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TRPM2 Channels Are Required for NMDA-Induced Burst
Firing and Contribute to H2O2-Dependent Modulation in
Substantia Nigra Pars Reticulata GABAergic Neurons
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Substantia nigra pars reticulata (SNr) GABAergic neurons are projection neurons that convey output from the basal ganglia to target
structures. These neurons exhibit spontaneous regular firing, but also exhibit burst firing in the presence of NMDA or when excitatory
glutamatergic input to the SNr is activated. Notably, an increase in burst firing is also seen in Parkinson’s disease. Therefore, elucidating
conductances that mediate spontaneous activity and changes of firing pattern in these neurons is essential for understanding how the
basal ganglia control movement. Using ex vivo slices of guinea pig midbrain, we show that SNr GABAergic neurons express transient
receptor potential melastatin 2 (TRPM2) channels that underlie NMDA-induced burst firing. Furthermore, we show that spontaneous
firing rate and burst activity are modulated by the reactive oxygen species H2O2 acting via TRPM2 channels. Thus, our results indicate that
activation of TRPM2 channels is necessary for burst firing in SNr GABAergic neurons and their responsiveness to modulatory H2O2.
These findings have implications not only for normal regulation, but also for Parkinson’s disease, which involves excitotoxicity and
oxidative stress.

Introduction
The substantia nigra pars reticulata (SNr) is one of two major
output nuclei of the basal ganglia network. This nucleus contains
GABAergic neurons that are spontaneously active and provide
tonic inhibition of neurons in target structures, which is essential
for motor control. These SNr neurons typically exhibit regular
spontaneous activity; however, stimulation of glutamatergic in-
put from the subthalamic nucleus (STN) to the SNr can induce
burst firing (Shen and Johnson, 2006). Moreover, in Parkinson’s
disease the regular discharge of SNr neurons is replaced by rhyth-
mic burst firing, consistent with observations in other basal gan-
glia nuclei in Parkinson’s and animal models that a change to
burst firing contributes to the pathophysiology of the disease
(Rivlin-Etzion et al., 2008; Weinberger and Dostrovsky, 2011).

The importance of both regular spontaneous activity and
burst firing in SNr GABAergic neurons to basal ganglia function
has spurred investigations to identify intrinsic mechanisms that
modulate the firing rate and pattern of these neurons. It is recog-

nized that tonic activity in SNr GABAergic neurons persists in the
absence of synaptic input and that the depolarizing drive neces-
sary for spontaneous activity is mediated in part by tetrodotoxin
(TTX)-sensitive and TTX-insensitive Na� channels, some of
which convey a persistent Na� current (Atherton and Bevan,
2005). Additional depolarizing drive from transient receptor po-
tential (TRP) canonical 3 (TRPC3) channels (Zhou et al., 2008) is
enhanced by dopamine, leading to an increase in firing rate
(Zhou et al., 2009). Moreover, SNr GABAergic neurons exhibit
burst firing in response to NMDA when recorded ex vivo (Ibáñez-
Sandoval et al., 2007). NMDA-induced bursting persists as mem-
brane potential oscillations when voltage-gated Na� channels are
blocked with TTX and is dependent on Ca 2� (Ibáñez-Sandoval et
al., 2007). However, a more complete understanding of the ionic
and molecular basis of NMDA-induced burst firing has remained
elusive.

Among the intrinsic conductances that might contribute to
burst firing in SNr neurons is a Ca 2�-activated nonselective-
cation conductance that underlies a plateau potential ob-
served in response to depolarizing current pulses (Lee and
Tepper, 2007b). Additionally, SNr GABAergic neurons exhibit
an increase in firing rate in response to elevation of the reac-
tive oxygen species, H2O2 (Lee et al., 2011). Both the plateau
potential and H2O2-induced increases in firing rate are
blocked by a nonselective TRP channel blocker (Lee and Tep-
per, 2007b; Lee et al., 2011), implicating TRP channels in these
effects. Notably, although a variety of TRP channels are ex-
pressed in the brain, only the TRP melastatin 2 (TRPM2)
channel is uniquely sensitive to activation by intracellular
Ca 2� and by H2O2 (Fleig and Penner, 2004).
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Here we demonstrate the presence of functional TRPM2
channels in guinea pig SNr GABAergic neurons and show that
TRPM2 channel activity affects the firing rate of these neurons.
Moreover, we show for the first time in any neuron that activa-
tion of TRPM2 channels is necessary for NMDA-induced burst
firing and underlies SNr neuron responsiveness to H2O2.

Materials and Methods
Ex vivo slice preparation for electrophysiology. Adult male guinea pigs
(Hartley, 150 –250 g) were anesthetized with 50 mg/kg pentobarbital,
then perfused transcardially with ice-cold modified artificial CSF (ACSF)
containing the following (in mM): 225 sucrose; 2.5 KCl 2.5; 7 MgCl2; 28
NaHCO3 28; 1.25 NaH2PO4; 7 glucose; 1 ascorbate; 3 pyruvate; and 0.5
CaCl2, equilibrated with 95% O2/5% CO2 (Avshalumov et al., 2005; Lee
and Tepper, 2007a,b). The midbrain was sectioned into 300-�m-thick
coronal slices containing the substantia nigra in the same medium using
a Leica VT1200S vibrating blade microtome (Leica Microsystems). Slices
were then transferred to another ACSF solution at 34°C, which contained
the following (in mM): 125 NaCl; 2.5 KCl; 1.25 NaH2PO4; 25 NaHCO3; 1
MgCl2; 25 glucose; 1 ascorbate; 3 pyruvate; 0.4 myo-inositol; and 2
CaCl2, equilibrated with 95% O2/5% CO2 and allowed to cool to room
temperature over the next hour (Avshalumov et al., 2005; Lee and Tep-
per, 2007a,b). Slices were maintained in this solution until use.

