














FIGURE 2. Kv1.1, -1.2, -1.3, -1.6, and, to a lesser extent, Kv1.4 protein is
expressed in cultured dopamine neurons. X60 confocal images of mature
dopamine cultures showing immunocytochemical colocalization of DAT
(green) and Kv1.1, -1.2, -1.3, and a weak expression of Kv1.4 (red). Control
experiments with secondary antibody alone are shown under supplemental
“Experimental Procedures.”

flow by 48.8% relative to slices treated with quinpirole alone
(57.16 £ 7.4 versus 16.36 = 1.2% of baseline values; p < 0.001)
(overall F, 43, = 8.863; p < 0.001). Blockade of Kv1.2-contain-
ing channels with MTX produced the greatest effect of any
subunit-specific toxin: MTX blocked 39.1% of the inhibitory
action of quinpirole on DA overflow (49.01 * 2.8 versus 16.36 =
1.2%; p < 0.001. Pre-application of DTX-K (Kv1.1 blocker)
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diminished the effect of quinpirole on DA overflow by 30.8%
(42.14 = 2.8 versus 16.36 = 1.2%; p < 0.001). Finally, the
Kv1.3 blocker, Osk-1, failed to significantly alter the ability
of quinpirole to reduce the evoked DA overflow (29.39 + 2.6
versus 16.36 £ 1.2%; not significant). MTX was the only
toxin blocker that increased DA overflow relative to basal
rundown (Fig. 4F; 108.5 £ 7.4 versus 89.79 = 2.5%) (overall
F4 45y = 5.65; p < 0.05). These findings suggest that Kv1.1,
-1.2, and perhaps -1.6 subunit-containing channels mediate
the inhibition of DA overflow by D2-AR activation. A par-
ticular role for the Kv1.2 subunit is underscored by our data
demonstrating robust effects of Kv1.2 blockade to reduce the
D2-AR-mediated inhibition of DA overflow and increase
basal DA overflow.

D2-AR Inhibition of DA Overflow Is Diminished in Kv1.2~"~
Knock-out Mice—To further investigate the contribution of
Kv1.2 to D2-AR regulation of DA overflow, we assessed stimu-
lation-evoked DA overflow in acute slice preparations from
Kv1.2™/" mice and Kv1.2*/" wild type controls. As shown in
Fig. 5, A and B, basal DA overflow was significantly higher in
Kv1.27/~ mice relative to controls (195.0 = 39.40 versus
100.0 * 12.04; £, = 2.31, p < 0.05). In addition, the effect
quinpirole (1 um) on DA overflow was significantly reduced in
Kv1.27/~ mice relative to wild type controls (36.7 = 3.26 versus
24 * 6.03%; £,5) = 1.86; p < 0.05) (Fig. 5, C and D). These
results corroborate our toxin data and provide evidence for a
physiologically relevant effect of Kv1.2 activity in axonal D2-AR
regulation of DA overflow.

Co-immunoprecipitation of D2-AR and Kvl.2—To begin
exploring a potential interaction between D2-AR and Kv1.2, we
evaluated whether Kv1.2 could co-immunoprecipitate with the
D2 receptor. We first co-expressed YFP-tagged Kv1.2 with D2S
and D2L expression vectors in COS cells. Kv1.2 could indeed be
immunoprecipitated with a D2 receptor antibody in both D2S-
and D2L-expressing cells (Fig. 6A4). To validate this finding, we
also examined mouse striatal tissue and found that Kv1.2 was
again reliably immunoprecipitated (Fig. 6B). Furthermore, the
signal was absent in tissue extracts obtained from D2 KO mice
(26) but present in extracts prepared from D2L KO mice, thus
confirming the interaction with D2S, the isoform previously
suggested to act as the main D2-AR (11). To further distinguish
between pre- and postsynaptic D2 receptors, we also prepared
striatal synaptosomes, a preparation highly enriched in axon
terminals. We found that Kv1.2 could also be immunoprecipi-
tated from this material (Fig. 6C). These findings suggest that
Kv1.2 and D2-AR are components of a common signaling com-
plex at the membrane.

