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ABSTRACT: Here we review evidence that the reactive oxygen species,

Glutarmzis

hydrogen peroxide (H,0,), meets the criteria for classification as a
neuromodulator through its effects on striatal dopamine (DA) release.
This evidence was obtained using fast-scan cyclic voltammetry to detect
evoked DA release in striatal slices, along with whole-cell and fluorescence
imaging to monitor cellular activity and H,O, generation in striatal
medium spiny neurons (MSNs). The data show that (1) exogenous H,0,
suppresses DA release in dorsal striatum and nucleus accumbens shell and
the same effect is seen with elevation of endogenous H,0, levels; (2)
H,0, is generated downstream from glutamatergic AMPA receptor
activation in MSNs, but not DA axons; (3) generation of modulatory
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H,0, is activity dependent; (4) H,0O, generated in MSNs diffuses to DA axons to cause transient DA release suppression by
activating ATP-sensitive K* (K,1p) channels on DA axons; and (S) the amplitude of H,O,-dependent inhibition of DA release is
attenuated by enzymatic degradation of H,0,, but the subsecond time course is determined by H,O, diftusion rate and/or K, rp-
channel kinetics. In the dorsal striatum, neuromodulatory H,O, is an intermediate in the regulation of DA release by the classical
neurotransmitters glutamate and GABA, as well as other neuromodulators, including cannabinoids. However, modulatory actions
of H,0, occur in other regions and cell types, as well, consistent with the widespread expression of K,rp and other H,0,-

sensitive channels throughout the CNS.
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he striatum is the largest component of the basal ganglia

and receives dense dopamine (DA) innervation from
midbrain DA neurons in the substantia nigra pars compacta
(SNc) and ventral tegmental area (VTA)." The primary targets
of these DA afferents are medium spiny neurons (MSNs) that
constitute over 90% of the striatal neuronal population and are
the main output neurons of this region. Axons arising from
midbrain DA neurons form symmetric synapses on MSNs,
primarily on spine necks, adjacent to glutamatergic input to
spine heads.>® This architectural arrangement enables DA to
modulate glutamate-induced MSN excitability with differential
outcomes according to whether the target MSN also expresses
DA D1 receptors (D1Rs) or DA D2 receptors (D2Rs); DA
enhances MSN excitability and up-state MSN spiking via DIRs
and decreases these via D2Rs.* Thus, converging glutamatergic
and dopaminergic afferents control striatal output at the level of
individual spines to regulate motor and cognitive function.*™® It
is relevant to note that DIRs and D2Rs are predominantly
extrasynaptic,” so that rapid electrochemical measurements of
extracellular DA concentration ([DA],) can provide a direct
index of DA transmission (e.g., 8—10).

The crucial role that DA plays in normal motor behavior has
been illuminated by the findings that disturbances in DA
function contribute to basal-ganglia circuit dysfunction and that
DA deFletion leads to the motor deficits of Parkinson’s
disease."*™** Thus, elucidating factors that regulate DA release
in the striatum is of relevance for understanding the role of DA
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in normal brain function, as well as for providing therapeutic
insight for neuropathological conditions like Parkinson’s
disease.

Our laboratory examines the regulation of striatal DA release
using fast-scan cyclic voltammetry (FCV) with carbon-fiber
microelectrodes. Because FCV detects dynamic changes in
[DA], with high temporal and spatial resolution, this technique
is ideally suited to determine factors that influence the
amplitude, duration, and sphere of influence of DA signal-
ing."*"'” Basic factors that we have examined include the
pattern of stimulation, Ca®*-dependence of DA release,
inhibition of DA release by presynaptic DA autoreceptors,
and DA clearance by the DA transporter (DAT); we have also
examined the effect of a number of local neurotransmitters and
neuromodulators that can act on DA axons either directly or
indirectly to alter evoked [DA], (for review, see ref 10).

One unconventional and under-appreciated modulator of
striatal DA release is hydrogen peroxide (H,0,). H,0, is most
commonly known as a reactive oxygen species (ROS) that is
formed from cellular oxidative metabolism and is often viewed
as being toxic. However, H,0, is not a free radical and,
consequently, is not as reactive as other ROS.'”® In fact,
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increasing evidence indicates that H,O, plays an important role
in normal cellular signaling processes, as well as in the
modulation of transmitter release.'®

Here we review the evidence that endogenous H,0, fulfills
criteria for classification as a neuromodulator through its
actions on striatal DA release. We would note, however, that
actions of H,O, are not limited to DA axons, and possibly not
even to the brain, as summarized in Concluding Remarks.
Criteria often used to classify a molecule as a transmitter or
modulator include the following: (1) same response elicited by
the exogenous and endogenous substance; (2) synthesis of the
substance within a releasing cell; (3) release in response to
depolarization or receptor activation; (4) receptor/sensor for
the substance at a target site; and (S) mechanism for
deactivation. Using a combination of FCV to detect evoked
[DA], in striatal slices, whole-cell recording of striatal MSN
activity, and fluorescence imaging to monitor H,O, generation,
we have shown that H,O, is generated downstream from
glutamatergic AMPA receptor (AMPAR) activation in MSNs,
and then diffuses to DA axons where it causes transient
suppression of striatal DA release through activation of ATP-
sensitive K* (Kjrp) channels on DA axons. Through this
regulatory pathway, H,O, acts as a key intermediate for DA
modulation by glutamate and GABA, as well as other
neuromodulators including the cannabinoids.

