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An action potential initiation mechanism in distal
axons for the control of dopamine release

Changliang Liu®*, Xintong Cai®, Andreas Ritzau-Jost?, Paul F. Kramer?, Yulong Li*, Zayd M. Khalig®,

Stefan Hallermann?, Pascal S. Kaeser'*

Information flow in neurons proceeds by integrating inputs in dendrites, generating action potentials near the
soma, and releasing neurotransmitters from nerve terminals in the axon. We found that in the striatum,
acetylcholine-releasing neurons induce action potential firing in distal dopamine axons. Spontaneous activity of
cholinergic neurons produced dopamine release that extended beyond acetylcholine-signaling domains, and
traveling action potentials were readily recorded from dopamine axons in response to cholinergic activation.
In freely moving mice, dopamine and acetylcholine covaried with movement direction. Local inhibition of
nicotinic acetylcholine receptors impaired dopamine dynamics and affected movement. Our findings uncover
an endogenous mechanism for action potential initiation independent of somatodendritic integration and
establish that this mechanism segregates the control of dopamine signaling between axons and somata.

eurons receive input through dendrites

and send output through axons. Although

axonal function is regulated locally, it

is thought that distal axons are not

equipped with endogenous, physiolog-
ical mechanisms for action potential induc-
tion. Midbrain dopamine neurons innervate
the striatum with extensively arborized axons
to regulate a wide variety of functions (7-4). Of
striatal neurons, 1 to 3% are tonically active
interneurons that release acetylcholine (ACh),
and their axons intertwine with those of do-
pamine neurons (5, 6). Dopamine axons ex-
press high levels of nicotinic ACh receptors
(mAChRs), and synchronous activation of these
receptors can drive dopamine release directly
(6-12). Hence, distal dopamine axons are under
local striatal control and can release dopamine
independent of activity ascending from their
midbrain somata. However, because the com-
mand for neurotransmitter release generally
originates from the soma, fundamental ques-
tions remain as to how nAChR activation is
translated into dopamine release and whether
this process represents a bona fide regulation
used by the dopamine system.

The striatal cholinergic system broadcasts
dopamine release

We expressed GRABpao, [abbreviated as GRABpg,
a D2 receptor-based dopamine sensor (13); GRAB,
G protein—-coupled receptor (GPCR) activation—
based] in midbrain dopamine neurons and
monitored fluorescence changes in acute striatal
slices (Fig. 1A). Restricting GRABp, expression
to dopamine axons provides a widespread
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sensor network in the striatum and facilitates
detection because the sensors are present in
the immediate vicinity of dopamine release
(Fig. 1B). Dopamine release was detected in
both dorsal and ventral striatum without any
stimulation, and this spontaneous release was
sensitive to DHBE, a blocker of 2-containing
nAChRs (Fig. 1, A to E; fig. S1A; and movie S1).
Release occurred stochastically and exhibited
all-or-none properties: Either an event covered
a large area, estimated to contain 3 million
to 15 million dopamine terminals (74), or no
release was detected (Fig. 1C and fig. S1C).
Because midbrain dopamine cell bodies are
absent in this striatal slice preparation, the
detected release is induced without involve-
ment of dopamine neuron somata.

Using a corresponding strategy with GRABs30
[abbreviated as GRAB s, an M3-receptor-based
ACh sensor (15)], we also detected spontane-
ous ACh release in both dorsal and ventral
striatum, which is consistent with previous
work on spontaneous ACh neuron activity (16).
ACh release was sensitive to the sodium chan-
nel blocker tetrodotoxin (TTX) and exhibited
an all-or-none pattern like that of dopamine
(Fig. 1, F and G; fig. S1, A to C; and movie S2).
The frequency of ACh release was approxi-
mately threefold higher than that of dopamine
release, suggesting that not all ACh triggers
dopamine release (Fig. 1, E and G). Although
less frequent, areas covered by dopamine re-
lease were approximately three times larger
compared with those of ACh (Fig. 1H). Adjust-
ing event detection thresholds or enhancing
GRAB,(, expression by injecting the respec-
tive adeno-associated virus (AAV) directly into
the striatum slightly influenced the signals (fig.
S1, D to G), but dopamine release continued to
be less frequent and broader than ACh release.
Increasing slice thickness enhanced dopamine
release frequency, but blocking synaptic trans-
mission only marginally influenced dopamine
and ACh release (fig. S2).
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Cholinergic interneurons exhibit multiple
firing activities: They have spontaneous pace-
maker activity and respond with pause-rebound
firing in vivo to a variety of sensory stimuli
(17-20). Because spontaneous cholinergic ac-
tivity drives dopamine release stochastically
(Fig. 1, C and D), we speculated that pause-
rebound firing might induce time-locked dopa-
mine release. We mimicked ACh pause-rebound
activity in striatal slices and found that it in-
duces a robust dopamine transient during re-
bound firing (fig. S3).

We next evoked dopamine and ACh release
using electrical stimulation (Fig. 1, I to S). A
large proportion of electrically evoked dopa-
mine release was driven by activation of nAChRs
(Fig.1,Iand J) (6, 10, 12, 14). Consistent with
the findings from spontaneous release, evoked
dopamine release covered an area three to
four times larger than that of evoked ACh
release, and nAChR blockade strongly reduced
its area (Fig. 1, Kand O). Similar results were
obtained when ACh and dopamine release
were measured simultaneously [with GRABAcy,
and rGRABpa,, abbreviated as rGRABp,, a
red-shifted dopamine sensor (13)], and the
release areas were positively correlated with
one another (Fig. 1, Q to S).

Dopamine release with nAChR activation
depressed more strongly during repetitive
stimulation than release evoked without it
(Fig. 11 to L) (2, 14). This is thought to be a
result of rapid nAChR desensitization, but our
data indicate that it is most likely caused by
depression of ACh release after the first stim-
ulus (Fig. 1, M to P). The depression of ACh
release was attenuated by blocking nAChRs
or D2 receptors, but not AMPA, N-methyl-p-
aspartate (NMDA), or y-aminobutyric acid
type A (GABA,) receptors (Fig. 1P and fig. S4,
A to D), suggesting that it is due to feedback
inhibition mediated by dopamine. Blocking
nAChRs or D2 receptors also increased ACh
release in response to the first stimulus (Fig. 1,
M to O, and fig. S4, E to G), likely because ACh
release is tonically inhibited by dopamine (18).

ACh- and action potential-induced dopamine
secretion share release mechanisms

‘We next asked why dopamine release spreads
beyond the area of ACh release (Fig. 1, Q to S).
We first examined the organization of striatal
ACh terminals and dopamine axons using su-
perresolution three-dimensional structured il-
lumination microscopy (3D-SIM). Although
synaptophysin-tdTomato-labeled ACh ter-
minals were intermingled with tyrosine hy-
droxylase (TH)-labeled dopamine axons, no
prominent association was detected (8, 21),
and their contact frequency was much lower
than the density of release sites in dopamine
axons (Fig. 2, A and B) (14).

Dopamine axons contain varicosities that
are filled with vesicles, but only a small fraction
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Fig. 1. ACh-induced dopa-
mine secretion expands
beyond ACh release.

(A) Schematic of midbrain
AAV injection for dopamine
axonal expression of GRABpa,
rGRABDA, or GRABACh sen-
sors followed by widefield
fluorescence imaging in
parasagittal striatal slices.
(B) GRABps and GRABach
expression in striatal slices.
Dashed lines (orange) outline
the striatum. (C) Volume-
rendered time series of
spontaneous GRABp,
fluctuations (expressed as
AF/Fq, color-coded for
magnitude) before (top) and
after (bottom) application

of DHBE (1 uM). Areas with
AF/Fq < 0.02 were made
transparent for clarity.

