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Dopamine Receptors in Human
Embryonic Stem Cell Neurodifferentiation
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We tested whether dopaminergic drugs can improve the protocol for in vitro differentiation of H9 human
embryonic stem cells (hESCs) into dopaminergic neurons. The expression of 5 dopamine (DA) receptor subtypes
(mRNA and protein) was analyzed at each protocol stage (1, undifferentiated hESCs; 2, embryoid bodies [EBs];
3, neuroepithelial rosettes; 4, expanding neuroepithelium; and 5, differentiating neurons) and compared to
human fetal brain (gestational week 17-19). D2-like DA receptors (D2, D3, and D4) predominate over the D1-like
receptors (D1 and D5) during derivation of neurons from hESCs. D1 was the receptor subtype with the lowest
representation in each protocol stage (Stages 1-5). D1/D5-agonist SKF38393 and D2/D3/D4-agonist quinpirole
(either alone or combined) evoked Ca”* responses, indicating functional receptors in hESCs. To identify when
receptor activation causes a striking effect on hESC neurodifferentiation, and what ligands and endpoints are
most interesting, we varied the timing, duration, and drug in the culture media. Dopaminergic agonists or
antagonists were administered either early (Stages 1-3) or late (Stages 4-5). Early DA exposure resulted in more
neuroepithelial colonies, more neuronal clusters, and more TH" clusters. The D1/D5 antagonist SKF83566 had a
strong effect on EB morphology and the expression of midbrain markers. Late exposure to DA resulted in a
modest increase in TH™ neuron clusters (~75%). The increase caused by DA did not occur in the presence of
dibutyryl cAMP (dbcAMP), suggesting that DA acts through the cAMP pathway. However, a D2-antagonist
(L741) decreased TH" cluster counts. Electrophysiological parameters of the postmitotic neurons were not
significantly affected by late DA treatment (Stages 4-5). The mRNA of mature neurons (VGLUT1 and GAD1) and
the midbrain markers (GIRK2, LMX1A, and MSX1) were lower in hESCs treated by DA or a D2-antagonist.
When hESCs were neurodifferentiated on PA6 stromal cells, DA also increased expression of tyrosine hy-
droxylase. Although these results are consistent with DA’s role in potentiating DA neurodifferentiation, do-
paminergic treatments are generally less efficient than dbcAMP alone.

Introduction kinson’s disease [12-14]. Large numbers of transplanted

neurons are necessary for their survival and integration into

HE ACTIONS OF CATECHOLAMINE neurotransmitter dopa-
mine (DA) produced by neurons in the midbrain, hypo-
thalamus, and olfactory bulb have been the subject of intense
interest due to its roles in neurological disorders [1-3]. Tyro-
sine hydroxylase (TH) expression, a hallmark of dopami-
nergic and noradrenergic neurons, is found in the human fetal
brain before all cortical layers have been formed [4-6], sug-
gesting that at this early age DA is involved in proliferation,
migration, and differentiation of young neurons [7-9]. Am-
bient DA was detected in follicular fluid of superovulated
women [10], and human fetal brain tissue (9-10 gestational
weeks [GWs]) in vitro [11]. All together, these findings imply
that human neurodifferentiation may be regulated by DA.
There is an ongoing effort to optimize stem cell differen-
tiation protocols for use in cell replacement therapy of Par-

the host brain [15,16]. The number of surviving neurons in
the host brain is considered the primary determinant of the
efficacy of any cell replacement therapy, including the ther-
apy of Parkinson’s disease [17]. In vitro production of a large
number of healthy human DA neurons is therefore, a desir-
able goal [13,18-20].

One of the simplest differentiation protocols for deriving
dopaminergic neurons from human embryonic stem cells
(hESCs) uses dibutyryl cAMP (dbcAMP) during the final
differentiation stage [20-22]. Drugs, such as forskolin and
isobutylmethylxanthine that activate the cAMP signaling
pathway (similar to dbcAMP) have also been used success-
fully in dopaminergic differentiation protocols [23,24]. This
raises the question of whether the natural ligand DA can
replace or outperform artificial cAMP stimulators (eg,
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dbcAMP or forskolin) in dopaminergic differentiation pro-
tocols. Dopaminergic signaling is not entirely based on the
cAMP pathway. DA binds to multiple receptors that can
stimulate several G proteins [25,26] and thus, activate intra-
cellular pathways different from those activated by dbcAMP
alone [22,27]. The current study investigates whether DA
treatment can improve the yield and quality of hRESC-derived
DA neurons.

Materials and Methods

Human fetal tissue

Human fetal brain tissue samples originated from the
Brain Bank, Albert Einstein College of Medicine, Bronx, New
York, with the postmortem delay of ~5h. Handling of the
human material was done with special care following all
necessary requirements and regulations set by the institu-
tional ethics committees. In the first specimen (GW 19), the
cortical slices were microdissected into 2 halves. The pial half
was termed “cortical plate” (Fig. 1B,; CP); the ventricular
half was termed “subventricular zone” (Fig. 1B;; SVZ). In the
second specimen (GW 17), microdissection was not per-
formed; hence, all cortical zones were homogenized together,
and termed “cortex” (Fig. 1B;; Cx). Both medial and lateral
ganglionic eminences were included in the sample marked
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FIG. 1. Dopamine (DA) receptor mRNA levels during the
dibutyryl cAMP (dbcAMP)-based differentiation protocol.
(A) Time course of the differentiation protocol indicating
media additives during each stage (Stages 1-5). (B;) rtPCR of
tyrosine hydroxylase (TH), 5 DA receptors, and the house-
keeping gene ACTB. CP, cortical plate; SVZ, subventricular
zone; Cx, cortex with all zones included; GE, ganglionic
eminence; ES, stage 1 undifferentiated H9 human embryonic
stem cell (hESC) colonies; EB, stage 2 embryoid bodies; NE,
stage 3 neuroepithelia; Exp, stage 4 expansion of neuroe-
pithelia; Diff., stage 5 final neurodifferentiation. (B,) Quan-
titation of hESC band intensities relative to Stage 1 (ES).
rtPCR, reverse transcriptase PCR.
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“GE” in Fig. 1B;. Total human brain RNA from an 18-year-
old man was purchased from Clontech (Mountain View,
CA) (Fig. 1By; human adult brain).

hESC culture

All cell culture reagents were from Invitrogen (Grand Island,
NY) unless otherwise noted. H9 cells (“WA09,” NIH reg. No.
0062), p 50-65, were obtained from the UConn Stem Cell Core.
H9 cells were cocultured with mouse embryonic fibroblasts
(MEFs) in hESC media consisting of 80% DMEM/F12, 20%
KOSR, 1mM glutamine, 1 x NEAA, 4ng/mL bFGF, and 7nL/
mL B-mercapto ethanol (BME) (Sigma, St. Louis, MO). Cells
were grown on plastic dishes (Nunc, Rochester, NY) coated
with 0.1% porcine gelatin (Sigma). Media were changed daily
and cells split using 1 mg/mL collagenase. SKF38393, quin-
pirole, and DA were purchased from Sigma, while SKF83566
and L.741,626 from Tocris (Minneapolis, MN).

Neuronal differentiation of hESCs

HO9 cells were differentiated using a dbcAMP protocol
[21,22]. The differentiation process consisted of 5 stages,
starting with undifferentiated hESCs (Fig. 1A; Stage 1). H9
colonies were dissociated by collagenase, and stem cell ag-
gregates incubated for 3-4 days in hESC media without
bFGF, on Ultralow adherence plates (Costar, Wilkes Barre,
PA) (Stage 2). hESC aggregates were then seeded on dishes
coated with 1:100 Geltrex, and allowed to expand for 4-8
days in NEP-basal medium (Stage 3) until neuroepithelial
colonies appeared. NEP-basal medium consisted of DMEM/
F12, 1mg/mL BSA, 1x N2, 1x B27 supplements, and 1x
penicillin/streptomycin/antimycotic. Colonies with neuroe-
pithelial morphology were removed by trituration, and see-
ded on plates coated with 1:100 Geltrex. Cells were then
grown in NEP-basal medium with 20ng/mL bFGF for 7
days (Expansion, Stage 4). Cells were then maintained in
NEP-basal medium with 1 mM dbcAMP (Sigma) for 7 days,
unless otherwise noted, with the treatments indicated in the
figures (Differentiation, Stage 5). For intermittent treatment,
DA (Sigma) was added for 3-4h each day during the ex-
pansion and differentiation stages using concentrations in-
dicated in the figures. As an alternative differentiation
protocol, PA6 mouse stromal cells (Riken, Japan) were used
in coculture with hESCs. PA6 cells were grown in 90%
MEMalpha, 10% FBS, supplemented with 1x penicillin/
streptomycin/antimycotic and 2mM glutamine. PA6 cells
were seeded on glass coverslips in 24-well plates, 4 x 10* cells
per well. The following day, colonies of hESC H9 cells from
one 35-mm-diameter well were seeded on the PA6 feeder
layers, in 90% GMEM, 10% KOSR, 1mM Na-pyruvate, 1x
nonessential amino acids, 2mM glutamine, and 7nL/mL
BME. Media were changed daily with the subsequent addi-
tion of 1, 10, and 100 uM DA. After 14 days, cells were fixed
and immunofluorescent staining performed.