Quinpirole Increases K* Conductance in D2-AR/Kv1.2 Co-
transfected Cells—We next focused our attention on the func-
tional interaction of the D2-AR and Kv1.2. As we were unable to
measure a Kvl.2, MTX-sensitive current in the cell body of
cultured midbrain DA neurons (data not shown), we assessed
the functional coupling of D2-AR and Kv1.2 in transfected
HEK293 cells. We measured the regulation of K" currents by
the D2-AR in cells co-transfected with YFP-tagged KvI.2 and
myc-tagged D2S (short isoform of the D2 receptor). Visualiza-
tion of YFP fluorescence guided the selection of cells for whole
cell patch clamp recordings. Counting of YFP (Kv1.2) and myc
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FIGURE 3. Presynaptic localization of Kv1.1, -1.2, -.3, and -1.6 on dopamine axons of the dorsal striatum. A, X1 photomicrograph of DAT immunofluo-
rescence in a striatal slice. The box identifies the region where X40 confocal images were captured. B, X40 confocal images with X400 inserts demonstrating
the presence of Kv1.1, -1.2, and -1.6 protein on DAT immunopositive axon terminals in the dorsal striatum. Kv1.3 immunostaining was near absent on
DAT-positive fibers. C, area proportion of DAT-positive axonal fibers expressing Kv1.1,-1.2,-1.3, and -1.6 subunits (mean * S.E.).

(D2S) immunolabeled cells revealed that the vast majority
(84.9%) of Kv1.2-positive cells were indeed co-transfected with
D2S (Fig. 7A). Cells were maintained at —80 mV and currents
were recorded under voltage-clamp in response to sequences of
depolarizing steps between —80 and +30 mV (Fig. 7B). As illus-
trated by the conductance-voltage curves in Fig. 7B, depolariza-
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tions to values more positive than —40 mV were required to
generate detectable currents in Kv1.2- and D2S-transfected
cells. In contrast, currents only started to appear at 0 mV in
non-transfected cells and with more than 10-fold lower ampli-
tudes (data not shown). In both quinpirole- and saline-treated
groups, the conductance amplitude increased in a voltage-de-
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FIGURE 4. Kv1 channel blockade reduces the ability of the D2 agonist quinpirole to decrease DA overflow. A, representative background-subtracted
cyclic voltammogram depicting oxidation and reduction current peaks for DA. Oxidative currents were obtained between ~300 and 500 mV (versus Ag/AgCl)
corresponding to ~3.5-4.5 ms in the voltage waveform. B, current-time plot illustrating subsecond stimulation-evoked DA release and reuptake. C, current-
time plots showing the influence of the D2 agonist, quinpirole (1 um), and quinpirole in the presence of the broad spectrum Kv1 blocker, 4-AP (100 um), on DA
overflow (normalized to basal DA concentrations). D, time-course of DA overflow (plot of maximal overflow values (B) normalized to a pre-drug baseline control
period). Quinpirole (1 um; n = 9;5) inhibited DA overflow, whereas 4-AP (100 um; n = 6;3) attenuated the effect of quinpirole to inhibit DA overflow. E, effect of
preincubation with 4-AP (100 um), a-DTX (100 nm; n = 4;4),a Kv1.1,-1.2, and -1.6 blocker, MTX (10 nm; n = 7;4), a specific Kv1.2 blocker, DTX-K (20 nm; n = 6;4),
a specific Kv1.1 blocker; and Osk-1 (2 nm; n = 4;3), a specific Kv1.3 blocker, on the ability of quinpirole (1 um) to inhibit DA overflow relative to controls with
quinpirole alone (n = 6;4). F, effect of 4-AP (n = 6;3) and toxins alone on DA overflow relative to rundown (n = 11;6). Mean = S.E.: *, p < 0.05; **, p < 0.01; ***,

p < 0.001.

