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Produces Striatal Serotonin Release
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Abstract

Targeting neurons genetically with light-driven opsins is widely used to investigate cell-specific
responses. We transfected midbrain dopamine neurons with the excitatory opsin Chrimson.
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Extracellular basal and stimulated neurotransmitter levels in the dorsal striatum were measured

by microdialysis in awake mice. Optical activation of dopamine cell bodies evoked terminal
dopamine release in striatum. Multiplexed analysis of dialysate samples revealed that evoked
dopamine was accompanied by temporally coupled increases in striatal 3-methoxytyramine, an
extracellular dopamine metabolite, and in serotonin. We investigated a mechanism for dopamine-
serotonin interactions involving striatal dopamine receptors. However, evoked serotonin associated
with optical stimulation of dopamine neurons was not abolished by striatal D1- or D2-like receptor
inhibition. Though the mechanisms underlying the coupling of striatal dopamine and serotonin
remain unclear, these findings illustrate advantages of multiplexed measurements for uncovering
functional interactions between neurotransmitter systems. Furthermore, they suggest that the
output of optogenetic manipulations may extend beyond opsin-expressing neuronal populations.
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INTRODUCTION

Optogenetics entails expressing light-driven ionotropic receptors in neurons or other
excitable cells to enable spatially and temporally restricted activation or inhibition.*~" Gene
constructs for microbial or engineered rhodopsins packaged in viruses are used to transduce
brain-region-specific gene expression following local delivery. Gene expression can be
targeted further using Cre recombinase under the control of cell-type-specific promotors,

in combination with Cre-activated opsin constructs.8 Opsins produce excitatory (e.g.,
channelrhodopsin-2, Chrimson) or inhibitory (ée.g., halorhodopsin, archaerhodopsin) effects
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on neural activity.%-11 The discovery and use of opsins have enabled the identification of
neural pathways involved in the modulation of behavior.12-15

Opsin-targeted cell types do not operate autonomously. Dopamine and serotonin are
examples of functionally interconnected neurotransmitter systems. For instance, while
dopamine signaling is often associated with reward prediction error, serotonin transmission
also plays a role in processing reward-associated information.16-18 Moreover, while
widely used therapeutics for mood disorders target the serotonin system,1? the dopamine
system encodes information associated with anhedonia, a core symptom of major
depressive disorder.17:20-25 |nteractions between the dopamine and serotonin systems

are evident in drug mechanisms of action, e.g., cocaine, methamphetamine, and 3,4-
methylenedioxymethamphetamine.26-29 Thus, these systems act in concert to modulate
subjective states.3031

Microdialysis is a tissue sampling technique. When combined with chemical separation

and detection methods, microdialysis enables the identification and quantification of
neurotransmitters, metabolites, and drugs in the extracellular space.32 Several groups
including ours have optimized microdialysis to monitor brain extracellular dopamine or
serotonin levels via online coupling with fast separations by high performance liquid
chromatography (HPLC) and electrochemical detection in awake mice and rats.33-39
Dopamine and serotonin can be resolved in the same dialysate samples enabling biologically
relevant changes in the basal and stimulated levels of these neurotransmitters to be
simultaneously monitored,39:40

Here, we set out to determine the magnitude of extracellular dopamine release in the

dorsal striatum (dSTR) upon optogenetic stimulation of midbrain dopaminergic neurons.
The excitatory opsin Chrimson was expressed under the control of the dopamine transporter
promoter in mice. Optical activation of dopamine neurons has been used to study
dopaminergic encoding of reward and movement.1>41 |n addition to dopamine, we observed
optically induced increases in the dopamine metabolite 3-methoxytyramine (3-MT) and in
serotonin levels. These findings demonstrate a functional link between the dopamine and
serotonin systems in the basal ganglia. They illustrate the importance of monitoring multiple
neurotransmitters simultaneously. And they suggest that opsin-induced behavioral changes
may not be attributable solely to the neurotransmitter system or cell type targeted by opsin
expression. That is to say, while optogenetics imparts highly selective control of specific
types of neurons, brain function and behavior arise from distributed and interconnected
networks.

RESULTS AND DISCUSSION

Using microdialysis,3338:39 we quantified extracellular dopamine in a dopamine-rich
projection region—the dSTR—during optical stimulation of midbrain dopamine cell bodies
(Fig. 1, Fig. S1). Activation of the excitatory opsin Chrimson1 produced temporally
specified increases in striatal extracellular dopamine levels (Fig. 2A). To induce dopamine
release we applied 50-ms square pulses for 5 minutes. These parameters were optimized

to produce reproducible neurotransmitter release detectable via microdialysis. Control mice
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expressing mCherry or yellow fluorescent protein (YFP) in dopamine cell bodies showed no
detectable changes in dopamine upon optical stimulation (Fig. 2B).