B CRITERION 1: BOTH EXOGENOUS AND
ENDOGENOUS H,0, SUPPRESS DA RELEASE

The first criterion for classification of a substance as a
neuromodulator is that the same response must be elicited by
the exogenous and endogenous substance. Our initial studies of
H,0,-dependent regulation of striatal DA release revealed that
brief exposure of guinea-pig striatal slices to exogenous H,O,
(1.5 mM for 15 min) suppresses [DA],, evoked by pulse-train
stimulation (30—50 pulses at 10 Hz, 0.4—0.8 mA pulse
amplitude) in the dorsal striatum® (Figure 1A). This effect is
not accompanied by a decrease in striatal DA content,
indicating that it is not a consequence of loss of the releasable
pool of DA.>® Moreover, the effect is reversible and occurs
without causing lipid peroxidation, demonstrating that H,O,
exposure under these conditions does not cause oxidative
damage.”® Subsequently, we found that elevation of endogenous
H,0, has a similar effect on the peak amplitude of evoked
[DA],. Amplification of endogenous H,O, levels following
inhibition of the H,0,-metabolizing enzyme glutathione
(GSH) peroxidase with mercaptosuccinate (MCS) also causes
a reversible decrease in pulse-train evoked [DA],*" (Figure 1B),
which is also not accompanied by a change in DA content.
Similar suppression of pulse-train evoked [DA], by exogenous
and endogenous H,O, is also seen in the ventral striatum,
including the nucleus accumbens (NAc) shell*® (Figure 1C).
The inhibitory effect of MCS on evoked [DA], persists when
the DAT is inhibited, indicating that endogenous H,O,
decreases evoked [DA], by inhibiting release rather than by
enhancing DA uptake.”!

It is important to emphasize, however, that DA release
inhibition by endogenous H,0, occurs under physiological
conditions, that is, in the absence of GSH peroxidase inhibition.
As discussed in the following sections, generation of inhibitory
H,0, occurs downstream from AMPAR activation in dorsal
striatum during local pulse-train stimulation under control
conditions.”*> A consequence of this is an increase in pulse-
train evoked [DA], when AMPARs are blocked, indicating
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Figure 1. Both exogenous and endogenous H,0, suppress striatal DA
release. (A) Left: Exogenous H,0, (1.5 mM, 15 min) inhibits pulse-
train evoked extracellular DA concentration ([DA],) in the dorsal
striatum (caudate putamen, CPu). Right: DA release-suppression is
fully reversibly upon washout (wash). (B) Amplification of
endogenous H,0, levels by inhibition of the H,0, metabolizing
enzyme GSH peroxidase with mecaptosuccinate (MCS, 1 mM), also
reversibly inhibits pulse-train evoked [DA], in the CPu. (C) Both
exogenous H,0, (left) and MCS (right) reversibly decrease evoked
[DA], in the nucleus accumbens (NAc) shell, demonstrating
sensitivity of DA release regulation by H,O, throughout the striatal
complex. Data are means + SEM (A is modified from ref 20, B is
modified from ref 21, and C is modified from ref 23).

normal glutamatergic inhibition of DA release that is
completely prevented in the presence of exogenous GSH
peroxidase or catalase.”'

Although exogenous H,0, also suppresses [DA], evoked by
a single stimulus pulse, inhibition of GSH peroxidase by MCS
does not.>" This makes two points. First, basal levels of H,0, in
the striatum are insufficient to modulate axonal DA tonically
release, even with amplification by GSH peroxidase inhibition;
this contrasts with the more significant role of basal H,O, levels
in regulating the firing rate of DA neurons in the SNc.** The
second point is that AMPAR-dependent modulatory H,0, is
generated dynamically during the first few pulses of a stimulus
train, as seen in our H,0, imaging studies (Figure 2B), with
consequent, H,0,-dependent inhibition of DA released by
subsequent pulses, even under control conditions. Overall,
these findings demonstrate that endogenous H,O, has a similar
effect to that of exogenous H,0, in suppressing axonal DA
release in the striatum, thereby fulfilling the first criterion for
classification as a neuromodulator.

