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Optogenetics enables functional analysis of human
embryonic stem cell-derived grafts in a Parkinson’s

disease model

Julius A Steinbeck!2, Se Joon Choi3, Ana Mrejeru?, Yosif Ganat!-2, Karl Deisseroth*-%, David Sulzer”>8,

Eugene V Mosharov? & Lorenz Studer!2

Recent studies have shown evidence of behavioral recovery
after transplantation of human pluripotent stem cell (PSC)-
derived neural cells in animal models of neurological diseasel-4.
However, little is known about the mechanisms underlying
graft function. Here we use optogenetics to modulate in

real time electrophysiological and neurochemical properties

of mesencephalic dopaminergic (mesDA) neurons derived
from human embryonic stem cells (hESCs). In mice that had
recovered from lesion-induced Parkinsonian motor deficits,
light-induced selective silencing of graft activity rapidly and
reversibly re-introduced the motor deficits. The re-introduction
of motor deficits was prevented by the dopamine agonist
apomorphine. These results suggest that functionality depends
on graft neuronal activity and dopamine release. Combining
optogenetics, slice electrophysiology and pharmacological
approaches, we further show that mesDA-rich grafts modulate
host glutamatergic synaptic transmission onto striatal medium
spiny neurons in a manner reminiscent of endogenous mesDA
neurons. Thus, application of optogenetics in cell therapy can
link transplantation, animal behavior and postmortem analysis
to enable the identification of mechanisms that drive recovery.

The therapeutic potential of human cells is commonly assessed using
long-term behavioral assays after transplantation into a relevant ani-
mal model of neurological disease. Yet such experiments do not pin-
point the biological mechanisms responsible for behavioral recovery.
In the central nervous system, transplanted cells may induce thera-
peutic benefits through a variety of mechanisms, such as the release
of trophic factors, the induction of remyelination, immunomodu-
lation or actual network repair. For Parkinson’s disease therapy, it
has been suggested that full behavioral recovery requires functional
integration of grafted dopamine neurons into diseased host circuits>®.
However, the prospect of functional neuronal integration, also known
as graft-mediated neuronal network repair, remains poorly validated

owing to the lack of methods to selectively interfere with neuronal
graft function. In previous studies the role of grafted cells has been
assessed by selective ablation of the graft, using diphtheria toxin in
a model of spinal cord injury’ or chemical re-lesioning in an ani-
mal model of Parkinson’s disease®. But these approaches lead to the
complete elimination of the transplanted cells without addressing the
specific mechanism of action. In contrast, optogenetics allows the
reversible functional manipulation of genetically and spatially defined
circuits with unprecedented precision®. Controlling the activity of
specific neurons can link circuit activity to animal behavior in freely
moving animals in real time®, including animals with neurological
disease!®11. Despite its transformative role in neuroscience, optoge-
netics had only limited impact on human stem cell biology'?13, in part
because human PSC-derived neurons initially exhibit immature func-
tional properties'4 and may not form synapses efficiently across spe-
cies boundaries in the adult or diseased brain. In principle, however,
optogenetics is an ideal strategy for interrogating graft function and
graft-to-host connectivity, with the potential to resolve long-standing
mechanistic questions!®. Ongoing work toward the first clinical use
of hPSC-derived mesDA neurons in patients with Parkinson’s disease
further underscores the importance of gaining mechanistic insights
into graft function and connectivity.

To dissect the functionality of mesDA neurons transplanted into
the lesioned striatum!=3, we transduced undifferentiated hESCs to
express the inhibitory chloride pump halorhodopsin® eNpHR3.0-
EYFP (called HALO) or EYFP alone under control of the human
synapsin promoter. The synapsin promoter was selected for its strong
expression and lack of silencing in PSC-derived mesDA neurons. The
use of a pan-neuronal promoter mimics the most likely clinical sce-
nario as neither fetal nor prospective PSC-derived grafts are com-
posed exclusively of mesDA neurons. The resulting clonal hESC lines
were validated for genomic integration of transgenes (Supplementary
Fig. 1) and maintenance of pluripotent marker expression (Fig. 1a).
Differentiation into hESC-derived mesDA neurons was done as
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characterization of opsin-expressing hESC
lines and dopaminergic progeny. Upper panels,
hSyn-eNpHR3.0-EYFP (HALO) line, lower
panels, hSyn-EYFP (EYFP) line. (a) Transgene
harboring clonal hESC lines expressed OCT4
(red). (b) By day (D) 30, >98% of all TUJ*
neurons (red) expressed HALO/EYFP.

(c) At D30, >98% of all TH* (red)/NURR1*
(blue) neurons expressed HALO/EYFP.

