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Are Striatal Tyrosine Hydroxylase Interneurons
Dopaminergic?

Harry S. Xenias, Osvaldo Ibaiiez-Sandoval, Tibor Koés, and “James M. Tepper

Center for Molecular and Behavioral Neuroscience, Rutgers University, Newark, New Jersey 07102

Striatal GABAergic interneurons that express the gene for tyrosine hydroxylase (TH) have been identified previously by several methods.
Although generally assumed to be dopaminergic, possibly serving as a compensatory source of dopamine (DA) in Parkinson’s disease,
this assumption has never been tested directly. In TH-Cre mice whose nigrostriatal pathway had been eliminated unilaterally with
6-hydroxydopamine, we injected a Cre-dependent virus coding for channelrhodopsin-2 and enhanced yellow fluorescent protein unilat-
erally into the unlesioned midbrain or bilaterally into the striatum. Fast-scan cyclic voltammetry in striatal slices revealed that both
optical and electrical stimulation readily elicited DA release in control striata but not from contralateral striata when nigrostriatal
neurons were transduced. In contrast, neither optical nor electrical stimulation could elicit striatal DA release in either the control or
lesioned striata when the virus was injected directly into the striatum transducing only striatal TH interneurons. This demonstrates that
striatal TH interneurons do not release DA. Fluorescence immunocytochemistry in enhanced green fluorescent protein (EGFP)-TH mice
revealed colocalization of DA, L-amino acid decarboxylase, the DA transporter, and vesicular monoamine transporter-2 with EGFP in
midbrain dopaminergic neurons but not in any of the striatal EGFP-TH interneurons. Optogenetic activation of striatal EGFP-TH
interneurons produced strong GABAergic inhibition in all spiny neurons tested. These results indicate that striatal TH interneurons are
not dopaminergic but rather are a type of GABAergic interneuron that expresses TH but none of the other enzymes or transporters

necessary to operate as dopaminergic neurons and exert widespread GABAergic inhibition onto direct and indirect spiny neurons.
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Introduction

The neostriatum is the largest nucleus of the basal ganglia and
receives the vast majority of its input. The principal striatal neu-
ron is the spiny projection neuron (SPN), which accounts for
~95% of its neuronal population (Mehler, 1981; Parent, 1986;
Gerfen and Wilson, 1996). The remaining striatal neurons com-
prise a diverse group of interneurons (Kawaguchi, 1993; Tepper
and Bolam, 2004; Tepper et al., 2010). Although far fewer in
number than the SPNs, striatal interneurons are powerful deter-
minants of striatal output (Kods and Tepper, 1999, 2002; Wilson,
2007; Gittis et al., 2010; Ibanez-Sandoval et al., 2010, 2011; Tep-
per et al., 2010; Klaus et al., 2011). Classically, striatal interneu-
rons were considered to consist of four subtypes, a cholinergic
interneuron and three types of GABAergic interneuron: (1) a
parvalbumin-expressing fast-spiking interneuron; (2) a neuro-
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peptide Y/somatostatin/nitric oxide synthase plateau low-
threshold spiking interneuron; and (3) a calretinin interneuron
(Tepper and Bolam, 2004). The electrophysiological properties
of the first three of these were first described in a landmark in vitro
recording study by Kawaguchi (1993). The physiological proper-
ties of the calretinin interneuron remained unknown.

Subsequently, experiments in mice that expressed enhanced
green fluorescent protein (EGFP) under the control of the ty-
rosine hydroxylase (TH) promoter (Gong et al., 2003) revealed
the existence of a substantial population of EGFP-TH interneu-
rons (Ibanez-Sandoval et al., 2010). This was not the first descrip-
tion of the existence of striatal TH neurons, but it provided the
first direct evidence that they were interneurons, received cortical
and striatal inputs, and exerted powerful GABAergic inhibition
onto SPN.

Striatal TH interneurons (THINs) were first described immu-
nocytochemically in the primate (Dubach et al., 1987) and sub-
sequently in a host of other species, including mice (Mao et al.,
2001; Petroske et al., 2001), rats (Meredith et al., 1999; Robinson
et al., 2002), and humans (Porritt et al., 2000; Petroske et al.,
2001; Cossette et al., 2004, 2005a,b). Interest in these neurons
intensified after it was reported consistently that the number of
striatal THINs increased greatly after 6-hydroxydopamine (6-
OHDA) or MPTP lesions that destroyed the nigrostriatal dopa-
mine (DA) innervation. Many assumed that the striatal THINs
were dopaminergic and might therefore serve as an intrinsic
source of DA that could compensate for the loss of DA in exper-
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imental or idiopathic Parkinson’s disease (PD; Betarbet et al.,
1997; Meredith et al., 1999; Porritt et al., 2000; Robinson et al.,
2002; Cossette et al., 2005a; Tandé et al., 2006; Huot and Parent,
2007; Darmopil et al., 2008; Gittis and Kreitzer, 2012).

However, all of the evidence that striatal THINs are dopami-
nergic is indirect and comes exclusively from immunocytochem-
ical studies, most of which did not attempt to determine the
colocalization of DA and TH. There is no direct evidence that
striatal THINS either express DA or release DA during stimula-
tion. In the present studies, we used ex vivo voltammetry and
optogenetics in TH—Cre mice to determine whether selective op-
tical activation of striatal THINSs transduced with channelrho-
dopsin2 (ChR2) could elicit striatal DA release and EGFP-TH
mice and immunocytochemistry to determine whether striatal
THINs express DA, aromatic L-amino acid decarboxylase
(AADC), vesicular monoamine transporter-2 (VMAT2), and/or
the DA transporter (DAT).