B CRITERION 2: SYNTHESIS OF H,0, IN STRIATAL
MEDIUM SPINY NEURONS

The second criterion that a neuromodulator must be
synthesized in neurons is easily met by H,O,. Indeed, H,O,
is generated in all cells during mitochondrial respiration.”>~*’
This process generates H,0, by mitochondrial electron
transport; O, is reduced to form the superoxide radical
(*0,7), which is then converted to H,O, either through
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Figure 2. Synthesis and regulation of H,0, in striatal medium spiny neurons, not DA axons. (A) Generation of H,0, by the mitochondrial
respiratory chain in which reduction of O, forms the superoxide radical (*O,~), which then produces H,O, either through catalysis by superoxide
dismutase (SOD) or by spontaneous dismutation. The antioxidant enzymes catalase and GSH peroxidase metabolize H,O, thereby regulating
endogenous H,0, levels. (B) Upper: Basal and activity-dependent H,0O, generation in a striatal MSN indicated by a 30% increase in DCF
fluorescence intensity (FI) with local pulse-train stimulation (30 pulses, 10 Hz) under control conditions (black trace). Lower: Simultaneous whole-
cell recording of membrane potential (V,,.,;,) shows that a single action potential is generated for each stimulus pulse within the pulse train.
Blockade of AMPARs with GYKI-52466 (GYKI, SO uM; red traces) prevents both stimulus-induced MSN firing and H,0, generation. When H,0,
metabolism is compromised by inhibiting GSH peroxidase activity with MCS (1 mM; blue trace), stimulus-induced H,0, is enhanced. (C) The
average increase in stimulus-induced H,O,, indicated by DCF FI, is eliminated by GYKI and catalase, and doubled by MCS, demonstrating the H,0,
dependence of the DCF response and our ability to alter H,O, levels in MSNs by manipulating peroxidase activity (**p < 0.01; ***p < 0.001 vs
each respective basal DCF-FI, **p < 0.001 vs control DCF-FI). (D, E) Differential regulation by GYKI and MCS on striatal DA release evoked at a
single site by alternating local stimulation and selective stimulation of DA pathways demonstrates that modulatory H,0O, is not generated by DA
axons. (D) Blockade of AMPARs with GYKI (50—100 xM) increases [DA], evoked by local pulse-train stimulation indicating that endogenous
glutamate normally enhances DA release (***p < 0.001 vs local control). By contrast, GYKI has no effect on [DA], evoked by selective DA pathway
stimulation, thereby confirming the absence of local glutamate release with this stimulus paradigm. (E) Inhibition of GSH peroxidase by MCS (1
mM) suppresses [DA], evoked by local stimulation (***p < 0.001 vs local control) but has no effect on DA release evoked by pathway stimulation,
demonstrating a lack of modulatory H,O, generation by DA axons. Data are means + SEM (B—E are modified from ref 22).

catalysis by superoxide dismutase (SOD) or by spontaneous differences in basal and stimulated levels of H,0,.'”** Despite
dismutation (Figure 2A). Other less ubiquitous subcellular the fact that MSNs are electrically silent in brain slices, basal
sources of *0,7, and thus H,0, generation, include the DCF fluorescence is detected in all cells tested, presumably
enzymes monoamine oxidase (MAO)**** and NADPH reflecting tonic H,0O, production through mitochondrial
oxidase.**** It has been reported that the amount of H,O, respiration required to maintain ion gradients.”” During local
produced by brain mitochondria can reach 5% of the total O, electrical stimulation of dorsal striatum in ex vivo brain slices,
metabolized.*® each pulse of a stimulus train (e.g., 30 pulses, 10 Hz) elicits a

Absolute levels of H,O, within a given cell depend on the single action potential in recorded MSNs (Figure 2B); these
dynamic balance between the rate of H,0, production and the spikes are AMPAR-dependent, as discussed further below. This
rate of H,O, metabolism by antioxidant enzymes, as well as stimulus paradigm simultaneously produces a ~30% increase in
diffusion away from the site of generation. The main DCF fluorescence in a majority of MSNs** (Figure 2B). The
antioxidant enzymes that regulate cellular H,O, levels are observations that stimulus-induced increases in DCF fluo-
catalase, which is located in intracellular peroxisomes of rescence are absent in the presence of the H,0, scavenging
neurons and glia,"****” and GSH peroxidase, which is present enzyme catalase and are doubled when the H,0, metabolizing
in mitochondria and in the cytosol, especially in glia.*® These enzyme GSH peroxidase is inhibited by MCS confirmed H,0,
enzymes catalyze the decomposition of H,0, to water and O,. detection® (Figure 2C). Thus, H,O, is synthesized in striatal
H,O, levels are also regulated, albeit to a lesser extent, by MSNs, with regulation of H,0, levels by cellular peroxidases,
peroxiredoxins and cellular thiols.**~* thereby fulfilling the second criterion for classification as a