Basal (unstimulated) dialysate dopamine levels were not statistically different in Chrimson-
expressing vs. control mice (Fig. 2C; see Table S1 for detailed statistics). Basal dopamine
levels for control animals were normally distributed around the mean. In contrast, basal
dopamine levels for Chrimson-expressing animals were not normally distributed. Individual
dopamine concentrations fell mostly below the mean, apart from three animals, one of which
was an outlier. Notably, this outlier is not the same animal that is an outlier for basal
serotonin levels in Chrimson-transfected mice (Fig. 4a vide infra). As such, we chose to
not to exclude outliers from analysis, although exclusion would have led to a statistically
significant reduction in basal dopamine levels in Chrimson-transfected vs. control mice.
Stimulated dopamine overflow, quantified as area under the curve (AUC), was greater in
Chrimson-expressing vs. control mice (Fig. 2D; £g=3.0, A<0.01). Dopamine levels were
increased by ~200 pM by optical stimulation.

In addition to dopamine, optical activation led to increases in two other chromatographic
peaks (Fig. S2). We perfused a selective serotonin reuptake inhibitor (SSRI) through the
dialysis membrane during intracerebral dialysis to investigate peak identity /n vivoas
retention times commonly shift between standards and brain dialysate samples. Responses to
serotonin transporter inhibition identified the smaller, later eluting peak (peak 3) as serotonin
(Fig. 3A, B).

Previous experience analyzing striatal tissue samples led us to hypothesize that the
remaining optically responsive peak was 3-methoxytyramine (3-MT). Dopamine is
metabolized by catechol- O-methyltransferase (COMT) to produce 3-MT, which is
hypothesized to function as a neuromodulator.#243 We administered the COMT inhibitor
tolcapone systemically#4 and found that peak 2 was selectively decreased (Fig. 3C; %=9.6,
F£<0.01). We also perfused 3-MT through the dialysis membrane into dSTR, 7.e., in vivo
standard addition, and observed a retention time match confirming the identity of peak 2 as
3-MT (Fig. 3D).

Having identified two optically (7.e., biologically) responsive neurochemicals, in addition
to dopamine, we quantified their basal dialysate levels. We found no differences in basal
3-MT or serotonin levels in Chrimson-expressing vs. control mice (Fig. 4A). Optogenetic
stimulation of midbrain dopaminergic neurons evoked reproducible increases in 3-MT and
serotonin in Chrimson-expressing but not control mice (Fig. 4B,C; fg=3.1, /<0.01, {5=4.4,
£<0.001, respectively). Since basal neurochemical levels varied across individual mice (Fig.
2C, 4A), we also analyzed basal and optically stimulated neurochemical levels normalized
to mean basal levels determined in control mice (Fig. S3). Concentration and %basal
analyses similarly indicated that in addition to dopamine, 3-MT and serotonin overflow
were increased in response to optogenetic stimulation of Chrimson-transfected dopamine
neurons. Optical stimulation of control mice lacking opsin expression indicates there were
no nonspecific increases in neurochemicals due to light-induced arousal and that increases
in serotonin and 3-MT were due to optical activation of Chrimson expressed by dopamine
neurons.

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.
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We hypothesized parsimoniously that the increased overflow of serotonin associated with
optical stimulation of dopamine neurons was mediated by activation of striatal dopamine
receptors on serotonin terminals. The mRNA for DRD2 and DRD3 receptors (/.¢e., D2-

like) was previously identified in dorsal raphe.4546 Ren et a/*” and Spaethling et a/8

used single-cell transcriptomics to localize Dra2 transcripts to serotonergic neurons. Using
RNAseq, Dymecki and colleagues identified Drd2 mRNA in dorsal raphe serotonin neurons
specified by PetI expression.4?

A small number of DRN serotonin neurons has also been reported to contain Drdla
mRNA.4749 We carried out /n situ hybridization to investigate colocalization of D1
receptor (DrdI) and serotonin transporter (Serf) mRNA in the dorsal raphe nucleus (Fig.
5A,B). We included a probe for the vesicular glutamate transporter type 3 (VGLUT3)
because a subpopulation of serotonergic neurons co-expresses VGLUT3C and projects

to the striatum.>%:51 We found that ~25% of total Sert-positive cells in the dorsal raphe
were positive for Sert mRNA alone (Fig. 5C). Approximately 10% of total Sert-positive
cells showed colocalization of Sertand DrdZ mRNA, while an additional 35% of SERT-
positive cells showed Drd? and Vglut3 mRNA colocalization. Positive and negative /n situ
hybridization controls are shown in Figure S4.

Since our data suggest that almost half of dorsal raphe serotonin neurons may express
heterologous D1 receptors, we investigated whether blocking striatal D1-like receptors
prevents optically stimulated serotonin overflow. We perfused SCH 23390, a D1-like
receptor antagonist, into the dSTR. Basal dopamine (%=4.4, £<0.05) and serotonin (=4.4,
FP<0.05) levels were increased by local D1-like receptor inhibition (Fig. 6A,B). Stimulated
dopamine (4=6.2, P<0.01), 3-MT (%=4.8, P<0.05), and serotonin (%=4.5, P<0.05) levels
were also increased by local perfusion of SCH 23390 (Fig. 6B,C). Elevations in striatal
dopamine levels in response to SCH-23390 have been previously reported.52 In addition
to serotonin neurons, medium spiny neurons (MSNSs) in striatum express D1 receptors.
Blocking D1-receptors on MSNs disinhibits dopamine neurons causing an increase in
dopamine levels.53:54

To focus on optically stimulated neurochemical levels, we normalized the SCH 23390
time-course data to pre-drug basal neurochemical levels determined in each mouse (Fig.