Materials and Methods

Subjects. Striatal THINs were studied in a mouse BAC transgenic TH—
Cre [Tg(TH-Cre)12Gsat; Gene Expression Nervous System Atlas
(GENSAT); nine males and six females] and another BAC transgenic
mouse expressing EGFP under the control of the TH promotor
[Tg(Th—-EGFP)1Gsat/MNmnc], simply referred hereafter as TH-Cre
and EGFP-TH mice (three males and two females), respectively. EGF-
P-TH mice were acquired initially from the Mutant Mouse Regional
Resource Center at University of California, Los Angeles, derived from
GENSAT (http://www.mmrrc.org/strains/292/0292.html). Mice were
bred at our Association for Assessment and Accreditation of Laboratory
Animal Care-accredited animal colony and genotyped from tail samples.
All surgical procedures were performed in accordance with the National
Institutes of Health Guide to the Care and Use of Laboratory Animals and
with the approval of the Rutgers University Institutional Animal Care
and Use Committee.

Viral-mediated gene transfer. We used Cre-based optogenetic methods
established previously in our laboratory (Tecuapetla et al., 2010; English
etal.,2012). Briefly, the fusion gene encoding ChR2 and enhanced yellow
fluorescent protein (EYFP) was delivered via a Cre-dependent adeno-
associated virus [AAV5-EF1a-DIO-hChR2(H134R)-EYFP; University
of North Carolina, Vector Core Services, Chapel Hill, NC], from here on
simply referred to as AAV-ChR2-EYFP. A pair of incompatible loxP
recombination sites oriented in an inverted open reading frame flanks
the ChR2-EYFP fusion gene. During Cre recombination, the fusion gene
is properly oriented and translated into ChR2-EYFP. When this viral
construct is injected into the striatum or midbrain of TH-Cre mice,
recombination results in the selective expression of ChR2-EYFP in cells
that normally express the TH gene.

Intracerebral viral and 6-OHDA injections. Mice were anesthetized
with isoflurane and affixed to a stereotaxic frame. After subcutaneous
administration of bupivicaine, the scalp was reflected. Small burr holes
were drilled bilaterally over the striatum [anteroposterior (AP), 0.5 mm
from bregma; lateral (L), 1.85 mm from midline] for viral injections and
over the midbrain (AP, —3.3 mm from bregma; L, 0.8 mm from the
midline) for the injection of 6-OHDA. Injections were done within a
Biosafety Level-2 (BSL-2) rated isolation cabinet using a Nanoject II
Auto-Nanoliter Injector (catalog #3-000-204; Drummond Scientific
Company) mounted on an MP-285 micromanipulator (Sutter Instru-
ments). Glass capillaries (1.14 mm outer diameter, 0.53 mm inner diam-
eter; catalog #3-000-203-G/X; Drummond Scientific Company) were
pulled on a Narishige PE-2 glass microelectrode puller (Narishige Inter-
national). Pipette tips were cut back to an outer diameter of ~40-50
mm. Virus (0.83 ul) was injected bilaterally at two different dorsoventral
coordinates to maximize the infected area at 23 nl/sat —2.25 mm (0.5 ul)
and —3.0 mm (0.33 ul) from the surface of the brain. 6-OHDA was
prepared in 0.9% NaCl and 0.2% ascorbic acid at a concentration of 3.6
mg/ml. 6-OHDA (0.8 ul) was injected into the midbrain unilaterally at a
depth of 4.3 mm from the cortical surface. After completion of each
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injection, the pipette was kept in place for 10 min to prevent spread back
along the pipette track and then gradually withdrawn. Injected animals
were housed for a 7-10 d period under BSL-2 quarantine and experi-
ments performed 14-21 d later.

Preparation of brain slices. Mice were overdosed with 150 mg/kg ket-
amine and 30 mg/kg xylazine intraperitoneally and perfused transcardi-
ally with an ice-cold modified Ringer’s solution containing the following
(in mMm): 248 sucrose, 2.5 KCl, 7 MgCl,, 23 NaHCO,, 1.2 NaH,PO,, 7
glucose, 1 ascorbic acid, and 3 sodium pyruvate. The solution was bub-
bled before use with 95% O, and 5% CO,. Brains were removed quickly,
blocked, and cut into 300 wm coronal or parahorizontal slices on a Vi-
bratome 3000. Slices were transferred immediately into a holding cham-
ber containing normal Ringer’s solution kept at 33—-34°C and bubbled
continuously with 95% O, and 5% CO,, containing the following (in
mwMm): 124 NaCl, 2.5 KCl, 1.2 NaH,PO,, 26 NaHCO;, 1.3 MgCl,, 2 CaCl,,
10 glucose, 1 ascorbic acid, 3 pyruvate, and 0.4 myo-inositol. After a 5
min incubation period, slices were allowed to cool down to room
temperature.

Fluorescent and bright-field imaging of slices. Slices were transferred
into a recording chamber, perfused with the same modified Ringer’s
solution at ~32-33°C. Slices were visualized under either infrared or
epifluorescence on a BX-50WI Olympus fixed-stage microscope with a
digital frame transfer camera (Cooke SensiCam; PCO-Tech). ChR2—
EYFP-positive (ChR2-EYFP ™) cells were first visualized under epifluo-
rescence and patched in current clamp under infrared visualization using
an oblique condenser, yielding a differential interference contrast-like
image. Regions rich with fluorescent ChR2-EYFP * somata and/or pro-
cesses were selected for voltammetric recordings, and the carbon fiber
electrodes (CFEs) were positioned within these regions under visual
guidance.