mRNA expression

H9 cells at each stage of differentiation were lysed in
Trizol (Invitrogen), and RNA purified according to the
manufacturer’s instructions. To remove any genomic DNA,
all RNA was treated with DNase (NEB, Ipswich, MA). RNA
integrity was verified by the presence of prominent 28s and
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18s bands on ethidium-stained gels. cDNA was made from
500ng of each sample using Superscriptlll reverse tran-
scriptase (Invitrogen) according to the manufacturer’s in-
structions with both 0.94 uM oligo(dT)),p and 4 uM random
hexamers in the reaction. The following primers were used to
perform polymerase chain reaction (PCR):

D1 F 5CAGTCCACGCCAAGAATTGCC, R 5’ATTGC

ACTCCTTGGAGATGGAGCC;

D2 F 5GCAGACCACCACCAACTACC, R 5GGAGC
TGTAGCGCGTATTGT;

D3 F 5TGGCTGCAGGAGCCGAAGT, R 5GAGGGCA
GGACACAGCAAAGGCG;

D4 F 5’CCCACCCCAGACTCCACC, R 5GAACTCGGCG
TTGAAGACAG;

D5 F 5GTCGCCGAGGTGGCCGGTTAC, R 5'GCTGG
AGTCACAGTTCTCTGCAT,;

TH F 5GGTTCCCAAGAAAAGTGTCAG, R 5GGTGTAG
ACCTCCTTCCAG;

PAX6 F 5’AGCCCAGTATAAGCGGGAGTGC, R 5TCC
CCCTCCTTCCTGTTGCTGG

PPIA F 5CCAGGCTCGTGCCGTTTTGC, R 5'GATGG
ACTTGCCACCAGTGCCA;

HPRT F 5GACTTTGCTTTCCTTGGTCA, R 5GGCTTT
GTATTTTGCTTTTCC;

BACT F 5CCTCGCCTTTGCCGATCC, R 5GATGC
CGTGCTCGATGGGGT.

The following primers and probes were used for quanti-
tative PCR:

ACTB F 5'CCTCGCCTTTGCCGATCC, R 5GCGAAGC
CGGCCTTGCACAT

Probe: 5'famATGATATCGCCGCGCTCGTCGTCGAbhq

GAD1 F 5CGACACCGGGGACAAGGCAATT, R 5CCG
TCGTTGAGGGCTGTCTGG

Probe: 5'fam CAATGGCGAGCCTGAGCACACAAACG
TCTGbhq

GIRK2 F 5CTGGAAATTGTGGTCATC, R 5GGTCTCA
TAGGTCTCATG

Probe: 5'fam AGCCACAGGGATGACATGCCbhq

LMX1A F 5ATGCCTGGAGACCACATG, R 5TGGAG
TACAGATGGTCAATGG

Probe: 5'fam ACCCTTATGGTGCCGAGCCCbhq

MSX1 F 5CGCTCGTCAAAGCCGAGAGCC, R 5CGCG
GCTTACGGTTCGTCTTGT

Probe: 5fam AGAGGACCCCGTGGATGCAGAGCCCC
bhq

PAX6 F 5TCTTTGCTTGGGAAATCCG, R 5CTGCCC
GTTCAACATCCTTAG

Probe: 5'fam TCATACATGCCGTCTGCGCCCATCTGbhq

TUBB3 F 5GGGAGGAACCCCAGGCAGCTAGA, R
5’ AAGTCCGAGTCGCCCACGTAGT

Probe: 5'fam ACGTGCCTCGAGCCATTCTGGTGGbhq

VGLUT1 F 5CAGGAGGATTTATCTGTCAAAAAT, R
5'GGGTATGTGACCCCCTCTACCAAC

Probe: 5’fam ATGCTGATCCCCTCAGCTGCCCGCbhq

PCR was performed with GoTaq polymerase (Promega,
Madison, WI) using the following conditions: 94°C-4 min,
[94°C-305s, 55°C-30s, 72°C-30s, 72°C-10min], for 31 cycles,
except for PPIA, HPRT, and SACT which were performed for
27 cycles for the reactions to be in the exponential phase.
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PCR products were visualized on ethidium-stained gels.
Band intensities were quantified with Image] (NIH). All
bands were normalized to ACTB, and then divided by ex-
pression in the ES. qPCR was performed using BHQ-FAM
labeled probes (Sigma) with the amplicon designed to span a
splice junction wherever possible. Samples were run on an
Eppendorf Realplex’ (Hauppauge, NY) for 94°C-3min,
[94°C-305s, 48°C-60°C-30s, 72°C-30 s] 45 cycles, with an-
nealing temperature dependant on the primers, using GoTaq
polymerase. The delta-delta Ct method was used to quanti-
tate results. All treatments were normalized to control and
corrected for loading using the ACTB housekeeping gene.

Western blots

Cells or tissue were lysed in RIPA buffer (Sigma) con-
taining 1mM PMSF, 21mM AEBSF, 1.6uM Aprotinin,
80 uM Bestatin, 28 pM E-64, 40 uM Leupeptin, 30 uM Pep-
statin A, 2mM sodium orthovanadate, and 25 mM sodium
fluoride. Protein assays were performed by BCA assay
(Pierce, Rockford, IL) using BSA as a standard. Before
loading, extracts were brought to 2% SDS, 5% BME, 10%
glycerol, 0.01% bromophenol blue, and heated to 95°C for
5min. ColorPlus prestained proteins (NEB) were used as
molecular weight markers. 15 or 12 lane gradient mini gels
(BioRad, Hercules, CA) were loaded with 20-33 ng per lane
then transferred to PVDF membrane (BioRad) according to
the manufacturer’s instructions. The following antibodies
were used, rabbit anti-D1 (1:300 Chemicon AB1784P, Bill-
erica, MA), rat anti-D1 (1:200 Sigma d187), rabbit anti-D2
(1:300 Chemicon AB5084P), rabbit anti-D5 (1:300 Chemicon
AB9509), rabbit anti-TH (1:500 Pel-Freez P40101, Rogers,
AR), rabbit anti-GAPDH (1:200 Santa Cruz Biotech. sc25778,
Santa Cruz, CA), anti-rabbit IgG-HRP (1:2000 Santa Cruz sc-
2301), and anti-rat IgG-HRP (1:2000 Santa Cruz sc-2006).
Membranes were blocked for 1-3 h with 5% nonfat dry milk
in PBS. Primary antibody incubations were carried out
overnight in PBS, 0.05% tween-20, and 0.5% BSA at 4°C.
Membranes were washed 4 x5 min with PBS+0.05% tween-
20, then secondary antibody incubation done in PBS, 0.05%
tween-20, and 0.1% BSA for 1.5h. After 4x5min washes
with PBS, bands were visualized using ECL chemilumines-
cent reagent (GE Healthcare, Pittsburgh, PA), and images
captured on a GBox imager (Syngene, Frederick, MD).

Immunofluorescence

After differentiation, cells were fixed 30 min in 4% para-
formaldehyde. Immunofluorescence was performed using
1:500 rabbit anti-TH (Pel-Freez) and 1:1000 mouse Anti-f-
Tubulin IIT (TUJ1; Sigma T5076) antibodies. Cells were per-
meabilized in 0.2% Triton TM x 100 (Acros, Geel, Belgium).
Cells were washed in PBS then blocked for 1 h in 10% normal
goat serum, 0.75% BSA in PBS, then incubated overnight at
4°C with primary antibodies diluted in blocking solution.
Cells were washed in PBS then secondary antibodies incu-
bated for 1h at room temperature. Goat anti-mouse Alexa-
fluor488 and goat anti-rabbit Alexafluor594 were used in 10%
goat serum. Cells were washed in PBS then incubated 10 min
in 1pg/mL Hoechst 333258 (Sigma). Cells were mounted
with FluoromountG (Southern Biotech, Birmingham, AL).
2.5x images were captured by selecting colonies in the TUJ1
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channel. TH and TUJ1 signals were quantified by integrating
total optical density for the entire image after subtracting
background using Image] software. Total TUJ1 fluorescence
on entire coverslips was captured with 2-min exposures using
a Kodak 2000MM Imager (Woodbridge, CT) with excitation
465WA and emission 535WA filters. Signal and area were
quantified using Image]J software after background subtrac-
tion. A tangled mass of TUJ1" neurons sometimes contained
2 or more clusters of putative DA cells (TH™). Clusters con-
taining 10 or more TH" cells were counted for comparison
between DA-treated colonies (DA) and untreated colonies
grown in regular media (Control). This allowed us to use
the entire population on the surface of a coverslip for quan-
tification.