(d) Confocal imaging shows HALO localization
in TH*/NURR1* neurons largely confined to
membranes and processes. (e) Quantification
and comparison of transgene expression in all
neurons (t=0.18, P=0.86, N.S.) and TH+
neurons (t=0.32, P=0.76, N.S.) between
the HALO and EYFP line. Scale bar, 50 um.
Error bars represent s.e.m.

hSyn-eNpHR3.0-EYFP (HALO)

hSyn-EYFP (EYFP)

described previously?. At day 20 of differ-
entiation, we observed co-expression of the
mesDA neuron markers LMX1A and FOXA2
in >90% of cells (Supplementary Fig. 2a,c) in both lines. Expression
of the early postmitotic mesDA neuron marker NR4A2 (NURR1)
was detected in about 50% of cells by day 30 in both HALO and EYFP
clones (Supplementary Fig. 2b,c). Robust expression of HALO and
EYFP was observed by days 25-30 of differentiation. Only clones
expressing the transgenes in >98% of all TUJ1* neurons (Fig. 1b,e) or
TH*/NURRI* neurons (Fig. 1c,e) were used for further experiments.
HALO expression was mainly confined to the cell membrane and
processes of TH*/NURRI1* neurons (Fig. 1d). For further phenotypic
characterizations of the clones, see Supplementary Figure 3a-c.

To test the functionality of hESC-derived neurons in vitro, we
incubated mature mesDA-rich cultures with the calcium dye Fura-2
and imaged them under continuous perfusion (Fig. 2a). Most cells
with neuronal morphology showed a transient calcium increase
after application of a 15-s pulse of 100 uM glutamate (Fig. 2b,c, and
Supplementary Video 1) or 55 mM KCl (data not shown). To test
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HALO functionally in cultured neurons, we continuously perfused
them with saline containing 50 uM glutamate (Fig. 2d) while intermit-
tently exposing cultures to 30-s pulses of 550 nm (green) light (Fig. 2e
and Supplementary Video 2). As expected, halorhodopsin activation
induced an immediate decrease in the calcium response following
every light pulse (Fig. 2f and Supplementary Fig. 4i). Corresponding
bright field and EYFP fluorescent images are shown in Figure 2g,h.
A similar response to glutamate was observed in control mesDA cul-
tures expressing EYFP (Supplementary Fig. 4a-c and Supplementary
Video 3), however, those cells showed no response to light exposure
(Supplementary Fig. 4d-i and Supplementary Video 4).

We next tested whether optogenetic control of neuronal activity, as
demonstrated by calcium imaging experiments, enables modulation
of neurotransmitter release. For this purpose, supernatants of cells
exposed to various extrinsic stimuli were collected and analyzed by
reversed phase high-performance liquid chromatography (HPLC)

Figure 2 /n vitro physiologic and
neurochemical assessment of optogenetic
control. (a) Representative ratiometric
image of a D90, HALO-expressing,
mesDA-rich culture after incubation with
Fura-2. (b,c) A glutamate pulse (GLU,
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100 uM) generates a calcium response (b),
quantified in c. (d—f) During continuous
glutamate perfusion (GLU, 50 uM, d) 550-nm
light pulses (e) generate inactivating calcium
signals in soma and dendrites of neurons,
quantified in f. (g,h) Bright-field (g) and
eNpHR3.0-EYFP expression (h) of the same

region. Scale bar, 20 um. (i) HPLC
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measurements of dopamine (DA) release from
90- to 100-day-old cultures after exposure to
various stimuli and in the presence or absence
of light-induced neuronal silencing. KCI

(55 mM) and glutamate (GLU, 100 uM)
exposure increase dopamine release in both
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EYFP- (black bars) and HALO- (green bars)
expressing dopamine neurons by about twofold.
Optogenetic inhibition at 543 nm (bars with
bright green border) reduced dopamine release
from HALO-expressing cultures only, in the
presence and absence of glutamate stimulation.
*P<0.05, **P<0.01, ****P < 0.0001.
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with electrochemical detection. EYFP- or HALO-expressing neuro-
nal cultures could be stimulated to release about twice the amount of
dopamine (DA) following KCI or glutamate exposure compared to
basal release (saline versus GLU; Sidak’s multiple comparisons test,
t=5.27, P<0.0001; Fig. 2i). Dopamine release from EYFP-expressing
mesDA-rich cultures (black bars) was unchanged when illuminated
for 10 min at 543 nm (saline versus saline + 543 and GLU versus
GLU + 543). In contrast, HALO-expressing cultures (green bars)
showed a significant reduction of dopamine release during 543 nm
illumination (—55%, saline versus saline + 543, t = 2.66, P < 0.05).
Similarly, optogenetic suppression of neuronal activity was sufficient
to over-ride glutamate stimulation (—85%, GLU versus GLU + 543,
t=28.50, P < 0.0001).

After confirming optogenetic control over both physiological and
neurochemical properties of hESC-derived mesDA neurons in vitro,
we sought to test transplant functionality in vivo. For this purpose,
adult (2-3 months old) immunodeficient mice (NOD-SCID IL2Rgc)
were subjected to unilateral 6-hydroxydopamine (6-OHDA) lesions,
as described previously?. Only animals with a strong behavioral phe-
notype of >6 ipsilateral rotations/min in response to amphetamine
exposure were deemed hemiparkinsonian and selected for further
experiments. At 3 weeks after lesioning, animals received 2 x 10°
hESC-derived mesDA-rich cells (day 25, Nurr1 stage of differentia-
tion!®). Animals grafted with mesDA neurons from HALO or EYFP
hESC clones recovered from amphetamine-induced rotational asym-
metry over the course of 16 weeks in contrast to lesion-only animals
(Fig. 3a). Histological analysis confirmed the extent of the lesion, loss
of endogenous mesDA neurons in the substantia nigra and the pres-
ence of TH* mesDA-rich grafts (Supplementary Fig. 5) at 4-6 months