Given that striatal MSNs, which express AMPARSs, constitute neuromodulator.
>90% of striatal neurons and are a prime target of DA axons, we DA Axons Are Not a Source of Modulatory H,0,.
hypothesized that these cells could be an important source of Because all cells are capable of producing H,0,, an additional
modulatory H,0,. To visualize H,O, generation in individual source of H,0, for DA modulation could be DA axons
MSNs, we used real-time fluorescence imaging of H,O,- themselves. However, several observations prove that this is not
activated dichlorofluorescein (DCF), coupled with whole-cell the case. First, DA release modulation by endogenous H,O,
recording for simultaneous monitoring of neuronal activation in requires AMPAR activation; the effect of MCS on pulse-train
guinea-pig striatal slices. Although DCF fluorescence imaging is evoked [DA], is lost when AMPARs are blocked, indicating
not suitable for quantitative evaluation of absolute H,O, that there is no remaining H,O, signal to amplify and thus the
concentration, this dye can be used to monitor relative source of modulatory H,0, is AMPAR-dependent.”’ Second,
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Figure 3. Endogenous H,0, suppresses DA release via K,rp channels on DA axons. (A) The K,p-channel blocker, glibenclamide (3 M), increases
pulse-train evoked [DA], in the dorsal striatum and prevents the usual suppression of DA release by the GSH peroxidase inhibitor MCS or
enhancement of release by the AMPAR antagonist GYKI-52466 (GYKI). (B) The SURI1 subunit sensitive K,rp-channel opener diazoxide (30 yM)
decreases pulse-train evoked [DA], and prevents the usual effects of MCS and GYKI. (C) The SUR2 subunit sensitive K,rp-channel opener
cromakalim (30 yM) also suppresses pulse-train evoked [DA], but in contrast to diazoxide does not alter the effects of MCS and GYKL (D)
Immunohistochemical staining of striatum with an anti-tyrosine hydroxylase (TH) antibody for DA axons (green) and an anti-Kir6.2 antibody (red)
for Kyrp channels. The upper panel shows colocalization of K,rp channels in DA axons, as well as other cells and processes. The lower panel shows
Kyrp-channel labeling along the length of an extended DA axon. (E) Independent suppression of single pulse evoked DA release by diazoxide and
cromakalim suggest that both SURI and SUR2 K,1p channels are functionally present on DA axons. Data are means + SEM (A—C are modified
from ref 63; D and E are modified from ref 70).

blockade of AMPARs with an antagonist, GYKI-52466, What Subcellular Processes Generate Modulatory
prevents H,O, generation in MSNs during local pulse-train H,0,? As noted above, there are at least three subcellular
stimulation (Figure 2B), which leads to a 2-fold increase in sources of H,0,: mitochondrial respiration; MAO; and

local pulse-train evoked [DA], (Figure 2D). Because DA axons NADPH oxidase. We have shown that the usual effects of
in dorsal striatum lack AMPARs, "™ it is unlikely that GSH peroxidase inhibition or AMPAR blockade on evoked

modulation of DA release by H,O, is a self-regulatory process. [DA], are completely lost in the presence of rotenone, a

The third and most direct observation for lack of DA axon complex I inhibitor, and succinate, a mitochondrial complex II
involvement comes from experiments using parasagittal slices; substrate, which together limit H,0O, production, but maintain
this preparation allows the use of distal stimulation of tissue ATP content.”” These data implicate mitochondrial
nigrostriatal DA axons to evoke DA release and thereby avoid complex I as the primary source of rapid neuronal signaling by
the concurrent glutamate release that accompanies local H,O0, in the striatum. Another source with particular relevance
stimulation.”> The absence of local glutamate release was in monoaminergic regions is MAO, which catalyzes deami-
shown by the lack of effect of AMPAR antagonism by GYKI- nation of DA and other biogenic amines via a two-electron
52466 on pathway-evoked [DA],, but the usual enhancement reduction of O, to H,O,, with one molecule of H,0, produced
of locally evoked [DA], at the same recording site (Figure 2D). for each molecule of DA metabolized.’**" The isoforms of

We also found no increase in DCF fluorescence in MSNs or MAQO are type A (MAO-A) and type B (MAO-B), with MAO-
induction of MSN spiking with DA pathway stimulation;** the A primarily in neurons and MAO-B primarily in glia.**

absence of co-released glutamate from DA axons in dorsal However, the ability of H,0O, amplification by MCS to suppress
striatum was later confirmed in optogenetic studies.*® pulse-train evoked [DA], is unaltered by a cocktail of MAO-A
Importantly, we found no evidence for an AMPAR-independent and MAO-B inhibitors, as is the effect of the AMPAR
contribution from DA axons to the generation of modulatory antagonist GYKI-52466." NADPH oxidase belongs to a family
H,0,: inhibition of GSH peroxidase by MCS also has no effect of membrane-associated, multisubunit enzymes that catalyze
on pathway-evoked DA release™ (Figure 2E). Thus, these data the one-electron reduction of O, to form °O,” and
not only show that DA axons are not the primary source of subsequently H,0,.*°">* However, inhibition of NADPH
neuromodulatory H,0,, but also confirm that H,O, is oxidase by phenylarsine oxide also fails to prevent the effect
necessarily a diffusible messenger in the striatum. of MCS or GYKI-5466 on evoked [DA]..* Thus, dynamic,

994 dx.doi.org/10.1021/cn300130b | ACS Chem. Neurosci. 2012, 3, 991—1001



ACS Chemical Neuroscience

glutamate-dependent modulation of striatal DA release requires
H,O, that originates from mitochondria, rather than MAO or
NADPH oxidase. Of course, this does not exclude roles of
H,0, derived from MAO-dependent DA metabolism or
NADPH oxidase in other aspects of neuronal regulation on
longer time scales, 83253756