(D) Example frequency maps
and (E) quantification of
spontaneous GRABp, events
detected before and after

1 uM DHBE; n = 9 slices from
four mice. (F and G) As in
(D) and (E) but for GRABach
before and after 1 uM TTX;

n =9 slices from three mice.
(H) Comparison of the

area covered by GRABpa
and GRABch events;

n =1010 events from 17 slices
from four mice for GRABpa,
n = 2087 events from

14 slices from four mice for
GRABAch. (I) Example images
and (J to L) quantification

of GRABp, fluorescence
evoked by paired electrical
stimuli (1-s interval) before
and after 1 uM DhBE; n =11
slices from four mice. (M to
P) As | to L, but for GRABach;
n =7 slices from three mice.
(Qand R) As in (I) and (J) but
for simultaneous assessment
of GRABACh and I'GRABDA:

n =12 slices from four mice.
(S) Correlation of areas in
(R). Data are mean + SEM;
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*P < 0.05, ***P < 0.001; Wilcoxon signed-rank tests for (E), (G), (K), (L), (0), and (P); Mann-Whitney rank-sum test for (H).

of the vesicles are releasable, and only a sub-
set of the varicosities contains active release
sites to respond to action potentials (3, 14, 22).
Thus, one way for ACh neurons to boost do-
pamine release could be by recruiting addi-
tional vesicles and/or release sites. To test this
possibility, we performed cross-depletion ex-

Liu et al., Science 375, 1378-1385 (2022)

periments. We expressed the light-activated
cation channel channelrhodopsin-2 (ChR2)
in dopamine axons and evoked dopamine
release with light (to specifically activate
dopamine axons) followed by electrical stim-
ulation (to activate dopamine axons and
ACh neurons) (Fig. 2C). Electrical stimula-

25 March 2022

tion induces dopamine release with two phases
(fig. S5), and the second phase is entirely me-
diated by ACh (12, 14). Preceding light stim-
ulation nearly abolished the second phase
(Fig. 2, D and E), indicating that vesicles and
release sites are shared between the two re-
lease modes.
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Fig. 2. ACh triggers dopa- A
mine secretion through
the same release
mechanisms as dopa-
mine neuron action
potentials. (A) Example
3D-SIM images of dorsal
striatal slices showing
dopamine axons (labeled
with TH antibodies) and
ACh nerve terminals
[labeled by crossing Cre-
dependent Synpatophysin-
tdTomato mice (SYP-
tdTomato"Sh) with
ChATRESC'® mice]. Images
were obtained by means
of (left) volume rendering
of an image stack, (middle)
surface rendering of de-
tected objects, and (right)
surface rendering of ACh
terminals that contact
dopamine axons (>0 voxel
overlap). (B) Comparison
of the minimal distance of
ACh terminals from the
nearest dopamine axons.
Controls were generated by
averaging 1000 rounds of
local shuffling and distance
calculation of each ACh
terminal within 5 by 5

by 1 um® n = 5482 objects
from 33 images from

four mice. (C) Schematic
of slice recordings.
ChR2-EYFP was expressed
in dopamine neurons

(by crossing ChR2-EYFPLS-
with DAT'RESC™® miice), and

SYP-tdTomato + TH
SYP-tdTomato'St x ChAT'RESCre

Light

Electrical
stimulation

Ca, 2 control

Ca,2 cKO™

dopamine release was measured by using amperometry in dorsal striatal slices
in the area of light stimulation. (D) Example traces and (E) quantification

of peak amplitude of the second dopamine release phase (arrows) evoked
by means of electrical stimulation (orange bar) with (bottom) or without
(top) a preceding 1-ms light stimulus (blue bar; 1 s before); n = 18 slices
from three mice. (F) Example traces and (G) quantification of peak dopamine
amplitude (second phase) evoked by means of electrical stimulation in

Cay2 cKOP* mice (Cay2.1 + 2.2 double floxed mice crossed to DATRESCre mice)

In principle, ACh may trigger dopamine re-
lease in three ways. First, because nAChRs [in-
cluding the a6- and a4-containing nAChRs on
dopamine axons (8)] are nonselective cation
channels (23), Ca>* entry through them might
directly trigger dopamine vesicle fusion. Sec-
ond, nAChR activation might depolarize the
dopamine axon membrane and activate low-
voltage-gated Ca** channels to induce dopamine
release. Last, nAChR activation on dopamine
axons might initiate ectopic action potentials
followed by opening of low- and high-voltage-
gated Ca®* channels and release.

Liu et al., Science 375, 1378-1385 (2022)
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We started distinguishing between these
possibilities by characterizing the Ca>* sources
for ACh-induced dopamine release. Double
removal of Cay2.1 (P/Q-type) and Cay2.2 (N-
type) channels in dopamine neurons similar-
ly reduced ACh-induced release (the second
phase in response to electrical stimulation)
and action potential-induced release (by opto-
genetic activation of dopamine axons) (Fig. 2,
Fto [, and fig. S5A). Removing Cay2.3 (R-type)
channels had no effect (fig. S5, B to D). Hence,
both release modes rely on these voltage-gated
Ca®* channels to a similar extent, ruling out

25 March 2022
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and sibling Cay2 control mice; n = 13 slices from four mice each [P < 0.001
for genotype, stimulation intensity and interaction; two-way analysis of
variance (ANOVA); genotype effect reported in the figure]. (H and I) Similar
to (F) and (G) but with dopamine release evoked by means of light
stimulation in mice expressing ChR2-EYFP transgenically in dopamine
neurons; n = 14 slices from five mice each. Data are mean + SEM; ***P <
0.001; Kolmogorov-Smirnov test for (B); Wilcoxon signed-rank test for (E);
and Mann-Whitney rank-sum test for (l).

that nAChRs are the main source of Ca>* influx.
Because Cay2.1 and Cay2.2 are high-voltage
activated and open efficiently at membrane
potentials higher than typical action poten-
tial thresholds (24, 25), generating ectopic
action potentials in dopamine axons is most
likely necessary for ACh to induce dopamine
release.

Striatal cholinergic activation induces action
potential firing in distal dopamine axons

To test whether ACh can induce dopamine
axon firing, we expressed ChR2 in dopamine
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Fig. 3. Activation of nAChRs
triggers action potentials

in striatal dopamine axons.
(A) Schematic of recordings
with carbon fiber electrodes

in voltage-clamp (0.6 V,
amperometric recordings) or
current-clamp (no current
injection, field potential
recordings). (B and C) Average
traces of (top) light-evoked
dopamine release (amperometry)
and (bottom) field potentials

in brain slices of mice with
ChR2-EYFP in (B) dopamine
axons or (C) ACh neurons.
Example traces are provided in
fig. S7, B and C. Recordings
were in ACSF (baseline),
B)in1uM TTX or (C)in1uM
DHBE or (C) after 6-OHDA
injection. (B) n = 12 slices
from three mice each; (C),

n = 25 slices from six mice
(each) for baseline, n = 21 slices
from six mice (amperometry)
and n = 9 slices from four

mice (field potentials) for
DHBE, and n = 11 slices from
six mice each for 6-OHDA.

(D) Comparison of TTX-sensitive
and DHBE-sensitive field
potentials (obtained through
subtraction) (fig. S7, B and C).
TTX-sensitive components

are right-shifted by 5.1 ms
[lag detected in (E)]; nis as in
(B) and (C). (E) Cross-correlation
of TTX- and DHBE-sensitive
components shown in (D).
(F) Lag of peak response
from the start of the light
stimulus; n'is as in (B) and
(C). (G) Schematic and

(H) example two-photon image
of direct recording from
dopamine axons. Synaptophysin-
tdTomato was expressed by
using mouse genetics in
dopamine axons, the recorded
axon was filled with Atto 488
(green) through the recording
pipette, and the puff pipette
contained carbachol and Atto
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488. (I and J) Example responses of a dopamine axon (I) to current injections through the whole-cell pipette or (J) to 10 consecutive carbachol puffs (100 uM, numbered,
10-s intervals). (K) Schematic of dopamine axon perforated patch recording in mice expressing ChR2-EYFP in ACh neurons. (L) Example traces, (M) probability of action potential
firing, and (N) lag of action potential peak times to light onset in dopamine axon recordings with optogenetic ACh interneuron activation before and after 1 uM DHBE; n =5 axons
from three mice. Data are mean + SEM; ***P < 0.001; Kruskal-Wallis analysis of variance with post hoc Dunn'’s test for (F); and Mann-Whitney rank-sum test for (M).

or ACh neurons and recorded evoked dopa- | of dopamine axons evoked robust dopamine
mine release and field potentials in striatal | release and a triphasic field potential that
slices using a carbon fiber electrode (Fig. 3A | was abolished by TTX but insensitive to a
and fig. S6, A and B). Optogenetic activation | range of neurotransmitter receptor blockers

Liu et al., Science 375, 1378-1385 (2022) 25 March 2022

(Fig. 3B and fig. S7A). This indicates that the
field potential represents dopamine axon pop-
ulation firing. Optogenetic activation of the
cholinergic system produced a similar triphasic
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response that was disrupted by DHBE or by
6-hydroxydopamine (6-OHDA) lesion of dopa-
mine axons (Fig. 3C and fig. S6C), demonstrat-
ing that it is evoked by nAChR activation and
originates from dopamine axons.

The shape of the DHBE-sensitive compo-
nent of cholinergic activation was similar to
the TTX-sensitive component of dopamine
axon stimulation (Fig. 3, D and E, and fig. S7,
B and C), suggesting that ACh induces firing
in dopamine axons. The potential induced
through cholinergic activation lagged 5.1 ms
behind that of dopamine axon stimulation,
which is consistent with the timing of ACh-
induced dopamine release (Fig. 3, D to F)
(12, 14). Similar to evoked ACh release (fig.
S4, E to H), the field potential induced by
cholinergic activation exhibited a strong de-
pression during repetitive stimulation that
was partially relieved by blocking D2 receptors
(fig. S7, D and E).