Figure 3 Behavioral, physiological and
morphological assessment of graft functional
connectivity. (a) Amphetamine-induced rotation
assay demonstrates behavioral recovery of
grafted animals. (b) Characteristic ~3-Hz
pacemaking activity is optogenetically silenced
in HALO-expressing neurons only. (c) Evoked
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after transplantation, as described previously>!”. TH* innervation
into the dorsolateral striatum was partially restored in grafted versus
lesion-only control animals (Supplementary Fig. 5f). HALO- and
EYFP-grafted animals showed comparable grafts at various stages
after transplantation (Supplementary Fig. 6).

Acute brain slices from recovered animals at 4-6 months after
transplantation were used for electrophysiology. Donor neurons could
be clearly identified by virtue of their fluorescence and typical dif-
ferential interference contrast (DIC) appearance and were analyzed in
the whole-cell patch clamp configuration. HALO- (12/14) and EYFP-
(14/15) expressing neurons had a resting membrane potential between
-40 and -60 mV and produced the typical pacemaking activity of
mesDA neurons®!8 with firing frequencies of 1-4 Hz (Fig. 3b and
Supplementary Fig. 7). In response to illumination, HALO-expressing
neurons (7/7) showed an immediate additional hyperpolarization
of —17 £ 2 mV and a cessation of action potential firing at a light
intensity of 2 mW/mm? (Fig. 3b, upper trace); the firing pattern of
EYFP-expressing neurons remained unchanged (Fig. 3b, lower trace).
Next we tested the functional integration of grafted human neurons
into host circuitry. Local electrical stimulation evoked excitatory post-
synaptic currents in grafted, opsin-expressing human neurons (n =7),
which could be blocked by the AMPA receptor antagonist NBQX
(=76.3 £10.4%, n = 5, Fig. 3¢). This finding confirms that despite
their ectopic location, human neurons grafted into the striatum
received functional glutamatergic inputs from the host, as reported
previously for grafted primary mouse dopaminergic neurons!®.

For the analysis of graft-to-host connectivity, recovered animals
were implanted with a fiber optic cannula for light delivery to the
graft in awake, freely moving animals. We chose the corridor test?%-2!
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postsynaptic potentials (EPSPs) in grafted
HALO-expressing neurons following local
electrical stimulation are blocked by AMPA-
receptor-antagonist NBQX. (d) In the corridor d
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(e,f) Confocal analysis of human axons staining for human neurofilament

(hNF) and human synaptophysin (hSyn) extend from HALO and EYFP grafts into the host striatum and are in close contact with host DARPP32+ MSNs.
Scale bar, 10 um. (g) Representative examples of electrically evoked AMPA EPSPs recorded from a MSN before and during optogenetic graft silencing
in a HALO animal. (h) EPSP amplitudes in MSNs were modulated by optogenetic inhibition of HALO- but not EYFP-expressing grafted neurons or in
CTRL animals. (i) EPSPs recorded from MSNs in CTRL, lesioned, EYFP or HALO striata in the presence of optogenetic graft silencing or D1 receptor

blockade with 2 uM SCH39166. **P < 0.01, ***P < 0.001, ****P < 0.0001
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for these experiments because behavioral results have been shown
to correlate well with the extent of the lesion. Moreover, this test
does not require injection of amphetamine. Amphetamine causes
dopamine release by reverse transport, a process that is not affected
by optogenetic graft silencing. For behavioral studies, amount of
food intake was restricted and animals were habituated to the cor-
ridor for three consecutive days. Control animals (unlesioned and
nongrafted, n = 3) explored the corridor and collected sucrose pellets
from both sides equally, irrespective of graft illumination (Fig. 3d,
blue bars, CTRL versus CTRL + 543 and Supplementary Video 5).
Unilaterally lesioned animals before transplantation (LES., green
and black bars, n = 9, Supplementary Video 6) showed a strong
preference for pellet retrieval ipsilateral to the lesion. Injection of
the dopamine-receptor-agonist apomorphine, which signals through
lesion-sensitized dopamine receptors on medium spiny neurons
(MSNs)22:23 and striatal interneurons??, resulted in an inversion of
pellet retrieval behavior (green LES. bar + APO and Supplementary
Video 7). This demonstrates the dopaminergic sensorimotor deficit
and associated unilateral hypersensitivity of the basal ganglia
circuitry. These lesioned animals, when grafted with HALO- or
EYFP-expressing mesDA-rich cells showed a complete recovery in
this behavioral test (HALO versus LES., t = 6.27, P < 0.0001; EYFP
versus LES., t = 3.83, P < 0.01). Recovered animals with EYFP grafts
(n = 5) showed no change in behavior under illumination (EYFP
versus EYFP + 543, and Supplementary Video 8). In contrast,
animals with HALO grafts (n = 9) demonstrated strong lateralized
exploration and pellet retrieval under optogenetic silencing (HALO
versus HALO + 543, t = 8.70, P < 0.0001, Supplementary Video 9),
which is reminiscent of and statistically not different from the
behavior of severely lesioned animals (LES. versus HALO + 543,
t = 1.51, P = 0.64). Similar results were obtained using spontane-
ous rotations as an independent behavioral assay (data not shown).
These results strongly suggest that behavioral recovery from the
Parkinsonian state is dependent on the activity of the graft. As these
grafts do not exclusively contain dopamine neurons, we next sought
to determine whether cessation of dopamine release is responsible
for the observed reversion to disease-like behavior. For this purpose,
animals with HALO-expressing grafts received an injection of the
direct dopamine-receptor-agonist apomorphine before optogenetic
testing (n = 3, HALO + 543 + APO). Under these conditions the
animals did not revert to hemiparkinsonian behavior during optoge-
netic graft silencing (Supplementary Video 10), consistent with the
idea that graft-released dopamine, now replaced by apomorphine,
is the essential link between graft function and behavior. However,
we cannot rule out that apomorphine, in addition to its well-
documented effect on endogenous dopamine receptors of MSNs,
could also affect other host or graft-derived neurons. It is also
important to note that apomorphine injection in grafted animals
did not produce the contralateral sensorimotor overshoot observed
in lesioned animals (Fig. 3d, LES. + APO versus HALO + 543 + APO,
t=4.81, P=10.0002). Therefore, the apomorphine data also indicate
that the presence of the graft, regardless of whether it is silenced or
not, can rescue maladaptive behaviors thought to be associated with
basal ganglia hypersensitivity?+2>.