B CRITERION 3: H,0, GENERATION IN MSNS
REQUIRES SYNAPTIC GLUTAMATERGIC
DEPOLARIZATION

Activity-dependent H,0O, generation in striatal MSNs not only
implicates these neurons as a source of modulatory H,O,, but
also implies that H,0, is produced in response to neuronal
activation, meeting the third criterion for classification as a
neuromodulator. Indeed, stimulus-induced H,O, generation in
striatal MSNs does not occur when Na* channels are blocked
by TTX. However, this process also requires glutamatergic
activation of AMPARs on these neurons. Antagonism of
AMPARs with GYKI-52466 during local electrical stimulation
in dorsal striatum prevents generation of action potentials, as
well as H,0, elevation (Figure 2B). By contrast, neither of
these parameters is altered by antagonism of NMDA receptors
(NMDARs) under the same experimental conditions.”
Notably, we found no detectable H,0O, elevation when action
potentials are generated in single MSNs by current injection
pulses, implying that depolarization alone may not be sufficient
to generate modulatory H,0, in these cells.** This result
suggests a key role for glutamate in striatal H,O, generation,
and is consistent with previous studies in cultured cells showing
glutamate-dependent increases in intracellular ROS produc-
tion, 26:57—60

How is H,0, “released”? Once generated, H,0, apparently
quickly diffuses away from a site of generation; as a neutral
molecule, it can be relatively membrane permeable, although
recent studies suggest that it may escape the intracellular
compartment via aquaporin channels.*”*> However, the fact
that H,0, generated in MSNs can inhibit DA release from
striatal DA axons provides functional evidence that modulatory
H,O0, is released from MSNs. Thus, H,O, “release” in response
to transmitter action and consequent depolarization addresses
the third criteria for H,O, as a striatal neuromodulator.

B CRITERION 4: ENDOGENOUS H,0, SUPPRESSES
DA RELEASE VIA K,yrp CHANNELS ON DA AXONS

The main targets of H,0O, for DA release regulation have been
identified as K,pp channels,® which fulfills the fourth criterion
for classification of H,0, as a neuromodulator. Binding and
immunohistochemical studies show that K,rp channels are
highly expressed in the striatum.**”7° The role of H,O,-
sensitive K,rp channels in axonal DA release regulation in
dorsal striatum was first demonstrated by prevention of the
usual changes in pulse-train evoked [DA], with GSH
peroxidase inhibition by MCS or AMPAR antagonism by
GYKI-52466 in the presence of a Kypp channel blocker, like
tolbutamide or glibenclamideZI’63 (Figure 3A). These and other
studies show that activity-dependent H,O, causes K,p-channel
opening, with elevation of H,0, leading to K,rp-channel-
dependent suppression of axonal DA release or DA neuron
firing 2243

Many neuromodulators have receptors that are activated
selectively, if not specifically, by a given modulatory agent; for
example, the D1 and D2 family receptors are activated
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selectively by DA. However, K pp channels have other known
regulators besides H,0,, the most obvious of which are low
ATP and/or elevated ADP; through these, Kyrp channels act to
couple the metabolic state of a cell to membrane excitability.”*
Previous studies using inside-out membrane patches from
cardiac cells have shown a direct, concentration-dependent
effect of H,O, on K,rp-channel opening by decreasing channel
sensitivity to ATP.”>’*> However, whether H,0, regulation of
K,1p channels in intact DA neurons is direct or indirect has not
yet been established. K,p channels are octameric proteins74’75
composed of four inward rectifier K* channel subunits that
form a central pore, typically Kir6.2 in neurons and Kir6.1 in
glia,69’76_78 and four surrounding sulfonylurea-binding sub-
units, either SURI or SUR2.”7%%® Channels based on SURI or
SUR2 subunits can be distinguished by their differential
sensitivity to K,pp-channel openers.SI’82 Both SURI-acting
diazoxide and SUR2-acting cromakalim decrease pulse-train
evoked [DA], by roughly 30%% (Figure 3B,C). However,
suppression of evoked [DA], by MCS is occluded only by
diazoxide and not cromakalim, indicating that SURI-based
Kyrp channels are the primary target of neuromodulatory
H,0,” (Figure 3B,C).

Identification of K,pp channels as the targets through which
H,O, inhibits DA release fulfills the fourth criterion of having a
“receptor” that mediates the action of a putative neuro-
modulator. However, the use of pulse-train stimulation alone
cannot indicate the location at which these H,O,-sensitive K,p
channels alter DA release; that is, whether responses are
mediated by K,pp channels on DA axons or elsewhere in the
striatal microcircuitry. The most straightforward explanation for
rapid, reversible inhibition of striatal DA release by H,O, is that
K,urp channels are located directly on DA axons. We tested this
hypothesis using immunohistochemical methods, which con-
firmed that at least 30% of K,rp channels containing the Kir6.2
subunit in dorsal striatum are expressed by DA axons’® (Figure
3D). Functional studies examining the effect of SUR-subunit
selective openers on [DA], evoked by single-pulse stimulation,
that is not modulated by glutamate, GABA, or D2
autoreceptors,”” % show that either SURI-sensitive diazoxide
or SUR2-sensitive cromakalim can independently decrease DA
release”’ (Figure 3E).