Electrophysiology

Whole cell patch clamp recordings were performed as
previously described [28]. Briefly, cells grown on 12-mm
round coverslips were transferred to an Olympus BX51WI
upright microscope (equipped with infrared video micros-
copy) and perfused in aerated (95% O,/5% CO,) artificial
cerebrospinal fluid (ACSF) at 30°C. The ACSF contained
125 mM sodium chloride, 2.3 mM potassium chloride, 23 mM
sodium bicarbonate, 1TmM magnesium sulfate, 1.26 mM
monopotassium phosphate, 2mM calcium chloride, and
10mM glucose (pH 7.3). Individual cells were selected for
recordings based on a small round or ovoid cell body (di-
ameters 5-15pm) and typically two or more extended pro-
cesses. Pipettes (10MQ) were filled with an intracellular
solution containing (in mM): 135 K-glutamate, 10 HEPES, 2
magnesium chloride, 3 ATP-Na,, 0.3 GTPNa,, and 10 P-
creatine Na, (pH 7.3). Recordings were performed using
Multiclamp 700B and Clampex 9.2 (Molecular Devices, Un-
ion City, CA). In voltage clamp configuration, cells were
given a series of 10 mV voltage steps (duration, 50 ms) from
-90 to +30mV from a holding potential of —70mV. In
current clamp configuration we measured the resting mem-
brane potential, and then a negative holding direct current
(in the range: -2 to —15pA) was applied to bring the
membrane potential to approximately —60mV. This was
done to compare neurons under identical conditions during
action potential (AP) firing. To assess the AP firing pattern,
in current clamp configuration, we applied a series of 10 pA
current steps from —20 to +60pA. Current intensities were
modified depending on cell input resistance. Electrical traces
were analyzed using Clampfit 9.2 (Molecular Devices). Peak
sodium current was defined as maximal transient inward
current at any command voltage. Peak potassium current
was measured at 40ms from the onset of the “+30mV”
command voltage pulse.

Intracellular Ca®* response

hESC colonies were loaded with Oregon green 488 Bapta-
1 AM (OGB-1 AM) purchased from Invitrogen (Cat. No.
06807). To prepare the OGB-1 stock, the content of one
original vial (50 pg) was dissolved in 2 uL of 20% Pluronic F-
127 and 8puL of DMSO, vortexed for 30 min, then 90 uL
DMEM/F12 was added. To load hESCs, 3.33 uL of stock was
added to a well containing one glass coverslip and 0.5 mL of
DMEM/F12 media, incubated for 30 min and washed with
warm DMEM/F12 media. After 45 min of incubation, glass
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coverslips were transferred to a recording chamber posi-
tioned under Olympus BX51WI and perfused with aerated
saline (standard 2mM Ca?* ACSF) or “near zero calcium”
ACSF (0.1mM Ca?*). hESC colonies were illuminated with
computer-controlled LED (460 nm; Luminus Devices, Inc.,
Billerica, MA) and imaged using the RedShirtImaging Sys-
tem described by Zhou and Antic [29]. To improve signal-to-
noise ratio, pixel outputs were spatially averaged (9-16
pixels per region of interest [ROI]) and filtered Gaussian low-
pass cutoff 0.4 Hz. Signal amplitudes are reported as AF/F
(%). Focal application of drugs was achieved using micro-
iontophoresis as described by Zhou and Antic [29]. Con-
centration of drugs inside the iontophoretic pipette [in mM]:
ATP [100], SKF38393 [40], quinpirole (QP) [40], and SKF + QP
[40 each]. The numbers of failed attempts to trigger Ca*
release are reported in the “Results” section for each exper-
imental drug. Zero responses were eliminated from the re-
ports of mean signal amplitude and statistical comparisons.

Statistics

Statistical analysis was performed using SigmaStat 2.03
(Systat, San Jose, CA). If data were normally distributed and
variances equal, then we used Student’s t-test, or ANOVA
followed by a Tukey test for pairwise comparisons. If data
points did not pass these criteria, then we used a Mann—
Whitney test or Kruskal-Wallis one-way analysis of variance
on ranks followed by Dunn’s method for pairwise compar-
isons or a chi-squared test.

Results

hESCs (line H9) were differentiated using the dbcAMP-
based DA differentiation protocol [22] divided into 5 stages
(Fig. 1A). In our hands, this protocol regularly produces
physiologically competent dopaminergic neurons [21].

mRNA in hESCs undergoing differentiation

At each stage of the differentiation protocol (Fig. 1A;
Stages 1-5) mRNA levels for TH and DA receptors were
examined along with human fetal brain tissue in the 17th or
19th week of gestation (Fig. 1B;). At this gestational age (2nd
trimester) there is massive proliferation of neurons in the
developing human cerebral cortex [30]. The highest TH
mRNA expression was detected in the final differentiation
stage of our protocol (Fig. 1B,; Diff.); thus, suggesting the
presence of dopaminergic neurons 2 weeks after the re-
seeding of neuroepithelial rosettes (Stage 5). Band intensities
were first normalized to the housekeeping gene ACTB and
then displayed relative to the expression in hESCs (Fig. 1By;
ES band). We found relatively low expression of mRNAs for
the cAMP-stimulative D1 and D5 receptors throughout the
dbcAMP-based differentiation protocol, beginning with
hESCs and ending with cells in the final differentiation stage
(Fig. 1B,; line plots D1 and D5). hESC D1 receptor bands
were visible by reverse transcriptase PCR (rtPCR) only in
overexposed images (Fig. 1B;; D1). D5 receptor mRNA was
highest in undifferentiated hESCs, and its levels declined
through Stages 2-5 (Fig. 1B,; line plot D5). Interestingly,
strong bands of D5 message appeared in the human fetal
cerebral cortex at 19th GW (Fig. 1B;; CP and SVZ). The no
reverse transcriptase control yielded no bands (Fig. 1B;; -RT).
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RNA material from MEFs cultures yielded no bands for all
genes tested except for ACTB gene, where a faint band was
present (data not shown).

In contrast to D1 and D5, the cAMP-inhibitory DA re-
ceptors D2 and D3 occasionally showed similar expression
levels in our cultures as in the human fetal brain (Fig. 1B,
B,). The temporal profiles of D2 and D3 receptor mRNA
were opposite to each other. While D2 appeared to increase,
D3 mRNA expression appeared to decline with the course of
hESC neurodifferentiation (Fig. 1B,; line plots D2 and D3).
D2 receptor mRNA showed the highest expression in Stage
4, when reseeded neuroepithelial cells were dividing and
migrating (expanding) in culture. The relative expression of
D3 was highest in undifferentiated ESCs (Fig. 1B,; ES). D3
receptor mRNA expression was reduced at the very first
neurodifferentiation step (embryoid body [EB]), and it con-
tinued to decline as the differentiation protocol progressed
through Stages 3, 4, and 5 (Fig. 1B,). The cAMP-inhibitory
receptor D4 had the overall strongest expression among all
D2-like receptors (D2, D3, and D4), reaching its peak in Stage
3, when neuroepithelial rosettes (NE) dominate our cultures.
In fact, D4 mRNA gave the strongest signal compared to all 5
DA receptor subtypes. The D4 expression was ~2 times
higher, while D2 expression was ~2-fold lower in hESC
cultures than in the fetal GE. Finally, at GW 17, the GE
(precursor of the neostriatal medium spiny neurons) is rich in
both Dl-like and D2-like DA receptor families, consistent
with D1 and D2 expression in adult basal ganglia [31]. At
GW 19, however, D5 was the dominant DA receptor in the
developing cerebral cortex (Fig. 1B;; CP and SVZ), followed
by the D2 receptor subtype.

Proteins in differentiating hESCs

The same 5 stages of hESC neurodifferentiation and the
same human fetal brain tissue samples described in Fig. 1
were next used to study DA receptor protein levels (by
western blot). In the hESC culture system, the TH protein
expression was highest in the final differentiated stage (Fig.
2; TH). For the tissue samples, the highest TH protein levels
were found in the proliferation zone of the cerebral cortex,
SVZ, at GW 19 (Fig. 2), consistent with previously published
anatomical data [4,6,9]. For the D1 receptor protein, con-
vincing bands were not seen by western blot (Fig. 2), despite
using 2 different primary-secondary antibody pairs (not
shown). However, we found strong evidence of D5 protein
in all 5 stages (Fig. 2; D5), suggesting that hESC line-H9
utilizes DA receptors coupled to the cAMP-stimulating
pathway. Western blot using anti-D2 antibody showed one
prominent 33 kDa band, with higher signal from the GE than
the other brain regions (Fig. 2; D2).

Functional DA receptors

So far, our data suggest the presence of DA receptors in
hESC line H9 (Figs. 1 and 2). However, such analyses (rtPCR
and western blot) are insufficient to determine the physio-
logical maturity of DA receptors. To explore the functional
aspect of dopaminergic signaling in hESC-H9, we combined
multisite Ca®* imaging with focal application of drugs.
Round-shaped hESC colonies (Fig. 3A; hESC) were loaded
with the Ca* sensitive dye OGB-1 AM and challenged with

BELINSKY ET AL.

human fetal brain human ESC line
[GE cx cP svz|[ES EB NE Exp Diff| MEF

FIG. 2. Western blots of fetal human brain regions and
hESC cultures at each stage of in vitro differentiation. Ab-
breviations: GE, fetal ganglionic eminence (19 gestational
weeks [GWs]); Cx, fetal cortex (19 GW); CP, fetal cortical
plate (17 GW); SVZ, fetal subventricular zone (17 GW); ES,
hESC colonies + MEF feeder layer; EB, embryoid bodies; NE,
neuroepithelial colonies; Exp, expansion stage; Diff, differ-
entiation stage; MEF, mouse embryo fibroblast feeder layer.
Membranes probed for each of the indicated genes were
stripped and reprobed for GAPDH, shown immediately
beneath each primary blot. Approximate molecular weights
of bands of interest are shown on the left. Bracket marks the
expected range of D1 receptor band.