Ex vivo electrophysiology. Whole-cell recordings were obtained with a
Multiclamp 700B amplifier (Molecular Devices) and an ITC-1600 digi-
tizer (HEKA Elektronik). Data were acquired by a PowerMac G5 running
Axograph (www.axographx.com) and digitized at 20 kHz. Micropipettes
for patch-clamp recordings were made using thin-walled borosilicate
pipettes with an outer diameter of 1.2 mm and inner diameter of 0.94
mm (catalog #GC120T-7.5; Harvard Apparatus) and pulled on a Sutter
P-97 micropipette puller (Sutter Instruments). Patch pipette resistances
were typically 3 M(). Whole-cell current-clamp recordings were per-
formed using an internal solution containing the following: 130 mm
K-gluconate, 10 mm NaCl, 2 mm MgCl,, 10 mm HEPES, 3 mm Na2-ATP,
0.3 mm GTP, 1 mm EGTA, 0.1 mm CaCl,, and either 0.5% biocytin or 25
mM Alexa Fluor 594 (catalog #A-10438; Invitrogen), pH 7.3-7.4.

Ex vivo voltammetry. Fast-scan cyclic voltammetry (FSCV; John and
Jones, 2007) was performed with an Ensman EI-400 biopotentiostat (Cy-
press Systems). Scans were performed at 10 Hz over a potential range
from —0.4to 1.3V (vs Ag/AgCl) atarate of 400 V/s. Data were digitalized
at 1000 points per scan and transferred to a personal computer via an NI
PCI-6052E PC board (National Instruments). Data were analyzed and
processed for graphical output by custom programs written by H.S.X. in
MATLAB (MathWorks). CFEs were constructed from borosilicate glass
capillaries (catalog #GC200-10; Harvard Apparatus) and 7- to 8-um-
diameter carbon fiber (Goodfellow) using standard techniques (Wiede-
mann et al., 1991; Millar and Pelling, 2001; Patel and Rice, 2006). Briefly,
a CFE was fashioned by threading a carbon fiber into a glass capillary,
which was then pulled on a Narishige PE-2 glass microelectrode puller
(Narishige International), forming a tight glass seal around the carbon
fiber. The exposed fiber was cut 30—-70 um from the end of the glass seal
with a scalpel mounted on a Narishige MX-1 micromanipulator (Na-
rishige International). The internal carbon fiber was connected to a thin
caliber wire with Woods metal (Goodfellow). DA was identified by its
characteristic single oxidation and reduction peak potentials, at ~0.7 and
—0.3 V (Wiedemann et al., 1991), respectively. The CFE was positioned
under visual control with an MP-225 micromanipulator (Sutter Instru-
ments) ~80 um beneath the surface of the slice. Electrical or optical
stimuli were delivered every 30 s (see below for protocols). Extracellular
concentrations of DA ([DA],) were postcalibrated in the bath at 32-33°C
witha I um DA standard for both control and drug-containing solutions.
In addition, for some voltammetric experiments, L-DOPA-treated TH—
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Cre mice were used, following the same L.-DOPA treatment protocol used
for DA immunocytochemistry (see below).

Electrical stimulation. Local electrical stimulation consisted of single
250 A, 50 us square-wave current pulses delivered through a concentric
bipolar tungsten metal microelectrode (Harvard Apparatus), generated
by an SC-100 constant-current stimulus isolation unit controlled
through the digitizer and acquisition software. The stimulating micro-
electrode was positioned 100 um from the inserted tip of the CFE and at
a depth of ~50—-80 wm beneath the surface of the slice. Stimuli were
delivered every 30 s.

Optical stimulation. Neurons transduced with ChR2—-EYFP were acti-
vated by single 2.5 ms pulses of blue light emitted by a 750 mW blue LED
(Cree) positioned just below the condenser with the iris and sector stops
fully opened. Timing was controlled through the digitizer by the data
acquisition software. In some experiments, epifluorescence illumination
was delivered by a xenon lamp and passed through a filter to deliver blue
light 0f 470 = 20 nm wavelength (Chroma Technology). The duration of
the epifluorescence stimulation was controlled with a Uniblitz shutter
(Vincent Associates) by the acquisition software through the digitizer.
Light pulses were delivered every 30 s.

Biocytin histochemistry. Slices containing biocytin-filled neurons were
transferred into a scintillation vial containing ~2 ml of 4% paraformal-
dehyde (PFA), microwave fixed to ~60°C for 8—10 s, and fixed over-
night. Slices were then washed three times in 0.1 M PBS and resectioned
typically into three to four 60 wm sections. After washing three times for
10 min in 0.1 M PBS, sections were then washed in 10% methanol and 3%
H,0, for 15 min and incubated in avidin—biotin—peroxidase complex
(1:200; Vector Laboratories) with 0.1% Triton X-100 overnight at 4°C.
Sections were then washed six times for 10 min in 0.1 M PBS and then
reacted with 0.025% 3,3’-diaminobenzidine (DAB) and 0.0008% H,0,.
Typically, nickel intensification (Adams, 1981) was performed with 2.5
mM nickel ammonium sulfate and 7 mmM ammonium chloride during the
DAB/H,0, incubation. Sections were then postfixed in osmium tetrox-
ide (0.1% in phosphate buffer) for 30 min and then dehydrated through
an increasing series of ethanols. Last, sections were infiltrated overnight
with a 50%:50% propylene oxide and epoxy resin mixture (Durcupan;
Fluka), placed in a fresh 100% resin for several hours, flat embedded
between glass slides and coverslips, and allowed to polymerize for 24 h in
an oven at 60°C.