Although DA release elicited by a single pulse is independent
from regulation by glutamate and GABA,”"® acetylcholine
(ACh) release from striatal cholinergic interneurons exerts a
strong modulatory effect on single-pulse evoked release
through nicotinic ACh receptors (nAChRs) on DA axons:
when nAChRs are blocked, single pulse evoked [DA], is
suppressed, but the frequency-responsiveness of brief pulse
trains is enhanced.’”° Given that cholinergic interneurons
also express SUR1-based K,pp channels that can hyperpolarize
these cells,”" one could speculate that H,O, regulation of DA
release might occur indirectly by inhibiting ACh release.
However, this is not the case. First, activation of K,pp channels
by diazoxide suppresses DA release evoked by S-pulse trains to
a similar degree across all frequencies tested, with no change in
the frequency-dependence of evoked [DA],.”° Thus, activation
of K,pp channels fails to recreate the dynamic pattern of striatal
DA release with frequency that is characteristic of decreased
ACh release. Second, the effect of MCS on evoked [DA], is
unaltered when nAChRs are blocked by mecamylamine,
indicating that inhibition of axonal DA release by endogenous
H,0, is also independent of H,0, effects on cholinergic
interneurons.

dx.doi.org/10.1021/cn300130b | ACS Chem. Neurosci. 2012, 3, 991—-1001



ACS Chemical Neuroscience

Together, these anatomical and functional observations
confirm the presence of striatal “receptors” in the form of
Karp channels for neuromodulatory H,0,. Moreover, they
show that H,0, regulates DA release by activation of Kyrp
channels directly on DA axons.

B CRITERION 5: THE ROLES OF DIFFUSION AND
ENZYMATIC DEGRADATION IN TERMINATION OF
H,0, EFFECTS

The final criterion for a substance being a neuromodulator is
that there must be a mechanism for inactivation. As already
noted, H,O, is metabolized primarily by the antioxidant
enzymes GSH peroxidase and catalase (Figure 2A); inhibition
of GSH peroxidase leading to amplification of endogenous
H,0, levels in cells in which it is generated (e.g, MSNs)
(Figure 2C), with subsequent enhancement of H,0,-depend-
ent suppression of DA release (Figures 1B, 2E). However, our
studies have also shown that exogenous application of GSH
peroxidase or catalase completely prevents the increase in
striatal DA release normally seen with the AMPAR antagonist
GYKI-52466 *' (Figure 4A,B). Moreover, exogenous catalase
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Figure 4. Enzymatic degradation in termination of H,O, DA release
regulation. (A, B) Exogenous application of the H,O, metabolizing
enzymes glutathione peroxidase (GSHPx) or catalase (Cat)
completely prevents the increase in pulse-train evoked striatal [DA],
normally seen with the AMPAR antagonist GYKI-52466 in dorsal
striatum. By contrast, heat-inactivated forms of these enzymes (I-
GSHPx or I-Cat) are without effect. (C) Exogenous catalase also
reverses the decrease in DA release usually seen when GSH peroxidase
is inhibited with MCS. These data demonstrate the scavenging nature
of these antioxidant enzymes in regulating and terminating the DA
modulatory effects of endogenous H,0,. Data are means + SEM
(modified from ref 21).

reverses the decrease in DA release usually seen when GSH
peroxidase is inhibited with MCS*' (Figure 4C). These data
not only demonstrate that the actions of endogenous H,0, on
striatal DA release are regulated by enzymatic degradation but
they also confirm the role of H,0, in glutamate-dependent
regulation of DA release. Given the ability of H,0O, to cross
plasma membranes, inactivation of dynamically generated H,O,
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is likely to occur via diffusion and enzymatic inactivation in
neighboring cells, as well as by regulation in the generating cell.

DA Release Suppression by Endogenous H,0, and
Karp Channels Is Rapid Yet Transient. What is the time
frame for H,0O, induced suppression of DA release? Our studies
of monitoring H,0, in striatal MSNs with DCF suggest that
H,0, generation is rapid, occurring within a few hundred
milliseconds following initiation of a 10 Hz stimulus burst**
(Figure 2B). In addition, suppression of pulse-train evoked
[DA], during GSH peroxidase inhibition or enhancement of
pulse-train evoked [DA], by AMPAR antagonism or K,rp-
channel blockade follows a similar time frame and is maintained
throughout the stimulus.>*>%® However, these observations
provide little information about the dynamic window for H,0,/
K,rp-channel-dependent modulation of striatal DA release.

