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Supplementary Figure S1: Capsaicin induced c-Fos expression in DA cells
and their targets. (a-c) Pseudo-colored images from double fluorescent

immunohistochemistry with TH (red) and c-Fos (green) antibody in midbrain 90



min after capsaicin injection (32 mg/kg) of DAT-TRPV1 (a), DAT-Cre (b) or R26-
TRPV1 (c) mice. Only 0.8+0.5 % and 0.5+0.3 % of TH positive cells were also c-
Fos positive in DAT-Cre and Rosa26-TRPV1, respectively. (d-0) Fluorescent
immunohistochemistry with c-Fos antibody of caudate putamen (CPu; d-f),
nucleus accumbens (NAc; g-i), amygdala (Amyg; j-1), prefrontal cortex (Prfctx; M-
0O) 90 min after capsaicin injection (32 mg/kg) of DAT-TRPV1, DAT-Cre or R26-

TRPV1 mice (ac: anterior commissure). All scale bars are 100 pm.
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Supplementary Figure S2: c-Fos expression in some DA cells target
regions following capsaicin administration. (a-f) Fluorescent
immunohistochemistry with c-Fos antibody of habenula (a-b), hippocampus (c-d),
piriformcortex (e-f) 90 min after capsaicin (32 mg/kg; left) or vehicle (right)

injection of DAT-TRPV1 mice. All scale bars are 200 um.
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Supplementary Figure S3: Tetrode targeting for in vivo electrophysiology.
(a) Sample cresyl—violet staining to identify tetrode tracks (open arrowhead: end
of guide tubing track mark; filled arrow head: end of tetrode track mark). (b)
Representation of tetrode tracks on ventral midbrain; illustration adapted from
Paxinos and Franklin Mouse Brain Atlas (Control: black; DAT-TRPV1: red). MM:
mammillary nucleus, IPF: interpeduncular fossa, SNr: reticular substantia nigra.

Scale bar is 200 um.
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Supplementary Figure S4: Capsaicin induced locomotion. (a) Distance
travelled in a novel environment by control and DAT-TRPV1 mice during initial 10
min after i.p. capsaicin injections for 5 consecutive days (n=7-10 per group).
Mice were habituated to handling with vehicle injections three prior days.
Responses to vehicle injections one day pre- and post-capsaicin days are plotted
for comparison. DAT-TRPV1 mice injected with varying does of capsaicin as
indicated (red: 32, dark-orange: 10, orange: 5.6, yellow: 3.2 mg/kg). R26-TRPV1

(black triangles) or DAT-Cre (black squares) control mice injected with vehicle or



capsaicin (32 mg/kg) as indicated (two-way repeated measures ANOVA: group
effect, Fs5,42=16.48, p<0.0001). (b) Distance travelled plotted in 10 minute bins
from (a) on day 5 following i.p. capsaicin injections. (¢) Capsaicin (5.6 mg/kg;
CAP; arrow indicates time of injection) induced activity monitored as number of
beam-breaks per minute made by R26-TRPV1 (black), DAT-Cre (purple) or DAT-
TRPV1 (red) mice (n=6-8 per group; two-way repeated measures ANOVA: group
x time effect, F(40, 340)=5.59, p<0.0001; Bonferroni posttest, p<0.05:*). All error

bars are +SEM.
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Supplementary Figure S5: Progressive-ratio responses upon capsaicin
administration. (a-d) Normalized lever-presses (a and c) or head-entries (b and
d) in PR made by control (black; n=14) or DAT-TRPV1 (red n=9) during initial (a
and b) or final (c and d) 15 min of an hour-long session (two-way repeated
measures ANOVA: groupxdose effect for lever presses F(3, 63) =6.88, p =
0.0004 and for head entries F(3 63=4.65, p=0.0053. Bonferroni posttests,

p<0.05:*, p<0.001:***). All error bars are +SEM.
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Supplementary Figure S6: Capsaicin induced c-Fos expression in
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serotonergic cells. (a-i) Double fluorescent immunohistochemistry with TPH (a-
c) and c-Fos (d-f) antibody in the dorsal raphe 90 min after capsaicin injection (32
mg/kg) of ePet-TRPV1 (left), R26-TRPV1 (middle) or ePet-Cre (right) mice
(Capsaicin-induced c-Fos expression in TPH expressing cells of ePet-TRPV1:
71.213.4 %, R26-TRPV1:14.4+4.2 % or ePet-Cre: 12.1£3.7 %; n=3 per group).

Pseudo-colored images are merged in (g-i). Scale bar is 100 pm.



Supplementary Discussion

DAT-TRPV1 and ePet-TRPV1 mice

In DAT-TRPV1 and ePet-TRPV1 lines, we confirmed functional TRPV1
expression in the selected cell groups by capsaicin-induced increases in c-Fos
protein, an indicator of increased neural activity. This was possible even though
we were not able to detect TRPV1 expression directly with immunohistochemical
methods (using three separate antibodies against TRPV1). Slice and in vivo
electrophysiological experiments in DAT-TRPV1 mice confirm that capsaicin
administration induces reversible neural excitation in the targeted cell groups.
Furthermore, the FSCV recordings demonstrate this activity is converted to DA
release which is the most likely culprit for the elevated c-Fos in the downstream
targets. Taken together, our results suggest that inducible activity of TRPV1 is
able to modulate neural activity of genetically targeted cell groups.