Fluorescence immunocytochemistry for TH and DA. To assess the effi-
cacy of 6-OHDA lesions, the midbrains of TH-Cre mice used for ex vivo
studies were retained and kept in 4% PFA and 15% saturated picric acid
(v/v) and later processed for TH immunoreactivity. Fifty to 60 mm cor-
onal sections were cut in cold 0.15 M PBS using a Vibratome 1500 (Vi-
bratome). Sections were cleared in 10% methanol and 3% hydrogen
peroxide in PBS and washed three times in PBS. Blocking was done
overnight at 4°C with 10% normal donkey serum (NDS) and 3% bovine
serum albumin (BSA) with 0.5% Triton X-100 in PBS. Sections were then
incubated in the same blocking solution at 4°C for 48 h containing rabbit
anti-TH IgG (1:1500; catalog #AB152; Millipore). After three 10 min
washes in PBS, sections were incubated overnight at 4°C in donkey anti-
rabbit IgG conjugated to Alexa Fluor 594 (1:500; catalog #A-21207; In-
vitrogen) in PBS. After washing three times for 10 min in PBS, sections
were mounted on slides and coverslipped with Vectashield hardset
mounting medium (Vector Laboratories).

Visualization of DA and EGFP in the same neurons was performed in
EGFP-TH mice and used a modified glutaraldehyde-based immunocy-
tochemistry protocol (McRae-Degueurce and Geffard, 1986) after
L-DOPA treatment. To inhibit peripheral metabolism of L-DOPA, the
AADC inhibitor benserazide (15 mg/kg, i.p.) was administered 30 min
before L-DOPA injection (30 mg/kg, i.p.). Previous studies have shown
that L.-DOPA has a maximal effect on [DA], levels 60 min after intraperi-
toneal administration (Zigmond et al., 1992; Miller and Abercrombie,
1999).

At 60 min after L-DOPA injection, heparin (4000 U/kg, i.p.) was ad-
ministered, followed by ketamine/xylazine (160 and 30 mg/kg, i.p., re-
spectively). Anesthetized mice were then perfused transcardially with 20
ml of ice-cold buffer containing 0.1 M sodium cacodylate and 1% (w/v)
sodium meta-bisulfate in double-distilled H,O (ddH,0), pH 6.2-6.5,
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followed by 100 ml of fixative containing 5% glutaraldehyde, 1% sodium
meta-bisulfate, and 0.1 M sodium cacodylate in ddH,O, pH 7.0-7.5. The
brain was then removed and left in the same fixative for 15-30 min and
then washed four times with a 0.05 m Tris-buffered solution containing
0.85% sodium meta-bisulfate (Tris-SMB) and sectioned at 50 wm in the
same solution with a vibratome. Sections were incubated in 0.1 M sodium
borohydride for 20 min in Tris-SMB and then washed four times for 10
min. Blocking was done at room temperature for 2 h with 5% NDS and
0.5% Triton X-100 solution in Tris-SMB. Sections were incubated for
16 h at 4°C in a polyclonal rabbit antibody against DA (catalog #AB8888;
Abcam) at a 1:2000 dilution in Tris-SMB containing 0.1% Triton X-100
and 2% NDS. Sections were then washed three times for 10 min with
Tris-SMB and incubated for 6 h at room temperature with donkey anti-
rabbit secondary conjugated to Alexa Fluor 594 (1:400). Sections were
washed and then mounted on slides in antifade solution, Vectashield
hardest mounting medium (catalog #H1400; Vector Laboratories), cov-
erslipped, and sealed with nail polish.

Fluorescence immunocytochemistry for AADC. EGFP-TH mice were
injected with heparin and anesthetized as described above. Mice were
then perfused transcardially with 20 ml of ice-cold artificial CSF, fol-
lowed by 100 ml of fixative containing 4% PFA and 15% picric acid. The
brains were then extracted and postfixed overnight in the same fixative.
The following day, they were washed three times for 10 min in 0.15 M
PBS. The brains were then blocked, and 50 —60 mm coronal sections were
cut in cold 0.15 M PBS using a vibratome. Sections were collected in
six-well plates and cleared in 10% methanol and 3% hydrogen peroxide
in PBS for 15-20 min. Blocking was done overnight at 4°C with 3% BSA
and 10% NDS with 0.5% Triton X-100 in PBS. The sections were then
incubated with 1% BSA and 1% NDS containing 0.1% Triton X-100 and
a 1:2000 dilution of primary rabbit anti-DOPA decarboxylase (AADC)
IgG (catalog #ab3905; Abcam) in PBS for 1.5 d at room temperature. The
sections were then washed three times for 10 min in PBS and incubated
with 1:400 secondary donkey anti-rabbit IgG—Alexa Fluor 594 in PBS
overnight at 4°C in the dark. Sections were then washed and mounted
and coverslipped as above.

Fluorescence immunocytochemistry for VMAT2. Fluorescent immuno-
cytochemistry for the VMAT?2 was also performed. EGFP-TH mice were
heparinized, anesthetized, perfused, postfixed, and sectioned as detailed
above. Sections were collected in six-well plates and then treated with 1%
sodium borohydride in PBS for 15 min. The sections were then washed
three times for 10 min in PBS. Sections were then incubated for 15 min in
PBS containing 10% methanol plus 3% H,O, (catalog #216763; Sigma)
and then washed in PBS three times for 10 min. Blocking was done
overnight at 4°C with 3% BSA and 10% NDS with 0.5% Triton X-100 in
PBS. The sections were then incubated in 1:2000 primary rabbit anti-
VMAT?2 IgG (catalog #20042; Immunostar) in PBS for 1.5 d at room
temperature and then washed three times for 10 min in PBS. The sections
were then incubated in 1:400 secondary donkey anti-rabbit IgG—Alexa
Fluor 594 in PBS for 4—6 h at room temperature in the dark and washed
for a final time, four times for 10 min, in PBS. Sections were mounted on
slides and coverslipped as above.