To investigate the firing of individual axons,
we performed direct recordings (26) from ge-
netically labeled dopamine axons (Fig. 3, G
and H). Current injection reliably induced
large and brief action potentials (amplitude,
113 = 2 mV; half-width, 0.64 + 0.03 ms; n =
24 axons from nine mice) (Fig. 31). Upon puff-
ing of carbachol (an nAChR agonist) onto the
axon 20 to 40 pm away from the recording
site, 3 out of 14 axons exhibited action po-
tential firing (Fig. 3J and fig. S7F). To test
whether action potentials can be induced
by endogenous ACh release, we expressed
ChR2 in cholinergic interneurons and per-
formed perforated patch recordings from
dopamine axons (Fig. 3K). Optogenetic ac-
tivation of ACh neurons could be tuned to
evoke action potentials in all five recorded
dopamine axons, and nAChR blockade abol-
ished firing (Fig. 3, L and M). Action poten-
tial peak times matched precisely with those
of the potentials measured in the field record-
ings (Fig. 3, F and N).

Striatal ACh and dopamine covary with
movement direction

To investigate the functional relevance of ACh-
induced dopamine release, we expressed GRABp,
or GRAB,(y, together with tdTomato in the
right dorsal striatum and monitored the dy-
namics of the corresponding transmitters by
using dual-color fiber photometry in mice ex-
ploring an open field arena (Fig. 4A and fig.
S8). Because striatal dopamine and ACh might
play important roles in movement initia-
tion (27—31), we a]igned GRABDA or GRABACh
signals to movement onset. We found that
both exhibited an increase on average, but
there was strong heterogeneity in individ-
ual responses (fig. S9).

In previous studies, movement was often re-
stricted to specific directions and/or treated as
a scalar quantity (27-31). In our experiments,

Liu et al., Science 375, 1378-1385 (2022)

mice traveled freely in a large arena and con-
stantly adjusted body posture and movement
direction. If only the amplitude of velocity
(speed) is considered, spatial information is
lost. Hence, we treated velocity as a two-
dimensional vector relative to the mouse’s
head orientation and registered photometry
signals to the corresponding velocity plotted
in polar coordinates (with angle 6 defined
as the direction of velocity) (Fig. 4B and fig.
S10, A and D). Striatal dopamine and ACh
levels were highly correlated with movement
direction (Fig. 4, C and E); both exhibited an
increase when the animal was turning to the
contralateral side or moving forward (6 = 0°
t0 120°) and a decrease when the animal was
turning to the ipsilateral side or backward (6 =
180° to 300°). This pattern became more evi-
dent when the time series of velocity was
right-shifted (fig. S10, B and E), indicating
that the velocity peak precedes that of the
photometry signal.

When aligned to movement initiations with
selected directions, dopamine responses di-
verged. There was an increase at 6 = 0° to
120° and a decrease at 6 = 180° to 300°, and
dopamine transients peaked ~150 ms after
movement onset (Fig. 4, C and D, and fig. S10,
A to C). ACh levels also diverged when aligned
to movement onset with selected directions.
However, instead of a monotonic decrease,
ACh exhibited a decrease followed immedi-
ately by an increase for movement initiations
with 6 = 180° to 300° (Fig. 4, E and F). This was
also detected in the polar coordinates when
the velocity time course was right-shifted (fig.
S10, D to F).

Striatal ACh contributes to dopamine dynamics

Local inhibition of nAChRs by infusion of DHRE
through the optofluid canula slightly decreased
dopamine fluctuations (Fig. 4, G and H, and
fig. S11, A and B). Dopamine cell bodies and the
striatal cholinergic system both drive firing in
dopamine axons. The effect of nAChR blockade
may be limited because firing of dopamine cell
bodies might dominate the signal, and somatic
firing could also compensate for the loss of
dopamine release induced by blocking nAChRs.

The correlation between dopamine fluctu-
ations and movement direction was largely
preserved after unilateral nAChR block with
DHBE (Fig. 41 and fig. S11C). However, unilateral
DHBE infusion caused a robust reduction in
both amplitude and frequency of movement
initiations with 6 = 0° to 120°, but only a slight
change in amplitude and no change in fre-
quency of those with 6 = 180° to 300° (fig. S11,
Dto G).

Dopamine neurons respond to salient sen-
sory stimuli (4). We evoked dopamine release
by applying 200-ms flashes of light to the open
field arena at random intervals (Fig. 4J). Local
infusion of DHBE reduced the evoked GRABp,

25 March 2022

response (Fig. 4K). Artificial cerebrospinal
fluid (ACSF) infusion also caused a reduction,
likely owing to habituation of the mice to the
repeated stimuli, that was smaller than the
one induced by nAChR blockade (Fig. 4L and
fig. S11H). When dopamine and ACh were
monitored simultaneously with rGRABp
and GRAB,qy, respectively, light stimulation
evoked a triphasic ACh response, with the ini-
tial rise in ACh preceding that of dopamine
(Fig. 4M and fig. S11I).

Discussion

Neurotransmitter release from nerve terminals
is generally determined by action potentials
initiated at the axon initial segment near the
soma. Ectopic action potentials are less com-
mon, and their functional roles remain elusive
(32, 33). Here, we show that ACh induces firing
in distal dopamine axons as a physiological
mechanism to regulate dopamine signaling.
This explains how the striatal cholinergic sys-
tem broadcasts dopamine release. Ectopic ac-
tion potentials likely propagate through the
axonal network and trigger release along the
path. This firing mechanism also accounts for
the all-or-none pattern of spontaneous dopamine
release and answers why coincident activity in
multiple cholinergic neurons is necessary (6):
ACh has to quickly depolarize dopamine axons
to trigger action potentials before the open-
ing of potassium channels and before ACh is
degraded by acetylcholinesterase.

Axonal transmitter secretion is generally
viewed to rely on the interplay between firing
from the soma (which recruits the entire axon)
and local regulation in single nerve terminals
(which locally tunes release). We found that
local ACh release not only triggers dopamine
release (6, 9-12) but hijacks the dopamine
axon network to expand signaling with high
temporal precision. The exceptionally high
levels of nAChRs on dopamine axons (7, 8)
might serve to initiate axonal firing. Because
presynaptic nAChRs enhance release in multi-
ple types of neurons (34), this axonal firing
mechanism might be important beyond the
dopamine system.

Individual dopamine terminals are likely
indifferent as to where an action potential is
generated, and an immediate question is the
functional relevance of initiating action poten-
tials in two distinct brain areas. We propose
that ACh-induced dopamine axon firing not
only represents a distinct input but also sculpts
a different dopamine signaling architecture
compared with somatic firing. Both phasic
somatic and axonal firing induction recruit
groups of dopamine axons. Striatal ACh trig-
gers action potentials in neighboring axons
centered around the site of ACh release. By
contrast, phasic firing in the midbrain recruits
cell bodies that share excitatory input, and their
axons may or may not be intermingled in the
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striatum by using an optofluid cannula. Head orientation was defined as the
direction from the center point between the ears to the snout. Instantaneous
velocity at time point t was calculated from the displacement of the snout from
t-1tot+1and plotted in polar coordinates with head orientation at t defined
as 6 = 0° (C) Average GRABp, and tdTomato signals registered to their concurrent
velocities in polar coordinates; n = 10 mice. (D) Individual (heatmap) and
average GRABp, fluctuations aligned to movement initiation (dashed line) with
(top) 6 = 0° to 120° or (bottom) 180° to 300° Heatmaps were sorted by peak
time; n = 342 events from 10 mice for 6 = 0° to 120° n = 612 events from 10 mice
for 8 = 180° to 300° (E and F) As in (C) and (D) but for GRABac; n = 282 events
from 11 mice for 6 = 0° to 120° n = 608 events from 11 mice for 6 = 180° to
300° (G) Example trace and (H) quantification (standard deviation of AF/Fq) of

GRABp, fluorescence before and after DHBE (50 uM, 1 ul) delivered through the
optofluid canula; n = 10 mice. (I) Average GRABp, signals registered to concurrent
velocities before and after DHBE; n = 10 mice. (J) Schematic for measurements
of dopamine release induced by 200-ms light flashes in freely moving mice.