Whole-cell electrophysiology and drugs. Slices were placed in a recording
chamber and superfused at 1.4 ml/min with ACSF (at 32°C) containing
the following (in mM): 124 NaCl; 3.7 KCl; 26 NaHCO3; 1.3 MgSO4; 1.3
KH2PO4; 10 glucose; and 2.4 CaCl2, equilibrated with 95% O2/5% CO2

(Avshalumov et al., 2005). In some experiments, NaCl was replaced with
an equimolar concentration of choline chloride or meglumine and
NaHCO3 was replaced with choline bicarbonate (Johnson et al., 1992;
Zhu et al., 2004; Lee and Tepper, 2007b; Khaliq and Bean, 2010). Neu-
rons in the SNr were visualized using an Olympus BX51WI microscope
equipped with infrared differential interference contrast optics (Olym-
pus America). Patch pipettes for current-clamp recordings were filled
with a solution containing the following (in mM): 129 potassium glu-
conate; 11 KCl; 10 HEPES; 2 MgCl2; 10 EGTA; 3 Na2-ATP; and Na3-GTP
0.3, adjusted to a pH of 7.2–7.3 with KOH (Lee and Tepper, 2007 a,b).
Pipettes had resistances of 3–5 M�. In some experiments an antibody
directed against a TRP channel (1:100) was added to the intracellular
solution, or the solution supplemented with the Ca 2� chelator 1,2-bis(2-
aminophenoxy)ethane- N, N,N�,N�-tetra-acetic acid (BAPTA; 10 mM)
(Zhu et al., 2004). In some cases in which BAPTA was added, EGTA
concentration was decreased to 1 mM. Pipettes for voltage-clamp record-
ings were filled with a solution containing (in mM): 115 potassium
methyl sulfate, 20 NaCl, 1.5 MgCl2, 5 HEPES, 10 BAPTA, 2 Na2-ATP,
and 0.3 Na3-GTP (Ford et al., 2010). The ACSF used in voltage-clamp
experiments did not include MgCl2. In addition, the following blockers
were added to the ACSF for voltage-clamp recordings (in �M): 2 CGP
55845, 20 6,7-dinitroquinoxaline-2,3-dione (DNQX), 100 picrotoxin,
and 2 TTX. Whole-cell current and voltage-clamp recordings were ob-
tained with an Axopatch 200B amplifier, lowpass filtered at 2 kHz, and
digitized by a Digidata 1322A for acquisition using Clampex 9 (Molecu-
lar Devices).

GABAergic neurons in the SNr were distinguished from dopaminergic
neurons using electrophysiological characteristics. These included little
or no sag caused by Ih current activation in response to hyperpolarizing
current pulses, a faster spontaneous firing rate when compared with
dopaminergic neurons, and narrow action potentials with short latency
afterhyperpolarizations, all of which have been attributed to GABAergic
neurons in the substantia nigra (Nakanishi et al., 1987; Grace and Onn,
1989; Lacey et al., 1989; Hainsworth et al., 1991; Yung et al., 1991; Hajós
and Greenfield, 1994; Richards et al., 1997; Lee and Tepper, 2007a).
Drugs were applied via the superfusing ACSF or intracellularly through
the recording electrode. NMDA, BAPTA, picrotoxin, flufenamic acid
(FFA), H2O2, adenosine 5�-diphosphoribose sodium salt (ADPR), DL-2-
amino-phosphonopentanoic acid (AP5), choline chloride, choline bicar-
bonate, and meglumine were purchased from Sigma-Aldrich. TTX (as
tetrodotoxin citrate), CGP 55845, DNQX, Pyr3, and (�)-Bay K 8644

were from Tocris Bioscience. Catalase (bovine liver) was from Calbio-
chem. CGP 55845, picrotoxin, DNQX, FFA, Bay K 8644, and Pyr3 were
dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich) before addition
to the ACSF. Final concentrations of DMSO did not exceed 0.06% in
current-clamp experiments and 0.12% in voltage-clamp experiments,
and DMSO added to ACSF at equivalent concentrations had no effect on
electrophysiology.

Antibodies. Rabbit polyclonal anti-TRPM2 antibodies from Abcam
were used for Western blots and for immunohistochemical and electro-
physiological experiments. The TRPM2-N antibody Abcam ab11168 was
raised against the peptide ILKELSKEEDTDSSEEMLA, which represents
residues 658 – 677 in the N-terminal region of the TRPM2 channel. The
TRPM2-C antibody Abcam ab72802 was raised against residues 1430 –
1508 in the C-terminal region of the TRPM2 protein (Perraud et al.,
2001; Maruyama et al., 2007). In some electrophysiological experiments,
a rabbit polyclonal anti-TRPC3 antibody (ACC-016, Alomone Labs)
raised against residues 822– 835 in the C-terminal region of mouse
TRPC3 was used. A mouse monoclonal antibody to parvalbumin (PV)
(P3088; Sigma-Aldrich) was also used for immunohistochemical exper-
iments. Additionally, a sheep polyclonal antibody to tyrosine hydroxy-
lase (TH) (ab113; Abcam), for which the immunogen was the full-length
native protein purified from rat pheochromocytoma, was used to iden-
tify dopaminergic neurons in some immunohistochemical studies. Sec-
ondary antibodies were donkey anti-sheep Cy5, donkey anti-rabbit Cy3,
and donkey anti-mouse Cy3 (Jackson ImmunoResearch), and Alexa 488
donkey anti-rabbit and Alexa 488 donkey anti-mouse (Invitrogen).

In situ hybridization. In situ hybridization was performed as described
previously (Batista-Brito et al., 2008) using a digoxigenin-labeled cRNA
probe directed against exon 13 of the guinea pig TRPM2 gene on coronal
sections (4–6 sections spanning the SNr) from two brains. Following hy-
bridization, the signal for TRPM2 mRNA was visualized using alkaline phos-
phatase histochemistry. PCR primers used to generate the cDNA fragment
from guinea pig genomic DNA for antisense probe generation were as
follows:5�-CTCAGATCTGCACCCCACGAT-3�and5�-ATTAATACGACT
CACTATAGTGAGTTTGACGTGGGGCACAG-3�. For combined immu-
nofluorescence and in situ hybridization, the anti-PV immunofluorescence
staining was performed as described above before in situ hybridization using
Cy3-tyramide to visualize the presence of TRPM2 mRNA.

Protein extraction and Western blotting. Guinea pig midbrain was son-
icated in lysis buffer and the protein concentration determined using a
bicinchoninic acid protein assay kit (Sigma-Aldrich) with bovine serum
albumin (BSA) as a reference standard. After dilution 1:1 with Laemmle’s
buffer containing �-mercaptoethanol, the protein was resolved on a 6%
polyacrylamide gel and transferred to nitrocellulose, using standard pro-
cedures. After blotting in 3% defatted milk, the membrane was reacted
with the TRPM2-N antibody (1:500) for 1.5 h, then washed and reacted
with donkey anti-rabbit biotinylated horseradish peroxidase secondary
(Promega). Finally the nitrocellulose membrane was exposed to en-
hanced chemiluminescence reagent (Western Lightning) and developed
with x-ray film.