Fluorescence immunocytochemistry for the DAT. EGFP-TH mice were
heparinized, anesthetized, perfused, postfixed, and sectioned as above.
Sections were once again collected in six-well plates and then treated with
1% sodium borohydride in PBS for 15-20 min. The sections were then
washed in PBS containing 10% methanol plus 3% H,O, (catalog
#216763; Sigma) for 15-20 min and then washed in PBS three times for
10 min. Blocking was done overnight at 4°C with 3% BSA and 10% NDS
with 0.5% Triton X-100 in PBS. The sections were then incubated with
1:1000 primary rat anti-DAT IgG (catalog #MAB369; Millipore Biosci-
ence Research Reagents) in PBS for 1.5 d at room temperature and then
washed three times in PBS for 10 min for each wash cycle. The sections
were then incubated with 1:400 secondary donkey anti-rat I[gG—Alexa
Fluor 594 in PBS for 4—6 h at room temperature in the dark and washed
for a final time, three times for 10 min, in PBS, mounted, and cover-
slipped as above.

Statistical analysis. Numerical values for evoked [DA], or IPSCs were
reported as the mean * SEM. Significance of differences between group
data were determined by either two-sample ¢ tests or one-way ANOVA,
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Optogenetic targeting and selective activation of striatal THINs. A7, Low-magpnification bright-field photomicrograph of a coronal section through the striatum of a TH—Cre mouse,

which was injected previously with AAV—ChR2—EYFP (1.33 pl). A2, Fluorescence photomicrograph of the same field shown in A7 showing widespread viral transduction of striatal THINs. 43,
Higher-magpnification view of boxed area of A2, detailing abundant ChR2—EYFP somata, axons, and dendrites. B, Representative whole-cell current-clamp recording of a type | striatal THIN from an
EGFP—TH mouse, exhibiting typical high input resistance and the characteristic depolarization block at moderate depolarizing current injections typical of type | THINS reported previously. C,
Whole-cell recording of a virally transduced ChR2—EYFP striatal THIN (top right inset) from a coronal striatal section from a TH—Cre mouse. Both the electrophysiology and anatomy were typical of
type | striatal THINs as seen previously in EGFP—TH mice (compare with B). Optical stimuli from a blue LED at 2.5 ms (blue ticks) evoke large depolarizations that consistently evoke spikes.

followed by Bonferroni’s post hoc tests. Differences were considered to be
significant if p values were <0.05.

Results
Optogenetic targeting and activation of striatal THINs
We injected AAV-ChR2-EYFP bilaterally into the striata of
6-OHDA unilaterally lesioned TH—Cre mice. Two weeks after
injection, there was widespread bilateral expression of the EYFP
reporter in striatal somata and fibers, as shown in a typical stria-
tum ipsilateral to 6-OHDA treatment in Figure 1A. Whole-cell
current-clamp recordings and subsequent biocytin filling of
ChR2-EYFP-labeled striatal THINs showed them to be indistin-
guishable in terms of both electrophysiology and morphology
from striatal THINs identified previously in EGFP-TH mice
(Ibdnez-Sandoval et al., 2010), as shown in Figure 1, B and C, for
a typical type I striatal THIN.

Although quantitative stereology was not performed, compared
with fluorescent striatal THINs in EGFP-TH mice, the Cre-

mediated transduction seemed to revealed a higher density of these
interneurons than reported previously (Ibaniez-Sandoval et al., 20105
Unal et al., 2011). This may be related to the underreporting of
TH-immunoreactive neurons in the midbrains of EGFP-TH mice
that we observed with DA immunofluorescence described below.

ChR2-EYFP axons arborized densely throughout the stria-
tum and overlapped with the processes of neighboring THINs
(Fig. 1A3). Whole-cell current-clamp recordings of these cells
during presentation of single 2.5 ms blue light pulses demonstrated
that striatal THINs were depolarized reliably and caused to fire ac-
tion potentials by the optical stimulus, as shown in Figure 1C.

Optogenetic targeting and activation of the nigrostriatal
pathway and striatal DA release

As a positive control for our optogenetic and voltammetric pro-
cedures, AAV—ChR2-EYFP was injected into the midbrain of
TH-Cre mice, which transduced both mesencephalic dopami-
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Voltammetric detection of optogenetically evoked striatal DA release from nigrostriatal neurons in a TH-Cre mouse. 4, Schematic illustration of the midbrain injection site of

AAV—ChR2—-EYFP (1.2 wul). BT, Coronal section of the striatum of a TH—Cre mouse 2 weeks after midbrain injection of AAV—ChR2—EYFP, showing an extremely dense distribution of fluorescent virally
transduced nigrostriatal fibers throughout the striatum. B2, Higher-magnification photomicrograph of the same striatum shown in B1. C, Bright-field micrograph taken through the recording
microscope shows the placement of the concentric bipolar stimulating electrode (thick dark structure) and the much thinner voltammetric CFE. D, Both electrical and optical stimulation protocols
produce nearly identical cyclic voltammograms, whose peak oxidation (Ox.) and reduction potentials identify them as resulting from DA. The dashed line shows the nearly identical oxidation
potentials resulting from the two stimuli. E7, DA release after electrical (black) or optical (red) stimulation normalized to the maximum peak oxidation current. Box plot summaries of evoked [DA],
from electrical (black) and optical (red) stimuli show no significant difference (n = 11 recordings). £2, A magnified view of the initial time profile of E7, illustrating identical release kinetics for both

stimulation protocols. The arrowhead denotes the onset of electrical or optical stimulation.