brief (<6s) iontophoretic drug ejections via glass 15MQ
micropipettes (Fig. 3A; drug-filled electrode). Brief ejections
of ATP (1-3s) produced Ca®" signals characterized with
delayed onset, large amplitude, and duration in all colonies
tested (1=8). The signal peaked on average 10+0.9s after the
onset of the iontophoretic pulse (Fig. 3D; ATP). These Ca®*
responses persisted in low extracellular Ca>* (0.1 mM, not
shown), indicating an involvement of internal Ca®* stores.
Calcium transients evoked by D1 receptor agonist SKF38393
(Fig. 3B1-B3) or D2-agonist quinpirole (Fig. 3C;—C;) were
notably smaller in amplitude than ATP-evoked transients.
The D1-evoked response was on average 11%+2.6% (n=4),
while the D2-evoked response was on average 23%+5.1%
(n=9), compared to the mean ATP-evoked signal. Unlike
ATP, SKF and QP did not trigger calcium release in all hESC
colonies. The success rate of the QP was 64% (9 out of 14),
while the success rate of SKF was only 50% (4 out of 8). In
several experiments with iontophoretic application of SKF,
especially when the tip of the electrode was closer to the
surface of the colony, we observed negative deflections from
the signal baseline, suggesting that Ca”>* level was tran-
siently decreased during SKF application. A similar decrease
in the resting Ca”* level caused by D1 receptor stimulation
was found in pyramidal neurons of the rat prefrontal cortex
[29]. To evoke calcium signals by SKF or QP, the duration of
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FIG. 3. DA receptor agonists induce internal calcium release in hESC colonies. (A) Microphotograph (4x lens) showing
iontophoretic micropipette (electrode) positioned next to a hESC colony. (B,) Infrared photograph of the glass electrode and
the edge of the hESC colony. (B,) Fluorescent image of an hESC colony loaded with Oregon green 488 Bapta-1. Drawing
marks the iontophoretic electrode filled with D1 agonist SKF38393. (B3) SKF-induced calcium transients recorded simulta-
neously at 2 regions of interest (ROI 1 and ROI 2). Bottom trace depicts time course of the SKF iontophoretic pulse. (Cy)
Photograph of the QP-filled electrode and the edge of the same hESC colony shown in (B;—Bj). (Cz) Fluorescence image
acquired with NeuroCCD. Drawing marks position of the QP electrode (D2 agonist). (C3) QP-induced calcium transients
recorded simultaneously at two ROIs (ROI 1 and ROI 2). (D) Calcium transients evoked by ATP, SKF, or QP superimposed
on the same amplitude and time scale. Each trace is a spatial average of 9-16 pixels. Vertical dashed line marks the onset of the
drug ejection. (E) Peak amplitude of the calcium transient averaged across all successful tests within a group: ATP (n=8), SKF
(n=4), QP (n=9), and cocktail SKF+QP (n=6). **ANOVA (P<0.0001); #P>0.05. (F) Same as in (E) except time period
between stimulus onset and calcium peak was averaged. *ANOVA (P<0.0001).

iontophoretic pulses were increased (up to 6-fold) compared ROI 1 in panels of Fig. 3B and 3C), suggesting that the am-
to ATP (Fig. 3D), suggesting that Ca®* release from internal  plitude of the Ca®* signal followed the diffusion gradient of
stores were more sensitive to ATP than to DA receptor ag- the drug. To test the hypothesis that D1-D2 receptor het-
onists. The recording sites further away from the drug ejec- erodimerization causes synergistic potentiation of intracel-
tion sites experienced less or no signal (compare ROI 2 and  lular Ca®" levels, greater than by activating either receptor
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alone [32], we loaded iontophoretic pipettes with both
SKF38393 [40 mM] and QP [40 mM]. Six-second-long pulses
of the D1-D2 agonist cocktail applied 20-50 pm above the
surface of hESC colonies caused calcium transients in 6 out of
9 hESC colonies. The amplitude of the SKF+QP-evoked
Ca”* signal was on average 41%*7.3% of the mean ATP
amplitude (n=6). However, the difference in signal ampli-
tude between SKF+QP and QP alone was not statistically
significant (Fig. 3E; #). Interestingly the time delay be-
tween stimulus onset (vertical dashed line) and the peak
of the Ca®" transient was significantly longer in the SKF + QP
group compared to other groups (Fig. 3F;, ANOVA,
P <0.0001).

Treatments with drugs added in culture media

Taken together, the rtPCR analysis (Fig. 1), western blots
(Fig. 2), and drug-induced release from internal calcium
stores (Fig. 3) suggest that pluripotent hESC and differenti-
ating hESC colonies express DA receptors and respond to
dopaminergic stimulation. The continuous presence of DA
receptors throughout 5 stages of the hESC differentiation
protocol (Fig. 1A) imposes a great difficulty on researchers
who wish to determine the right timing (onset), the right
duration, and the right dosage for DA treatment in order to
optimize neuronal yield from hESCs. This is further com-
plicated by the existence of multiple dopaminergic pathways
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(eg, D1 like or D2 like) and synergistic interactions between
them. In the remainder of the article we varied the timing of
the dopaminergic treatment. DA, or DA receptor agonists
and antagonists were introduced in the media at different
stages of the dbcAMP-based differentiation protocol. The
term “early treatment” indicates treatment applied to Stages
1-3 (undifferentiated hESC, EBs, and neuroepithelial colo-
nies). The term “late treatment” pertains to protocols in
which differentiating neurons (Stages 4-5) were treated with
dopaminergic drugs, either continuously (24h) or intermit-
tently (4h/day, no drug overnight). Controls were treated
with water on the same time points.

Early treatment

To assess the effects of DA receptor stimulation (or inhi-
bition) early in the differentiation process, differentiating
hESCs were treated with dopaminergic drugs beginning 3
days before EB creation (Day minus 3) and continuing until
the end of the neuroepithelial stage at Day 8 (Fig. 4A). In the
first experiment of this series hESCs were treated with D1/
D5-antagonist SKF83566 [0.5uM], D2-antagonist L741
[0.5uM], or DA [10uM] (Fig. 4C, E; Experiment 1). In the
repeated experiment, in addition to the 3 aforementioned
drugs, hESC colonies were also treated with D1l-agonist,
SKF38393 [0.5 uM], or D2-agonist, quinpirole [0.5uM] (Fig.
4C, E; Experiment 2). When using gross EB morphology and
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FIG. 4. Effect of dopaminergic drugs on creation of EBs and neural progenitors. (A) Time course of the experiment. Normal
EBs (Control) and irregular EBs treated with the indicated drugs. (B) Normal EBs (left) and irregular EBs treated with 0.5 uM
SKF83566 (right). (C) Cultures were exposed to the indicated drugs from days 3 to 8 of our standard differentiation protocol.
EBs were scored for normal smooth surface versus irregular surface. 1 and 2 are independent experiments. 1 =2-3 wells per
treatment. Error bars=SEM. Experiment 1: Kruskal-Wallis one-way ANOVA on ranks, P=0.018. For SKF83566 versus
control P<0.05 using Dunn’s pairwise comparison. Experiment 2: Kruskal-Wallis one-way ANOVA on ranks, P=0.007, for
SKF83566 versus control P <0.05 using Dunn’s pairwise comparison. The EBs in (B and C) were seeded to create the colonies
in (D) and (E). (D) Normal neuroepithelial colony (left) and non-neuroepithelial colony after treatment with 0.5 pM SKF83566
(right). (E) Neuroepithelial stage cultures were scored for % neuroepithelial colonies on day 8. For Experiment 1, Kruskal-
Wallis one-way ANOVA on ranks P=0.011; Control versus SKF83566 Mann-Whitney Rank sum test P=0.029. For Experi-
ment 2, ANOVA P <0.001; Tukey test on Control versus SKF83566 P <0.001. All scale bars=500 pm.
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% neuroepithelial morphology as endpoints, only SKF83566
caused a statistically significant change compared to controls
that received vehicle (Fig. 4C, E; asterisks). Cultures treated
with SKF83566 showed rough EB borders, instead of the
typical smooth EBs (Fig. 4B). Before creation of EBs, no sig-
nificant differences in numbers of differentiated hESC colo-
nies were found compared to control wells. More
specifically, after 3 days of continuous drug treatment, the
mean number of differentiated hESC colonies per well
(mean+s.e.m.) were:;, Control 10.5+£0.7 (n=6), SKF83566
8.3+1.2 (n=3),L741 11£1.5 (n=3), SKF38393 9.3+2.6 (n=3),
quinpirole 6+1.5 (n=3). After EBs were seeded and allowed
to adhere to the surface of the dish, colonies from SKF83566-
treated cultures rarely showed the typical neuroepithelial
morphology of elongated cells with neuroepithelial ridges
(Fig. 4D; Control). Instead, SKF83566-treated wells were
populated by slowly transforming EBs without neuroe-
pithelial skirts around them, suggestive of an apparent stall
in neurodifferentiation. Treatment with DA [10 uM], or L741
[0.5 uM], or SKE38393 [0.5 uM], or quinpirole [0.5 uM] had no
effect on these two endpoints.