pendent manner. Activation of D2-AR (D2S) with quinpirole
increased K™ currents relative to cells treated with saline (F; ;,,
= 26.5; p < 0.0001). A shift in voltage dependence was also
induced by quinpirole: voltage at 50% maximal conductance
was —0.82 = 1.7 mV (mean = S.E.) in control cellsand —16.1 *
1.9 mV in quinpirole-treated cells (p < 0.0001) (Fig. 7C). As
shown in Fig. 7D, the wide spectrum Kv1 blocker, 4-AP (100
um), reduced K* currents relative to saline-treated control
(54.83 = 4.02 versus 83.66 = 5.6, p < 0.05) as did the specific
Kv1.2 blocker, MTX (43.6 = 4.96 versus 83.66 £ 5.6, p < 0.01).
Importantly, MTX preincubation completely blocked the cur-
rent-activating effects of quinpirole (Fig. 7E) (37.36 = 7.43 ver-
sus71.76 = 6.78 (saline), p < 0.05; 127.9 = 10.50 (quinpirole), p
<0.001;43.46 = 4.96 (MTX), not significant). We also recorded
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currents in HEK293 cells co-transfected with D2L (long iso-
form of the D2 receptor) and KvI.2 (Fig. 7F). Quinpirole
increased current activation by 26% relative to saline controls
(104.4 = 10.42 versus 77.47 * 3.530, £, = 2.45, p < 0.05).
Blockade of GBy Signaling Diminishes D2-AR-induced Inhi-
bition of DA Overflow and Prevents the Potentiation of K© Con-
ductance by Quinpirole—To begin exploring the signaling
mechanisms by which D2-AR activation may be coupled to the
opening of Kvl channels, we investigated D2-AR inhibition of
DA overflow using voltammetry under conditions of GBvy and
Ga;,, blockade. To block GBy function, we introduced a FLAG-
tagged TAT-G protein-coupled receptor kinase carboxyl ter-
minus (GRKct) scavenger peptide into DA neurons. The effec-
tiveness of this peptide to block GBy was validated in DA
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Basal DA overflow is increased and quinpirole-induced
inhibition of DA overflow is attenuated in Kv1.2-/- mice
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FIGURE 5. Basal DA overflow is potentiated, whereas D2-AR inhibition of DA overflow is diminished in Kv1.27/~ mice. A, current-time plot illustrating
increased stimulation-evoked DA overflow inaKv1.2™/~ mouse relative to a wild type control (Kv1.2*/*). B, basal DA overflow is potentiated in Kv1.2~/~ mice
(n = 6;3) relative to wild type littermates (n = 6;3). C, reduced impact of quinpirole (1 um) on stimulation-evoked DA overflow in Kv1.2 ™/~ mice. Data depict DA
overflow over time normalized to pre-drug baseline period. D, quinpirole-induced inhibition of DA overflow is attenuated in Kv1.2~/~ mice (n = 6;3) relative

to wild type littermates (n = 6;3) (mean = S.E.; *, p < 0.05).
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FIGURE 6. Co-immunoprecipitation of D2S and Kv1.2. A, immunopre-
cipitation of Kv1.2 by a D2 receptor antibody in protein extracts from COS
cells transfected with Kv1.2 and D2S or D2L (long-form of D2 receptor).
Normal mouse IgG was used as a negative control. Protein extracts were
used as positive control (“lysate control”). Demonstrating the specificity of
the immunoprecipitation, actin was absent in D2-immunoprecipitated
samples and negative control. B, immunoprecipitation of Kv1.2 by a D2
receptor antibody in mice striatal membrane protein extracts. No immu-
noprecipitation was obtained with normal mouse IgG or in extracts
obtained from D2 KO mice, although Kv1.2 was immunoprecipitated from
striatal extracts of D2L KO mice. C, immunoprecipitation of Kv1.2 by a D2
receptor antibody in synaptosome membrane protein extracts prepared
from the striatum of mice.
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cultures by assessing the ability of the peptide to attenuate
D2-AR-induced inhibition of DA cell firing, a process
known to rely on GBvy coupling and activation of somato-
dendritic G-protein gated inward-rectifying K* channels
(supplemental Fig. S1A) (51). Furthermore, penetration of
active and control peptides in striatal slices was validated by
immunolabeling with anti-FLAG and anti-DAT antibodies
(supplemental Fig. S1B). As shown in Fig. 84, preincubation of
slices with TAT-GRK peptide (1 um) partially blocked the
ability of quinpirole (1 um) to inhibit stimulation-evoked DA
overflow by 23.6% relative to the inactive peptide (1 um)
(54.9 = 1.1 versus 71.78 = 5.5; p < 0.01). NEM, a sulthydryl
alkalating agent, selectively reduces responses mediated by
pertussis toxin-sensitive G proteins (G;,,) (52). NEM was
used to block G;,, because pertussis toxin requires long incu-
bation times that are incompatible with the use of acute slice
preparations. Pre-application of NEM (200 nm) blocked the
inhibitory actions of quinpirole by 71.8% (23.6 * 13.4 versus
83.6 = 1.2; p < 0.01) (Fig. 8B). Finally, to determine the
contribution of GBy signaling in the activation of Kv1.2 by
D2-AR, we triple transfected HEK293 cells with Kv1.2, D28,
and GRKct (Fig. 8C) and recorded K™ currents following
saline or quinpirole (1 um) application. As illustrated in Fig.
8D, the presence of GRKct completely prevented the previ-
ously described increase in K™ conductance induced by
quinpirole. These findings are consistent with the involve-
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FIGURE 7. Quinpirole increases K* conductance in Kv1.2/D2S co-transfected cells. A, HEK293 cells co-transfected with Kv1.2 (green) and D2S (D2-AR) (red).
B, application of the D2 agonist, quinpirole (1 um; n = 10) to co-transfected cells increased K* conductance as compared with saline (n = 7). C, the membrane
potential at 50% maximal conductance was substantially reduced by quinpirole versus saline. D, quinpirole increased maximum K* conductance, whereas the
wide spectrum Kv1 blocker, 4-AP (100 um; n = 9) and the Kv1.2 blocker, MTX (50 nm; n = 8), blocked a large proportion of the K* current versus saline control
(n = 7).E, blocking Kv1.2 by preincubation with MTX (n = 8) prevented the increase in K" current by quinpirole. F, quinpirole (n = 6) potentiated the K* current
in HEK cells co-transfected with D2L and Kv1.2 as compared with saline (n = 6). Mean = S.E.: ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