Immunohistochemistry. Guinea pigs (n � 6) were deeply anesthetized
with 50 mg/kg pentobarbital administered intraperitoneally, then tran-
scardially perfused with 0.1 M PBS, pH 7.3, at room temperature, fol-
lowed by freshly prepared 4% paraformaldehyde in 0.1 M PBS. The brain
was then removed and postfixed for 1 h at room temperature, washed 3 �
15 min in PBS, and transferred to ice-cold 30% sucrose in PBS for 16 –20
h. A block containing the midbrain was cut in 20 –25 �m sections on a
cryostat, the sections mounted on Superfrost plus slides (Fisher Scien-
tific), dried for 1–2 h at 37°C, and stored frozen. Frozen sections were
thawed, washed in PBS, then in blocking solution (10 ml PBS, 100 mg
BSA, 30 �l Triton X-100, 100 �l 10% (w/v) sodium azide) before expo-
sure to a primary antibody or a mixture of primaries in blocking solution
for 2 h at room temperature. After further washes in PBS, the sections
were exposed to secondary antibodies for 2 h, washed in PBS, cover-
slipped in Vectashield (Vector Laboratories), and examined with a Nikon
PM 800 confocal microscope equipped with a digital camera controlled
by the Spot software program. Digital images were acquired separately
from each laser channel. Digital files were processed with deconvolution
software (AutoQuant Imaging). Final images were created in Photoshop
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7.0 (Adobe). Images were adjusted for brightness and contrast with all
adjustments made uniformly to all parts of the image.

Data analysis. Electrophysiological data were analyzed in Clampfit 9.2
(Molecular Devices). Bursts were identified visually and start and end
times set manually. Action potentials were detected by threshold search.
Neurons that required a change in bias current of �25% during record-
ing in NMDA to prevent excessive depolarization and loss of burst firing
were excluded from quantitative analysis. Burst parameters reported
were measured from four consecutive bursts from each neuron under
each condition and averaged. Interburst intervals were averaged from
three consecutive intervals. Burst frequency was calculated using four
consecutive bursts. Firing rate data were acquired from 60 s of spontane-
ous activity with zero holding current. Data from some of the neurons
used to calculate the control firing rate of SNr GABAergic neurons were
also reported previously (Lee et al., 2011). Data are presented as mean �
SEM. Voltages in current-clamp recordings were corrected for a liquid
junction potential, which was estimated to be 13 mV using JPCalc (Barry,
1994). Statistical tests were performed in SAS 9.3 and data were com-
pared using paired or unpaired t tests as appropriate. Significance was
defined as p � 0.05.

Results
NMDA induces burst firing in SNr GABAergic neurons
All SNr GABAergic neurons recorded exhibited regular, single
spike firing at rest (Fig. 1A). Bath application of NMDA (15–30
�M) and injection of a hyperpolarizing current caused these neu-
rons to shift from a regular firing pattern to an oscillatory bursty
firing pattern (Fig. 1B). Hyperpolarizing current was gradually
injected during NMDA application until stable burst firing
emerged. Current was maintained at or near this threshold
level to avoid alteration in burst characteristics in a given cell.
Final averaged current was 	184 � 14 pA (n � 29). Bursts
occurred at a frequency of 0.31 � 0.02 Hz and had an average
interburst interval of 2.5 � 0.3 s (n � 29). The average dura-
tion of a burst was 1.9 � 0.2 s (n � 29). Bursts consisted of
61 � 8 spikes, with an average firing rate of 31.5 � 2.3 Hz
within the burst (n � 29).

Burst firing is dependent on intracellular Ca 2�

To identify the mechanisms underlying burst firing in SNr
GABAergic neurons, we first examined the ionic dependence of

this behavior. Addition of the Ca 2� chela-
tor BAPTA (10 mM) to the intracellular
solution abolished NMDA-induced burst
firing. All of the neurons recorded under
these conditions (n � 11) initially exhib-
ited a shift to burst firing in response to
NMDA (Fig. 2A), but transitioned to an
irregular firing pattern during recording
(Fig. 2B) as BAPTA diffused from the pi-
pette into the neuron during whole-cell
recording; NMDA-induced bursting was
lost after an average total recording time
of 7.7 � 0.6 min (n � 11). Notably,
voltage-clamp recordings (	70 mV hold-
ing potential) confirmed that inclusion
of BAPTA (10 mM) in the intracellular
solution did not abolish an NMDA-
dependent inward current. Under these
conditions, NMDA evoked an inward
current with a peak amplitude of 104 � 16
pA (n � 7) (Fig. 2C), when applied after
an average recording time of 8.7 � 0.6
min to ensure diffusion of BAPTA from
the pipette; peak NMDA currents were

measured at 11.6 � 0.3 min. These currents were completely
prevented by AP5 (100 �M) (Fig. 2D). Together, these data dem-
onstrate the Ca 2� dependence of NMDA-induced burst firing in
SNr neurons.

We next addressed whether increasing intracellular Ca 2�

through another mechanism could similarly induce burst firing
in SNr neurons. The L-type Ca 2� channel agonist Bay K 8644 (5
�M) has been reported to induce burst-like firing in rat SNr
GABAergic neurons (Lee and Tepper, 2007b). We found that Bay
K 8644 (5 �M) also induced burst firing in guinea pig SNr
GABAergic neurons (Fig. 3) (n � 7). Bursts induced by Bay K
8644 had an average frequency of 0.15 � 0.04 Hz and an average
duration of 3.5 � 1.0 s. Bursts consisted of an average of 76 � 20
spikes with an intraburst firing rate of 25.0 � 7.5 Hz. The average
interburst interval was 8.2 � 2.8 s. To eliminate involvement of
NMDA receptors, AP5 (50 �M) was included in the superfusing
ACSF for five of seven recordings with no effect on burst firing.
These results indicate that Ca 2� entry through either NMDA or
L-type Ca 2� channels is sufficient to trigger burst firing in SNr
GABAergic neurons.

Burst firing is dependent on Na �

We then shifted our focus to the role of Na� in burst firing in SNr
GABAergic neurons. Blockade of voltage-gated Na� channels
with TTX (1–2 �M) revealed an underlying oscillation of the
membrane potential induced by NMDA (Fig. 4A,B). The oscillation
induced by NMDA in the presence of TTX had an average frequency
of 0.27 � 0.03 Hz and duration of 1.72 � 0.23 s (n � 12). The
average interval between oscillations was 3.3 � 0.6 s (n � 12). In
most cases (n � 10) burst firing was induced before exposure to
TTX, allowing the comparison of slow membrane potential os-
cillations before and after blockade of fast Na� channels. Most
neurons did not require adjustment of the tonic hyperpolarizing
current required to maintain burst firing during NMDA expo-
sure when switching to TTX; indeed, averaged pre- and post-TTX
currents did not differ significantly (	194 � 21 vs 	200 � 21
pA; n � 10; p � 0.05). The frequency of NMDA-induced bursts
did not differ significantly from that of the membrane potential
oscillation in the presence of TTX (NMDA alone 0.29 � 0.04 Hz;