We next determined the anatomical and physiological correlates
of the observed behavioral effects. Cortex and thalamus provide the
main glutamatergic input for MSNs and therefore the basal ganglia
loop that controls movement?®?7. This excitatory input into MSNs is
modulated by dopaminergic terminals emanating from the substan-
tia nigra, which degenerate in Parkinson’s disease?’-2°. Therefore,
an ideal graft-to-host connectivity should involve modulation
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of glutamatergic inputs to MSNs in a manner similar to endog-
enous mesDA neurons. Histological analysis revealed robust fiber
outgrowth into the host striatum. We observed human-specific
synaptophysin alongside human axons*° to co-localize with TH
near the graft but also extending far into the dorsolateral striatum
(Supplementary Fig. 8)31. In both HALO- and EYFP-grafted
animals, confocal imaging showed human terminals in direct contact
with dendrites and cell bodies of DARPP32* host MSNs (Fig. 3e,f
and Supplementary Fig. 9), representing a morphological correlate
of graft to host connectivity.

At the functional level, we first characterized the basic physiologic
properties of MSNs in the vicinity of the graft. Resting membrane
potential, rheobase, current-voltage relationship and firing frequency
after current injection were not different between control, lesion-
only and lesion + HALO groups (Supplementary Fig. 10). To test if
mesDA-rich grafts could modulate host glutamatergic transmission
onto MSNs, we electrically stimulated acute slices from behaviorally
recovered and control animals at the corpus callosum while excita-
tory postsynaptic potentials (EPSPs) were recorded from MSNs near
the graft. Corpus callosum stimulation activates not only glutama-
tergic but also other local terminals, producing an increase in extra-
cellular dopamine that was absent in 6-OHDA lesion-only animals
(Supplementary Fig. 11). Under these experimental conditions,
normalized amplitudes of evoked EPSPs in MSNs from control (9/9
cells) and EYFP (7/7 cells) groups were unchanged during illumina-
tion. In contrast, in 11 of 26 MSNs from animals with HALO grafts,
optogenetic graft silencing resulted in significant reversible reduc-
tion in evoked EPSP amplitudes compared to either control animals
or animals with EYFP grafts (Fig. 3g,h; CTRL + 560 versus
HALO + 560, t =10.44, P <0.0001, and EYFP + 560 versus HALO + 560,
t=28.61, P <0.0001). These data suggest that the graft could enhance
EPSPs on host MSNs through the activation of D1 receptors, an effect
inhibited by light-induced graft silencing. D1-dependent enhance-
ment of AMPA EPSPs has been reported in several studies in cultured
neurons32-34 and in striatal slices?>-40, In our experimental protocol,
in which electrical stimulation in the nearby corpus callosum evokes
repetitive dopamine release at 20-s intervals (Supplementary Fig. 11),
the D1 antagonist SCH39166 (2 uM) decreased EPSP amplitudes
in 6/7 MSNs from control animals (CTRL + 560 versus CTRL + D1
antagonist, t = 10.40, P < 0.0001) and in 4/6 MSNs from EYFP animals
(EYFP + 560 versus EYFP + D1 antagonist, t = 6.45, P < 0.0001). There
was, however, no effect of the D1 antagonist on EPSPs in lesion-only mice
without transplanted neurons (Fig. 3i and Supplementary Fig. 12).
The data thus are consistent with an ongoing D1 response that enhances
EPSPs in MSNs under conditions in which dopamine is present follow-
ing evoked stimulation. Previous studies in striatal slices emphasized
the importance of D2 rather than D1 receptor-mediated modulation
of MSNs*!. However, direct optogenetic stimulation of endogenous
D1+ MSNs in vivo has been shown to trigger behavioral recovery in
6-OHDA lesioned mice!l, consistent with our current data.