7). Similar to the dialysate concentration analysis (Fig. 6), %basal analysis indicated that
SCH 23390 increased basal dopamine (4=4.4, £<0.05) and serotonin (=4.4, P<0.05)

(Fig. 7A,B). However, when normalized to respective pre-drug basal levels, potentiation

of optically stimulated dopamine, 3-MT, or serotonin was no longer evident during striatal
SCH 23390 perfusion (Fig. 7B,C). Thus, increases in the stimulated AUCs calculated using
dialysate concentrations (Fig. 6C) were largely the result of SCH 29930-induced increases in
basal dialysate concentrations.

The D1-like receptor inhibitory increase in basal serotonin levels can be explained by a
circuit connecting dSTR to the DRN. Approximately, 95% of projections from the dSTR
to the DRN are D1-expressing MSNs, which tonically inhibit DRN (and presumably
serotoninergic) neurons. Blocking D1-like receptors on MSNs dendritic spines®® could
reduce tonic inhibition of DRN cell populations leading to increased serotonin levels in

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.
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the dSTR. Regardless, local inhibition of D1 heteroreceptors on serotonin terminals and/or
MSNs did not prevent optically evoked striatal serotonin.

Mice that received the D1-like inhibitor on day 1 of microdialysis were perfused with
eticlopride (ETC), a D2-like receptor antagonist, on day 2 (Fig. 1A). Inhibition of D2-

like receptors, which are expressed as dopaminergic heteroreceptors and autoreceptors

in striatum,>® was not associated with changes in basal levels of dopamine, 3-MT, and
serotonin (Fig. 8A,9A). However, eticlopride perfusion into the dSTR potentiated optically
evoked dopamine and 3-MT analyzed either as basal (nM) concentrations (Fig. 8B,C) or
%basal levels (Fig. 9B,C), though these changes were not always statistically significant
due to the small sample sizes. Previous studies have shown that extracellular dopamine

is increased upon inhibition of presynaptic D, receptors.>-8 Significant differences in
optically evoked serotonin levels in the presence vs. absence of eticlopride were not apparent
by either analysis method (Fig. 8C,9C). In the context of our current hypothesis, and like
striatal D1-like receptor inhibition, D2-like inhibition did n7otblock serotonin overflow
associated with optically evoked dopamine release.

Functional interactions between the dopamine and serotonin systems have been investigated
for more than 50 years.59-61 In prefrontal cortex, dopamine receptor activation by

the nonselective agonist apomorphine or local dopamine perfusion, or D2 autoreceptor
inhibition by haloperidol each produced increases in serotonin levels in rats.52 Systemic
administration of apomorphine was also shown to increase extracellular serotonin in striatum
and hippocampus.83 Our findings indicate that optogenetic activation of midbrain dopamine
neurons expressing the excitatory opsin Chrimson produces temporally specified increases
in striatal serotonin, as well as an active dopamine metabolite, 3-MT.

We tested hypotheses linking striatal dopamine and serotonin based on the idea that these
neurotransmitters are released from different terminals in striatum. We found that serotonin
overflow was not prevented by inhibition of striatal D1-like or D2-like receptors (Figs. 6-9).
Our findings suggest that optically evoked dopamine does not produce serotonin release by
stimulating dopamine receptors on striatal serotonin terminals (or direct/indirect pathway
MSNSs).

Our findings contrast with those of Jacobs and coworkers where apomorphine-induced or
behaviorally evoked increases in striatal extracellular serotonin were inhibited by systemic
and intrastriatal D2-like receptor inhibition.63.64 Differences in species (rats vs. mice),
drug (raclopride vs. eticlopride) and/or perfusion concentration (10 uM vs. 100 uM) might
account for the discrepancies between studies. Jacobs and colleagues did not report on
striatal dopamine levels in their studies, /.e., apomorphine and the tail-pinch and light-dark-
transition behaviors may have direct receptor/serotonin system effects that are different
from those mediated by evoked dopamine.8° Artigas and colleagues reported that reverse
dialysis of D1-like or D2-like agonists into striatum in rats did not alter serotonin levels
supporting the idea that dopamine-serotonin interactions are not mediated by striatal
dopamine receptors.40

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.
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Another possibility is that serotonin is released from dopaminergic terminals via co-
transmission or co-release. Co-transmission involves release of different neurotransmitters
from different vesicle populations within the same neurons; co-release entails release of two
or more neurotransmitters from the same vesicles.®6 Anatomical, genetic, and functional
evidence shows that neurons can have mixed neurochemical phenotypes (for review see®6-69
among others) and argues specifically for a serotonin/glutamate mixed phenotype.>0:51

Regarding serotonin/dopamine interactions, under conditions where serotonin transporters
are genetically or pharmacologically inactivated, serotonin appears to be taken up by
dopamine transporters into dopamine neurons, indicated by double serotonin/tyrosine
hydroxylase immunoreactivity in the substantia nigra pars compacta and ventral tegmental
area.’? Thus, SSRI treatment may result in serotonin being used as a “false’ transmitter

by dopamine neurons. Studies on chronic SSRI administration and /n7 vivo neurochemical
monitoring are needed to test this hypothesis further. In any case, mice with wildtype
serotonin transporter expression did not show serotonin colocalization in midbrain dopamine
neurons suggesting that under typical circumstances, such as those investigated here,
evidence is lacking for serotonin co-transmission or co-release by dopaminergic neurons.’©