(K and L) Individual (heatmap) and average GRABpa fluctuations aligned to the
light flash (dashed line) before and after local infusion of (K) DHBE or (L) ACSF.
(K), n = 82 responses from 10 mice for baseline, n = 66 responses from 10 mice
for DHBE; (L) n = 83 responses from 10 mice for baseline, n = 72 responses
from 10 mice for ACSF. (M) Similar to (K) but for simultaneous assessment of
GRABAch, and rGRABpa; n = 112 responses from four mice. Data are mean + SEM;
***p < 0.001, **P < 0.01, *P < 0.05; Mann-Whitney rank-sum tests for areas under
the curve (0 to 400 ms) in (D), (F), (K), and (L). Wilcoxon signed-rank test for (H).
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Materials and Methods

Mice

Animal experiments were approved by the Animal Care and Use Committees at Harvard University and
at the National Institute of Neurological Disorders and Stroke (NINDS, NIH), and by the federal
Saxonian Animal Welfare Committee, Germany, and were in accordance with the European (EU
Directive 2010/63/EU, Annex IV for animal experiments) and the Leipzig University Guidelines. Mice
were housed with free access to water and food, and males and females were used irrespective of sex in
all experiments. Knock-in mice with Cre recombinase expression from the dopamine transporter (DAT)
gene locus (denoted as DAT™ES-C RRID: IMSR_JAX:006660) (42) and the choline acetyltransferase
(ChAT) gene locus (denoted as ChAT™ES-C RRID: IMSR_JAX:006410) (43) were used for cell type-
specific manipulations of dopamine neurons or ACh neurons, respectively. For labeling vesicles in
dopamine neurons or ACh neurons, a reporter line with a CAG promoter-driven loxP-STOP-loxP-
synaptophysin-tdTomato cassette in the Rosa26 locus (SYP-tdTomato"™", RRID: IMSR_JAX:012570)
was crossed with DAT™®ESC or ChAT™ES-C" mice, respectively. For expression of ChR2 in dopamine
neurons or ACh neurons, a knock-in line with a CAG promoter-driven loxP-STOP-loxP-ChR2-EYFP
cassette in the Rosa26 locus (ChR2-EYFP"S", RRID: IMSR_JAX:012569) (44) was crossed to DAT™ES-
e or ChAT™ESC* mice. For expressing eNpHR3.0 in ACh neurons, a knock-in line containing a CAG
promoter-driven loxP-STOP-loxP-eNpHR3.0-EYFP cassette in the Rosa26 locus (eNpHR-EYFP"St,
RRID: IMSR JAX:014539) (44) was crossed with ChAT™ES " mice. Simultaneous ablation of Cay2.1
and Cay2.2 proteins in dopamine neurons was achieved by crossing conditional Cacnala knockout mice
(Cay2.1"%%) (45) with conditional Cacnalb knockout mice (Cay2.2"*, generated from KOMP
CSD34514-1a-Wtsi) (24) and with DAT™F5" mjce. Deletion of Cay2.3 in dopamine neurons was
achieved by crossing conditional Cacnale knockout mice (Cay2.3%*) (46) to DAT™ESC mice. In
conditional knockout experiments, cKOP* mice were mice with homozygous floxed Cay?2 alleles and a

TlRES-Cre

heterozygous DA allele. Control mice were siblings of the corresponding cKOP* mice, with



TRES-Cre alele.

heterozygous floxed Cay?2 alleles and a heterozygous DA
Stereotaxic surgeries

Unless noted otherwise, surgeries were performed unilaterally and in the right hemisphere. Mice were
anesthetized with 5% isoflurane and mounted in a stereotaxic frame. 1.5-2% isoflurane was used to
maintain stable anesthesia during surgery. A small hole was drilled after exposing the skull, and the
AAVs were injected through a microinjector (108 pm needle diameter) at coordinates described in each
individual section with a rate of 0.1 ul/min for a total volume of 1 pl. The microinjector was left in place
for 10 min to allow diffusion of the virus after injection. Following recovery from surgery, mice were
returned to their home cage for at least 14 days before testing. Viruses were aliquoted, stored at - 80 °C,
and diluted immediately before injection. Local lesion of dopamine axons was performed by
microinjection of 2 pul 6-OHDA (25 mM in PBS) into the right striatum (coordinates: 1.0 mm anterior
from Bregma, 2.0 mm lateral, and 3.3 mm below pia). Specific AAVs used during stereotaxic surgeries

are listed below for each experiment.

Slice imaging

Adeno-associated viruses (AAVs) expressing GRABpaam (13), tGRABpain (/3), and GRABach3.0(15)
under a human synapsin 1 (hSyn) promoter (AAV9-hSyn-GRABpa2m, AAV9-hSyn-rGRABpais, and
AAV9-hSyn-GRABAch3.0, respectively) were purchased from WZ Biosciences, Inc. with permission from
Y.L. For measuring dopamine and ACh release in slices, 1 pl AAV9-hSyn-GRABpa (3—6 x 10"
copies/ml), AAV9-hSyn-rGRABpa (3—6 x 10'? copies/ml), or AAV9-hSyn-GRABach (4-8 x 10"
copies/ml) was injected into the midbrain (coordinates relative to Lambda: 1.1 mm anterior, 1.3 mm
lateral and 4.2 mm below pia) at 45—77 days of age. 26-43 days after injection, the mice were deeply
anesthetized with isoflurane and decapitated. Parasagittal mouse brain slices containing the striatum (250
um thick unless noted otherwise) were cut using a vibratome (Leica, VT1200s) in an ice-cold cutting

solution containing (in mM): 75 NacCl, 2.5 KCI, 7.5 MgSOs, 75 Sucrose, 1 NaH,PO4, 12 Glucose, 26.2



NaHCOs, 1 Myo-inositol, 3 Pyruvic acid, 1 Ascorbic acid. After cutting, slices were incubated at room
temperature in an incubation solution containing (in mM): 126 NacCl, 2.5 KCI, 2 CaCl,,1.3 MgSQOs,, 1
NaH,POs, 12 Glucose, 26.2 NaHCO3, 1 Myo-inositol, 3 Pyruvic acid, 1 Ascorbic acid for at least 1 h
before use. Recordings were performed in a recording chamber continuously perfused with artificial
cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl,, 1.3 MgSQs, 1 NaH,POs4, 12
Glucose, 26.2 NaHCOs heated to 30-32 °C at 2.5-3 ml/min. All solutions were constantly bubbled with
95% O3 and 5% CO», and all recordings were completed within 6 h after slicing. Fluorescence imaging
was performed using an Olympus BX51 epifluorescence microscope. Fluorescent signals were excited
with a 470 or 565 nm LED, collected through a 4X objective, and digitized with a scientific
complementary metal-oxide-semiconductor camera (sSCMOS, Hamamatsu Orca-Flash4.0). Spontaneous
dopamine and ACh release were imaged at 512 x 512 pixels/frame, 10 frames/s, with an exposure time of
50 ms. Evoked responses were acquired at 512 x 512 pixels/frame, 50 frames/s, with an exposure time of
20 ms. Each pixel represents a physical area of 5.4 x 5.4 um?”. For image analyses, regions of interest
(ROIs) containing the striatum were manually selected in each image stack (1-3 min for spontaneous
release), and the backgrounds were estimated from cortical regions where no sensor was expressed. After
background subtraction, each frame was blurred by box filtering with a radius of 5 pixels. For detection of
spontaneous release, a dynamic baseline fluorescence (Fo) was estimated for each pixel by smoothing the
time course with a moving average over a 10-s sliding window for 10 times. A time course of (F-Fo)/Fo
(from hereon: AF/Fo) was then calculated. Image stacks were binarized with a AF/F, threshold > 0.005
and > 1 x standard deviation (SD) of the AF/F, of the recording period for each pixel. The pixels above
threshold were further filtered with a rise speed of AF/Fo> 0.1 s and > 1 x SD of the rise speed for at
least 1 frame during the positive periods. Release events were defined as clusters containing more than 20
adjacent pixels above threshold in every frame and more than 500 adjacent pixels above threshold in at
least one frame with a total duration of 1.2—6 s for GRABpa signals and 0.4-2 s for GRABch signals
(due to faster kinetics of GRABach) (13, 15). Overlapping events were segregated using density-based

spatial clustering with a radius of 25% of the raw cluster and a minimum duration of 1 s and 0.3 s for



GRABpa and GRABAacn, respectively. The segregation process was iterated until no new event was
generated. Frequency maps were generated by counting the number of events in each pixel during the
recording period. For the quantification of evoked release, Fo was estimated as the average fluorescence
signal over 0.5 s immediately before stimulation. AF/Fy was then calculated for each pixel, and pixels
with a AF/Fo > 0.02 in response to electrical stimulation were considered as part of a release event and
used for further quantification. Example images in each experiment were contrast adjusted using identical
settings. The number of dopamine terminals recruited during a dopamine release event was estimated as
the product of the volume of the event (event area x thickness of slice) and the density of synaptophysin-
tdTomato-labelled dopamine terminals in the striatum (0.16/um®, SYP-tdTomato™S" x DAT™ESC mice)

(14).