The magnitude and time frame of pharmacological D1 receptor
inhibition and optogenetic graft silencing were identical (Fig. 3i), sug-
gesting that in both cases reduced glutamatergic transmission could
be mediated by the cessation of the excitatory action of dopamine
released from the graft. However, our data do not rule out alterna-
tive mechanisms, such as the involvement of interneurons?! or other
indirect mechanisms, in mediating these neuromodulatory effects.
Although future studies are needed to resolve remaining questions
regarding detailed neurochemistry, the results clearly demonstrate
that mesDA-rich grafts are capable of modulating glutamatergic syn-
aptic transmission onto striatal MSNs. Our work also establishes the
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framework for follow-up studies using optogenetics to target specific
neuron subtypes within mesDA-rich grafts. We propose that such
experiments will help in refining the therapeutic efficacy and safety
of this treatment strategy.

In conclusion, our study demonstrates the utility of optogenet-
ics to dissect the mechanisms underlying hESC graft function in a
preclinical model of Parkinson’s disease. Optogenetics is currently
the only experimental strategy that achieves the spatial and temporal
resolution required for the behavioral and physiological experiments
presented. However, in future studies it may be interesting to integrate
alternative technologies, such as DREADD-based strategies*?, that
could enable long-term modulation of human graft function during
graft maturation. Our results provide direct behavioral and physio-
logic evidence for the essential role of graft neuronal activity and
connectivity in behavioral recovery. We further show that grafted
hESC-derived mesDA neurons modulate glutamatergic transmission
in the host striatum in a manner reminiscent of endogenous sub-
stantia nigra dopamine neurons. With a view toward the impending
first clinical trials using PSC-derived mesDA neurons in Parkinson’s
patients, our findings are encouraging as they indicate a possibility
for network repair.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Generation of stable opsin-expressing hESC lines. pLenti-hSyn-eNpHR3.0-
EYFP (called HALO) and pLenti-hSyn-EYFP (called EYFP) vectors were
provided by K.D. (http://www.stanford.edu/group/dlab/optogenetics/
sequence_info.html). Lentivirus was produced via co-transfection of the
HALO or EYFP plasmids with pUCMD.G and pCMVARS8.91 into 293T cells,
as previously described*3. Lentivirus was 100x concentrated by ultracentrifu-
gation at 100,000g for 90 min and stored at —80 °C. Passage 40 H9 human
ES cells obtained from the MSKCC stem cell core facility were maintained as
described previously*4, pretreated for 60 min with 10 uM ROCK inhibitor4>,
dissociated to a single-cell suspension using Accutase (Life Technologies) and
passed through a 40 um mesh. 5 x 10° cells were incubated in 200 ul hESC
media containing ROCK inhibitor with the addition of 10% high-titer len-
tiviral preparations in a tissue culture incubator for 6 h and resuspended by
flicking the tube 1x/h. Then, cells were passed through a 40-pum mesh, counted
and seeded on mouse embryonic fibroblasts (Globalstem) in hESC media with
ROCK inhibitor at various densities ranging from 1 to 104 cells/cm?. Ten days
after plating, emerging colonies were picked and expanded before screening
genomic DNA for integration of opsin and control transgenes by PCR (for
primers, see Supplementary Table 1). Cultures were screened for mycoplasma
contamination every 4 weeks.

Generation of midbrain dopamine neurons from opsin-expressing hESC
lines. Induction of the ventral midbrain dopamine (mesDA) fate was induced
as described previously? with the omission of FGF8. Briefly, neuralization
was initiated 24 h after plating 1.5 x 10° hESCs/cm? (designated as day 0)
onto Matrigel-coated plates (1:50, Life Technologies) by dual SMAD inhibi-
tion“® using LDN193189 (100 nM, Stemgent) and SB431542 (10 WM, Tocris)
in knockout serum replacement (KSR, Life Technologies) containing media.
Ventralization was initiated by adding SHH C25II (100 ng/ml, R&D, days 1-6)
and Purmorphamine (2 uM, Stemgent, days 1-6) as well as CHIR99021
(3 uM, Stemgent, days 3-12). From day 5 to day 10, knockout serum replace-
ment (KSR) containing medium was replaced with N2 medium?*®. Media was
changed to a 1:1 mixture of DMEM:F12 medium with N2 and Neurobasal
medium with B27 (all Life Technologies) with CHIR (until day 13), ascorbic
acid (0.2 mM, Sigma), brain-derived neurotrophic factor (BDNEF, 20 ng/ml;
R&D), glial cell line-derived neurotrophic factor (GDNE, 20 ng/ml; R&D),
dibutyryl cAMP (0.2 mM; Sigma), transforming growth factor type 3 (TGFf3,
1 ng/ml; R&D) and DAPT (5 uM; Tocris) on day 11. On day 20, cells were
passaged by incubation with Accutase (Life Technologies) and re-plated
(4 x 10° cells per cm?) on dishes coated with polyornithine (PO; 15 ug/ml)/
laminin (1 pg/ml)/fibronectin (2 pg/ml) in differentiation medium
(DMEMF12/N2 and NB/B27 + ascorbic acid, BDNE, GDNFE, dbcAMP, TGF33
and DAPT) and fed twice per week thereafter.