Beyond striatum, a dopaminergic pathway connects the substantia nigra to the dorsal

raphe, which contains a majority of forebrain-projecting serotonin cell bodies (Fig. 10).
Mesostriatal serotonergic afferents project from the dorsal raphe to the striatum.2 In

addition to striatum, optical activation of dopamine neurons could increase extracellular
dopamine in the vicinity of midbrain dopamine cell bodies. Substantia nigra dopamine
neurons exhibit activity-dependent somatodendritic dopamine release and D2-mediated
autoinhibition.3:71-73 Activation of nigral D2 autoreceptors might increase extracellular
serotonin in the dorsal raphe via disinhibition.” Furthermore, optical stimulation of
dopamine cell bodies could activate dopamine projections to the dorsal raphe (Fig. 10). Both
scenarios produce dopamine interactions with dorsal raphe serotonin neurons and ostensibly,
could increase release of serotonin in striatum (and other brain regions).

Alternately, indirect mechanisms involving SNr-thalamus-cortex-dSTR and/or SNr-
thalamus-cortex-DRN pathways cannot be ruled out.”>~78 Moreover, recent reports describe
the presence of dopamine neurons in the rostral dorsal raphe nucleus.”80 Future
experiments to parse out specific contributions from the SNr, SNc, VTA and DRN to
dopamine-induced serotonin release will be informative. It is also possible that optical
stimulation of dopamine neurons in Chrimson-transfected mice, in addition to releasing
dopamine, is interoceptively detected by mice.8! The perception, increased arousal, and/or
reward associated with dopaminergic activity could lead to increases in extracellular
serotonin by complex mechanisms not involving direct connections between the dopamine
and serotonin systems.

Regardless of mechanism, the present findings indicate that optogenetic stimulation of
midbrain dopamine neurons evokes striatal serotonin release. We recently reported similar
findings elucidated by rapid-pulse voltammetry coupled with partial least squares regression
analysis.82 Dopamine-serotonin coupling is likely to be of importance to the facilitation of
reward prediction, locomotor control, habit formation, and anhedonia.

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.
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METHODS

Animal procedures

Mice were generated at the University of California, Los Angeles (UCLA) from a
DAT'RESC |ine (The Jackson Laboratory, stock no. 006660) on a C57BI/6J background

via heterozygous matings. Mice were housed in groups of 2-5 same-sex siblings prior to
surgery, same-sex-sibling pairs after the first surgery to deliver viral vectors and to implant
optical fibers and head bars, and singly after the second surgery to implant microdialysis
guide cannulae. Food and water were available ad /ibitum throughout, with the exception of
microdialysis testing days where mice were hand-fed a 2:1 sweetened condensed milk:water
solution via pipette every 2 h.

The light-dark cycle (12/12 h) in the animal colony room was set to lights on at 0730

h (ZT0). The same light schedule was maintained in the room where microdialysis was
performed. The Association for Assessment and Accreditation of Laboratory Animal Care
International has fully accredited UCLA. All animal care and use met the requirements of
the NIH Guide for the Care and Use of Laboratory Animals, 2011. The UCLA Chancellor’s
Animal Research Committee (Institutional Animal Care and Use Committee) preapproved
all animal procedures.

Surgeries were carried out under aseptic conditions with isoflurane anesthesia on a KOPF
Model 1900 Stereotaxic Alignment System (KOPF, Tujunga, CA). A pair of rectangular
stainless steel head-bars (9 mm x 7 mm x 0.76 mm, 0.6 g each, Fab2QOrder, Brownsburg,
IN) were attached to the sides of the skull by C&B-METABOND (Parkell, Edgewood, NY)
for head fixation (Fig. S1A,B). Viral vectors, 600 nL of 7.8 x 1012/mL AAV5/Syn-Flex-
ChrimsonRtdTomato (for experimental groups) or 4.4 x 1012/mL AAV5/EF1a-DIO-eYFP or
3.3 x 1012/mL AAVS5/EF1a-DIO-mcherry (for control subjects), were delivered unilaterally
into the SN/VTA (AP-3.08 mm, ML £1.20 mm, DV -4.00 mm from Bregma) using a
Nanoject Il (Drummond Scientific, Broomall, PA). A 200 um diameter optical fiber (0.22
NA, Thorlabs, Newton, NJ) with a total length of 1 cm was lowered v/a the same track

to reach the AAV injection site for optogenetic stimulation. Optical fibers were secured

on the skull with C&BMETABOND. The top of each optical fiber outside the skull was
covered by a sleeve until coupling to a laser device for testing. All AAV Cre-dependent
adeno-associated viral vectors were obtained from the University of North Carolina Vector
Core (Chapel Hill, NC).