Late treatment

Late treatment (days 14-28) with DA [10 uM] or antago-
nists (SKF83566 [0.5 uM] or L741 [0.5uM]) did not produce
striking morphological differences (data not shown). In
contrast to early treatment (Fig. 4), SKF83566 had no no-
ticeable effect on morphology or density when applied
during the differentiation stage (not shown).
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Neurites

To examine the formation of neurites, hESC cultures were
treated with DA [10pM] or Dl-antagonist SKF83566
[0.5uM], or D2-antagonist L741 [0.5pM]. Drug treatments
were administered either early (days 3-8) or late in the
protocol (days 14-28). In either paradigm, early or late, the
neurons were allowed to differentiate 36 days, at which time
neurite quantitations were made in these experimental series.
Neurites were counted under phase contrast (Fig. 5B, C). The
counting was performed blindly, as the experimenter was
not aware of the labels. DA [10 uM] applied at the differen-
tiation stages (“Late treatment,” days 14-28) was the only
treatment to change the number of neurites, producing a
~90% increase in average neurites per field (Fig. 5D, E).
These cultures were subsequently extracted for total RNA
measurements. Total amounts of RNA obtained for the early
treatment groups in this experiment were similar (1.0, 1.1,
0.94, and 1.0mg for control, DA, SKF566, and L741, respec-
tively) and likewise total amounts of RNA for the late
treatments were similar (0.76, 0.92, 0.72, and 0.81mg for
control, DA, SKF566, and L741, respectively), suggesting an
absence of large differences in cell density.

Dopaminergic neurons

To further investigate the effects of DA on the production
of dopaminergic neurons, we treated differentiating cultures
of hESCs with DA and assayed for the dopaminergic neu-
ronal marker TH and pan neuronal marker BIII-tubulin
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FIG. 5. Effect of DA receptor ligands
on neurites. (A) Time course of the
experiment. Cultures were treated as
indicated from days -3 to 8 (early
treatment) or from days 14 to 28 (late
treatment) of our standard differenti-
ation protocol. All cultures were
maintained until day 36 and neurites
quantitated. (B) Phase-contrast image
(inverted) showing neurites in the
control well. (C) Neurites in wells
treated with DA [10 uM]. (D) Quanti-
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(TUJ1). We hypothesized that early exposure to DA can
“prime” the EBs toward more robust proliferation or toward
greater commitment of postmitotic neurons to the DA sub-
type [33]. To test this hypothesis, in the next series of ex-
periments, we introduced DA into the hESC cultures at the
very onset of differentiation, during Stage 2 (EB) and Stage 3
(neuroepithelial rosettes). DA treatment was stopped when
the rosettes were lifted and reseeded (Fig. 6A; Day 11). Upon
reseeding of DA-treated neuroepithelial rosettes (Stage 4) we
typically observed 2 characteristics of human cultures. Some
regions of the coverslip exhibited non-neuroepithelial mor-
phology (Fig. 6B), while other regions of the same coverslip
exhibited neuroepithelial ridges. Both characteristics can be
visually identified on an inverted microscope (Fig. 6C; ar-
rows) and used for quantitative comparison between 2 ex-
perimental groups (Fig. 6D).

Treatment with 10 pM DA (during Stages 2-3) caused a
significant increase (Tukey test, P <0.05, n =38 slips per group)
in the number of neuroepithelial colonies midway through
Stage 4 (Fig. 6D). Therefore, early treatment with DA (days
1-11) was associated with more neuroepithelial colonies at
day 17, during expansion stage, when immature neuroe-
pithelial colony morphology is not expected. The DA expo-
sure may have delayed the expansion caused by the
proliferative actions of bFGF, which was present at Stage 4 in
both control and test conditions (Fig. 6A). Dual TH-TU]J1
immunofluorescence revealed that early treatment with
10 pM DA potentiated the production of TH™ clusters by the
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end of the protocol (Fig. 6E). The numbers of TUJ1" clusters
also increased, indicating that the increase in TH" clusters
was in large part due to more neurons forming, not direction
of a higher proportion of neurons to a dopaminergic fate.

DA versus dbcAMP

Activation of the cAMP/PKA/CREB pathway has been
used by several investigators to help differentiate hESCs into
DA neurons [22-24]. As expected, dbcAMP treatment during
the stage of the protocol (Fig. 7A; Stage 5) caused a statisti-
cally significant increase in the number of TH™ colonies per
dish (Fig. 7C; dbcAMP, red column) 83%+20% (n=16)
compared to no-dbcAMP control (Fig. 7C; Control, n=23).
dbcAMP exposure had little effect on overall neuronal dif-
ferentiation, as assayed by TU]J1 staining and quantification
of TUJ1" clusters (Fig. 7C; green columns); an increase of
13%£13% (n=16) was not statistically significant (P>0.05).

Alongside the dbcAMP treatment, DA alone was intro-
duced in the culture media on the first day after reseeding of
neuroepithelial rosettes (day 14), and the same drug treat-
ment [DA 1, 10, or 100 uM] was maintained to the end of
experiment (Fig. 7A; Stages 4 and 5). To avoid overstimula-
tion of DA receptors or toxic effects of DA degradation
products, DA was applied for 4h every day, and cultures
were maintained DA-free overnight. On the 2nd week of
Stage 5 (day 36), we examined TH expression, and the pan
neuronal marker BIII-tubulin (TUJ1 antibody) using dual
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immunofluorescence. Consistent with the previous report,
the dbcAMP differentiation protocol produced large clusters
of neurons containing smaller clusters of TH™ neurons [21].
In some cases, one tangled mass of TUJ1 " neurons contained
2 or 3 clusters of putative DA cells (Fig. 7B; arrows). Occa-
sionally, isolated TH* neurons (putative DA neurons) were
found outside neuronal clusters, but the overwhelming ma-
jority of TH™ neurons were lumped together in several dis-
tinct spots on the bottom of the dish (Fig. 7B; arrows).
Clusters containing 10 or more TH" cells were included in
the data analysis and counted for comparison between
groups.

In the DA-treated groups [10 and 100 uM], we found a
significant increase in the number of TH* clusters per cov-
erslip compared to drug-free control (Fig. 7C; red columns,

74%+17% [n=9 slips] and 68%£24% [n=10 slips], respec-
tively). DA exposure in the last 2 stages of the differentiation
protocol did not significantly influence the total number of
neuronal clusters. Even though there was no significant
difference in number of TUJ1* clusters between controls and
DA treatment, there was a trend for the numbers of TUJ1*
clusters to increase in parallel with the increase in TH"
clusters (Fig. 7C; green columns).

To determine whether the size of the clusters changed
under the DA treatment, microphotographs were taken of
TH™" clusters with a 10x objective lens and fluorescent sig-
nals quantified. There was no difference in TH™ signal (in-
tegrated optical densities) between controls (=44 pictures)
and the 100 pM DA group (1 =43 pictures, data not shown).
The average TH intensity at 100uM DA was found to be
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95%+11% of the control, indicating that the DA treatment
did not increase the size of the TH™ cell clusters. DA-treated
clusters contained similar number of TH* neurons as con-
trols. The ratios of TH fluorescent signal to TUJ1 fluorescent
signal (red/green) were also identical between controls and
100 uM DA, the latter found to be 97%£11% of the control
ratio (data not shown). Mean areas of the TH* clusters were
not significantly different (data not shown) although the
100 uM DA group mean was 18% larger than the control
group mean.

DA together with dbcAMP

To examine the signal transduction pathway involved in
the increase in TH" cells induced by DA, cells were treated
with DA [10 or 100 pM] and 1 mM dbcAMP simultaneously.
The concentration of dbcAMP used has been shown to be
maximally stimulative in neurodifferentiation protocols
[34,35]. Two DA concentrations, 10 and 100 uM, were com-
bined with dbcAMP. Although the two DA concentrations
[10 and 100 uM] caused a significant increase in TH™ clusters
per dish when applied on their own (Fig. 7C), in combination
with dbcAMP (Fig. 7D), they had no additive effect. In other
words, we did not detect any significant changes in the count
of TH" clusters when DA +dbcAMP groups were compared
to dbcAMP alone (Fig. 7D).

Selective D2-like DA receptor inhibition

So far our experiments established that DA receptor
stimulation improves the yield of hESC-derived DA neurons
via a positive regulation of cAMP (Fig. 7C, D). However, D2-
like receptors, which are inhibitors of cAMP, were expressed
in late stages of hESC neurodifferentiation (Figs. 1 and 2). To
address the impact of D2-like DA receptors on the produc-
tion of DA neurons from hESCs the expanding neuroe-
pithelial rosettes were treated with D2-antagonist L741 [36]
late in the protocol, when TH protein is expressed (Fig. 2).
The L741 treatment applied at differentiation stages (Stages
4-5) produced a dose-dependent decrease in TH" clusters,
inconsistent with the involvement of cAMP/PKA pathway
in potentiating numbers of TH" cells (Fig. 7D, E). However,
the attenuation of TH™ cells by a D2/3/4 antagonist is
consistent with reports that D2 and D3 receptors are coupled
to ERK, and with reports that D2-agonists promote DA
neuron development through the ERK pathway instead of by
modulating cAMP [33,37]. We note that in this experiment
the DMSO vehicle-treated controls (Fig. 7E; Ctrl) showed
higher numbers of TH" clusters than normally found in
DMSO-free controls, consistent with reports that DMSO in-
duces differentiation of neuroblastoma lines and stem cells
[38,39].