ment of Ga,,, signaling (53) in D2-AR-mediated inhibition
of axonal DA release and provide new evidence suggesting
that GBvy proteins contribute to the coupling of axonal

D2-AR and Kv1.2 activation leading to reduced DA overflow.

DISCUSSION

Identifying the mechanisms by which D2-AR regulates
axonal DA release in the striatum has clear implications for
understanding the motor, cognitive, and emotional functions
tied to striatal DA signaling. In the present study, we demon-
strate the importance of voltage-gated K* channels of the Kv1l
subfamily in the actions of presynaptic D2-AR to regulate
axonal DA overflow. In particular, by using Kv1.2~/~ mice and
a Kv1.2 toxin blocker during real time measures of DA release
along with K" conductance measurements in Kv1.2-trans-
fected cells, we reveal a specific role for Kv1.2 in D2-AR func-
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tion. Collectively, our observations uncover a mechanism by
which axonal D2-AR attenuates DA overflow by regulating the
function of Kv1 channels and isolate the importance of Kv1.2 in
this process by demonstrating the coupling of D2-AR to Kv1.2
channels.

Kv1.1 through 1.6 subunits are widely expressed in the mam-
malian brain where they act to regulate excitability and secre-
tion. This study is the first to demonstrate Kv1 subunit expres-
sion in midbrain DA neurons. FACS-purified DA neuron
preparations were probed for Kv1 subunit expression to reveal
Kvl.1, -1.2, -1.3, -1.4, and -1.6 mRNA in DA neurons of the
SN/VTA. Although Kv1.5 was observed in whole midbrain
samples, it was not detected in purified DA samples, a finding
that is consistent with the relatively low abundance of this sub-
unit in neurons (54). Expression analyses at the RNA level
largely match those obtained at the protein level as Kv1.1, -1.2,
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-1.3, -1.4, and -1.6, but not Kv1.5, immunofluorescence was
detected in cultured DA neurons. In all cases, Kv1 staining was
observed along somatodendritic and axonal-like domains of
DA neurons, which is consistent with Kv1 expression patterns
described elsewhere and in the role of these channels in diverse
cellular functions (19). Expression of each Kvl subunit was
apparent in all DAT-positive neurons, thus suggesting that
these subunits are co-expressed in DA neurons. The Kv1 chan-
nel pore is composed of four a subunits that often co-assemble
to form heteromultimeric channels (23, 24) and thus Kv1 sub-
units may combine in such a manner in DA neurons, although
this remains to be specifically examined.
Immunohistochemical examination of striatal slices revealed
Kvl.1,-1.2,and -1.6 along DA-positive axons and/or terminals.
In contrast, Kv1.3 immunolabeling was near absent in DA pro-
cesses. Kv1.2 is the most abundant subunit in the mammalian
brain and is present in the great majority of Kvl channel com-
plexes and in all Kv1.1 and -1.6-containing channel complexes
(55). The relative difference in the abundance of Kv1 subunits
on DA-positive fibers that was measured is likely a close repre-
sentation rather than a reflection of variations in antibody
staining because immunolabeling of tubular microvasculature-
like structures was similar across subunits (not shown). More-
over, the specific binding and labeling of the Kv1 antibodies
used has been validated (56). Kv1 channels are reported to be
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predominantly localized to the immediate presynaptic region
of axon terminals (54). It may be considered likely that Kv1.1,
-1.2, and -1.6 subunits are thus also preferentially localized to
the immediate presynaptic region of DA neurons. However, the