Calcium imaging. Transgene-expressing mesDA-rich cells were plated onto
PO/laminin/fibronectin-coated 40-mm round glass coverslips in droplets of
5 x 10* cells/20 pl on day 30 and used for calcium imaging as described pre-
viously*” between day 60 and day 100. Cultures were incubated with 5 uM
Fura-2 (Life Technologies) for 30 min at 37 °C and then mounted in an FCS2
imaging chamber (Bioptechs). Cultures were perfused with normal Tyrodes’s
saline containing (in mM) NaCl 125, KCl 5, CaCl, MgCl,, glucose 30, HEPES
25 and bovine serum albumin 0.1% w/v, pH 7.4 and supplemented with gluta-
mate (50 or 100 pM) or KCI (55 mM, NaCl 75 mM). Cultures were imaged
using a 40 x 1.3 numerical aperture oil immersion objective (Zeiss) every 5 s
at 340 and 380 nm and illuminated repetitively for optogenetic testing for
15-120 s at 550 nm with light intensities ranging from 2-7.5 mW/mm? on
an Axiovert 200 M Inverted Microscope (Zeiss) equipped with Metamorph
Software (Molecular Devices) for ratiometric analysis. A minimum of three
cultures from independent differentiations were analyzed for every experimen-
tal condition. Statistical analysis for AF/F between EYFP and HALO cultures
in response to illumination was performed using unpaired two-tailed ¢-test.
Error bars represent s.e.m.

HPLC. For dopamine measurement experiments, transgene-expressing cells

were plated onto PO/laminin/fibronectin-coated 24-well plates in droplets of
2 x 10° cells (20 pl, 5 mm diameter) on day 30 and used between day 90
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and day 100. HPLC with electrochemical detection (HPLC-EC) was done
as previously described3®. Briefly, before supernatant collection, cells were
incubated in fresh DMEM:F12 + N2 media for 30 min. After exposure to
either Tyrode’s saline alone or supplemented with high KCI (55 mM, Sigma) or
glutamate (100 uM, Sigma) for 10 min at room temperature and dim ambient
light (approximately 300 Ix), supernatant was collected and immediately mixed
with perchloric acid (0.1 M final concentration) to deproteinize the sample
and prevent dopamine auto-oxidation. For optogenetic inhibition, a 543-nm
diode pumped solid-state pigtailed laser (OEM Laser) was used during secreta-
gogue application at an output power of 100 mW to achieve an illumination of
4 mW/mm? over the entire culture area. Supernatant samples were sonicated
at room temperature for 10 min, centrifuged at 10,000g for 5 min, stored
at —80 °C and analyzed within the following 2 weeks by reversed phase
HPLC-EC. The investigator performing HPLC measurements was blinded to
sample identities. Cells in each sample were collected to normalize for pro-
tein content. DA concentrations in each group of samples were normalized
to the levels in the corresponding control group; data are shown as averaged
normalized values from five independent experiments. Statistical analysis
was performed using one-way ANOVA and Sidak’s multiple comparisons test
(GraphPad Prism 6). Results are presented as mean + s.e.m.

Animal procedures. All surgeries and behavioral tests were performed accord-
ing to NIH guidelines and approved by the Institutional Animal Care and Use
Committee (IACUC), the Institutional Biosafety Committee (IBC) and the
Embryonic Stem Cell Research Committee (ESCRO). A total of 65 NOD-SCID
IL2Rgc null mice (NSG, 20-30 g; Jackson Laboratory) were transplanted for
this study. Anesthesia was induced using ketamine (90 mg/kg; Akorn) and
xylazine (4 mg/kg). For lesioning, 6-hydroxydopamine (6-OHDA, 10 ug,
Sigma-Aldrich) was injected into the right striatum at the following coor-
dinates (in millimeters from bregma): AP, +0.5; ML, +2.0; DV, 3.0 (from
dura). Successfully lesioned mice (>6 amphetamine-induced rotations/min)
were selected for transplantation and randomized to receive either HALO or
EYFP transplants. 2 x 10° cells were resuspended in 2 pl of differentiation
media and injected into the right striatum at the following coordinates (in
mm from bregma): AP, +0.5; ML, +2.0; DV, 3.2 (from dura). Successfully
recovered mice (an average of <2 amphetamine-induced rotations per min
16 weeks post-grafting) were selected for cannula implantation and optoge-
netic testing. Implantable optical fibers (numerical aperture 0.39, 200 um core
diameter, Thorlabs) were cut to a length of 2.5 mm, stereotactically inserted at
the following coordinates (in mm from bregma): AP, +0.5; ML, +2.0; DV, -2.2
(from dura) and fixed on the skull with C&B-METABOND (Pearson Dental).
Animals were allowed to recover from surgery for 48 h before the initiation
of behavioral testing.