Physiological properties after DA treatment

So far, we have established that stimulation of DA re-
ceptors during neurodifferentiation of hESC cultures pro-
duced a significantly greater number of DA neuron clusters,
compared to cultures maintained in regular (Control) media
(Fig. 7C). Next, we asked whether the increase in neuron
clusters was at the expense of neuronal physiological matu-
rity. Our working hypothesis stated that facilitated neuro-
proliferation and en masse commitment to dopaminergic
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neuron type leaves neurons with less time and resources to
build fully excitable membranes capable of AP generation. In
the human fetus (16-21 GWs), the postmitotic neurons ma-
ture gradually by inserting voltage-gated sodium channels
into the plasmalemma, by decreasing their electrical input
resistance, and by making their resting membrane potential
more and more negative as neural maturation progresses
[28]. The insertion of sodium channels in developing human
neurons is manifested in electrophysiological recordings by
an increase in peak amplitude of the fast inactivating sodium
current paralleled by neuronal ability to generate APs [28]. In
the current project, whole cell recordings were performed on
differentiated cells at Stage 5 (days 22-38), after at least 2
weeks of chronic DA exposure. Each cell was typically re-
corded in 2 electrical configurations; current clamp for as-
sessing the voltage waveforms of APs (Fig. 8A), and voltage
clamp for assessing neural transmembrane currents: inward
sodium current (Fig. 8B) and outward potassium current (not
shown). The electrophysiological properties of hESC-derived
neurons were not comparable to the mature neurons in
mammalian brain. For example, mature neurons in rat brain
slice (neocortex) have several fold greater amplitude of so-
dium current, much narrower AP waveforms, and greater
ability to sustain repetitive AP firing without the loss of AP
amplitude [29]. The small-size Na* current, broad APs, and
relatively weak repetitive AP firing (Fig. 8) are characteristics
of postmitotic neurons found in the intermediate zone (mi-
gratory zone) and the cortical plate (differentiation zone) of
the human fetal cortex in the 2nd trimester of gestation [28].

To assess the influence of exogenous DA exposure on the
electrical properties of the hESC-derived neurons, 4 physio-
logical parameters: (1) resting membrane potential (V,), (2)
input resistance (R;,,), (3) peak sodium current (Iy,), and (4)
peak potassium current (Ix), were compared across 3 ex-
perimental conditions: 0 uM DA (1=30), 10uM DA (n=18),
and 100 uM DA (n=8 neurons). Both, the mean V, and mean
R, were similar in all 3 conditions (Fig. 8C), indicating that
DA did not affect passive membrane parameters in devel-
oping human neurons. Whole cell recordings detected a
trend of increasing Na™ and K" voltage-dependent currents
with an increase in DA concentration (Fig. 8C). Larger Na™*
and K" current would be consistent with more robust and
mature neurons; however, statistical significance was not
achieved (Fig. 8C). Twenty-one percent (1=30) of patched
cells without exogenous DA exposure displayed APs, while
in the 10pM DA group 38% (n=18) of the cells displayed
APs (not significantly different). Taken together, the elec-
trophysiological measurements of V,, R;, Na®, and K"
currents failed to detect any statistically significant changes
in neuronal functional properties upon chronic (2 weeks)
treatment with DA. When cells with zero Na* current
(which are potentially non-neuronal cells) were removed
from the analysis, there continued to be no significant dif-
ferences between groups (data not shown).

Expression of neuron-specific markers
upon drug treatment

hESC cultures were treated with drugs either early or late
in the protocol (Fig. 9A). At day 36, we collected differenti-
ating neurons and examined mRNA expression by rtPCR
and gPCR for evidence that treatment with dopaminergic
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FIG. 8. Electrophysiological parameters of the neurons derived with or without DA. (A) Representative traces of 3 cells in

current clamp exposed to 0, 10, or 100 pM DA. Vertical scale
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patched between days 22 and 38 of the protocol. n=30, 18, and 8 for 0, 10, and 100 uM, respectively. Error bars=SEM.

drugs cause a change in lineage or neural subtype. mRNA
for the neuroectodermal marker PAX6 was expressed in all
regions of the human fetal brain (Fig. 9B). In hESC cultures
the PAX6 expression was highest at the NE stage (Fig. 9C;
NE). Despite the change in morphology of EBs and subse-
quent neuroepithelial colony appearance (Fig. 4), we saw no
change in PAX6 mRNA levels in cultures treated with
SKF83566, assayed at the end of the neuroepithelial stage,
day 8 (Fig. 9D). A temporal analysis across the stages of
differentiation indicated that the midbrain markers GIRK2
and LMXIA had the highest expression at Stage 5, while
MSX1 had the highest expression at Stage 4 (Fig. 9C; Exp.).
mRNA for these 3 midbrain markers and the additional
neuronal markers VGLUT1 (glutamatergic), GAD1 (GA-
BAergic), and pIII-Tub (pan neuronal) were also measured
after 36 days of differentiation with either early or late drug
treatments. These cultures were the same used in Fig. 5. Each
result was normalized to the level of the housekeeping gene,
ACTB, in the corresponding culture sample (Fig. 9E;). In-
terestingly, in this experimental series all drug treatments
caused a notable decrease in VGLUT1 and GADI1, accom-
panied by a small decrease in SIII-Tub (Fig. 9E,—E,4). All drug
treatments, except early SKF83566, caused a general decrease
in the midbrain markers GIRK2, LMXIA, and MSXI
(Fig. 9Es-E;). The late treatment with D2-antagonist L741
also failed to reduce MSX1 level (Fig. 9E;). Response to drug
treatment was similar for VGLUT1 and GAD1, while the 3
midbrain markers (GIRK2, LMX1A, and MSX1) formed a
separate group, which responded to drugs with a similar
profile of mRNA expression (Fig. 9). Expression profiles of
VGLUT1 and GADI1 had a strong correlation (Pearson’s

r=0.97), while there was a moderate correlation between
midbrain marker expression profiles (LMX1A:GIRK2 r=0.85;
LMX1A:MSX1 r=0.69; GIRK2:MSX1 r=0.61).

PAG6 coculture

Differentiation of human stem cells into DA neurons is a
central topic in the cell replacement therapy, and therefore,
many protocols for the differentiation of hESCs into DA
neurons have already been designed [40-45]. These protocols
can be divided into 2 broad groups: those using specific
mouse stromal lines to induce differentiation or those using
specific media additives. All of the experiments described in
the present study, so far, belonged to differentiation proto-
cols based on media additives. We felt that it was necessary
to investigate DA’s potential to improve yield of human DA
neurons grown on a stromal line. Toward this aim, H9
hESCs were seeded on proliferating PA6 feeder layers. Four
DA concentrations (0, 1, 10, and 100 uM) were added to the
culture media. All 4 groups were fixed after 14 days of
growth and double TH/TUJ1 immunostainings were per-
formed (Fig. 10A, B), as also described in Fig. 7B. We found
no significant differences in total number of TH™ clusters per
well (Fig. 10C), but the ratio between TH and TUJ1 inte-
grated density at 100 uM DA was statistically different from
control wells [0 uM DA] (Fig. 10D). These results suggest that
the PA6 cells produce factors which predominate over any
DA activated signal transduction pathways in regards to
commitment, differentiation, or survival of DA neurons, but
that DA can still activate G, and the resulting cAMP can
increase expression of TH.
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FIG. 9. Midbrain neuron
markers upon early or late
treatment with dopaminergic
drugs. (A) Time course of the
differentiation protocol show-
ing treatment with DA, D1
antagonist SKF83566 [0.5 1M]
(SKF8), D2 antagonist L741
[0.5 uM]. mRNA was extracted
at 36 days (quantification),
except for panel (D), where
extraction was done on day 8.
(B) rtPCR of PAX6 in human
fetal brain tissue samples (CP,
SVZ, Cx, and GE) and adult
brain (hBR). (C) rtPCR of
PAX6, 3 midbrain markers,
and housekeeping gene ACTB
during each differentiation
stage. (D) qPCR of PAX6 in
neuroepithelial colonies (con-
trol n=14; SKF83566 n=7). (E)
qPCR of housekeeping gene
(ACTB), neuronal markers
(VGLUT1, GAD1, and pIII-
Tub), and midbrain markers
(GIRK2, LMX1A, and MSX1),
in early and late treated cells.
PCRs for VGLUT1 and MSX1
late treatment were repeated 4
times and the results averaged.
Asterisks indicate significant
reduction. Post hoc Tukey tests
(SKF83566 P<0.01) and (L741
P <0.05). In panel (E;) one-way
ANOVA (P<0.05), but post
hoc Tukey tests did not reveal
any differences to the control
group (for columns with error
bars, n=4).
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Discussion

We used rtPCR, western blot, multisite calcium imaging,
immunostainings, and patch clamp recordings to examine
whether stimulation of dopaminergic receptors can be used
to improve protocols for in vitro production of human do-
paminergic neurons.