Amperometry and field recordings

Carbon-fiber microelectrodes (CFE, 7 pm in diameter, 50—100 mm in length, Goodfellow) were
fabricated in the laboratory and calibrated immediately before use by puffing dopamine solutions (/4).
The recording electrode was placed in the dorsal striatal slices prepared as described above, and held at a
constant voltage of 600 mV for amperometry. Signals were amplified with a multiclamp 700B amplifier
(Molecular Devices), low-pass filtered at 400 Hz, and digitized using a Digidata 1440A Digitizer
(Molecular Devices). Electrical stimulation was carried out with a unipolar glass pipette (tip diameter of
3-5 pm) filled with ACSF. The electrode was placed 100-150 pm away from the CFE. The frequency,
duration, and magnitude of the stimulus were controlled through a digitizer (1440A) and a linear stimulus
isolator (A395, World Precision Instruments). A biphasic wave (0.25 ms in each phase) was applied for
stimulation. For the activation of ChR2, brief pulses of light (470 nm; 1 ms duration; 7.5 mW/mm?) were
delivered at the recording site using an LED light source. Recordings in Fig. 2, C to E, were performed
after blocking AMPA receptors (CNQX, 20 uM), NMDA receptors (APV, 50 uM), GABA4 receptors
(PTX, 50 uM), DAT (CGP55845, 0.1 uM), D2 receptors (sulpiride, 0.6 uM), and muscarinic AChRs

(atropine, 2 uM). NpHR3.0 was activated using a 590 nm LED with an output power of 1.8 mW/mm?.



Evoked field potentials (Fig. 3, A to C) were recorded using the same CFE in current-clamp mode
without any current injection and low-pass filtered at 10 kHz. Local lesion of dopamine axons was done
as described above, and recordings were performed 16—57 days after the surgery. The extent of the lesion
was confirmed post hoc using immunostaining. The recorded slices were fixed with 4%
paraformaldehyde (PFA) in PBS for 2 h, blocked in 10% goat serum in PBS, permeabilized in 0.25%
Triton X-100 in PBS, stained with rabbit anti-VAChT (1:500, Sysy 139103) and guinea pig anti-TH
(1:1,000, RRID: AB_2619897) for 12 h at 4 °C and secondary antibodies (tagged with Alexa 488 and
568) for 2 h at room temperature, mounted on #1.5 cover glasses (GG-18-1.5-pdl, neuVitro) using H-
1000 mounting medium (Vectashield), and imaged using an Olympus FV1000 laser scanning confocal

microscope.

Patch-clamp electrophysiology

Cell-attached recordings were performed in voltage-clamp mode using acute mouse brain slices prepared

with the same method described in slice imaging (postnatal days 51-145). eNpHR3.0-EYFP was
expressed in ACh neurons (eNpHR3.0-EYFP " mice x ChAT™® 5" mice), and a glass pipette (2-3 um
in diameter) filled with ACSF was used for recording. After a gigaohm seal was established on an
eNpHR3.0-EYFP expressing cell, the holding voltage was adjusted until there was no net flow of current
through the pipette. Signals were amplified with a Multiclamp 700B amplifier (Molecular Devices), low-
pass filtered at 2 kHz, and digitized using a Digidata 1440A Digitizer (Molecular Devices). Action
potentials were detected with an amplitude threshold > 3 x SD of the recording and visually inspected

afterwards. Whole-cell axonal recordings were performed in acute striatal slices from mice (postnatal

days 122-181) with the expression of synaptophysin-tdTomato in dopamine neurons (SYP-tdTomato™" x

DAT™ESC) Brain hemispheres mounted in a chamber filled with chilled ACSF were sliced
parasagittally at 300 um and kept in ACSF at 37 °C for 15 minutes. The slices were then transferred to
ACSF at room temperature until testing. ACSF for slicing, slice retention and recordings contained (in

mM): 125 NaCl, 3 KCI, 25 Glucose, 25 NaHCO3, 1.25 Na;HPO4, 1.0 MgCl,, 1.1 CaCl,. For recordings,



brain slices were mounted on an upright two-photon laser scanning microscope (Femtonics) equipped
with a pulsed Ti:Sapphire laser (MaiTai, SpectraPhysics) tuned to 1020 nm and a 60x/1.0 NA objective
(Olympus). Whole-cell current-clamp recordings from dopamine axons in the dorsal striatum were
performed with quartz pipettes (Heraeus Quartzglas), pulled by a modified DMZ Universal Electrode
Puller with oxygen-hydrogen burner (Zeitz Instruments) to a resistance of 8—17 MQ. Pipettes were filled
with potassium gluconate—based internal solution containing (in mM): 150 K-gluconate, 3 Mg-ATP, 0.3
Na-GTP, 10 K-HEPES, 10 NaCl, and 0.2 EGTA, pH adjusted to 7.2 with KOH. Pipettes were fixed into a
custom-built electrode holder mounted on a micromanipulator (Kleindiek Nanotechnik). All recordings
were performed in continuously perfused ACSF heated to 34.0-36.5 °C. Membrane voltages were
recorded with a Multiclamp 700A patch-clamp amplifier (Molecular Devices) and digitized and filtered
(200 kHz and 3 kHz 8-pole Bessel filter, respectively) by a HEKA EPC10/2 amplifier running
Patchmaster software (HEKA Elektronik). Pipette capacitances were determined in the cell-attached
configuration in voltage-clamp mode by the automated, fast capacitance cancellation of the Multiclamp
700A. Upon establishing whole-cell configuration, the amplifier was changed to current-clamp mode, and
pipette capacitance was canceled using the value determined in voltage-clamp as previously established
for presynaptic recordings (26). Holding currents were adjusted to keep membrane potentials between -70
to -75 mV (not liquid-junction corrected). For stimulation of nAChRs on dopamine axons, a second
pipette pulled from borosilicate glass (Science Products, tip opening diameters of 2-3 pm) was used to
apply carbachol puffs (100 uM in ACSF with 40-100 uM Atto 488). Puffs (0.6—1.2 bar, 8-30 ms) were
applied 20—40 pm away from the recording site at intervals of 10 s. The efflux of carbachol during puff
application was inspected by continuous two-photon x-y scans of the fluorescence of Atto 488. The puff-
increased Atto 488 fluorescence reached a diameter of 10—15 pm and dissipated within ~2 s. Recorded
responses of each axon with action potential firing in response to carbachol puffs are shown (axon 1: Fig.
3], axons 2 and 3: fig. S7F). For one of the recordings (axon 3), small sinusoidal functions were
subtracted from the traces to remove a 50-Hz-electrical noise artifact in this experiment (amplitude 1 to 3

mV, frequency 50 Hz). Irresponsiveness of some axons to carbachol puffs is likely due to suboptimal



positioning of the puff pipette relative to nAChRs on dopamine axons. Because the whole-cell recordings
from dopamine axons are fragile, limited in time and sensitive to movement of the puff pipette,

repositioning of the puff pipette during recordings was not possible. For perforated patch axonal

recordings, DAT™ESC x ChAT™ESC mice were used. For labeling dopamine axons, AAVs encoding a
Cre-dependent double-floxed inverted open reading frame of tdTomato under a CAG promoter (AAV9-
CAG-Flex-tdTomato, Penn Vector Core) were injected bilaterally into the substantia nigra (coordinates:
2.4 mm posterior from Bregma, 1.4 mm lateral and 5.2 mm below the skull). For expressing
channelrhodopsin in cholinergic interneurons, AAVs encoding a Cre-dependent double-floxed inverted
open reading frame of ChR2-EYFP under an Efla promoter (AAV5-Efla -Flex-ChR2-EYFP, 4 x 10"
copies/ml, UNC Vector Core; for 2 mice) or double-floxed inverted open reading frame of
channelrhodopsin-GFP under a human synapsin 1 promoter (AAV1-hSyn-Flex-CoChR-GFP, 5.7 x 10"
copies/ml, UNC Vector Core; for 1 mouse) were injected bilaterally into the medial dorsal striatum
(coordinates: 0.8 mm anterior from Bregma, 1.8 mm lateral and 3.3 mm below the skull). Recordings
were performed on adult mice (postnatal days 119—133). Mice were anesthetized with isoflurane,
decapitated, and brains were rapidly extracted. Horizontal sections were cut at 330 pm thickness on a
vibratome while immersed in heated (34 °C), modified, slicing ACSF containing (in mM): 198 glycerol,
2.5 KCl, 1.2 NaH,PO4, 20 HEPES, 25 NaHCO3,10 glucose, 10 MgCls, 0.5 CaCl,, 5 Na-ascorbate, 3 Na-
pyruvate, and 2 thiourea. Cut sections were removed from the slicing chamber and incubated for 30-60
minutes in a heated (34 °C) chamber with holding solution containing (in mM): 92 NaCl, 30 NaHCOs, 1.2
NaH,POs, 2.5 KClI, 35 glucose, 20 HEPES, 2 MgCl,, 2 CaCl,, 5 Na-ascorbate, 3 Na-pyruvate, and 2
thiourea. Slices were then stored at room temperature and used 30 min to 6 h later. Following incubation,
slices were moved to a heated (33—35 °C) recording chamber that was continuously perfused with
recording ACSF (in mM): 125 NaCl, 25 NaHCOj3, 1.25 NaH,POs, 3.5 KCl, 10 glucose, 1 MgCl,, 2 CaCl,.
Perforated-patch recordings were made using borosilicate pipettes (5—10 MQ) filled with an internal
solution containing (in mM): 135 KCI, 10 NaCl, 2 MgCl,, 10 HEPES, 0.5 EGTA, 0.1 CaCl,, adjusted to a
pH value of 7.43 with KOH, 278 mOsm. Pipette tips were back-filled first with ~1 pl of internal solution

8



lacking gramicidin followed by internal solution containing 80—100 pg/ml gramicidin. Patch integrity was
monitored by the addition of Alexa-488 to the gramicidin-containing internal solution. A white light LED
(Thorlabs, SOLIS-3C) was used in combination with a tdTomato (Thorlabs, TLV-U-MF2-TOM) or

EGFP (Chroma, 49002) filter set to visualize the dopamine axons (tdTomato) or excite the light-activated

ion channel (EGFP). For opsin activation, the LED was controlled with a TTL pulse of 2—5 ms.