nergic neurons and their striatal terminals as described previ-
ously (Tecuapetla et al., 2010). Two weeks later, coronal or
parahorizontal sections of the striatum were cut, and epifluores-
cence imaging revealed widespread transduction of dopaminer-
gic fibers throughout the striatum (Fig. 2BI). A stimulating
electrode and carbon fiber probe were placed into striatal regions
that were densely packed with ChR2-EYFP transduced nigrostri-
atal fibers (Fig. 2B2). After a single 250 A, 50 us square electrical
pulse or a single 2.5 ms blue light pulse, a large DA transient was
evoked as shown in Figure 2D. DA transients evoked reliably by
either optical or electrical stimuli exhibited very similar cyclic
voltammograms. The mean peak DA concentration evoked by
electrical stimulation (853.6 * 36.1 nM; range, 743-937 nM) was
slightly, but not significantly, greater than that evoked by optical
stimulation (808.5 = 40.7 nm; range, 687—893 nMm; Fig. 2EI).
There were also no significant differences between the mean volt-
ages at which the oxidation and reduction peaks of DA evoked by
the two stimuli occurred or any differences in the release kinetics
of evoked DA, determined by the time to cover the 10-90%
range, evoked by electrical (106 * 3 ms) or optical (105 * 3 ms)
stimulation (two-sample ¢ test, p > 0.1; n = 5 slices, n = 2 ani-
mals, n = 11 recordings; Fig. 2E2).

Electrical and optogenetic activation of striatal THINs during
simultaneous FSCV and whole-cell recording

Having shown that our voltammetric detection, viral transduc-
tion, and optogenetic techniques work in the midbrain, we set
out to determine whether THINs could be stimulated to release
DA. TH-Cre mice with unilateral 6-OHDA injections into the
midbrain and bilateral striatal AAV-ChR2-EYFP injections were
stimulated with a depolarizing current injection (50 pA for 500
ms) in current-clamp mode, followed by a blue light pulse (5 ms,

750 mW LED; Fig. 3A1, blue triangle). To maximize the detection
of any DA evoked from striatal THINs, the CFEs were always
positioned within areas innervated densely with EYFP-labeled
axons and within 50 wm of the patched neuron. Although the
current injection elicited a train of spikes and the single pulse of
blue light elicited a triplet burst of spikes followed by a brief
plateau potential that was terminated by a final spike, this activity
did not elicit any detectable release of [DA], (Fig. 3A2,A3). Next,
EYFP ™ THINSs were then stimulated with a train of blue light
pulses [10 5-ms pulses with an interstimulus interval (ISI) of 25
ms; Fig. 3BI]. This optical train stimulation also failed to release
any detectable DA (Fig. 3B2,B3; n = 5 slices, n = 3 animals, n =
12 recordings).

Optogenetic activation of striatal THIN's and striatal DA
release after lesioning
To determine whether DA could be released from striatal THINs
after unilateral 6-OHDA lesions, AAV—ChR2-EYFP was injected
bilaterally into the striatum of TH—Cre mice whose midbrains
had been lesioned unilaterally by injection of 6-OHDA. This pro-
cedure transduces only striatal THINSs, not the midbrain DA neu-
rons or the nigrostriatal dopaminergic fibers. In addition, the
unilateral lesions served two purposes. In numerous previous
studies, the numbers of TH somata in the striatum increased after
DA loss (Betarbet et al., 1997; Meredith et al., 1999; Huot and
Parent, 2007), presumably as a result of an upregulation of TH
activity in striatal TH neurons (Unal et al., 2013). Thus, this
afforded us the best chance to see DA evoked from striatal THINS.
In addition, this also allowed us to have positive and negative
controls for DA release in the striatum in the same slice.

Two weeks after injection, we performed ex vivo voltammetry
in the striatum of both hemispheres, using local electrical or op-
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Figure3. Optical activation of ChR2—YFP transduced striatal THINs in slices from mice with unilateral midbrain 6-OHDA lesions during simultaneous FSCV. A7, Neither current injection

(50 pA for 500 ms) nor optical stimulation (single 5 ms light pulse, blue triangle) elicited detectable evoked release of DA ipsilateral to midbrain 6-OHDA lesions. Note the absence of any
oxidation or reduction peaks in the voltammetric heat map (A2). A3, No response in CFE (top) or any evoked DA release over a several-second-long recording period was detected (n =
12 cells). B, A strong optical stimulation train (10 5-ms blue light pulse with an ISl of 25 ms) failed to evoke any detectable DA despite the elicitation of spikes to each light pulse (blue

triangles). Black arrows in B1 indicate inductive voltage changes during current-clamp recording originating from the simultaneous voltammetric scan sweep below (see blow up of box
region to the left of the recording sweep). B2 and B3 show the absence of any response in CFE or DA release.
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Figure 4.  Simultaneous voltammetry in the striatum during optogenetic activation of striatal THINs. A7, Bright-field photomicrograph of a coronal section through the midbrain of a TH—Cre

mouse after a unilateral midbrain 6-OHDA injection and bilateral striatal injections of AAV—ChR2—EYFP (1.33 pl). A2, Fluorescent photomicrograph of the same field as in A7, processed for TH
immunofluorescence showing a complete absence of TH on the 6-OHDA-treated side but densely packed THimmunoreactive somata and processes in the substantia nigra and the ventral tegmental
area on the contralateral side. B1, Schematic depiction of bilateral striatal injections of AAV—ChR2—EYFP. B2, Striatal THIN expressing ChR2—EYFP. The neuron reliably fires an action potential on a
single 2.5 ms pulse of blue light. DStr, Dorsal striatum; NAc, nucleus accumbens. €, Voltammetric color maps, FSCVs, and [DA], versus time plots. Electrical stimulation elicits DA from the control

striatum (C7) but not from the lesioned side (€2). In contrast, optical stimulation failed to elicit any detectable amounts of DA from the striatum, either ipsilateral or contralateral to the 6-OHDA
midbrain injection (€3, (4). Black and red arrowheads, respectively, denote the onset of electrical and optical stimulation (n = 7 mice, n = 13 slices).
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Figure5.