DA receptor mRNA in hESCs undergoing
differentiation

In the first arm of this study we characterized the ex-
pression pattern of 5 DA receptor subtypes (D1-D5). We
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found that starting from the pluripotent stem cell stage
(hESCs, Stage-1) DA receptor mRNA and protein were
present throughout the entire neurodifferentiation process; at
all 5 stages of the dbcAMP-based differentiation protocol
[22]. Expression levels of DA receptor mRNA, suggest that
D2-like receptors (D2, D3, and D4) predominate in vitro,
especially in the initial ESCs (Stage 1) and the earliest stages
of neurodifferentiation (Stages 2 and 3). D1 receptor mRNA
is much more abundant in the GE of the human fetal brain
than in our cultures (Fig. 1By; D1). Systematic sampling of
mRNA through 5 consecutive stages of stem cell differenti-
ation revealed highly dynamic transcriptional regulation. For
example, D5 and D3 messages peaked in undifferentiated
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FIG. 10. Effect of DA on H9 differentiation in PA6 coculture. H9 cells were seeded on PA6 feeder layers and exposed to the
indicated concentrations of DA continuously. Cells were fixed on day 14, and dual immunofluorescent staining for TH and
TUJ1 was performed. (A1, A2) 0 DA: TH, TU]J1 staining. (B1, B2) 100 pM DA: TH and TU]J1 staining. Scale bar =200 pm. (C)
The 3 brightest TH fields were photographed per coverslip. Signal intensities were quantitated. Ratio of total TH signal/TUJ1
signal was calculated. **Kruskal-Wallis one-way analysis of variance on Ranks P=0.002. (D) Number of TH™ clusters of cells

per coverslip. n=4-5 coverslips per group. Error bars=SEM.

hESCs (Fig. 1B,), while D4 and D2 peaks occurred in the 3rd
and 4th stage, respectively. Three lines of evidence confirm
the good quality of the rtPCR data. First, the expression level
of ACTB was stable in all samples (Fig. 1B,; ACTB). Second,
the highest level of TH expression was detected in the most
differentiated neuronal stage (Stage 5), when dopaminergic
neurons appear in response to dbcAMP [21,22]. Third, DA
receptor subtypes were detected in all differentiation stages,
consistent with the published data on sustained and abun-
dant DA receptor gene expression, predominantly in ger-
minative neuroepithelial zones. Previous reports have shown
that D1, D4, and D5 message is expressed in human neural
progenitors, while human EBs, but not hESCs, have been
shown to express D1 mRNA [46,47]. In addition, mouse
ESCs have been shown to express D1 and D2 receptors [48].
In rat embryos, D1 and D2 receptors are found in the stria-
tum at least by E14 [49]. Also in rat, D3 receptor is expressed
at day E14, and is associated with proliferative zones during
prenatal ontogeny, whereas the D1 and D2 mRNAs appear
mostly in differentiating neurons [50]. We performed a se-
quential analysis of DA receptor mRNA expression during 5
stages of neurodifferentiation (Fig. 1A), and found more
expression of the inhibitory D2, D3, and D4 messages in
comparison to the stimulatory D1 and D5 (Fig. 1B). There-
fore, the result in Fig. 6, where early treatment of differen-
tiating stems cells led to more neurons, is consistent with
previous reports, where activation of D2 and D3 leads to
increased proliferation [7,51-53], but see Ref. [54]. In the
present study, mRNA for the D3 receptor showed the
highest expression in Stage 1, when hESCs were maintained
in an undifferentiated state (Fig. 1B). This finding is consis-
tent with reports that in adult rats, a 10-fold increase of
proliferating cells in the neostriatum has been observed upon
stimulation with a D3 agonist [52,55].

DA receptor proteins in hESCs undergoing
differentiation

The presence of D2 and D5 receptor protein in differenti-
ating hESCs was confirmed in western blot (Fig. 2). As ex-
pected from the relatively low expression of D1 mRNA (Fig.
1), convincing bands were not seen by western blot, in spite
of using 2 different primary-secondary antibody pairs. Both
antibody pairs detected a faint 33kDa band (Fig. 2; D1).
Another caveat of our protein assay pertains to D2 subfam-
ily. Western blot using anti-D2 antibody showed one pro-
minent 33 kDa band (Fig. 2; D2). Although bands of 48 and
70kDa are normally associated with D2, a 33kDa D2-re-
ceptor band has also been reported [56], as well as a 37 kDa
doublet [57]. The apparent molecular weight variability of
D2 protein is due to cleavage, glycosylation, palmitoylation,
and phosphorylation status of D2 protein [58]. Between 5
stages of hESC neurodifferentiation (Fig. 1A), the TH protein
expression was highest in the final differentiated stage (Fig.
2; TH, Stage 5), consistent with the previously published
dbcAMP-induced boosting of TH in hESCs [21,22]. For the
fetal brain samples, highest TH protein levels were found in
the proliferation zone of the cerebral cortex, SVZ (Fig. 2),
consistent with the published anatomical data [4,9]. The next
highest TH band in the fetal brain was detected in GE,
consistent with the presence of DA neurons in the gang-
liothalamic body [49,51,55].

The DA receptor mRNA (Fig. 1) and DA receptor protein
expression (Fig. 2) were measured at all 5 stages of H9
neurodifferentiation, which allowed us to make direct com-
parisons between 2 data sets. Highest TH protein levels were
found in the most differentiated stage (Stage 5), consistent
with our mRNA data (Fig. 1). D1 receptor protein was not
found, consistent with the lack of mRNA (Fig. 1). D2 and D5-
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receptor proteins were detected in all 5 stages (Fig. 2), as
previously shown for the mRNA (Fig. 1). However, some
discrepancies between RNA and protein data were observed
for D2 and D5. For example, D5 RNA attenuated with stage
progression (Fig. 1), while protein remained relatively stable
in the same phase of in vitro experiment (Fig. 2).

There are 2 possible explanations for discrepancies be-
tween RNA and protein (Figs. 1 and 2). In regard to post-
mortem fetal tissue, the RNA and protein extractions were
done on separate sections harvested from the same block of
brain. It is possible that sections contained variable thickness
of major cortical zones [SVZ, intermediate zone (IZ), and CP]
either due to natural anatomical variation or due to the
cutting artifact. A similar problem exists with culture sam-
ples, because RNA and protein were not extracted on the
same round of differentiation. A more likely explanation for
discrepancies between RNA and protein in our measure-
ments (Figs. 1 and 2) is post-translational regulation of DA
receptor protein expression. Published literature frequently
show lack of association between DA receptor mRNA and
DA receptor protein [59-61].

DA receptor signaling in hESC colonies

The functionality of DA receptors was tested using Ca>*
imaging because hESCs respond to a variety of agents with
intracellular Ca®" release [62]. It has been shown previously
that in response to D2 receptor agonist (quinpirole) the un-
differentiated hESCs mobilized calcium from intracellular
stores [63]. We confirmed the findings of Malmersjo et al.
[63] in respect to quinpirole, and we provided new evidence
that D1-agonist SKF38393 can be an equally successful trig-
ger of the internal release in hESCs. It is worth emphasizing
several important aspects of our calcium imaging experi-
ments. All measurements were performed on typical round-
shaped hESC colonies with well-defined edges (Fig. 3A). In
the past, dopaminergic drugs were typically applied in the
bath [63]. Bath application of dopaminergic drugs is unlikely
to mimic the physiology of the DA release (discussed in Ref.
[29]). In contrast, we used iontophoretic ejection of DA ag-
onists, which revealed the actual period of time required for
the mobilization of calcium ions from the internal stores (Fig.
3B, C; Peak delay). The experimental design based on the
iontophoretic application of DA agonists allowed us to de-
termine that the same hESC colony was responding to both
SKF and QP stimulation (n=2 colonies). Further, in our ex-
periments, only stem cells closest to the source of the drug
(closest to the tip of drug-filled pipette) gave the physio-
logical response (compare ROI 1 to ROI 2), indicating that
strong dopaminergic stimuli are necessary for the activation
of internal calcium stores. The amplitude of the DA receptor-
induced Ca”" release was significantly smaller compared to
that evoked by ATP (Fig. 3E). These last 2 lines of evidence,
requirement for a high concentration of agonist and the small
amplitude of the evoked signal, suggest that mobilization of
Ca®* from internal stores is not the primary role of DA
signaling in hESCs. If D1-D2 receptor heterodimerization
amplifies the release of Ca”* [32], then one would expect that
a cocktail consisting of potent DI1- and D2-like agonists
would trigger faster and stronger releases than by either
selective agonist alone. However, this was not the case. The
amplitudes of SKF+QP signals were not statistically differ-
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ent than QP alone (Fig. 3E). Instead of being faster, the
SKF + QP signals peaked significantly later than signals in all
other groups (Fig. 3F).

Rational for adding DA to the hESC
neurodifferentiation protocol

DA has been found to regulate neuronal proliferation and
differentiation via DA receptors [64,65]. More importantly,
DA receptors have been theorized to play a critical role in the
development of midbrain dopaminergic neurons [33,66]
tempting us to speculate that DA may be able to boost the
production of dopaminergic neurons from hESCs. This cen-
tral hypothesis was difficult to test for 2 reasons. First, DA
receptors are present in all stages (Figs. 1-3); therefore, do-
paminergic treatments should be tested at various time
points during the full course of the differentiation protocol
(Fig. 1A; Stages 1-5). Second, the 5 well-established DA re-
ceptor subtypes and the products of their heterodimeriza-
tions [32] point to a plethora of intracellular pathways that
can potentially be manipulated by conditioning the culture
media. For example, both D1-like [65] and D-2 like receptors
[66] affect neuronal development. Also, dopaminergic sig-
nals can be manipulated by turning them ON or OFF. For
example, the D5 receptor is known for its constitutive ac-
tivity [67]. In the present study, we tackled the first problem
(timing) by exposing hESCs to dopaminergic treatments very
early or very late in the course of neurodifferentiation. The
second problem (receptor subtype) was addressed by sys-
tematic administration of agonists and antagonists.