After the first surgery, animals recovered for 2-3 weeks (Fig. 1B) to allow for viral vector
expression prior to guide cannula implantation for microdialysis. During recovery, subjects
were trained to acclimate to being head-fixed over the course of 6-10 training sessions,
each lasting 15-30 min. A second surgery was carried out on each mouse to implant

a CMA/7 guide cannula for a microdialysis probe aimed at the dSTR (AP+1.00 mm,
ML+1.75 mm, DV-3.10 mm from Bregma) in the same hemisphere as the viral delivery

and fiber implant site. Each guide cannula was secured to the skull with C&B-Metabond.
Animals recovered from the second surgery for at least three days before microdialysis.
Following each surgery, mice were given daily carprofen injections (5 mg/kg, 1 mg/mL,
subcutaneously) for the first three days and a combination of an antibiotic (amoxicillin, 0.25

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.
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mg/mL) and a second analgesic (ibuprofen, 0.25 mg/mL) in their drinking water for the first
14 days postoperatively.

Microdialysis

Virgin female mice (A=23) underwent microdialysis at 3-6 months of age. Microdialysis
was carried out over two consecutive days for Chrimson-transfected mice (A=14) and one
day for control mice (A&=9). On the night before the first testing day (ZT10-12), each
mouse was transferred to the testing room in its home cage and briefly anesthetized with
isoflurane (1-3 min) for insertion of a CMA/7 microdialysis probe (1 mm length, 6 kDa
cutoff, CMA8010771) into the guide cannula. Subjects were returned to their home cages
and aCSF was continuously perfused through the probe via a liquid swivel (375/D/22QM,
Instech Laboratories Inc., Plymouth Meeting, PA) at 2—-3 pL/min for 30-60 min followed by
a 0.3 pL/min flow rate for an additional 12-14 h to allow the tissue surrounding the probe
to recover from acute damage associated with probe insertion. Subjects were tethered to the
liquid swivel but otherwise could move freely in their home cages.

Prior to microdialysis, the tubing connecting the microdialysis probe to the liquid swivel
was disconnected. The mouse was transferred from its home cage and mounted to the
head-fixed stage v/a its head-bars in the same testing room. The microdialysis probe was
connected between the microdialysis syringe pump and the online autoinjector. The aCSF
was perfused at 1.8 uL/min throughout the testing day, and samples were collected at 5-min
intervals. Subjects were habituated for at least 10-min before the optical fiber was coupled
for stimulation delivery.

An MGL-111-532 or MGL-111-589 laser (Opto Engine LLC, Ltd, Changchun, P. R. China)
was used to deliver light pulses. The excitation spectrum of Chrimson has a A gy at 590
nm. Due to the broad excitation spectrum, either 532 nm (green) or 589 nm (yellow) light
were used to excite this opsin.1? The output of optical stimulation was calibrated to deliver
10 mW/mm? immediately before coupling on each testing day. The stimulation pulse length
(50 ms or 10 Hz) and overall duration (5 min) were selected to generate neurotransmitter
release detectable by microdialysis using a 5-min dialysate sampling time. In preliminary
experiments, we investigated stimulation pulse lengths that varied from 5-300 ms. We also
investigated different laser powers. Longer pulse lengths were ultimately favored over higher
laser power with shorter pulses to avoid tissue damage over longer stimulation times needed
for microdialysis. Correia et al. used a 5-min stimulation paradigm to investigate the role of
serotonin transmission in locomotion.83

The first stimulation was delivered at ~ZT2 after 6-18 basal dialysate samples were
collected and analyzed. Prior to reverse dialysis of drugs, three optical stimulations were
delivered at 1-h intervals (Fig. 1B). After 90-120 min of intrastriatal drug perfusion, an
additional three optical stimulations were delivered at 1-h intervals while drug perfusion
continued. On day 1, four Chrimson-transfected mice were perfused with the D1-like
antagonist SCH-23390 (100 uM) through the dialysis probe. On day 2, the same four
Chrimson-transfected mice were perfused with 100 uM eticlopride (D2-like antagonist).

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.
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Eleven mice not receiving D1- or D2-like antagonists underwent brief (5 min) perfusion
with 120 mM K* (KCI substituted isotonically for NaCl in aCSF) to stimulate
neurochemical overflow38:39:84 for peak identification. In Fig. S2, data from a representative
mouse are shown. Three mice were perfused with an SSRI (10 pM escitalopram) on day
one to confirm serotonin peak identity. In Fig. 2A, B, data from a representative mouse

are shown. Control mice did not receive intrastriatal perfusions. Four mice (three control
mice and one mouse transfected with Chrimson) were administered the COMT inhibitor
tolcopone (10 mg/kg, intraperitoneal) to identify the 3-MT peak (Fig. 2C).

Dialysate analysis

High performance liquid chromatography was performed using an Amuza HTEC-500
integrated system (Amuza Corporation [formally known as Eicom], San Diego, CA).

An Eicom Insight autosampler was used to inject standards and Eicom EAS-20s online
autoinjectors were used to collect and inject dialysate samples online.33 Chromatographic
separation was achieved using an Eicom PP-ODS Il column (4.6 mm ID x 30 mm length,

2 um particle diameter) and a phosphate-buffered mobile phase (96 mM NaH,PO, (Fluka
#17844), 3.8 MM NayHPO, (Fluka #71633), pH 5.4, 2-2.8% MeOH (EMD #MX0475), 50
mg/L EDTA-Na, (Sigma #03682), and 500 mg/L sodium decanesulfonate (TCI #10348) in
water purified v/aa Milli-Q Synthesis A10 system (EMD Millipore Corporation, Billerica,
MA). The column temperature was maintained at 21 °C. The volumetric flow rate was
450-500 pL/min. Electrochemical detection was performed using an Eicom WE-3G graphite
working electrode with an applied potential of +450 mV vs. a Ag/AgCI reference electrode.