Effects of uptake and autoreceptor blockade on striatal DA release after optogenetic activation of striatal THINs. Nomifensine (10 wum) plus raclopride (10 wum) present for all experiments

(n = 5 mice, 14 slices). Slices from mice treated as described above. A7, Nomifensine plus raclopride greatly enhanced the release of DA in response to local electrical stimulation in the control
striatum but failed to yield any detectable release of DA ipsilateral to the 6-OHDA midbrain injection (A2). A3, A4, Optical stimulation failed to elicit detectable levels of DA from either the lesioned
or control side. B, Overlay of evoked DA after electrical stimulation in the absence (black, n = 17 recordings) and presence (red, n = 14 recordings) of nomifensine (Nom) plus raclopride (Rac). Peak
[DA] in the presence of the drugs (1.70 % 0.02 pm) was significantly greater than in their absence [0.96 % 0.05 um; £, = 13.17, p << 0.001]. , Box plot summaries of evoked peak [DA] in
nomifensine plus raclopride for the following groups: electrical stimulation in striata contralateral to the lesion (group 1), electrical stimulation ipsilateral to the lesion (group 2), optical stimulation
inthe contralateral side (group 3), and optical stimulation ipsilateral to the lesion (group 4). D, Magnified scale of [DA], versus time plots of A2—A4, showing no detectable DA for group 2 (red), group

3 (green), and group 4 (blue), even down at the level of CFE noise. ***p < 0.001.

Table 1. Full summary of allimmunocytochemical results

(Marker + EGFP *)/EGFP * ratio

Percentage colocalization

Number of mice Midbrain Striatum Midbrain Striatum
Immunocytochemical marker Males Females SNc VTA Control Lesion SNc VTA Control Lesion
DA 3 2 172/206 85/128 0/4630 0/7905 83.5% 66.4% 0% 0%
n=>5 n=>5 n=>5 n=>5 n= n= n=>5 n=>5
AADC 2 3 164/200 93/156 0/4893 0/7641 82.0% 59.6% 0% 0%
n=>5 n=>5 n=>5 n=>5 n=>5 n=>5 n=>5 n=>5
VMAT2 2 3 157/195 88/143 0/4254 0/6733 80.5% 61.5% 0% 0%
n=5 n=>5 n=5 n=5 n=>5 n=>5 n=>5 n=>5
DAT 2 2 127/158 66/104 0/5136 0/7256 80.4% 63.4% 0% 0%
n=4 n=4 n=4 n=4 n=4 n=4 n=4 n=4

tical stimulation in each hemisphere (n = 7 mice, n = 13 bilateral
slices). In all cases, the 6-OHDA injections were highly effective at
lesioning the nigrostriatal projection on the ipsilateral side while
leaving the dopaminergic input from the midbrain intact on the

contralateral side. A typical example of a unilateral midbrain le-
sion is shown in Figure 4A2. The EYFP reporter in the transduced
axons of the striatal THINs on the lesioned side served to guide
the placement of the CFE directly in the region of the densest
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500 um

DA immunofluorescence in the midbrain of unilaterally lesioned EGFP—TH mice. 4, Coronal section of the midbrain of an EGFP—TH mouse processed for DA immunofluorescence after

injection of 6-OHDA into the right midbrain. Note the absence of both EGFP and DA immunofluorescence on the 6-OHDA-treated side but abundant EGFP and DA immunoreactive somata on the
control side. B, Higher-magnification photomicrographs of the corresponding boxed regions of A show DA immunofluorescent somata that colocalize EGFP (n = 5). In some cases, there were DA
immunofluorescent somata that did not colocalize EGFP (white arrows), indicating that, in these mice, EGFP underreports the number of THimmunoreactive cells.

collection of striatal THINs and TH axons, as shown in Figure
4B2. Moreover, to verify that striatal THINs were firing in re-
sponse to the optical stimuli, we performed whole-cell current-
clamp recordings on striatal THINs. A typical example is shown
in Figure 4B2, where a 2.5 ms optical stimulus evokes a large
depolarization on which rides a single action potential.

Whereas local electrical stimulation (250 wA, 50 us) elicited
striatal DA release (850 = 60.2 nMm; range, 560.3 nM to 1.26 uM)
contralateral to the 6-OHDA midbrain injections (Fig. 4C1),
there was no detectable DA release in the ipsilateral striatum (Fig.
4C2). Optical stimulation failed to elicit DA release from either
striatum (Fig. 4C3,C4). This result indicates that the voltammet-
ric detection of DA was working but that the DA release it de-
tected on the contralateral side derived exclusively from the intact
nigrostriatal fibers. Because the AAV-ChR2-EYFP injected into
the striatum only transduced striatal TH neurons, these data
demonstrate that striatal THINs do not release DA.