Neuronal subtypes

Due to the striking effect of the D1/5 receptor antagonist
SKF83566 on the morphology of EBs and on neuroepithelial
colonies (Fig. 4), we assayed for changes in the mRNA ex-
pression levels of PAX6, a transcription factor necessary for
neuroectodermal fate of neuroepithelial cells [68]. However,
we found no difference in PAX6 mRNA levels in control
versus SKF83566-treated Stage 3 (neuroepithelial) cultures
(treatment from day 3 to 8, assayed on day 8; Fig. 9D).
Consistent with the unchanged expression of PAX6, there
was no striking decrease in numbers of neurites after 5 weeks
of differentiation with either early or late treatment with
SKF83566 (Fig. 5D, E). We assayed several markers for
neuronal development and found the expected temporal
patterns of mRNA expression, with PAX6 expression great-
est at the NE stage, and the midbrain markers GIRK2,
LMX1A, and MSX1 generally higher toward the end of the
protocol (Fig. 9C). To determine whether treatment with
dopaminergic drugs (Figs. 4-8) promotes different DA neu-
ronal subtypes, such as midbrain A9 or A10, or nonmidbrain
DA neurons [69], we analyzed expression of 3 midbrain
markers (GIRK2, LMX1A, and MSX1). We also examined
mRNA for 2 commonly used markers, VGLUT1 (glutama-
tergic neurons) and GAD1 (GABAergic neurons) to look for
treatment-induced changes in neuronal subtype. Our data
suggest that the treatments either reduce differentiation into
mature neurons expressing subtype markers, or push the
neurons into subtypes expressing other markers. For neurons
subjected to 5 weeks of differentiation that were treated
continuously with DA or DA antagonists either from day 3
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to 8 (Early), or from day 14 to 28 (Late), we see a general
decrease in mRNA for 2 neuronal markers at day 36, re-
gardless of the treatment (Fig. 9E,, E;). Because strong ex-
pression of VGLUT1 and GADI are features of neurons
incorporated in neuronal networks and engaged in mature
forms of synaptic transmission, the PCR data suggested that
all treatments reduced the final number of mature neurons
on the dish. In the same experiment, we also assayed for the
early neuronal marker class III beta-tubulin (BIII-Tubulin),
and found small decreases in mRNA level (Fig. 9E,), sug-
gesting that the total number of neurons did decrease, but
not to the same extent as mature glutamatergic and GA-
BAergic nerve cells. Midbrain markers are also likely to reach
greater expression level in mature neurons compared to
young postmitotic neurons and neuroprogenitors. The small
changes in fIII-Tubulin and large drop in midbrain markers
for all treatments except early SKF8356 (Fig. 9Es-E;), support
the idea that drug treatments delayed neuronal maturation.
A correlation between the relative expression profiles of all 3
midbrain markers in the range from 0.61 to 0.85 is consistent
with coregulation of these midbrain markers. However, we
also found a striking correlation between expression profiles
of VGLUT1 and GAD1 (r=0.97), which are not expected to be
coregulated, suggesting that the correlations are due to
overall decrease in total numbers of mature neurons in the
treatment groups. Although DA increases TH expression
according to immunostaining (Fig. 7), we find no evidence
that stimulation of DA receptors by DA [10 pM] or blockade
of D2 receptors by or L741 [0.5 uM] increase midbrain neuron
numbers specifically. The most surprising outcome of mid-
brain marker analysis involved hESC cultures exposed to
D1/D5 antagonist SKF83566. Early (but not late) treatment
with SKF83566 [0.5 uM] did not cause any loss of midbrain
markers (Fig. 9Es-E;; Early Treatment). In the SKF83566
group, two midbrain markers (GIRK2 and MSX1) were
slightly higher than the drug-free controls (Fig. 9Es, E;; da-
shed lines). The finding that the D5 receptor dominates over
the D1 receptor in our hESC cultures (Figs. 1 and 2), com-
bined with the results of the SKF83566 treatments shown in
Figs. 4, 5, and 9, where EB morphology is disrupted, yet
neurons still form, suggest that constitutive activity of the D5
receptor [67] in the early stages of the protocol is necessary
for smooth outer endoderm development on the exterior of
the EB. Maye et al. have reported that forskolin treatment of
EBs modulates outer endoderm development [70], and our
result is consistent with this report, in that, SKF83566 may
reduce cAMP by inhibiting constitutive D5-receptor activity;
thus, affecting the outer endoderm and resulting in irregu-
lar EBs.

Modest effect of DA in hESC differentiation

Dependent on the differentiation protocol used and time
of DA exposure, our results suggest a modest role for DA in
increasing the number of dopaminergic neurons derived
from hESCs in vitro. Although we quantified a 73% increase
in number of TH" clusters per coverslip (Fig. 7), we chose to
characterize this effect as “modest” because application of
dbcAMP alone causes equal or stronger boosting of the
number of TH" (putative dopaminergic) neurons in hESC
culture. Since dbcAMP is already the principal ingredient in
the established DA differentiation protocols [21,22], it is
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important to reiterate that replacement of dbcAMP by DA, or
adding DA on top of dbcAMP, has no practical value.
Conditioning of the culture media with dbcAMP, or with
PAG6 stromal cells alone, is a better strategy for production of
human DA neurons than the stimulation of DA receptors per
se. However, this is not to say that stimulation of DA re-
ceptors had no effect on proliferation of neurons or acquisi-
tion of the dopaminergic neuron type in hESC cultures. On
the contrary, DA treatment clearly produced a greater
number of DA neurons than DA-free culture media (Fig. 7).
This effect was partially due to an overall increase in the
number of postmitotic neurons, especially when DA was
included in the early stages of the protocol (Fig. 6). Although
our present study did not produce a desired improvement in
stem cell technology, it revealed several interesting aspects of
dopaminergic signaling in hESCs, listed below.

(1) Based on mRNA and protein expression, D2-like DA
receptors (D2, D3, and D4) predominate over the D1-
like receptors (D1 and D5) during derivation of neu-
rons from hESCs. D1 is the receptor subtype with the
lowest representation in this system.

(2) D1/D5 agonist SKF38393 and D2/D3/D4 agonist

quinpirole both induce release of calcium ions from the

internal stores in H9 hESCs. The same hESC colony
responds to both drugs, consistent with the coexpres-
sion of Dl1-like and D2-like DA receptor subtypes in

undifferentiated H9 hESCs (Figs. 1 and 2).

To determine whether dopaminergic drugs could im-

prove the yield of DA neurons from hESCs, we tested

DA, 2 DA receptor agonists and 2 DA receptor an-

tagonists. Each drug was applied at 2 time points,

early and late in the protocol. To our best knowledge,
this is the most systematic analysis of the dopaminer-
gic potential for improving the hESC-neurodiffer-
entiation protocol. We did not find any evidence that

DA can outperform or improve the already established

dbcAMP-based DA differentiation protocol [22]. Yet,

DA by itself positively stimulates the proliferation of

TH" neurons.

Rather than improving the yield of midbrain DA

neurons, late treatment with either DA [10 uM], or

SKF83566 [0.5 uM] or L741 [0.5 uM] caused a decrease

in the expression of midbrain markers (Fig. 9).

(5) D1/D5 antagonist (SKF83566), when applied in the
beginning of the hESC neurodifferentiation protocol
(Early Treatment), caused morphological changes in
EBs (Fig. 4C), a delay in transition from EB to NE (Fig.
4D), and improved the expression of midbrain markers
(Fig. 9Es-E;). Expression of D5 mRNA (Fig. 1B,) and
D5 protein (Fig. 2), physiological response to D1/D5
agonist (Fig. 3) and the surprising effect of D5 antag-
onist on midbrain markers (Fig. 9), when combined
suggest that constitutive activity of D5 receptors [67] in
the early stages of the dbcAMP-based protocol (Stages
1-3) affects in vitro neurodifferentiation of H9 hESCs.

(6) In the absence of dbcAMP, DA boosts the proliferation
of neurons (Fig. 6), especially TH" neurons (Fig. 7).

(7) DA exposure of stem cells differentiating on PA6
mouse stromal cells also resulted in increased expres-
sion of TH compared to DA-free PA6-stem cell co-
cultures.

G

=
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(8) DA treatment did not affect the physiological (elec-
trical) properties of young neurons, including the
transmembrane Na* and K* currents, or AP firing.
Inclusion of D2-antagonist L741 in the culture media
caused a severe reduction in the number of TH™
clusters (Fig. 7E), consistent with the L741-induced
decrease in midbrain markers (Fig. 9Es-E;). This effect
was not due to blocking the negative effect of D2 re-
ceptor on the cAMP pathway, because in our cultures
the increase in cAMP boosts TH expression (Fig. 7C;
dbcAMP), see also Refs. [21,22]. Rather, the L741-
induced reduction in TH clusters should be attributed
to the interactions between D2-like receptors and ex-
tracellular signal-regulated kinase (ERK), Nurrl and
Ptx3 and Wntb5a [33,37].
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