Dopamine (Sigma #H8502), 3-MT (Sigma #65390), and serotonin (Sigma #H9523)
standards were prepared in ice-cold 1:1 mobile phase/aCSF (147 mM NaCl (Fluka #73575),
3.5 mM KCI (Fluka #05257), 1.0 mM CaCl, (Aldrich #499609), 1.0 mM NaHyPOy,,

2.5 mM NaHCO3 (Fluka #88208), 1.2 mM MgCl, (Aldrich #449172), pH 7.3 £ 0.03.

(See supplemental information in Liu et al., 2020 for detailed information on formulating
aCSF).85 Standard curves encompassed physiological concentration ranges (0-10 nM:; Fig.
S5). The limit of detection was <300 amol (6 pM) for each analyte; the practical limit of
quantification was <900 amol (18 pM). Dialysate samples were collected online at 5-min
intervals using a dialysate flow rate of 1.8 pL/min and injected immediately onto the HPLC
system for analysis.

In situ hybridization

We used RNAscope® technology (Advanced Cell Diagnostics Inc., Newark, CA) for in situ
hybridization to colocalize mRNAs for D1 receptors in dorsal raphe neurons expressing
SERT, VGLUTS3, or both. 1:247.86 A DATIRESCe moyse not transfected with Chrimson

was sacrificed by cervical dislocation without isoflurane and the brain was removed,
cryoprotected, and frozen. Coronal sections were cut at 16-um on a cryostat at —15-20

°C and mounted on polylysine-coated slides.

In situ hybridization was conducted using the RNAscope® fresh-frozen V2 protocol.
Briefly, sections were incubated in freshly prepared 4% paraformaldehyde (Sigma-Aldrich
Cat#441244) in phosphate buffered saline for 15 min followed by sequential dehydration

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dagher et al.

Histology

Page 11

in 50% EtOH, 70% EtOH, and 100% EtOH for 5 min each. Sections were then incubated
with the necessary reagents from the Multiplex Fluorescent Reagent Kit V2 (ACD #323110)
in a HybEZ® oven. Probes were as follows: Sert (Mm-Slc6a4 Cat#315851) channel 1,
Vglut3 (Mm-Slc32al Cat#319191-C2) channel 2, and DrdZ (Mm-Drdla-C3 Cat# 406491-
C3) channel 3. Opal dyes 520, 570, and 690 were paired with each probe, respectively
(Cat#FP1487A, FP1488A, FP1497A). ProLong™ Diamond Antifade Mountant with DAPI
(Molecular Probes P36966) was added to stain cell bodies. Visualization was carried out
using a Leica DMI8 or Zeiss LSM800 microscope and images were processed with LAS
X and Zen software. Cell nuclei in each field of view were identified v/ia DAPI staining.
The DAPI labeled nuclei associated with puncta for one or more mRNA probes were then
counted. Data are reported as percent positive cells calculated by dividing the number of
cells labeled with Sert, Drd1, and/or Vglut3 by total number of Sertlabeled cells.

At the end of each experiment, the microdialysis probe was removed and the brain of

each mouse was prepared for histology to verify probe and optical fiber placements, and
Chrimson, mCherry, or eYFP expression. Subjects were exsanguinated with an overdose of
100 mg/kg pentobarbital (2 mL/kg administered at 50 mg/mL, ip) followed immediately
by transcardial perfusion with 4% paraformaldehyde in PBS. Sections from the midbrain
and dSTR were cut using a vibratome and mounted on microscope slides. Images were
acquired using a Zeiss Axio Examiner microscope as follows: tdTomato and mCherry

(550 nm excitation/605 nm emission), or eYFP (470 nm excitation/525 nm emission).
Microdialysis probe and optical fiber tracks were visualized via light microscopy. Three of
the 23 microdialysis subjects failed histology verification for probe or fiber placement. Data
for these subjects were excluded from analyses.

Data analysis and statistics

The microdialysis time-course data were analyzed in terms of absolute neurochemical
concentrations (nM) and as a percent of mean pre-drug basal neurochemical levels (%basal).
Overflow peaks following optical stimulation were identified and analyzed individually
using the following criteria and procedures. (1) For each control mouse, the concentrations
of six dialysate samples for each neurochemical immediately preceding the onset of the
first optical stimulation were averaged (nM) and converted to mean 100% basal levels. (2)
For Chrimson-expressing mice on experimental days 1 and 2, basal levels of individual
neurochemicals were determined separated by day. The concentrations of the six dialysate
samples immediately preceding the onset of the first pre-drug optical stimulation were
averaged (nM) and converted to mean 100% basal levels. (3) The AUC for each stimulation
peak, defined by the four dialysate samples after the onset of stimulation, was calculated by
trapezoidal integration and is reported in nM or as a percent of mean pre-drug basal levels.