Next, we attempted to increase the levels of any potentially
evoked [DA]. by bath application of 10 uMm nomifensine, a DA
reuptake inhibitor, and 10 uM raclopride, a D, autoreceptor an-
tagonist that markedly increases release of evoked DA release
from midbrain dopaminergic neurons (Ogren et al., 1986; Earl et
al., 1998; Robinson and Wightman, 2004) in similarly treated
mice (n = 5mice, n = 14 slices). Compared with the control peak
of [DA], elicited by a single extracellular electrical stimulus in
striatum contralateral to the midbrain lesion (0.96 = 0.05 wMm;
range, 0.54—1.27 uM; n = 17 recordings), nomifensine plus ra-
clopride significantly increased both the amplitude and duration
of the DA transient, as illustrated in Figure 5A1 (1.70 = 0.02 uMm;
range, 1.58-1.79 um; n = 14 recordings; two-sample t test, p <
0.001). Despite this increase in electrically evoked [DA]. in the
intact striatum, no electrically evoked DA was observed in the
striatum ipsilateral to the midbrain lesion. Furthermore, despite DA
uptake inhibition and autoreceptor blockade (Fig. 5C3,C4), optical
stimulation failed to elicit any DA release in either striatum.

We repeated these experiments with TH—Cre mice that were
treated with L-DOPA (30 kg/mg, i.p.; n = 3) for 1 h before making

our slice preparations and recording 40 min later. Electrically
evoked DA release was unaltered contralateral to the lesion, and,
as before, we failed to detect any evoked release of DA during
optical stimulation in either side of the striatum. In these exper-
iments, the typical noise level of our voltammetric recordings
translated to a detectability level of <25 nm [DA], (Fig. 5D).

Having shown that striatal THINs do not release DA, we at-
tempted to determine why this is so. One possibility is that
THINs do not contain DA or do but lack one or more of the other
enzymes necessary for functional synthesis and/or release of DA.
To determine this, striatal sections from EGFP—TH mice were
examined for the expression of several traditional markers of
dopaminergic neurons, including DA, AADC, VMAT2, and the
DAT by fluorescence immunocytochemistry in mice injected
unilaterally with 6-OHDA into the midbrain. As a positive con-
trol for all of our striatal immunofluorescence experiments, we
used mice that had been injected unilaterally with 6-OHDA in the
midbrain and examined both ipsilateral and contralateral mid-
brains and striata for all immunofluorescence experiments.

In general, for all the double-fluorescent labeling experi-
ments, when the midbrain was examined the number of immu-
nolabeled DA neurons was far greater than the number of
EGFP-TH neurons. We first noticed this in our earliest experi-
ments with TH immunolabeling of the midbrain several years
ago (Ibanez-Sandoval et al., 2010), but the mismatch has grown
steadily larger over succeeding generations and will be apparent
in many of the succeeding photomicrographs. The most probable
explanation for this is epigenetic silencing of the transgene (Pi-
kaart et al., 1998; Ellison and Kedes, 2014), which may accumu-
late transgenerationally as a result of incomplete germ-line
erasure of imprinting (Kearns et al., 2000).

To try to partially control for these effects, we restricted our
subjects to lineages to within two generations for each respective
marker under investigation. As detailed further in the Discussion
section, the presence of a subpopulation of monoenzymatic
AADC™ or TH ™ neurons in the midbrain that possess one or the
other enzyme but not both have been reported previously (Ike-
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Photomicrographs of coronal sections through the dorsal striatum of an EGFP—TH mouse processed for DAimmunofluorescence after unilateral 6-OHDA injections into the midbrain. 4,

Control side. B, Lesioned side. Magnified views of the boxed regions in A7T—-A3 and B1-B3 are shown in A4 —A6 and B4 —B6. No colocalization of DA with EGFP—TH was evidentin any of the sections
examined (n = 5 brains). Note what appear to be DA immunoreactive puncta surrounding the THINs in A5 and A6 (white arrowheads), suggesting innervation of THINs by nigrostriatal terminals.
Note the increase of visible THINs in the lesioned striatum (B7) compared with the nonlesioned striatum (B2; white arrowheads).

moto et al., 1998; Karasawa et al., 2007) could further exaggerate
an apparent underreporting of EGFP-TH and simultaneously
exaggerate the otherwise naturally occurring monoenzymatic ex-
pression of a given marker. However, it is important to keep in
mind that we examined the colocalization of the respective mark-
ers with EGFP-TH with reasonably large sample size (Table 1) to
ensure that, if any THINs expressed any of the markers, such
colocalization would be detected.

DA immunofluorescence in the midbrain and striata of
EGFP-TH mice

Examination of the midbrains (n = 5 mice) revealed complete
absence of neuronal somata expressing either EGFP or DA ipsi-
lateral to the 6-OHDA injection, as shown in Figure 6AI1. In
contrast, on the contralateral side, there was robust expression of
both DA immunofluorescence and EGFP fluorescence in densely
packed somata and dendritic and axonal processes, shown in
Figure 6B1-B3 at higher magnification. There was a considerable
degree of overlap between EGFP fluorescence and DA immuno-

fluorescence, but there were also a number of somata that ex-
pressed only one or the other of the two fluorophores (Fig. 6B,
white arrows).

Overall, for the high-magnification regions inspected, there
were 34 somata that were positive for both EGFP and DA of an
average of 41 EGFP ™ cells in total per 50 um section (n = 6
sections, n = 5 mice). Of the 206 EGFP * cells inspected in the
substantia nigra pars compacta (SNc), 172 colocalized DA, giving
an 83.5% colocalization ratio (for full summary of all immuno-
cytochemical results, see Table 1). This demonstrates that the DA
immunofluorescence works and that, in dopaminergic neurons
in EGFP-TH mice, there is colocalization of DA and EGFP.

In the striatum ipsilateral to the lesion, there appeared to be a
small increase in the number of THINs compared with the con-
tralateral side (Fig. 7A,B), as reported previously (Unal et al.,
2015). None of the striatal THINs on the ipsilateral (n = 7905
cells) or the con