Figure 1. NMDA induces burst firing in SNr GABAergic neurons. A, Spontaneous, regular spiking activity of an SNr GABAergic
neuron recorded under control conditions, with no current injected through the recording pipette. B, NMDA (30 �M) caused the
same neuron to exhibit rhythmic burst firing when a tonic hyperpolarizing current of 	150 pA was applied.
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NMDA and TTX 0.30 � 0.03 Hz; n � 10;
p � 0.05). The interval between bursts
or oscillations was similarly unaffected
(NMDA alone 2.81 � 0.61 s; NMDA and
TTX 2.91 � 0.60 s; n � 10; p � 0.05) and
there was no change in the duration of the
oscillation observed in TTX when com-
pared with bursting observed with spiking
intact (NMDA 1.88 � 0.22 s; NMDA and
TTX 1.61 � 0.19 s; n � 10; p � 0.05).
Overall, the NMDA-induced membrane
potential oscillations had nearly identical
properties to those observed during
NMDA-induced burst firing and were in-
sensitive to blockade by TTX.

We next tested whether NMDA-
induced oscillations in the presence of
TTX were mediated by Na�. In all neu-
rons tested, a switch to Na�-free ACSF
completely abolished the membrane po-
tential oscillation caused by NMDA in the
presence of TTX (Fig. 4C) (n � 7); this
oscillation could not be restored by depo-
larizing or hyperpolarizing the neuron
through current injection (data not
shown). The oscillation returned in most
neurons following superfusion of stan-
dard ACSF with NMDA and TTX (Fig.
4D) (n � 5).

NMDA-induced burst firing is
abolished by blocking TRP channels
The results from the previous sets of ex-
periments revealed that the conductance
underlying NMDA-induced burst firing is
dependent on Ca 2� and uses Na� as a
charge carrier. A conductance with these
characteristics could be mediated by one
or more TRP channels. To test the hy-
pothesis that TRP channels are involved
in NMDA-induced burst firing in SNr
GABAergic neurons, we first tested
whether FFA, which has been shown to
block multiple TRP channel subtypes
(Hill et al., 2004; Clapham, 2007; Zhou
et al., 2008; Chung et al., 2011) and has
been used to implicate TRP channels in
NMDA-induced burst firing in other neu-
rons (Zhu et al., 2004; Mrejeru et al.,
2011), could affect burst firing in SNr
neurons. Indeed, FFA (40 –100 �M) com-
pletely abolished NMDA-induced burst
firing and returned the neuron to a more
regular firing pattern (Fig. 5A–C) (n � 6).
Additionally, FFA (40 – 60 �M) abolished
the membrane potential oscillation in-
duced by NMDA in the presence of TTX
(Fig. 5D–F) (n � 3). In the presence of
FFA, neither burst firing nor the mem-
brane potential oscillation induced by NMDA in TTX could be
restored by either depolarizing or hyperpolarizing current injec-
tion (data not shown). To address the possible confounding fac-
tor that FFA might have a nonspecific effect on the inward

current mediated by NMDA channels, we compared the ampli-
tude of the NMDA-induced current in the presence and absence
of FFA. As with voltage-clamp recordings made without FFA
(Fig. 2), NMDA was applied after a sufficient time for BAPTA to

Figure 2. NMDA-induced burst firing is dependent on intracellular Ca 2�. A, Burst firing induced by NMDA (30 �M) in an SNr GABAergic
neuron after 5 min of recording with the intracellular solution supplemented with the Ca 2�chelator BAPTA (10 mM). B, Four minutes later,
burst firing was lost and the neuron exhibited irregular, single spike activity. A tonic hyperpolarizing current of	75 pA was applied in both
A and B. C,Voltage-clamprecordingofanSNrGABAergicneuronshowingareversible inwardcurrentcausedbyNMDA(30�M)withBAPTA
(10 mM) in the intracellular solution. D, The NMDA-induced current was completely prevented by AP5 (100 �M).

Figure 3. Burst firing can be induced by activation of L-type Ca 2� channels. A, Spontaneous activity of an SNr GABAergic neuron under
control conditions. B, The same neuron exhibited burst firing in the presence of the L-type Ca 2� channel agonist Bay K 8644 (5 �M) and
injection of a tonic hyperpolarizing current of	110 pA. AP5 (50�M) was applied with Bay K 8644 to prevent activation of NMDA receptors.
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infiltrate the neuron and prevent recruitment of other Ca 2�-
dependent currents (9.4 � 0.3 min; n � 6). FFA was present
throughout. Notably, when NMDA was then applied in the con-
tinued presence of FFA (60 �M), the inward current induced by
NMDA (30 �M) did not differ from that measured in the absence
of FFA (NMDA 104 � 16 pA; n � 7; NMDA and FFA 104 � 17
pA; n � 6; p � 0.05). Peak NMDA currents in the presence of FFA
were measured at 12.4 � 0.6 min of total recording time. These
results strongly indicate the participation of one or more TRP
channel subtypes in NMDA-induced burst firing in SNr neurons.

SNr GABAergic neurons express TRPM2 channels
One TRP channel subtype, TRPM2, meets the criteria we have
identified, including activation by Ca 2� and the use of Na� as a
charge carrier (Fleig and Penner, 2004). However, the presence of
TRPM2 channels on SNr GABAergic neurons has not been estab-
lished. We therefore first examined whether guinea pig SNr

GABAergic neurons express TRPM2
channels by performing in situ hybridiza-
tion for TRPM2 mRNA on tissue sections
containing the SNr. By itself, in situ hy-
bridization revealed diffuse staining for
TRPM2 mRNA within the SNr (Fig. 6A),
and in combination with immunohisto-
chemistry for PV, a Ca 2� binding pro-
tein found exclusively in GABAergic
neurons in the substantia nigra (González-
Hernández and Rodríguez, 2000), in situ hy-
bridization revealed the presence of TRPM2
mRNA in SNr GABAergic neuron cell bod-
ies (Fig. 6B,C).

To determine whether TRPM2 chan-
nel protein is expressed in guinea pig
midbrain, we used an antibody directed
against the N-terminal region of the
TRPM2 channel protein (TRPM2-N), on
Western blots (n � 3), each prepared
from homogenized midbrain containing
the substantia nigra from a single guinea
pig. This antibody revealed a single band
(Fig. 7A, right column) near 180 kDa, a
molecular mass corresponding to that of
the full-length TRPM2 channel (Zhang et
al., 2003). Pre-adsorption of the antibody
by its immunogenic peptide resulted in a
complete loss of immunostaining (Fig.
7A, left column). These results confirm
the presence of TRPM2 channel protein
in guinea pig midbrain.