Statistical analyses were carried out using Prism, v.9.0.2 (GraphPad Inc., La Jolla, CA). Data
are expressed as group means = SEMs. Two-tailed #tests (either unpaired or ratio paired,

as appropriate) were used for two group comparisons. Throughout, £<0.05 was considered
statistically significant. Detailed statistics are summarized in Table S1.
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Figure 1: Optogenetic stimulation of dopamine cell bodies.
A. Experimental paradigm and timelines. Chrimson-expressing mice underwent

microdialysis over two consecutive days. Control mice (transfected with mCherry or eYFP)
were dialyzed only on Day 1. B. Representative optical microscopy image of unilateral
Chrimson-positive neurons in the substantia nigra and ventral tegmental area. The coronal
brain atlas plate 58, adapted from 7he Mouse Brain in Stereotaxic Coordinates, Paxinos

and Franklin, 2% edition (2001) Academic Press, is overlaid on the hemisphere contralateral
to transfection. Ventral tegmental area (VTA), substantia nigra pars compacta (SNc), and
substantia nigra pars reticulata (SNr) C. Model showing the location of the microdialysis
probe in the dorsal striatum (dSTR) relative to Chrimson transfection and optical stimulation
in the ipsalateral VTA, SNc, and SNr. Ventral striatum (vSTR), artificial cerebrospinal fluid
(aCSF).
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Figure 2: Optical stimulation of dopaminergic cell bodies produces dopamine release in striatal
terminal regions.

(A) Dialysate dopamine levels were increased in response to optical stimulation in mice
expressing Chrimson (A=11) (B) but not in control mice (A=9). The yellow bars indicate
optical stimulations (10 Hz @ 10 mw/mm?2, 50 ms pulses, for 5 min). C. Basal dopamine
levels in mice transfected with Chrimson relative to control mice. D. Dopamine overflow,
guantified by area under the curve, was increased in Chrimson expressing but not control
mice. Data are means + SEMs. **/<0.01.
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Figure 3:

A. The left panel shows the effects of intrastriatal perfusion of 10 UM escitalopram on
dopamine (DA, top, red), 3-methyltyramine (3-MT; middle, pink), and serotonin levels
(5-HT; bottom, blue). Only basal 5-HT (blue) was significantly increased after escitalopram
administration (right). B. Representative chromatograms (DA, 1), 3-methyltyramine (3-
MT; 2), and serotonin levels (5-HT; 3) from a Chrimson-transfected mouse under basal
conditions (gray) and during perfusion of the selective serotonin reuptake inhibitor (SSRI)
escitalopram (green). Peak 3 showed a large increase in response to local delivery of the
SSRI suggesting that this peak was serotonin. A standard containing 500 pM dopamine
(peak 1) and serotonin (peak 3) is shown in black. C. The left panel shows the effects

of systemic administration of tolcapone, a catechol-O- methyltransferase (COMT) inhibitor
on dopamine (DA, top, red), 3-methyltyramine (3-MT; middle, pink), and serotonin levels
(5-HT; bottom, blue). The enzyme COMT converts dopamine to 3-MT. Only 3-MT

(pink) was significantly reduced after tolcapone administration (right). D. Representative
chromatograms (DA; 1), 3-methyltyramine (3-MT; 2), and serotonin levels (5-HT; 3) after
the intrastriatal perfusion of 50 nM 3-MT (red) vs. a basal dialysate sample from the same
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control mouse (gray). Reverse dialysis of 3-MT confirms peak 2 as 3-MT. A standard
containing 5 nM dopamine (peak 1), 3-MT (peak 2), and serotonin (peak 3) is shown in
black. Data in C are means + SEMs. **/<0.01. A peak sometimes appearing between peaks
1 and 2 was not responsive to optical stimulation or high K* perfusion, therefore, we did not
attempt to identify this peak.
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Figure 4: Optical stimulation of midbrain dopamine neurons evokes overflow of 3-
methyltyramine (3-MT) and serotonin in dorsal striatum (dSTR).

Timecourse (min)

A. Basal dialysate levels of 3-MT (left, pink) and serotonin (right, blue) in mice with vs.
without Chrimson transfection. B. Time course of stimulated 3-MT (pink) and serotonin
(blue) in mice transfected with Chrimson (left) compared to mice transfected with a
control protein (right). Yellow bars indicate 5-min optical stimulations. C. Comparisons
of areas under the curve (AUC) for the overflow of 3-MT or serotonin produced by optical
stimulation of dopamine neurons expressing Chrimson with respect to control mice. Data

are means + SEMs. **/<0.01, ***P<0.001. In two mice per group, data for serotonin were

below the detectable limit.
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Figure 5: Co-localization of serotonin transporter (Sert), D1 dopamine receptor (Drdl1), and
vesicular glutamate transporter 3 (Vglut3) mRNA in the dorsal raphe nucleus.