amount of DAT and Kv1 co-localization we observed in striatal
slices was relatively small: our images may have underestimated
the true level of co-localization, because in a given confocal
image plane, we would expect the number of DA axons cours-
ing through and terminating at sites more rostral or caudal to
exceed the number of presynaptic DA terminals regions. The
precise location of Kv1 channels on DA axons will require addi-
tional experimentation including electron microscopy. Taken
together, the expression data provide strong evidence for the
presence of Kv1.1, -1.2, and -1.6 subunit-containing channels in
DA neurons and their localization on nigrostriatal dopaminer-
gic axons and/or axon terminals.

Real time measurement of DA overflow with cyclic voltam-
metry provides an ideal tool to directly assess the functional
contribution of Kv1 channels in D2-AR regulation of DA over-
flow. Moreover, the use of acute slice preparations for DA con-
centration measurements permits precise spatial and temporal
control for the application of multiple drugs/toxins. Preincuba-
tion of slices with aDTX, a blocker of Kv1.1, -1.2, and -1.6
subunit-containing channels, blocked approximately half of the
effect of quinpirole on evoked DA overflow. Interestingly, the
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influence of aDTX on D2-AR-mediated inhibition (48.8%
block) was similar in magnitude to that obtained with the broad
spectrum Kv1 blocker, 4-AP (44.2% block; Fig. 4D). Although
4-AP can also block Kv3-containing channels and a recent
report implicates voltage-activated Ca®>* channel facilitation
(57), our results with aDTX suggest that the effects of 4-AP
specifically on D2-AR function may be mostly due to its actions
to block Kv1.1, -1.2, and -1.6.

Despite evidence of Kv1 channel involvement, 4-AP did not
fully block the actions of the quinpirole to reduce DA overflow,
suggesting that additional mechanisms mediate the ability of
the D2-AR to inhibit DA overflow. One possibility is that
D2-AR-mediated inhibition of axonal overflow is also mediated
in part by other mechanisms such as direct inhibition of exocy-
tosis or inhibition of voltage-dependent Ca®>" channels in ter-
minals. In support of the first of these mechanisms, previous
work in cultured DA neurons suggests that D2-AR can nega-
tively regulate the secretory process at a step that is down-
stream to calcium influx in axon terminals (16). However, DA
release was not directly measured in that study and the possible
implication of calcium channel inhibition was also not directly
examined.

Our results establish a particular role for Kv1.2 channels in
the regulation of DA release as MTX had the greatest impact of
any of the Kv1 subunit-specific toxins to block the inhibiting
actions of quinpirole on DA overflow. Additionally, we found
that blockade of Kv1.1 with DTX-K diminished the influence of
quinpirole on evoked DA overflow. In contrast, pre-treatment
of slices with Osk-1, a Kv1.3 blocker, was without effect on DA
overflow. Interestingly, both aDTX and DTX-K did not
increase basal DA overflow, whereas MTX slightly enhanced it.
These results may be taken to suggest a more defined role of
Kv1.1,-1.2, and -1.6 channel activation in the regulation of DA
release by D2-AR. On the contrary, 4-AP substantially
increased basal DA overflow. It is not clear why this effect was
not mimicked by aDTX, however, we reason that this could be
due to the ability of 4-AP to additionally facilitate the opening
of voltage-activated Ca®>* channels (57). Altogether, these data
support our immunohistochemical findings suggesting that
Kvl1.1, Kv1.2, and possibly Kv1.6 subunit-containing channels
mediate the regulation of DA overflow operated by D2-AR.