3D-SIM imaging
3D-SIM imaging was performed following previously described methods (74, 47). Vesicles in ACh
neurons were labeled by crossing SYP-tdTomato™*" mice with ChAT™FS " mice. ChAT™ES"* mice

homozygote for SYP-tdTomato"S"

were deeply anesthetized with 5% isoflurane at postnatal days 64-75,
perfused transcardially with 30 ml PBS at room temperature and 50 ml 4% PFA in PBS at 4 °C. Coronal
slices (20 um thick) containing striatum were cut using a vibratome (Leica, VT1000s) in ice-cold PBS.
All slices were blocked in 10% goat serum in PBS, permeabilized in 0.25% Triton X-100 in PBS, stained
with rabbit anti-TH (1:1,000, AB152, RRID: AB_390204) antibodies for 12 h at 4 °C and secondary
antibodies (tagged with Alexa 488) for 2 h at room temperature, and mounted on #1.5 cover glasses (GG-
18-1.5-pdl, neuVitro) using H-1000 mounting medium (Vectashield). 3D-SIM data were acquired with a
DeltaVision OMX V4 Blaze microscope (GE Healthcare) equipped with a 60x/1.42 N.A. oil immersion
objective and separate Edge 5.5 sCMOS cameras (PCO) for each channel. Z stacks were acquired with a
z-step of 125 nm and 15 raw images per plane (five phases, three angles). Spherical aberrations were
minimized using immersion oil matching. Superresolution images were computationally reconstructed
from the raw datasets with a channel-specific measured optical transfer function and a Wiener filter
constant of 0.002—0.003. Channel misregistration was measured using a control slide, and multi-channel
datasets were registered. 3—5 ROIs were imaged from the dorsal striatum in each slice with imaging
volumes of 40 x 40 x 2.5 um®. For analyses, ROIs (21.7 x 20.7 x 1 um® —36.3.7 x 37.4 x 2 um®) with a

relatively even distribution of labeled terminals were manually selected in each image stack, and a custom

MATLAB program described before (/4, 41) was used to analyze the 3D datasets. Binary images in each
9



layer of the stack were first generated with the threshold determined by automatic two-dimensional
segmentation (Otsu algorithm). Objects in each channel were recognized by the size of the cluster formed
by contiguous voxels with a size filter of 0.04—2 pm®. The minimal distance of each cholinergic nerve
terminal from the nearest TH axon surface was calculated, and terminals with an overlap of > 0 voxels
were considered contacting. Shuffled data were generated by randomly relocating cholinergic terminals
within 5 x 5 x 1 pm’. The effect of shuffling was evaluated by averaging 1,000 rounds of shuffling and
distance quantification. Volume and surface rendering of the example images were generated from raw

images stacks using Imaris (BITPLANE) with contrast adjusted using identical settings for all images.

In vivo fiber photometry

AAV9-hSyn-GRABpaxm (2-3 x 10'? copies/ml) and AAV9-CAG-tdTomato (1-2 x 10" copies/ml), or
AAV9-hSyn-GRABach3.0 (2-3 x 10" copies/ml) and AAV9I-CAG-tdTomato (1-2 x 10'? copies/ml), or
AAV9-hSyn-GRABach3.0 (2-3 x 10" copies/ml) and AAV9-hSyn-rGRABpain (2-3 x 10" copies/ml)
were co-injected into the right dorsal striatum (coordinates: 0.5 mm anterior from Bregma, 1.8 mm lateral
and 2.2 mm below pia) of 50-92 day old mice. An optofluid cannula (400 pm in diameter, Doric) was
implanted at the same location immediately after virus injection. The cannula was fixed on the skull using
dental cement and two bone screws (1.17 mm in diameter, Fine Science Tools). Animals were kept in an
inverted 12/12-h light/dark cycle, and experiments were carried out 18—43 days after the surgery during
the dark phase of the cycle. The mouse was connected to a fiber optic (400 pm in diameter, Doric) and a
drug delivery tube and placed in a round arena (43 cm in diameter) illuminated with infrared light (850
nm, 30 uW/cm?). Fiber photometric recordings started 5 min after the mice were placed in the arena and
lasted for 60 min for each session using a custom-built system. Photometry signals were converted by
silicon photodiodes (SM1PD1A, Thorlabs), amplified by photodiode amplifiers (PDA200C, Thorlabs),
and sampled at 10,000 Hz by a multifunction I/O card (PCle-6321, National Instruments). 470 nm and
565 nm LEDs (Thorlabs) were alternatively turned on for 10 ms every 40 ms (25 Hz), and the output in

each channel during each cycle was assessed by averaging the readout when the corresponding LED was
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on. The light power at the fiber end was adjusted (40-160 pW for 470 nm and 10-60 pW for 565 nm) at
the beginning of each experiment to keep the signal of the two channels at similar levels. Animal behavior
was recorded using an SCMOS camera (Thorlabs) synchronized with fiber photometry acquisition
through a TTL control at 25 frames/s. Sensory stimuli were carried out by light flashes (565 nm LED, 50
uW/cm?) that illuminated the open field arena for 200 ms at random intervals of 100-600 s. Synchrony of
image acquisition and photometry was calibrated and confirmed using light flashes. Drugs were locally
delivered using a microinjection syringe pump (Harvard Apparatus) at a rate of 0.1 pl/min for a total
volume of 1 pl. Half of the tested animals were treated with ACSF (in mM, 155 NaCl, 2.5 KCI, 1.2
CaCly, 1.2 MgCl,, and 5 glucose) on the first day of the test and DHBE (50—100 uM in ACSF, Tocris) in
the following test carried out 2448 h after. The other half were treated with DHPE first and ACSF later.
Haloperidol (2 mg/kg) was injected intraperitoneally in tests performed at least 24 h after completing the
local drug infusion experiments. For analyses, Fo was first estimated by low-pass filtering of the raw data
at 0.01 Hz, and AF/F, was then calculated. For behavioral analyses, the snout, ears, and tail base were
tracked in the videos using DeepLabCut (50-layer ResNet-50) trained with 840 distinct frames extracted
from multiple videos for 1.02 million training iterations (48). Only video frames with tracking confidence
levels > 0.99 were included in further analyses, and frames 1 s before and 10 s after the light flashes were
excluded from the analysis. Head orientation was determined by the direction from the middle point of
the two ears to the snout. Snout velocity at time point t was calculated from the snout displacement
betweent- 1 and t + 1 frames. The relative angle of velocity and head orientation was then calculated for
each time point. For assessing the relationships between photometry signals and behavior, velocities
whose amplitude and angle appeared less than 4 times during a 60-min recording session were considered
rare events and excluded from the analyses. Movement initiations were defined as transitions from a low
mobility state (velocity amplitude <2 x SD and 25 mm/s for at least 1 s) to a high mobility state (velocity
amplitude > 2 x SD and 25 mm/s for at least 80 ms). For comparison of movement initiation in response
to local drug infusion, the threshold was reduced to include low-amplitude movement initiations as

transitions from velocity amplitude < 0.5 x SD and 25 mm/s for at least 400 ms to velocity amplitude >
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0.5 x SD and 25 mm/s for at least 80 ms. GRABpa transients during movement were defined as transients
during which the amplitude of the snout velocity was above the average speed of the recording period and
25 mm/s. GRABpa transients at rest were defined as transients during which the amplitude of the velocity
was lower than mean — 0.2 x SD and 10 mm/s. For quantification of initiation time of GRABach and
rGRABDA to light stimulation, responses that exhibited an increase of z-score > 0.5 within 200 ms
following the start of light stimulation in both channels were selected. The initiation time was defined as
the time point of the fastest increase in the signals within 400 ms immediately after the start of

stimulation.