A. Cell nuclei were stained with DAPI (top left, blue). Antisense probes to localize Sert
(top right, green), Drd1 (bottom left, red), and Vg/ut3 (bottom right, white) mRNA were
visualized. Puncta for each mRNA were colocalized in some nuclei but did not necessarily
overlap. B. Overlay of images in A. Arrows indicate examples of the three mMRNAs
colocalized in the same nuclei. C. Relative quantification of cells containing Sert, Drd(1,
and Vg/ut3 mRNA with respect to the total number of Sertexpressing cell bodies. (SEMs
are for =3 z-stack planes in a single mouse. A total of 248 cells were counted).
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Figure 6: Intrastriatal perfusion of a D1-like receptor inhibitor.
A. Basal levels for the three neurochemicals pre- vs. post-SCH 23390. B. Time courses

before and during intrastriatal perfusion of 100 uM SCH 23390 showing optically stimulated
increases in dopamine (red, top), 3-methyltyramine (3-MT; pink, middle), and serotonin
(blue, bottom). C. Area under the curve (AUC) comparisons of overflow induced by optical
stimulation prior to (Pre) and during (Post) SCH 23390 striatal perfusion. Following three
pre-drug stimuli, SCH 23390 was perfused for 90-120 min in each mouse prior to the first
post-drug stimulation (see Fig. 1A for timeline). The data 30 min prior to the first post-drug
stimulus were used to calculate post-drug basal levels. The drug was continuously perfused
throughout the post-drug stimulation period. Data are means + SEMs. */<0.05, **/<0.01
pre- vs. post- initiation of drug perfusion. A=4 mice. Each basal data point in A represents
the mean of six measurements taken just prior to the first pre- or post-drug stimulation
(errors not shown). The AUC data points in C are means of each of the three stimuli (errors
not shown).
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Figure 7: Effects of intrastriatal perfusion of a D1-like receptor inhibitor analyzed with respect
to pre-drug basal levels.

A. Basal neurochemical levels expressed as a percent of average basal levels. B. Time
courses of optically stimulated neurochemical levels before and during intrastriatal perfusion
of SCH 23390 (100 uM). C. Optically evoked overflow expressed as area under the curve
for data normalized to pre-drug basal levels (AUC (%)). Data are means = SEMs. */<0.05
vs. pre-drug. =4 mice. %Basal data points in A represent the means of six measurements
just prior to the first stimulation (errors not shown). The AUC datapoints in C are means for
the three stimuli (errors not shown).
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Figure 8: Intrastriatal perfusion of a D2 antagonist does not prevent optically evoked serotonin.
A. Pre- vs. post-eticlopride basal levels of all three neurochemicals. B. Timecourse before

and during intrastriatal infusion of the D2-like receptor inhibitor eticlopride (100 uM). C.
Areas under the curve (AUC) for optically stimulated neurochemical release prior to (Pre)
and during (Post) eticlopride perfusion into striatum. Data are means + SEMs for A=4 mice.
Serotonin levels for one mouse were not detectable. Basal data points (A) represent the
means of six measurements just prior to the first stimulation (errors not shown). The AUC
datapoints (C) represent the means of three stimuli (errors not shown).

ACS Chem Neurosci. Author manuscript; available in PMC 2022 April 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dagher et al.

>

% Basal 3-MT % Basal dopamine

% Basal serotonin

o
L

300-

200+

100

200+

1504

1004

Page 26
B 450+ -O- DApre-ETC c
% e - DApost-ETC g 2000- *
(/2] -
o S 15001
S 250+ <
o 2 1000
§ 150- %
= 100 g 500+
O 504 a 5
0 30 60 90 120 150
O~ 3-MT pre-ETC
= 600+ - 3-MT post-ETC 2400+ *
@
(a4
X
[}
©
..... U)
>
[
o L = = s . :
0- 0 30 60 90 120 150 0-
— 200+ -O- 5-HT pre-ETC
% -~ 5.HT postETC g 500-
*¥ 1504 O 4004
— D
@ < 300
© £
£ 1001 S 200-
[0 -—
A g 100-
504 () 0.
Pre Post 0 30 60 90 120 150 Pre Post

Timecourse (min)

Figure 9: Effects of intrastriatal perfusion of a Dy antagonist analyzed with respect to pre-drug
basal levels.

A. Pre- vs. post-eticlopride percent basal levels for dopamine, 3-methyltyramine (3-MT),
and serotonin (5-HT). B. Time courses before and during intrastriatal perfusion of
eticlopride (100 uM) showing basal and stimulated neurochemical levels expressed as
percents of pre-drug basal levels. C. Optically evoked overflow expressed as area under
the curve for data normalized to pre-drug basal levels (AUC (%)). Data are means + SEMs
for =4 mice. Serotonin levels for one mouse were not detectable. *~<0.05 vs. pre-drug.
%Basal data points in A represent the means of six measurements just prior to the first
stimulation (errors not shown). The AUC datapoints in C are the means of the three stimuli
(errors not shown).
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Figure 10: Proposed mechanisms of dopamine-mediated serotonin release.
The substantia nigra (SN) sends dense dopaminergic projections to the striatum (nigrostriatal

pathway) and to the dorsal raphe nucleus (DRN).1 The DRN sends serotonergic projections
to dopaminergic cell bodies in the SN and to the striatum.2 We found that dopamine-
induced serotonin release was not blocked by local D1- or D2-like receptor inhibition

in the striatum. Another possible mechanism for dopamine-mediated serotonin release is
that an optogenetically induced increase in dopamine in the SN, which promotes D2
somatodendritic autoreceptor activation® and subsequent disinhibition of serotonin cell
bodies in the DRN, produces serotonin release in the striatum. Alternately, optically induced
dopamine release in DRN could act via local D1 or D2-like receptors to increase the
probability of firing of DRN serotonin neurons projecting to dSTR.
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