We determined this regulatory time window using a paired
pulse-paradigm in which the influence of endogenous H,O,
generated during an initial stimulus is assessed on [DA],
evoked by a subsequent test pulse applied at varying interpulse
intervals”’ (Figure SA). These studies revealed that when Kyp
channels are blocked by glibenclamide, DA release evoked by a
subsequent test pulse at 500 or 1000 ms after the initial
stimulus is enhanced, with loss of the effect by 1500 ms. These
data indicate a 1 s time window for K,rp-channel activation and
DA release inhibition after the stimulus’® (Figure SA,B). The
delay in onset of striatal DA release regulation by H,0, at
intervals of less than 500 ms could reflect a number of factors,
including the time required for glutamate-AMPAR dependent
H,O0, generation and diffusion of modulatory H,0, from the
site of generation (e.g,, MSNs), to DA axons,”” as well as the
time required for K,rp-channel activation. In parallel experi-
ments, we found that amplification of endogenous H,O, levels
by GSH peroxidase inhibition enhances DA release suppression
at the same times that K,pp-channel blockade led to enhanced
evoked [DA], after the initial stimulus’® (Figure SB). This
suggests that H,O, metabolism, at least by GSH peroxidase,
plays a greater role in regulating the amplitude of H,O,
signaling than in limiting its time course and, therefore,
implicates diffusion and K,rp-channel kinetics in the termi-
nation of action. Overall, these data show that the time window
for H,0,/K,rp-channel-dependent suppression of DA release is
500—1000 ms after a burst of activity.

B H,0, MEDIATES DA RELEASE REGULATION BY
GLUTAMATE, GABA, AND CANNABINOIDS

Glutamate. Given the close apposition of dopaminergic and
glutamatergic inputs on MSN spines,z’3 it is not surprising that
glutamate regulates striatal DA release. However, the
mechanism by which glutamate regulates DA release has been
controversial. This may be in part due to the use of glutamate
agonists that can induce widespread depolarization, including
pathophysiological spreading depression.”>”*>  Glutamatergic
transmission is generally regarded as being “hard-wired”, with
spillover limited by avid uptake.”*~®” When glutamate spillover
does occur, for example, when uptake is compromised, DA
release is inhibited via metabotropic glutamate receptors on DA
axons.”® However, because DA axons in the dorsal striatum lack
both AMPARs and NMDARs,*~* any effect of glutamate on
DA release via these ionotropic receptors must be indirect. Our
studies have revealed that glutamatergic activation of AMPARs
inhibits striatal DA via H,0, and K,rp channels on DA axons,
as outlined above. Glutamatergic excitation increases H,O,
generation in a large population of striatal MSNs via activation
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Figure S. Time course of DA release suppression by endogenous H,0, and K,1p channels. (A) Representative [DA], versus time records from the
dorsal striatum using a paired-pulse stimulation paradigm in which a pseudo-one pulse stimulus (10 pulses, 100 Hz; P1) is followed by a single test
pulse (P2) at varying time intervals (P1 + P2, black traces), with subtracted P1 (red traces). Note the recovery of P2 amplitude with time in the
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[DA], evoked by P2 at 500 and 1000 ms, whereas MCS significantly decreased P2 at these time points, thereby revealing a role for endogenous
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These data indicate rapid yet transient suppression of axonal DA release by endogenous H,0, and K,p channels. Data are means + SEM (modified

from ref 70).

of AMPARs. When AMPARs are blocked in dorsal striatum,
dynamic H,O, generation in MSNs is prevented, leading to an
increase in pulse-train evoked DA release”"** (Figure 2B,C).
Blocking NMDARs under the same conditions has no effect on
H,0, generation in MSNs or evoked [DA],.*"** The
observations that the effect of GYKI-52466 is absent when
the H,O, scavenging enzymes catalase and GSH peroxidase are
present”’ (Figure 4A,B), when mitochondrial H,0, generation
is prevented,49 or when H,O,-sensitive K,rp channels are
blocked (Figure 3A) confirm that glutamatergic AMPAR-
modulation of DA release occurs exclusively through
mitochondrial H,O, and K,pp-channel activation.

GABA. Regulation of axonal DA release in dorsal striatum by
GABA is also unconventional. Blockade of GABA, receptors
(GABA,Rs) with picrotoxin causes a roughly 50% decrease in
pulse-train evoked [DA], in the dorsal striatum, showing that
GABA enhances DA release whereas blockade of GABARs is
without effect.’* The influence of GABA on DA release, like
that of glutamate, must be indirect, because DA axons in dorsal
striatum do not appear to express ionotropic GABARs.” Our
studies have revealed that GABAergic modulation of DA release
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also occurs via H,O,, with complete prevention of the effect of
GABA,R blockade by catalase® and by the Kypp-channel
blocker glibenclamide.”> Moreover, picrotoxin has no effect
when AMPARs are blocked,* indicating that the actions of
GABA at GABA,Rs must be mediated by the pool of H,O,
generated downstream from glutamate acting at AMPARs. The
localization of GABA,Rs near spines on the dendrites of
MSNs® provides ideal placement for the established role of
GABA in attenuating glutamatergic excitation of MSNs, as well
as for attenuation of glutamate-dependent H,O, generation and
DA release suppression.