Tissue processing. Mice received pentobarbital (intraperitoneally 50 mg/kg)
to induce deep anesthesia and were transcardially perfused with phosphate
buffered saline and then 4% paraformaldehyde (PFA). Brains were extracted,
post-fixed in 4% PFA and then soaked in 30% sucrose solutions for 1-5 days. They
were sectioned on a cryostat after embedding in O.C.T. (Sakura-Finetek).

Immunohistochemistry. Cells were fixed in 4% PFA. Blocking solution for fixed
cells and cryostat brain sections contained 5% FBS/0.1% NaN3/0.3% Triton.
Primary antibodies were diluted in 5% FBS/0.1% NaN3/0.3% Triton and incu-
bated overnight according to manufacturer recommendations (Supplementary
Table 2). Secondary antibodies conjugated to Alexa488, Alexa555 or Alexa647
(Molecular Probes) were incubated for 4 h. Nuclear counterstain was visualized
with 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher).

Cell counting. For the determination of in vitro cell fates, 3 20x fields with
a minimum of 500 cells were counted manually from three independent dif-
ferentiation experiments. Data are presented as % of DAPI, TUJ or TH. For
statistical comparison of HALO versus EYFP cell lines, unpaired two-tailed
t-tests were performed assuming equal s.d. In vivo TH* neurons were counted
and calculated using the optical fractionator workflow in Stereo Investigator
software (Neurolucida) with representative grafts for the HALO group con-
taining 8,775 and 6,750 TH* neurons, which is similar to our published results
for hESC-based mesDA neuron grafts?.

doi:10.1038/nbt.3124
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Behavioral assays. Amphetamine-induced rotations were assessed before
transplantation as well as 8 and 16 weeks after transplantation. Animals with
lesions only (+ sham graft) were included as negative controls alongside ani-
mals with EYFP and HALO grafts. Amphetamine-induced rotations were
recorded starting 10 min after intraperitoneal injection of p-amphetamine
(10 mg/kg, Sigma) for 30 min. The data are presented as average number of
rotations per minute.

The corridor test was performed as described previously?%-2!. Briefly, ani-
mals were food restricted (50% of regular intake, limited to 95% of initial
body weight by IACUC) for 3 consecutive days and habituated to the cor-
ridor, including presentation of sucrose tablets in the corridor for 3 h on each
of these days. Habituation and behavioral experiments were performed at
approximately 300 Ix dim indoor light. For optogenetic behavioral experiments
animals were habituated to the corridor as described while being connected
to the fiber optic cable but without the use of laser light. During optogenetic
behavioral experiments a 543-nm diode pumped solid-state pigtailed laser
(OEM Laser) was used to achieve a light power of >2 mW/mm? at a distance
up to 1 mm from the tip of the fiber (http://www.stanford.edu/group/dlab/
cgi-bin/graph/chart.php), which we calculated to cover more than 80% of the
graft. The pigtailed laser was connected to the animal using a fiber optic rotary
joint (Doric) to allow the animals to move and rotate freely in the corridor.
Actual behavioral experiments were performed on days 4-6 after the initiation
of food restriction. During the test animals were allowed to collect sucrose
pellets from small cups (two pellets per cup) aligned to both sides of a narrow
corridor for 5 min. Retrievals were scored separately from the right and left
side of the animal; data are presented as fraction of retrievals from the side
contra-lateral to the lesion over total retrievals. Nose pokes without retrievals
or eating were not included in the analysis. Animals were deemed severely
Parkinsonian when reaching a score of <0.15 with a minimum of at least four
retrievals per 5-min session (average retrieval rate was 12 pellets/5 min). After
behavioral testing, animals were returned to their home cage, provided with
their daily feed and tested again the next day. R-(—)apomorphine (subcu-
taneously, 0.2 mg/kg, Sigma) was injected 20 min before the corridor trial.
Apomorphine is a potent nonselective dopamine receptor agonist commonly
used to assess dopaminergic function in the 6-OHDA lesion model, though at
high concentration it can also exhibit antagonistic action on serotonergic and
adrenergic receptor subtypes. All animals were subjected to the full corridor
procedure including habituation and optogenetic testing twice, which resulted
in consistent results between the two trials. Single data points in Fig. 3d
represent averaged results from the two trials per animal. The investigator
monitoring the live behavior was not blinded but the reliability of the live
scoring was confirmed by two blinded investigators in posthoc analyses of
video recordings of a subset of the behavioral sessions. Individual scores for
all animals are presented in Supplementary Table 3. Statistical analysis was
performed using the Kolmogorov-Smirnov normality test followed by one-way
ANOVA and Sidak’s multiple comparisons test (GraphPad Prism 6). Results
are presented as mean + s.e.m.