Next, we used immunohistochemis-
try to determine whether TRPM2 chan-
nels are expressed on SNr GABAergic
neurons. Two antibodies directed against
the TRPM2 channel protein were used
for this purpose. The first was the
TRPM2-N antibody described above,
and the second was an antibody directed
against the C-terminal region of the
TRPM2 protein (TRPM2-C). GABA-
ergic neurons were identified by immu-
nostaining for PV. Both TRPM2 antibodies
produced robust immunostaining in
PV-containing GABAergic SNr neurons

(Fig. 7B). Immunoreactivity (ir) to TRPM2 was punctate and
tended to cluster around the perikaryal plasma membrane,
whereas PV-ir was smooth and evenly distributed throughout
the perikaryal cytoplasm. TRPM2-ir and PV-ir were colocal-
ized in cell bodies, as well as dendrites. Pre-adsorption of the
TPRM2-N antibody with its immunogenic peptide resulted in
a complete loss of immunostaining (Fig. 7B). The degree of
colocalization between PV and TRPM2 staining was assessed
using the TRPM2-N antibody on a series of five coronal sec-
tions spanning the entire rostral to caudal extent of the nu-
cleus, with each section containing the substantia nigra in
both hemispheres. Examination of 200 perikarya with evident
processes and staining for PV revealed colocalization with
TRPM2 in 197/200. Consistent with immunohistochemical
results from the rat (Chung et al., 2011), we also identified
TRPM2 channels using the TRPM2-C antibody in dopaminer-
gic neurons of guinea pig substantia nigra pars compacta

Figure 4. NMDA induces a Na �-dependent membrane potential oscillation. A, Recording from an SNr GABAergic neuron exhib-
iting burst firing in the presence of NMDA (30 �M) and a tonic hyperpolarizing current injection of 	220 pA. B, Blockade of
voltage-gated Na � channels with TTX (1 �M) revealed an underlying membrane potential oscillation. C, The membrane potential
oscillation was abolished in Na �-free ACSF. D, The oscillation resumed following return of Na � to the ACSF. A tonic hyperpolar-
izing current of 	235 pA was applied in B–D.
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(SNc), identified by immunostaining
for TH (Fig. 7C). These data demon-
strate TRPM2 channel expression in
SNr GABAergic neurons.

TRPM2 channels are required for burst
firing in SNr GABAergic neurons
We next examined whether activation of
TRPM2 channels is necessary for NMDA-
induced burst firing in SNr GABAergic
neurons. Given the limited specificity of
pharmacological agents to study TRP
channels, we used an anti-TRPM2 anti-
body to block TRPM2 channels selectively
in these neurons. Anti-TRP channel anti-
bodies have been used successfully to
block specific TRP channels in previous
work (Amaral and Pozzo-Miller, 2007;
Hecquet et al., 2008; Zhou et al., 2008;
Cvetkovic-Lopes et al., 2010).

When the TRPM2-C antibody was in-
cluded in the intracellular solution (1:
100) and the neurons exposed to NMDA
(30 �M), burst firing was blocked (n � 7) (Fig. 8), indicating the
presence of functional TRPM2 channels in SNr neurons. In 3/7
neurons burst firing was absent at all times during recording. The
remaining neurons (4/7) initially exhibited weak oscillatory burst
firing in response to NMDA that was lost as the antibody diffused
into the cell; in those neurons bursting was abolished after an
average total recording time of 9.6 � 1.2 min. A constant hyper-
polarizing current was applied during NMDA application as usu-
al; however, once blocked, burst firing was not restored by
varying the injected current.

To test whether the presence of the TRPM2-C antibody in the
intracellular solution might act through a direct effect on the

inward current mediated by NMDA channels, we compared the
amplitude of the current in the presence and absence of intracel-
lular application of the antibody. Again, NMDA was applied after
a delay, in this case of 9.5 � 0.3 min, to allow infiltration the
TRPM2-C antibody into the recorded neuron. Under these con-
ditions, NMDA continued to evoke an inward current that
reached a peak at 12.7 � 1.0 min of total recording time with peak
amplitude that was not affected by the presence of the antibody
(NMDA 104 � 16 pA; n � 7; NMDA with TRPM2-C antibody
98 � 20 pA; n � 4; p � 0.05), confirming a lack of effect on
NMDA-induced currents.

Previous studies have shown that an antibody directed against
TRPC3 channels blocks activity of that channel in SNr GABAer-

Figure 5. NMDA-induced burst firing is abolished by FFA. A, Spontaneous regular-spiking activity recorded under control conditions. B, Burst firing induced by NMDA (30 �M). C, Burst firing is
abolished by FFA (60 �M). A tonic hyperpolarizing current of 	170 pA was applied in B and C. D, Recording from another SNr GABAergic neuron exhibiting NMDA-induced burst firing. A tonic
hyperpolarizing current of 	140 pA was applied. E, Blockade of voltage-gated Na � channels with TTX reveals a membrane potential oscillation induced by NMDA. F, The NMDA-induced membrane
potential oscillation is blocked by FFA (60 �M). A tonic hyperpolarizing current of 	160 pA was applied in E and F.

Figure 6. PV-containing SNr neurons express TRPM2 channel mRNA. A, Coronal section of guinea pig midbrain reveals diffuse
staining for TRPM2 channel mRNA in the SNr. Scale bar, 900 �m. Dotted box indicates the approximate location of the fields shown
in B and C. B, Immunohistochemistry for PV (green) before in situ hybridization (ISH) for TRPM2. A nuclear stain (DAPI) is shown in
blue. Scale bar, 50 �m. C, Immunohistochemical staining for PV was combined with fluorescent in situ hybridization for TRPM2
(red) revealing that PV-containing neurons colocalize TRPM2 mRNA. Scale bar, 50 �m.
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gic neurons from juvenile mice (Zhou et al., 2008). However,
inclusion of a TRPC3 channel antibody did not occlude NMDA-
induced burst firing in guinea pig SNr neurons (data not shown;
n � 4). Additionally, Pyr3 (6 – 60 �M), a pharmacological blocker
of TRPC3 channels (Kiyonaka et al., 2009), had no effect on
NMDA-induced burst firing (data not shown; n � 9). We con-
clude that TRPC3 channels do not play a significant role in
NMDA-induced burst firing in SNr GABAergic neurons. In-
stead, our data indicate that TRPM2 channels are an essential
participant in NMDA-induced burst firing in SNr GABAergic
neurons.