Both STEMA lines highlight the utility of this system as they recapitulate
some of the well characterized behaviors of their respective pharmaceutical
counterparts. For instance, DA agonists or DAT inhibitors that mimic increases in
dopaminergic activity have been demonstrated to increase locomotion, modulate
operant responding for food and ad libidum feeding similar to capsaicin
administered DAT-TRPV1 mice®>*°. However, the STEMA-induced behaviors are
dissimilar in their temporal resolution to DA agonists or drugs that elevate
dopaminergic tone (most of which have effects that last for hours). This
pharmacodynamic difference most likely stems from the ability of capsaicin to

robustly activate TRPV1 and then be metabolized within minutes ®°*. The rapid



pharmacokinetics of capsaicin allows closely timed drug administrations to
induce similar activity responses. This feature of STEMA is desirable in cases
where fast neural activation and reversal to baseline is required. Furthermore,
the bi-directional control of feeding behavior in DAT-TRPV1 mice highlights the
precise control that can be achieved with STEMA.

The preference of DAT-TRPV1 mice for solution containing hot chili
pepper extract demonstrates that elevation in dopaminergic cellular activity is
sufficient to create incentive value for an otherwise noxious compound. The time
period between ingestion of capsaicin and induced dopaminergic activity must be
sufficiently close to allow association between the rewarding effects and the
event that initiates it. In humans, orally consumed capsaicin can be detected in
circulation within 10 min after which it is rapidly metabolized®®. The ability of DAT-
TRPV1 mice to develop a preference with repeated consumption events
indicates similar pharmacokinetics and underscores the value of fast temporal
dynamics in capsaicin-induced neural activation. Our findings are in alignment
with other self-administration or -stimulation techniques that demonstrate
rewarding effects of potentiated dopaminergic tone®?®*. For instance, intracranial
self-stimulation (ICSS) can be achieved by targeting either the VTA or MFB 7.
Moreover, phasic optogenetic stimulation of dopaminergic neurons is sufficient to
elicit conditioned place preference, increase the consumption of sweetened
water that is paired with it or preference for a lever associated with it during the
acquisition of an appetitive operant conditioning task®®’. By demonstrating

STEMA in DAT-expressing neurons is able to sustain oral self-administration of
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capsaicin, we underscore sufficiency of induced dopaminergic activity for such
behaviors.

Behavioral responses of STEMA in ePet-TRPV1 mouse model
demonstrate adaptability of this system to any Cre line allowing ability to screen
for physiological or behavioral responses with ease. Similar to some 5-HT
agonists or acute high dose administration of selective serotonin reuptake
inhibitors (SSRIs), we observed decreased activity at higher doses of capsaicin
in ePet-TRPV1 mice’""2. More significantly, a dose that did not inhibit locomotion
produced anxiogenic-like effect in the open-field test. This response is similar to
the acute effects of SSRiIs like fluoxetine and citalopram®®®°. By combining
pharmacological and transgenic techniques, ePet-TRPV1 offer unique
advantages in examining role of serotonergic neurons not only in anxiety related
behaviors but also other 5-HT modulated physiological responses.

Transgenic mouse models with constant elevated DA or 5-HT levels have
yielded significant insights in the behavioral consequences of signaling
dysregulation in these neurotransmitter systems’®"2. DAT knock-out or knock-
down mice with disrupted clearance of released DA display a wide range of
abnormal behaviors from hyperactivity in a novel environment to cognitive
inflexibility’®”". Similarly, serotonin transporter (SERT) knock-out animals exhibit
marked increases in extracellular 5-HT levels and display a prominent anxiety-
like phenotype’"®. However, life-long elevated extracellular DA or 5-HT levels in
these mouse models lead to significant regulatory changes in neurotransmitter

signaling and metabolism as well as cellular physiology”". Traditional
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pharmaceuticals circumvent this caveat but allow potential unwanted off-target
side-effects. Therefore, inducible effector systems, like STEMA, bring
advantages in assessing behavioral correlates of neural signaling. This feature,
coupled with the ability to genetically target TRPV1, makes STEMA a unique
pharmacological tool allowing precise manipulation of genetically identified neural

subtypes.

Future and possible advancements

It is possible to generate a variety of temporally distinct activation patterns by
utilizing various types of selective TRPV1 agonists’’. However, systemic ligand
administration with STEMA is unlikely to achieve sub-second temporal resolution
desirable for on/off kinetics at neuronal time scales. Millisecond activation might

173, With a pulse of

be accomplished with photoreleasble ligands of TRPV
ultraviolet light (5 msec) these ligands are photolysed to their active form allowing
quick responses. Alternatively, taking advantage of thermosensitivity of capsaicin
receptor, it maybe possible to selectively activate TRPV1 expressing neurons

with a 100 msec flash of infrared light”. In either case, the light source can be

delivered via fiber optic cable to the target site to achieve faster kinetics.
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Supplementary Methods

Operant conditioning

For instrumental conditioning in mice, a computer equipped with the MED-PC IV
program controlled standard sound-attenuated mouse operant chambers (model
ENV-300, Med Associates) to record lever presses and head entries into the food
hopper. In an hour long session, mice were pre-trained on a two-lever fixed ratio
1 (FR1) schedule of reinforcement for 7 days. Preferred lever was used for 3
additional days with FR5 schedule during 20-min sessions. Daily sessions of 1
hour single-lever progressive ratio (PR) testing was then conducted for 3 days
followed by 3 days of PR testing after vehicle administration (i.p.) to habituate
animals to injection®2. For the last four PR sessions, mice were injected with
capsaicin at 3.2, 10, 32 or 5.6 mg/kg of body weight just prior to session start.
Total lever presses and head entries into the food hopper were recorded and

analyzed in 15-min bins.
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