clearly then, Ca 2� does not appear to be
an all-or-none binary signal within astro-
cytes (Tong et al., 2013) and perhaps there
is little contradiction in past studies that

have explored distinct aspects of astrocyte Ca 2� signaling in re-
lation to LTP (Agulhon et al., 2010; Henneberger et al., 2010).

In summary, the recent discovery and molecular identity of an
astrocyte transmembrane Ca 2� flux pathway mediated by
TRPA1 channels provided a new opportunity for exploring the
role of astrocytes in synaptic plasticity (Henneberger et al., 2010).
Overall, our findings show that TRPA1 channels are expressed
in adult astrocytes where they contribute markedly to resting
intracellular Ca 2� levels. Importantly, basal, but not elevated,
TRPA1-mediated astrocyte Ca2� levels are important for NMDAR-
dependent forms of LTP in the hippocampus, because they appear to
passively drive the release of the D-serine (Schell et al., 1995, 1997).
Such a pathway has not been considered in past astrocyte studies
(Agulhon et al., 2008), which have focused on elevations due to
intracellular store-mediated Ca2� release (Agulhon et al., 2008,
2010). In contrast, the data reported herein and in our past
work (Shigetomi et al., 2012) suggest that the basal Ca 2� con-
centration of astrocytes is important to control what appear to
be homeostatic functions (Tong et al., 2013). Thus, in the
present study we show that astrocyte TRPA1 channels regulate

Figure 8. Blocking TRPA1 channels regulates the NMDAR to AMPAR ratio for evoked EPSCs. A, Traces showing the AMPA and
NMDA components of evoked EPSCs measured from CA1 pyramidal neurons (average of 5 sweeps). B, NMDAR/AMPAR ratios
(recorded at �40 mV) in CA1 pyramidal cells from 17 TRPA1�/� neurons (n � 4 mice) and 15 WT neurons cells (n � 4 mice). The
NMDAR-mediated component of the EPSC was significantly reduced in TRPA1�/� neurons ( p 	 0.01). The same experiment was
done in the presence of 10 �M D-serine (pink bars). Results are from 10 neurons from three WT mice and 11 neurons from three
TRPA1�/� mice are shown. In the presence of D-serine the NMDAR/AMPAR ratios in TRPA1�/� cells were not significantly
different from WT ( p � 0.886). In TRPA1�/� neurons, the ratios are significantly higher in the presence of D-serine ( p 	 0.01)
while D-serine has no effect on the NMDAR component of EPSCs in WT neurons cells ( p � 0.215). C, A 10 min bath application of
80 �M HC 030031 inhibits the NMDAR-mediated component of the EPSCs in WT neurons (paired t test comparison, p 	 0.01, n �
9 cells) but has no effect on the NMDAR-mediated component of EPSCs from TRPA1�/� mice (paired t test comparison, p � 0.488,
n �8 cells). D, HC 030031 has no effect on the NMDAR-mediated EPSCs in WT (8 cells) or TRPA1�/� neurons (8 cells) when applied
in the presence of 10 �M D-serine.
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constitutive D-serine release, whereas previously we showed
that they also regulate GABA uptake (Shigetomi et al., 2012;
Tong et al., 2013). However, both these mechanisms contrib-
ute significantly to neuronal function, albeit in a neuromodu-
latory capacity. Along with gliotransmission (Haydon, 2001;
Halassa and Haydon, 2010), these findings emphasize the di-
versity of mechanisms that astrocytes may use to control/reg-
ulate neurons and microcircuits.

Interestingly, past work has shown that the basal Ca 2� level of
astrocytes is significantly elevated in models of Alzheimer’s dis-
ease (Kuchibhotla et al., 2009). It will thus be interesting to ex-
tend our studies and evaluate if TRPA1 channel fluxes, and the
ensuing downstream neuronal consequences, contribute to cog-
nition (Turpin et al., 2011), traumatic injury (Mustafa et al.,
2010), and brain disorders (Basu et al., 2009; Nedergaard et al.,
2010), circumstances in which D-serine is thought to be involved
(Mustafa et al., 2004). If so, astrocyte TRPA1 channels may be
valuable therapeutic targets for brain disorders.
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