TRPM2 channel activity contributes to the tonic firing rate of
SNr GABAergic neurons and underlies their responsiveness
to H2O2

We and others have previously reported that the spontaneous
firing rate of SNr GABAergic neurons decreases when TRP chan-
nels are broadly blocked by FFA (Zhou et al., 2008; Lee et al.,
2011). Conversely, H2O2 induces an increase in the firing rate of
SNr GABAergic neurons of 
40% that is reversed by FFA, sug-
gesting that H2O2 activates one or more TRP channel subtypes in

these cells leading to an increase in their excitability (Lee et al.,
2011). We therefore determined whether TRPM2 channel acti-
vation affects the tonic firing rate of SNr GABAergic neurons and
whether these channels convey sensitivity to H2O2.

We again used antibodies to block TRPM2 channels. Inclu-
sion of the TRPM2-C antibody in the intracellular solution (1:
100) caused a decrease in spontaneous firing rate in SNr
GABAergic neurons, indicating a key role in basal cell activity.
The spontaneous firing rate was 15.3 � 0.4 Hz (n � 129) under
control conditions and 11.0 � 1.2 Hz with the antibody in the
intracellular solution (Fig. 9A,B) (n � 6; p � 0.05). To determine
whether H2O2 modulates the firing rate of SNr GABAergic neu-
rons via TRPM2 channels, exogenous H2O2 (1.5 mM) (Avshalu-
mov et al., 2005; Lee et al., 2011) was applied in the presence of
intracellular antibodies. Under these conditions, H2O2 caused a
decrease in firing rate to 4.4 � 1.5 Hz (n � 6; p � 0.05) (Fig.
9A,B). We have previously reported a decrease in spontaneous
firing rate in response to H2O2 in the presence of TRP channel
blockade with FFA, and have shown this decrease in firing rate to
be caused by the unopposed activation of ATP-sensitive potas-
sium (KATP) channels by H2O2 (Lee et al., 2011).

Figure 7. PV-containing SNr neurons express TRPM2 channels. A, Western blots performed on tissue extracts of guinea pig midbrain using an antibody directed against the N-terminal region of the
TRPM2 protein (TRPM2-N) (right column) revealed a band at 180 kDa (arrow). Staining was eliminated by pre-adsorption (pre-ad) of the TRPM2-N antibody with its immunogenic peptide (left
column). B, Immunohistochemical localization of TRPM2 in SNr GABAergic neurons. Top, SNr GABAergic neuron stained for TRPM2 channels using an antibody directed against the N-terminal region
of the channel protein (TRPM2-N) as well as the same neuron stained for PV. Staining for TRPM2 was absent following pre-adsorption of the primary antibody with its immunogenic peptide. Bottom,
SNr neuron stained for TRPM2 using an antibody directed against the C-terminal region of the protein (TRPM2-C) and the same neuron stained for PV. Merged images demonstrate colocalization of
PV and TRPM2. Scale bar, 10 �m. C, Section of SNc immunostained for TH, TRPM2-C, and PV. This neuron exhibited immunostaining for TH but not PV identifying it as a dopaminergic neuron. Merged
image demonstrates colocalization of TH and TRPM2-C immunostaining. Scale bar, 20 �M.
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In contrast to the TRPM2-C antibody,
the TRPM2-N antibody did not have a
significant effect on SNr GABAergic neu-
ron firing rate, which was 15.3 � 0.4 Hz
under control conditions (n � 129) and
13.6 � 1.6 Hz with the TRPM2-N anti-
body in the intracellular solution (n � 4;
p � 0.05). Additionally, this antibody
failed to block the usual H2O2-induced in-
crease in firing rate (control 13.6 � 1.6
Hz; H2O2 18.5 � 2.2 Hz; n � 4; p � 0.05).
Our finding that the TRPM2-C antibody
was efficacious in blocking TRPM2 chan-
nel activation by H2O2 but the TRPM2-N
antibody was not is consistent with previ-
ous studies showing that the C-terminal
region of the TRPM2 channel contains a
Nudix domain that is the site of action of
ADPR, an endogenous TRPM2 channel
activator (Perraud et al., 2001; Kolisek et
al., 2005; Lange et al., 2008) that can be
formed in response to H2O2 (Perraud et
al., 2001, 2005).

We next examined whether endoge-
nous H2O2 also modulates SNr GABA-
ergic neuron activity through TRPM2 channel activation. Like
blocking TRPM2 channels, depleting endogenous H2O2 with cat-
alase causes a decrease in the spontaneous firing rate of SNr
GABAergic neurons (Lee et al., 2011). We therefore hypothesized
that the suppressive effect of H2O2 depletion on firing rate would
be occluded when TRPM2 channels were activated by elevating
intracellular ADPR (Perraud et al., 2001; Kolisek et al., 2005;
Lange et al., 2008). Inclusion of ADPR (500 �M or 1 mM) in the
intracellular solution resulted in a significant increase in SNr
GABAergic neuron firing rate from 15.3 � 0.4 Hz (n � 129)
under control conditions to 19.5 � 2.7 Hz (Fig. 9C) (n � 9; p �
0.05). This sensitivity to ADPR provided further evidence for the
presence of functional TRPM2 channels in SNr GABAergic neu-
rons. In the presence of ADPR, modulatory regulation by endog-
enous H2O2 was abolished, as seen in loss of the usual suppressive
effect of catalase (500 U/ml) on firing rate (n � 9; p � 0.05 ADPR
vs ADPR � catalase) (Fig. 9C). Thus, these data indicate that
H2O2 exerts a tonic excitatory effect on these cells via TRPM2
channel activation.

H2O2 modulates NMDA-induced burst firing
Based on our findings that both NMDA-induced burst firing and
responsiveness to H2O2 in SNr GABAergic neurons are depen-
dent on activation of TRPM2 channels, we then tested whether
H2O2 can modulate NMDA-induced burst firing. H2O2 was in-
creased by either applying exogenous H2O2 (1.5 mM) or by am-
plifying endogenous H2O2 through inhibition of glutathione
peroxidase with mercaptosuccinate (1 mM; Avshalumov et al.,
2005; Lee et al., 2011). These manipulations produced compara-
ble results so the data were pooled. Increasing H2O2 caused
NMDA-induced bursts to become longer and resulted in a de-
crease in burst frequency (Fig. 10). Burst duration increased from
2.3 � 0.4 s to 4.2 � 1.2 s in the presence of elevated H2O2 (n � 9;
p � 0.05) while burst frequency decreased from 0.29 � 0.05 to
0.21 � 0.03 Hz (n � 9; p � 0.05) under the same conditions.
There was an increase in the average number of spikes per burst
from 87.1 � 20.3 to 158.4 � 50.4, which did not reach signifi-
cance in this sample (n � 9; p � 0.07). The firing rate within