Electrophysiological recordings. Coronal striatal slices (250 um thick) were
prepared from adult mice using a vibratome (Leica VT'1200) and ice-cold cut-
ting solution containing (in mM): 100 glucose, 75 NaCl, 26 NaHCO3, 2.5 KCI,
2 MgCl,-6H,0, 1.25 NaH,P0O,4-6H,0 and 0.7 CaCl,. Slices were allowed to
recover in the solution for 30 min at 34 °C and then transferred to recording
ACSF containing (in mM): 119 NaCl, 26.2 NaHCO3, 10 glucose, 2.4 CaCl,,
1.8 KCl, 1.2 MgCl,-6 H,0 and 1.0 NaH,PO,4-6 H,O. The temperature for
recordings was set at 32 °C (+2 °C). For whole-cell patch clamp studies
borosilicate glass pipettes with a tip resistance of 3-4 MQ (G150F-4, Warner
Instruments) were pulled on a P-97 Flaming-Brown micropipette puller
(Sutter Instruments) and filled with: 115 mM K-gluconate, 20 mM KCl,
10 mM HEPES, 2 mM MgCl,, 2 mM ATP-Mg, 2 mM ATP-Na, and 0.3 mM
GTP-Na, (pH = 7.25, ~280 mOsm). For a subset of voltage-clamp studies, the
pipette solution contained: 120 mM cesium-methanesulfonate, 11 mM glucose,
10 mM HEPES, 5 mM NaCl, 2 mM NaATP, 2 mM MgATP, 1.1 mM EGTA and
0.3 mM NaGTP (pH 7.3, 270-273 mOsm). Grafted human neurons expressing
HALO or EYFP were visualized under a 40x water immersion objective by
fluorescence and DIC optics (Olympus). Whole cell current clamp recording

doi:10.1038/nbt.3124

were performed with an Axopatch 200B amplifier (Molecular Devices) and
digitized at 10 kHz with a Digidata 1332 or 1440A (Molecular Devices). Data
were acquired using Clampex 10.2 software (Molecular Devices). In each
cell, input resistance (measured by 100 pA, 100 ms duration hyperpolarizing
pulses), resting membrane potential and spontaneous firing frequencies were
monitored throughout the recording. Only grafted cells with a stable baseline
activity for 5 min were analyzed for tonic firing. All drugs were from Sigma
unless otherwise specified. For optogenetic inhibition, a 560-nm fluorescence
lamp (Olympus) was used to achieve an illumination of 2 mW/mm?2.

For measuring host-to-graft synaptic integration, EYFP* dopamine neu-
rons were voltage clamped at —60 mV. Excitatory post-synaptic currents were
evoked by electrical stimulation (100-400 (LA, 100 psec duration) driven by
an ISO-flex stimulus isolator (AMPI) and Master-8 pulse generator (AMPI).
A concentric bipolar tungsten electrode (World Precision Instruments) was
placed within 200 um of the recording site. Stable baseline excitatory post-
synaptic currents were obtained for 5 min before starting baseline recording
in the presence of GABA 4 receptor antagonist picrotoxin (50 uM) and NBQX
(10 uM) when indicated. Peak EPSC amplitudes were measured and sweeps
were averaged for at least 5 min for each drug condition.

To examine the effect of the graft on striatal glutamatergic transmission,
MSNs near the EYFP* graft core or adjacent to EYFP* processes were patch
clamped and their input resistance and baseline resting membrane potential
were monitored in the current clamp mode in the presence of GABA 4 receptor
antagonist picrotoxin (50 UM). If series resistance changed by 20% during the
recording, data were discarded. Voltage-current relationships were measured
by injecting step current from —300 to + 150 pA with +50 pA increments. The
excitability and the rheobase of MSNs were measured by injecting step current
from 0 to +150 pA with +10 pA increments. For the assessment of glutama-
tergic transmission onto MSNs, excitatory postsynaptic potentials (EPSPs)
were evoked every 20 s by electrical stimulation of the corpus callosum using
a bipolar tungsten electrode as described previously*®. When indicated, the
D1 receptor antagonist SCH39166 was used at a concentration of 2 uM. Data
were analyzed in Clampfit (Molecular Devices) and after baseline correction
EPSP values were reported as mean * s.e.m. All experimental groups com-
prised a minimum of three animals. Statistical analysis was performed using
the Kolmogorov-Smirnov normality test followed by one-way ANOVA and
Sidak’s multiple comparisons test (GraphPad Prism 6).

Fast-scan cyclic voltammetry (CV) recordings were performed with cylin-
der 5 um carbon fiber electrodes (CFE) positioned at the dorsolateral striatum
50 wm below the exposed surface. Striatal slices were electrically stimulated
at the corpus callosum using a bipolar stainless steel electrode. Square pulses
of 0.4-ms duration were sent using an Iso-Flex stimulus isolator triggered by
a Master-8 pulse generator (A.M.P.I.). Stimulus magnitude was selected by
plotting a current-response curve and selecting the minimum value that pro-
duced the maximal response. Triangular voltage ramps from —450 mV holding
potential to +800 mV over 8.5 ms (scan rate of 295 mV/ms) were applied to
the CFE at 100-ms intervals. Current was recorded with an Axopatch 200B
amplifier (Molecular Devices) filtered with 10-kHz low-pass Bessel filter and
digitized at 25 kHz (ITC-18 board; InstruTech). Triangular wave generation
and data acquisition were controlled by a locally written computer routine
in IGOR Pro (WaveMetrics). Background-subtracted cyclic voltammograms
obtained in dopamine solutions of known concentration served to calibrate
the electrodes and to identify released dopamine.
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