The role of Kv1.2 in striatal DA overflow and D2-AR regula-
tion of axonal DA overflow was substantiated in Kv1.27/~
mouse knock-out experiments. Basal DA overflow was
significantly elevated in Kv1.27'~ mice, whereas the effect of
quinpirole on DA overflow was significantly attenuated in
Kv1.27/~ mice relative to controls. These data corroborate
those obtained with pharmacological blockade of Kv1.2. That
functional deficits were detected in the Kv1.2™/~ mice imply
that Kv1.2 is a critical regulator of DA release and D2-AR reg-
ulation of DA release, perhaps through D2R-mediated regula-
tion of the voltage sensitivity of presynaptic Kvl channels.

To determine whether D2-AR and Kv1.2 might be part of the
same complex, we carried out IP experiments and patch clamp
recordings of K currents. Our IP data from transfected cells
and striatal membrane and synaptosomal preparations suggest
that D2-AR and Kv1.2 proteins are part of a common signaling
complex implicating D2-AR in dopaminergic axon terminals.
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Furthermore, we measured the ability of quinpirole to regulate
K™ channel conductance in cells co-transfected with Kv1.2 and
D2-AR (D2S). D2-AR activation substantially increased K*
conductance in a voltage-dependent manner. Moreover, the
increase in conductance by quinpirole was fully blocked by the
Kv1.2 channel blocker, MTX. Collectively, these data directly
demonstrate the contribution of Kv1.2 to D2-AR activation.
The voltage sensitivity of Kv1.2 was enhanced in response to
D2-AR activation, thus identifying a possible mechanism
underlying the enhancement of K" currents.

Providing insight into the G protein signals that may mediate
the interaction between D2-AR and Kv1.2, we found that a pep-
tide inhibitor of GBvy diminished the inhibitory effect of quin-
pirole on striatal DA overflow. In addition, our K* current
measurements in cells show that blocking GByby introducing a
GRKct construct prevents the increase in K™ current produced
by quinpirole. Although further work will be required to eluci-
date the details of the function and organization of this com-
plex, these experiments suggest that GBy and Kv1.2 interact.
Nonetheless, whether the regulation of Kvl1.2 by D2-AR
involves other effectors (58, 59), or other direct or indirect
interactions between D2-AR, Kv1.2, and G-proteins remains to
be determined. The modest efficacy of the GRKct in reducing
the inhibitory effect of quinpirole on DA overflow stands in
contrast with the complete block of Kv1.2 channel regulation
with this same peptide. This could result from insufficient accu-
mulation of the TAT-delivered peptide in the brain slice prep-
aration. In comparison, high levels of the peptide were pro-
duced in HEK293 cells following transfection. To summarize,
the expression of Kv1.1, -1.2, and -1.6 in DA neurons and local-
ization to axon terminals, along with the ability of subunit-
selective channel blockers to attenuate D2-AR inhibition of DA
overflow implicate Kv1.1, -1.2, and -1.6 in D2-AR regulation of
striatal DA release. By means of both pharmacological and
genetic Kv1.2 loss-of-function, a particular role was underlined
for Kv1.2 in the modulation of axonal DA overflow by D2-AR.
Furthermore, we show that direct activation of D2-AR
increases Kv1.2 conductance in co-transfected cells and that a
Kv1.2 blocker prevents this effect, an effect that may be due to
heightened voltage sensitivity of Kv1.2 channels. Co-IP exper-
iments argue that D2-AR and Kv1.2 are part of a common sig-
naling complex, compatible with the physiological interaction
that we observed. We hypothesize that D2-AR activation
decreases DA release in part by facilitating the voltage-depen-
dent opening of Kv1.2-containing channels by a Gfy-depen-
dent mechanism, thus potentially leading to a shunting of axon
terminal depolarization and secondary reduction in Ca®*
influx and DA exocytosis. Collectively, this work adds Kv1.2
activation to the processes that mediate the plasticity of DA
release and offers a novel mechanism by which DA release may
be impaired in pathophysiological and neurological conditions.
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