bursts as well as the interburst interval were unaffected by H2O2.
There was no difference in the average hyperpolarizing current
needed to maintain burst firing in the presence of NMDA under
control conditions or in the presence of increased H2O2 (	178 �
24 vs 	181 � 24 pA); indeed, only one neuron required slightly
more hyperpolarizing current to maintain burst firing. As a con-
trol for recording time, we found no increase in burst duration or
decrease in burst frequency in NMDA alone (n � 2) when mea-
sured at latencies of NMDA exposure approximating those used
for baseline burst duration and burst duration in the presence of
H2O2 (baseline duration measured after 
7 min of NMDA ex-
posure and H2O2 duration after 
11 min of NMDA exposure).
H2O2 also caused an increase in the duration of the oscillation in
membrane potential induced by NMDA in the presence of TTX.
The oscillation had a duration of 2.1 � 0.4 s under control con-
ditions and increased to 3.5 � 0.6 s in the presence of exogenous
H2O2 (n � 5; p � 0.05). No change in hyperpolarizing current
was required in these experiments. These results indicate that
H2O2 can modulate NMDA-induced burst firing in SNr GABA-
ergic neurons.

Discussion
The mechanisms underlying NMDA-induced burst firing in SNr
GABAergic neurons have remained incompletely understood.
Here we show that such bursts are mediated by TRPM2 channels
that convey a Na� conductance activated by Ca 2� entry. Addi-
tionally, we show that H2O2 causes an increase in the firing rate of
SNr GABAergic neurons by activating TRPM2 channels, and also
increases the duration of NMDA-induced bursts, while decreas-
ing burst frequency.

TRPM2 channels in SNr GABAergic neurons
The presence of TRPM2 channels on guinea pig SNr GABAergic
neurons was demonstrated using several approaches, including
in situ hybridization showing TRPM2 mRNA in these cells, West-
ern blot to confirm TRPM2 channel protein in midbrain, and
immunohistochemistry localizing TRPM2 protein in SNr
GABAergic neurons. Finally, the presence of functional TRPM2

Figure 8. NMDA-induced burst firing is occluded by a TRPM2-specific antibody. A, Spontaneous activity of an SNr GABAergic
neuron with the TRPM2-C antibody included in the intracellular solution (1:100). B, With the continued presence of the TRPM2-C
antibody in the pipette, the neuron exhibited irregular single spike firing but no burst firing with application of NMDA (30 �M),
regardless of the level of tonic current injection (hyperpolarizing current of 	145 pA was used in the record illustrated).
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channels was demonstrated by the sensi-
tivity of SNr neuron firing rate to modu-
lation by the known TRPM2 activators,
H2O2 and ADPR, and by the efficacy of a
specific TRPM2 antibody to block NMDA-
induced burst firing and H2O2-induced
modulation.

Previous single-cell RT-PCR data from
SNr GABAergic neurons in young mice
identified TRPC3 channels as the primary
subtype expressed (Zhou et al., 2008;
Zhou and Lee, 2011). However, the ab-
sence of evidence for TRPM2 mRNA
transcript does not rule out TRPM2 chan-
nel expression in those cells. Indeed, in
situ hybridization data from mouse SNr
shows neuronal-like staining for TRPM2
mRNA (Allen Institute for Brain Science;
Lein et al., 2007). Immunohistochemical
data also indicate that rat nigral GABAer-
gic neurons express TRPM2 channels,
with expression of TRPM2 immunoreac-
tivity in TH-positive dopaminergic neu-
rons, as well as in TH-negative SNr
neurons (Chung et al., 2011). Other stud-
ies have shown TRPM2 mRNA in mouse
SNc tissue containing TH mRNA, as well
(Mrejeru et al., 2011). Consistent with
these observations, we found TRPM2 im-
munoreactivity in TH-positive SNc neu-
rons, as well as in SNr GABAergic neurons
in guinea pig midbrain (Fig. 7B,C).

In contrast to the prevention of
NMDA-induced bursting in guinea pig
SNr neurons by intracellular TRPM2 an-
tibodies, TRPC3 antibodies had no effect,
indicating that they do not contribute to
burst firing. This is not surprising, given
previous evidence that TRPC3 is an effec-
tor channel for metabotropic G-protein-
coupled receptors (Zhou and Lee, 2011).
Specifically, TRPC3 channels mediate an
increase in the firing rate of mouse SNr
GABAergic neurons by dopamine (Zhou
et al., 2009) or serotonin (Zhou and Lee,
2011), with an unidentified TRPC chan-
nel mediating the effects of muscarinic
acetylcholine receptor activation in these
cells (Michel et al., 2004, 2005). Instead,
TRPM2 channels are activated by other
mechanisms including increases in intra-
cellular Ca 2� (Lee and Tepper, 2007b;
present results), H2O2, or ADPR (Perraud
et al., 2001; Hara et al., 2002; Wehage et
al., 2002; Fleig and Penner, 2004; Lange et
al., 2008; Tóth and Csanády, 2010; present
results).

Burst firing in SNr GABAergic neurons
The present findings show that NMDA re-
ceptor activation can lead to TRPM2
channel-dependent burst firing. Previous
studies have shown that stimulation of

Figure 9. H2O2 increases the firing rate of SNr GABAergic neurons by activating TRPM2 channels. A, Spontaneous activity of an SNr
GABAergic neuron before and after exogenous H2O2 (1.5 mM) application with the TRPM2-C antibody (1:100) in the intracellular
solution. B, Blockade of TRPM2 channels by the TRPM2-C antibody caused a decrease in firing rate of SNr GABAergic neurons
indicating tonic activation of TRPM2 channels. H2O2 caused a further decrease in firing rate when TRPM2 channels were blocked. C,
Intracellular application of the TRPM2 channel activator ADPR (500 �M or 1 mM) increased the spontaneous firing rate of SNr
GABAergic neurons. Under these conditions basal H2O2 depletion by catalase (Cat; 500 U/ml) had no effect on firing rate (n � 9)
(*p � 0.05). Data are presented as mean � SEM.
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glutamatergic input from the STN can in-
duce burst firing in SNr GABAergic neurons
(Shen and Johnson, 2006). The mechanisms
underlying STN-induced burst firing are
not fully known, but could involve pro-
longed excitation of SNr neurons by repeti-
tive excitatory input from recurrent
activation of STN neurons (Shen and John-
son, 2006, 2012; Ammari et al., 2010). In
addition, the occurrence of prolonged pla-
teau depolarizations in individual SNr
GABAergic neurons in response to brief de-
polarizing current pulses (Nakanishi et al.,
1987; Lee and Tepper, 2007b) and burst fir-
ing in response to NMDA ex vivo (Ibáñez-
Sandoval et al., 2007; present results)
indicate that SNr GABAergic neurons have
intrinsic mechanisms that amplify depolar-
izing input and enable burst firing. Here we
demonstrate that activation of TRPM2
channels is a key intrinsic mechanism in
SNr GABAergic neuron burst firing.