Glutamate input to MSNs generates modulatory H,O, that
diffuses to adjacent DA axons, opens SURIl-based K,rp
channels that hyperpolarize DA axons, and thereby inhibits
DA release. GABAergic activation of GABA,Rs curtails
AMPAR-dependent MSN excitation and consequent H,0,
generation from mitochondria.'® In the absence of glutamater-
gic input, or when AMPARs are blocked, H,O, generation is
minimized, GABA,R-dependent regulation is lost, and DA
release is no longer inhibited by H,O, acting at K,7p channels.

dx.doi.org/10.1021/cn300130b | ACS Chem. Neurosci. 2012, 3, 991—-1001



ACS Chemical Neuroscience

Thus, GABA has no direct influence on DA release when
MSNs are not activated by glutamate.

Cannabinoids. Given the critical role that H,0, plays in
enabling the effects of glutamate and GABA on DA
transmission in the dorsal striatum, it is not surprising to find
that H,O, is also involved in mediating the effect of other
modulators on DA release that act by altering either glutamate
or GABA transmission. One example is the regulation of DA
release by cannabinoid activation of CB1 receptors (CB1Rs).
Consistent with in vivo studies, pulse-train evoked [DA], in the
dorsal striatum in striatal slices is not altered by CBIR
antagonists, indicating the absence of DA release regulation by
endocannabinoids with brief, mild stimulation. However, CB1R
agonists cause a decrease in pulse-train evoked [DA], whereas
single-pulse evoked [DA], is unaffected, which implicates the
involvement of local striatal circuitry in consequences of CB1R
activation on DA release, rather than direct effects on DA
axons.'®”'%" The effect of CBIR activation on pulse-train
evoked [DA], is prevented by GABA,R blockade, by catalase,
and by blockade of Krp channels.'®" Thus, these data implicate
presynaptic inhibition of GABA release via presynaptic CB1Rs,
with consequent increase in MSN activation and H,O,
generation. Consistent with this notion, the effect of the
CBIR agonist WINSS,212-2 in dorsal striatum is also lost with
AMPAR antagonism (Sidlé and Rice, unpublished). Local
inhibition of DA release consequent to GABA release inhibition
might explain CBI1R-agonist induced catalepszr, despite
evidence for increased phasic DA-neuron activity.'®

B CONCLUDING REMARKS

The mechanistic studies reviewed here demonstrate that H,O,
meets the criteria for classification as a neuromodulator: both
exogenous and endogenous H,0, suppress DA release;
endogenous H,0, is generated by mitochondria in striatal
MSNs in a manner that requires glutamatergic depolarization
via AMPARs; dynamically generated H,O, leaves the cell of
generation and diffuses through the extracellular compartment
to activate K,rp channels located directly on DA axons, thereby
inhibiting exocytotic DA release; finally, the action of
modulatory H,0O, is regulated by the metabolizing enzymes
GSH peroxidase and catalase. Notably, findings from the dorsal
striatum indicate that regulation of axonal DA release by
glutamate and GABA acting via ionotropic receptors in that
region occurs exclusively through modulatory H,O,. As a result,
other on-demand modulators such as the cannabinoids that can
alter glutamate or GABA transmission also rely on H,O, to
deliver the final message to DA axons.

Although the evidence summarized here is focused on H,O,-
dependent modulation of axonal DA release in the striatum, the
ubiquitous presence of mitochondria as sources of H,O, in all
cells and the widespread distribution of K,rp channels
throughout the CNS®*~70768290103 jyply that neuromodula-
tion by H,0O, could be equally widespread. Indeed, endogenous
H,O0, acts via K,pp channels to regulate the activity of SNc DA
neurons,”* striatal GABAergic MSNs,'** and substantia nigra
pars reticulata GABAergic neurons.'®'*® In this light, it is
possible that H,0,-dependent modulation could occur in other
Kyurp-channel expressing cells elsewhere in the body, including
pancreatic f-cells and cardiac myocytes.”'~>'?71%

Lastly, it should be noted that K,rp-channels are not the only
ion-channel target of endogenous H,0,. Among the most
intriguing of these is a subtype of transient receptor potential
(TRP) channels, the TRP melastatin 2 (TRPM2) channel,
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which is uniquely sensitive to activation by H,0,.'%''° In

contrast to K,rp channels, which hyperpolarize neuronal
membranes and decrease cell excitability, TRP channels are
nonselective cation channels that cause membrane depolariza-
tion. In guinea-pig striatal MSNs and SNr GABAergic neurons,
the primary effect of elevation of endogenous H,0O, is TRP-
channel mediated depolarization and increased activity.'**~'%
The specific channel subtype underlying these effects in SNr
neurons has been identified as TRPM2.'% Although SNr
GABAergic neurons also express K,rp channels, the predom-
inant eftect of H,O, elevation on these cells in guinea-pig SNr
(albeit not in mouse SNr) is depolarization and increased firing
rate.'® In contrast, although DA neurons in guinea-pig SNc
express TRPM2,'% as well as K,pp channels, the predominant
effect of H,0, elevation on SNc¢ neurons is hyperpolarization.”*
These data indicate that the net effect of H,O, on a given cell
or transmitter release site will reflect the balance between
H,0,-sensitive target channels expressed and thereby provide
cell-type-specific patterns of modulation.
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