Statistics

Data are shown as mean + SEM unless noted otherwise. Numbers of observations in each experiment
were based on previous publications and on trial experiments. No statistical methods were used to
predetermine sample sizes. The experimenter was blind to genotype while acquiring and analyzing data in
Fig. 2, F to I, and fig. S5, C and D, and blind to the drug treatment condition during data analysis in Fig.
4, G to M, and fig. S11. Statistical significance was set at * p < 0.05, ** p <0.01, and *** p <0.001. For
each experiment, the values and definitions of n are specified in the figure legends. Mann-Whitney rank-
sum tests were used for Figs. 1H, 21, 3M, 4D, 4F, 4K and 4L; figs SIF, S1G, S2A, S2B, S4F, S4J, S4L,
S4N, S10C, S10F, S11D, S11E, and S11H. Wilcoxon signed-rank tests were used for Figs. 1E, 1G, 1K,
1L, 10, 1P, 2E, and 4H; figs. S2, C to H, S3G, S4C, S4D, S4G, S4H, S8C, S11B, S11F, S11G, and S111.
Kruskal-Wallis analysis of variance with post hoc Dunn’s tests were used for multigroup comparisons in
Fig. 3F; figs. S1D, S1E, and S3D. Two-way ANOVA tests were performed for Fig. 2G, figs. S5D and

S7E; a Kolmogorov-Smirnov test was used for Fig. 2B.
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Fig. S1. Dopamine and ACh release measurements with fluorescent sensors. (A) Overview of
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GRABDa expression (top) and frequency map of spontaneous dopamine release (bottom) of each
individual striatal slice of the experiment shown in Fig. 1, D and E. Dashed lines outline the striatum.
Spontaneous dopamine release occurs in both the dorsal and ventral striatum and inhomogeneity in sensor
expression does not explain the release patterns revealed by GRABpa fluorescence changes. (B) As (A),
but for spontaneous ACh release imaged via GRABach. (C) Volume-rendered dopamine (top) and ACh
(bottom) release events detected via thresholding of fluorescence changes of GRABpa and GRABach,
respectively. Dopamine release appears less frequent but invades a larger area than ACh release.
Experiments were done in different mice (expressing either GRABpa or GRABach). (D, E) Quantification
of frequency (D) and area (E) of release events detected with increasing thresholds for GRABpa changes.
Varying GRABpa detection thresholds did not change the observations of lower frequency and larger area
of GRABpa events compared to GRABach events; n = 17 slices/4 mice for GRABpa, 14/4 for GRABAch.
Original data identical to the data shown in Fig. 1, D to H, the threshold used for the experiments shown
in Fig. 1, D to H, was 0.005 for both GRABpa and GRABach. (F, G) Comparison of frequency (D) and
area (E) of GRABpa and GRABAch events in an experiment in which AAV-hSyn-GRABAach was injected
into the striatum instead of the midbrain. Striatal GRABach expression increased the frequency of
detected events, but the GRABach event area was still smaller than that of GRABpa. GRABpa data are
replotted from E with a threshold of 0.005; n = 17/4 for GRABDpa, 8/3 for GRABach. Data are mean +
SEM; *** p < 0.001; Kruskal-Wallis analysis of variance with post hoc Dunn’s tests for (D) and (E);

Mann-Whitney rank-sum tests for (F) and (G).
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Fig. S2. Additional characteristics of spontaneous dopamine and ACh release. (A, B) Comparison of
frequency (A) and area (B) of spontaneous dopamine release events detected using rtGRABpa in 250 or
350 pum thick slices. Higher frequency was detected in thicker slices; n = 10 slices/5 mice (250 um), 6/5
(350 um). (C, D) Quantification of frequency (C) and area (D) of dopamine release events before and
after blocking AMPA receptors (CNQX, 20 uM), NMDA receptors (APV, 50 uM), and GABAA receptors
(PTX, 50 uM); n = 8/3. (E, F) As (C, D), but for ACh release detected via GRABach; n = 6/3. (G, H) As
(E, F), but before and after blocking D2 receptors with 0.6 uM sulpiride; n = 8/3. The increased frequency
of GRABDpa events in thicker slices and relative insensitivity to blockers of synaptic transmission suggest
that the spontaneous dopamine release is most likely caused by coincidence of pacemaker firing of
cholinergic interneurons. Data are mean = SEM; * p < 0.05; Mann-Whitney rank-sum tests for (A) and

(B); Wilcoxon signed-rank tests for (C) to (H).
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Fig. S3. Pause-rebound activity of ACh neurons induces dopamine release. (A) Strategy for
mimicking the pause-rebound activity of ACh neurons. eNpHR3.0 was expressed using mouse genetics in
ACh neurons. A 590 nm light pulse was used for silencing the firing of ACh neurons, and cell-attached
recordings from ACh neurons or amperometry for dopamine were performed. (B) Example images of
eNpHR3.0-EYFP expression in the striatum (left) and cell-attached recording from an ACh neuron
(right). (C) Example traces of cell-attached recording of an ACh neuron in response to 4-s 590 nm LED
light pulses. The light pulse suppressed spontaneous ACh neuron firing, and turning off this inhibition
induced transient activity. (D) Quantification of firing frequencies before, during, and immediately after
(0-200 ms) the light pulses; n = 10 cells/5 mice. (E to G) Example traces (E) and quantification (F and G)

of amperometric recordings of dopamine release during the pause-rebound experiment, before and after
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blocking nAChRs with 1 uM DHBE. Immediately after relieving the light-mediated inhibition, DHBE-
sensitive dopamine transients were detected. (F) shows the frequency distribution of the peak of
dopamine transients 0—200 ms after the light pulse, and (G) shows peak dopamine levels; F, n =48
slices/7 mice; G, n = 6/4. Data are mean + SEM; *** p <0.001, * p < 0.05; Kruskal-Wallis analysis of

variance with post hoc Dunn’s test for (D); Wilcoxon signed-rank test for (G).
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Fig. S4. D2 receptor-mediated feedback inhibition of ACh release. (A to D) Example images (A) and
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quantification (B to D) of GRABAach signals evoked by paired electrical stimuli with an interval of 1 s
before and after the blockade of AMPA receptors (CNQX, 20 uM), NMDA receptors (APV, 50 uM), and
GABAA receptors (PTX, 50 uM). No significant change was detected; n = 8 slices/3 mice. (E to H)
Similar to A to D, but showing the effects of blocking D2 receptors with 0.6 pM sulpiride. D2 inhibition
enhanced GRABch signals to both stimuli and induced an additional delayed phase (black arrow) of ACh
release in response to the first stimulus that peaked at ~600—-800 ms after stimulation; n = 14/4. (I, J)
Example images (I) and quantification (J) of the additional delayed ACh release in the presence of 0.6 uM
sulpiride before and after blockade of nAChRs with 1 pM DHE. The delayed ACh release was abolished
by DHBE, suggesting that it is caused by feedback mechanisms that involve nAChRs; n = 8/3. (K to N)
As (1, J), but for blockade of D1 receptors with 1 uM SCH23390 (K, L) or AMPA receptors with 20 uM
CNQX, NMDA receptors with 50 uM APV, and GABAA receptors with 50 uM PTX (M, N). No
significant change in the delayed ACh release was seen; n = 6/3 each. Data are mean £ SEM; *** p <
0.001, * p < 0.05; Wilcoxon signed-rank tests for (C), (D), (G), and (H); Mann-Whitney rank-sum tests

for areas under the curve (600—1200 ms) in (F), (J), (L), and (N).
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Fig. S5. Strategies for Cay2 ablation from dopamine neurons, and assessment of roles of Cay2.3 in
dopamine release. (A) Simultaneous ablation of Cay2.1 and Cav2.2 from dopamine neurons by crossing
conditional Cacnala (Cay2.1"*%) and Cacnalb (Cay2.2%*%) knockout mice with DAT™®*-C mice. (B)
Ablation of Cay2.3 from dopamine neurons by crossing conditional Cacnale mice (Cay2.3"*%) to
DAT®ESC mice. (C, D) Example traces (C) and quantification of peak amplitudes (D) of dopamine
release evoked by electrical stimulation in mice in which Cav2.3 was ablated in dopamine neurons
(Cay2.3 cKOP*) and sibling control mice (Cav2.3 control). Phase-1 dopamine release was measured as
the peak response within 10 ms after the stimulation, and phase-2 dopamine release was assessed as
additional release after phase-1; n = 12 slices/4 mice for Cay2.3 control, 10/4 for Cay2.3 cKOP%. p > 0.05

for genotype, stimulation intensity and interaction; two-way ANOVA. Data are mean + SEM.
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Fig. S6. ChR2-EYFP expression and 6-OHDA lesions. (A, B) Example images of sagittal striatal slices
showing the distribution of ChR2-EYFP expressed in dopamine axons (A, crossing ChR2-EYFP"S" mice
to DAT™ESC mice) and ACh neurons (B, crossing ChR2-EYFP"*" mice to ChAT™ES ™ mice). (C)
Example confocal images of coronal striatal slices of TH and VAChT antibody staining in the lesioned
and control sides of a mouse after unilateral 6-OHDA injection into the striatum. 6-OHDA lesion resulted

in a loss of dopamine axons at the injection site but left cholinergic terminals intact.
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Fig. S7. Additional analyses of ACh-induced field potentials and carbachol-induced action

potentials. (A) Average traces of light-evoked field potentials in mice expressing ChR2-EYFP in

dopamine neurons, before and after the blockade of AMPA receptors (CNQX, 20 uM), NMDA receptors