Interestingly, neither H2O2 nor ADPR
alone induced burst firing in SNr GABA-
ergic neurons, despite the ability of each
to activate TRPM2 channels. These data
imply an essential, synergistic role for
both Ca 2� and TRPM2 channels in the
rhythmicity of burst firing, possibly
through intracellular Ca 2� dynamics and
rhythmic activation of TRPM2 channels
or from the activation of other Ca 2�-
activated channels including Ca 2�-activated potassium channels
(Atherton and Bevan, 2005; Yanovsky et al., 2005, 2006; Ibáñez-
Sandoval et al., 2007; Zhou and Lee, 2011). Although TRPM2
channels can be permeable to Ca 2� (Sumoza-Toledo and
Penner, 2011), our results suggest that TRPM2 channels in SNr
GABAergic neurons predominantly use Na� as a charge carrier,
as the NMDA-induced oscillation was abolished in Na�-free
ACSF. It seems unlikely, therefore, that activation of TRPM2
channels alone would directly cause a significant increase in in-
tracellular Ca 2�, though an increase in Ca 2� secondary to depo-
larization induced by TRPM2 channel activation and further
activation of voltage-gated Ca 2� channels is possible.

Our data further indicate that activation of any of several
Ca 2� conductances, not only NMDA receptors, can induce burst
firing through TRPM2 channels. Indeed, activation of L-type
Ca 2� channels with Bay K 8644 was sufficient to induce burst
firing in SNr GABAergic neurons. This is consistent with previ-
ous work that showed the Ca 2� dependence of NMDA-induced
burst firing in these cells and identified activation of T-type
(CaV3.2) Ca 2� channels as an initiating event in burst generation
(Ibáñez-Sandoval et al., 2007).

Involvement of TRP channels in burst firing in other basal
ganglia nuclei
Burst firing plays particularly important roles for neurons in the
basal ganglia, given established links between bursting and neu-
ronal function (e.g., SNc dopaminergic neurons; Morikawa and
Paladini, 2011), as well as dysfunction (e.g., SNr neurons). Nota-
bly, characteristics of NMDA-induced burst firing in other basal
ganglia neurons mirror those reported here for SNr GABAergic
neurons. Specifically, in SNc dopaminergic neurons, NMDA in-

duces a Na�-dependent membrane oscillation that persists in
TTX (Johnson et al., 1992). Moreover, prolonged application of
intracellular BAPTA can block this effect, indicating that bursting
in SNc dopaminergic neurons also depends on Ca 2� (Mrejeru et
al., 2011). Interestingly, however, based on pharmacological
studies with FFA and other TRP channel blockers, TRPM4 chan-
nels were implicated in mouse SNc neurons (Mrejeru et al.,
2011). STN neurons also exhibit NMDA-induced burst firing
that is abolished by FFA (Zhu et al., 2004), a Ca 2�-dependent
plateau potential in response to depolarizing current pulses
(Beurrier et al., 1999; Otsuka et al., 2001), like that seen in SNr
GABAergic neurons (Lee and Tepper, 2007b), as well as FFA-
sensitive Ca 2�-activated inward currents (Zhu et al., 2005).
These properties implicate TRP channels, and in particular
TRPM2, which exhibits robust expression in the mouse STN (Al-
len Institute for Brain Science; Lein et al., 2007). Overall, these
data suggest that burst firing mediated by TRPM2 channels could
be an important neuronal mechanism in the basal ganglia, as well
as in other regions of the CNS.

H2O2 modulation of firing rate and NMDA-induced
burst firing
We reported previously that elevation of endogenous H2O2 in-
creases the spontaneous firing rate of SNr GABAergic neurons
(Lee et al., 2011). Here we identified TRPM2 channels as the
target of modulatory H2O2 in these cells. A growing body of
evidence points to H2O2 as a neuromodulator under physiologi-
cal conditions, in which it is produced tonically by mitochondria
and elevated in response to neuronal activity (Lee et al., 2011;
Rice, 2011). Identification of TRPM2 channels as mediators of
H2O2 modulation in SNr neurons implies a mechanism for pos-

Figure 10. H2O2 modulates NMDA-induced burst firing. A, Whole-cell recording illustrating the effect of H2O2 (1.5 mM) on
NMDA-induced (30 �M) burst firing in an SNr GABAergic neuron. A tonic hyperpolarizing current of 	170 pA was applied
throughout. B, Summary data indicate that H2O2 caused an increase in burst duration and a decrease in burst frequency (*p �
0.05). Data are presented as mean � SEM.
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itive feedback in these cells, thus revealing a new link between
neuronal activity and metabolism.

Demonstration that both NMDA and H2O2 lead to activation
of TRPM2 channels in SNr GABAergic neurons led to the ques-
tion of whether H2O2 might modulate NMDA-induced burst
firing via this common target. Indeed, H2O2 increased the dura-
tion of NMDA-induced bursts, and as a result decreased burst
frequency, although firing rate within bursts and interburst in-
terval were unchanged. We reported previously that H2O2 also
activates KATP channels in SNr GABAergic neurons, which de-
crease firing rate (Lee et al., 2011). It is possible that concurrent
activation of KATP channels by H2O2 might mask more dramatic
enhancement of burst parameters. Nevertheless, the net effect of
H2O2 in guinea pig SNr GABAergic neurons is to increase excit-
ability, reflected in an increase in NMDA-induced burst dura-
tion, as well as in the increase in spontaneous firing rate reported
previously (Lee et al., 2011).

Relevance of TRPM2 channels for Parkinson’s disease
Understanding regulation of burst firing in SNr GABAergic neu-
rons has particular implications for Parkinson’s disease and as-
sociated animal models, given the increase in burst firing of SNr
neurons seen with dopamine depletion (Filion and Tremblay,
1991; Hutchison et al., 1994; Wichmann et al., 1999; Wichmann
and Dostrovsky, 2011). Contributing factors could include an
increase in glutamatergic input to the SNr from the STN (Berg-
man et al., 1994; Wilson and Bevan, 2011). Furthermore, in Par-
kinson’s disease, there is evidence for increased production of
reactive oxygen species, including H2O2, from mitochondrial
dysfunction and from altered �-synuclein (Turnbull et al., 2001;
Dauer and Przedborski, 2003). Evidence for H2O2 modulation of
NMDA-induced burst dynamics suggests that increased gluta-
matergic input from the STN might interact with elevated H2O2

to promote burst firing in Parkinson’s disease via TRPM2, fur-
ther suggesting a novel therapeutic target.
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