(APV, 50 uM), GABAA receptors (PTX, 50 uM), D1 receptors (SCH23390, 1 uM), D2 receptors

(Sulpiride, 0.6 uM), and nAChRs (DHBE, 1 uM); n = 5 slices/1 mouse. (B) Example traces of field

potential recordings (average of 4 sweeps from a single slice) before and after the application of 1 uM

TTX, mice used in this experiment express ChR2-EYFP in dopamine axons. The TTX-sensitive field

potential was obtained by subtracting the leftover signal in the presence of TTX from the baseline. (C) As

(B), but for application of 1 uM DHPE in mice that express ChR2-EYFP in ACh neurons. (D) Average
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traces of field potentials in response to paired-pulse stimulation using light (blue bar) with increasing
interstimulus intervals before and after blocking D2 receptors with 0.6 uM sulpiride in mice expressing
ChR2-EYFP in ACh neurons; n = 8/3. (E) Quantification of the paired-pulse ratios of the peak potential
5-15 ms after stimulation, arrows in bottom traces in (D). D2 receptor blockade significantly increased
the amplitude of field potentials in response to the second stimulus when intervals were shorter than 2 s.
These data indicate that the full depression of ACh-induced dopamine release during repetitive
stimulation (Fig. 1, [ to L) is caused mainly by dopamine feedback that reduces the capacity of ACh to
induce firing in dopamine axons; n = 8/3; p < 0.001 for treatment, stimulation interval, and interaction;
two-way ANOVA with post hoc Bonferroni test. (F) Example responses of dopamine axons 2 and 3

(axon 1 is shown in Fig. 3J) to carbachol puffs (100 uM, 10-s intervals). Carbachol puffing induced action
potential firing in 3 of 14 recorded axons, likely because in many cases the positioning of the carbachol
puff pipette was too distant from axonal nAChRs. The apparent hyperpolarization that follows the action
potential in axon 3 is most likely an artifact caused by the puff or other mechanical movement. The
variable delay in response to puffs is not dominated by action potential conduction velocities, but instead
likely related to the positioning of the puff pipette, the opening of nAChRs, and charging and depolarizing
the dopamine axonal membrane before action potential induction in dopamine axons. Similarly, in the
optogenetic activation experiment shown in Fig. 3L, the ~10-ms delay is mainly due to the time it takes to

sufficiently depolarize the axonal membrane. Data are mean = SEM. *** p <(0.001, ** p <0.01.
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Fig. S8. Fiber photometry and drug delivery. (A) Schematic of AAV injection, photometry, and local
drug delivery. AAVs were injected, and an optofluid cannula was implanted in the dorsal striatum of the
right hemisphere in the same surgery. Photometry signals were acquired at 25 Hz with alternating
illumination with 470-nm and 565-nm LEDs for 10 ms each in every 40-ms cycle. GRABpa or GRABach
signals were only acquired when 470-nm LED was on, and the tdTomato or rtGRABpa signals were only

acquired when the 565-nm LED was on. Local application of DHBE (50-100 uM) and ACSF were
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carried out using a microinjection pump at a speed of 0.1 pl/min for 10 min. (B) Example recordings (top)
and AF/F, (bottom) of GRABp4 and tdTomato signals before and after intraperitoneal injection of the D2
receptor antagonist haloperidol (2 mg/kg, arrows). Fo was estimated by low-pass filtering of the raw data
at 0.01 Hz (red line). (C) Quantification of GRABpa and tdTomato fluctuations (standard deviation of
AF/Fy) before and after intraperitoneal (IP) injection of haloperidol (2 mg/kg, arrows). Haloperidol
abolished GRABpa fluctuations. There is also a small but significant reduction in tdTomato fluctuations,
most likely due to photobleaching and reduced movement in response to haloperidol; n = 10 mice. Data

are mean £ SEM; ** p < 0.01; Wilcoxon signed-rank test for (C).
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Individual (top, heatmap, sorted by peak time), average (middle), and grouped (bottom) GRABpa4 signals

aligned to movement initiation (dashed line) based on the snout (A), the head (B, the center point between

snout and ears), or the tail base (C). A response was considered an increase or a decrease when the z-

score of the fluorescence change, assessed by the area ranging from 400 ms before to 400 ms after the

movement initiation, was above 0.2 or below - 0.2, respectively. GRABpa signals exhibit strong

heterogeneity during movement initiation regardless of the body part used for movement analysis,

illustrating that other factors or uncharacterized dimensions of movement contribute to striatal dopamine

and ACh dynamics; A, n = 1205 events/10 mice; B, 1021/10, C, 1070/10 (C). (D to F) As A to C, but for
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GRABAch. Heterogeneity also exists in GRABacn signals during movement initiation; D, n = 1071/11; E,

1161/11; F, 1350/11. Data are mean = SEM.
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Fig. S10. Striatal dopamine and ACh levels are correlated with movement direction. (A) Example

traces of GRABpa4, tdTomato, and snout velocity. The velocity was decomposed as longitudinal and

lateral components, and forward and contralateral directions were defined as positive directions in

movement analyses. (B) Average GRABpa and tdTomato signals registered to the artificially shifted

velocity in polar coordinates. Stronger correlations between GRABpa and movement direction were

observed when the velocity time series was right-shifted, indicating that movement precedes GRABpa

peaks; n = 10 mice. (C) Individual (top, heatmap) and average (bottom) time courses of velocity

amplitude during movement initiations used for the alignment of GRABpa and tdTomato fluorescence.

The average velocity amplitude before movement onset (40—1000 ms before the onset) was subtracted
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before plotting; n = 342 events/10 mice for 6 = 0°-120°, 612/10 for 6 = 180°-300°. (D to F) As A to C,

but for GRABach signals. GRABach exhibited a stronger correlation with movement direction when the
velocity time series was right-shifted, and the relationship was inverted when the shift exceeded 320 ms
(Fig. 4F); n=282/11 for 6 = 0°-120°, 608/11 for 6 = 180°-300°. Data are mean + SEM; Mann-Whitney

rank-sum test for areas under the curve (0—400 ms) in (C) and (F).
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Fig. S11. Local inhibition of nAChRs in the striatum reduces movement initiation towards the
contralateral side. (A, B) Example trace (A) and quantification (B, standard deviation, SD, of AF/Fy) of
GRABDA fluorescence variation before and after local delivery of ACSF (1 pl) to the recording site via
the optofluid canula. Despite the apparent tendency towards a reduced variation, no significant change
was detected; n = 10 mice. (C) Average GRABpa signals registered to the concurrent velocity in polar
coordinates before and after ACSF application; n = 10. (D) Individual (top, heatmap) and average
(bottom) time course of velocity amplitude during movement initiations before and after local infusion of

DHBE into the right dorsal striatum at the recording site. Basal levels of velocity amplitude (40-400 ms

30



before the onset) were subtracted before plotting. DHBE infusion caused a significant reduction in the
velocity amplitude of movement initiations with both 8 = 0°-120° and 6 = 180°-300°; n = 327 events/10
mice for baseline, 218/10 for DHBE with 6 = 0°-120°; 462/10 for baseline, 541/10 for DHBE with 6 =
180°=300°. (E) As (D), but for local infusion of ACSF. ACSF infusion caused no change in the velocity
amplitudes in either direction; n = 284/11 for baseline, 328/11 for ACSF with 6 = 0°-120°; 460/11 for
baseline, 529/11 for ACSF with 6 = 180°-300°. (F) Effects of DHBE on the frequency of movement
initiations. DHBE reduced the frequency of movement initiations within 6 = 0°~120° but not 6 = 180°-
300°% n = 10 mice each. (G) As F, but for local infusion of ACSF. No significant change was observed in
the frequency of movement initiations in either direction; n = 10. (H) Comparison of relative changes in
light-evoked GRABpa responses after local infusion of DHBE or ACSF; n = 66 responses/10 mice for
DHBE, 72/10 for ACSF. (I) Comparison of initiation times (time point for the fastest rise within 400 ms
after the start of the stimulation) in light-evoked responses of simultaneously recorded rtGRABp4 and
GRABAch fluorescence changes in the dorsal striatum. Only responses that exhibited an increase of z-
score > 0.5 within 200 ms following the start of the light stimulus were included in the analyses.
GRABAch responses preceded those of rGRABpa; n = 34 responses/4 mice. Data are mean + SEM; *** p
<0.001, ** p < 0.01; Mann-Whitney rank-sum tests for areas under the curve (0—400 ms) for (D), (E),

and (H); Wilcoxon signed-rank tests for (B), (F), (G), and (I).
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