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Abstract
The rhesus monkey embryonic stem cell line 366.4 differentiates into serotonin neurons. We
examined the genetic cascade during differentiation and compared ESC-derived serotonin neurons
to adult monkey serotonin neurons. RNA was extracted from ESC colonies, embryoid bodies (EBs),
neurospheres in selection (N1) and proliferation stages (N2), differentiated serotonin neurons (N3)
and from laser captured (LC) serotonin neurons of spayed female macaques treated with placebo,
estrogen (E), progesterone (P) or E+P. The RNA was labeled and hybridized to Rhesus Monkey
Affymetrix Gene Chips (n=1 per stage and 2 per animal treatment). Gene expression was examined
with GeneSifter software. 545 genes that were related to developmental processes showed a 3-fold
or greater change between stages. TGFβ, Wnt, VEGF and Hedgehog signaling pathways showed the
highest percent of probe set changes during differentiation. Genes in the categories (a) homeobox
binding and transcription factors, (b) growth factors and receptors, (c) brain and neural specific
factors and (d) serotonin specific factors are reported. Pivotal genes were confirmed with quantitative
RT-PCR. In the serotonin developmental cascade, FGFR2 was robustly expressed at each stage.
GATA3 was robustly expressed in EBs. Sonic hedgehog (Shh), PTCH (Shh-R), and Fev1
transcription factor expression coincided with the induction of serotonin specific marker genes during
N1-selection. A majority of the examined genes were expressed in adult serotonin neurons. However,
in the ESC-derived neurons, there was significant over-representation of probe sets related to cell
cycle, axon guidance & dorso-ventral axis formation. This analysis suggests that the 366.4 cell line
possesses cues for serotonin differentiation at early stages of differentiation, but that ESC-derived
serotonin neurons are still immature.
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Introduction
The serotonin neural system plays a crucial role in numerous autonomic and higher order
functions of the central nervous system. Dysfunction of the serotonin system has been
implicated in a wide array of psychopathologies including depression, anxiety, obsessive-
compulsive disorder, impulse disorders, and even metabolic syndrome. As such, the serotonin
neural system is a target of pharmacotherapies, steroid hormones, cytokines, neuropeptides
and trophic factors, all of which impact the generation and efficacy of serotonin
neurotransmission.

The proper differentiation and establishment of connections in the serotonin system during
fetal development is obviously crucial for proper functioning in adult life and interference with
differentiation can lead to adult psychopathologies. The developmental pathway leading to
serotonin neurons has been examined in rodent knockout models and critical genes have been
identified which include Shh, Nkx2.2, Lmx1b, GATA3, Mash1 and Pet1 (Cheng, et al. 2003;
Hendricks, et al. 2003). Different laboratories have suggested slightly different models of the
pathway employed by these genes leading to the serotonin phenotype, but it is agreed that Shh
plays a very early role, potentially activating Nkx2.2, which in turn leads to activation of Lmx1b
and Pet1 (Fev1 in primates). Lmx1b may act through GATA3 or GATA3 may work in concert
with Pet1 to obtain terminal differentiation. There also appear to be different requirements
between different populations of serotonin neurons.

Nonetheless, fetal development in rodents and primates differs in significant areas and it is
unknown whether this pathway of gene expression is utilized for serotonin differentiation in
higher primates. However, study of the development of the serotonin system in primates is
difficult and expensive and knock out models are not available. Moreover in vivo, it has been
difficult to identify markers for undifferentiated neurons, which indicate that a neuron or its
progeny will become serotonergic.

Our laboratory has devoted considerable effort to the study of serotonin neural function in
female macaques (Bethea, et al. 2002). We recently developed a protocol that promotes
differentiation of rhesus monkey embryonic stem cells into a high percentage of serotonin
neurons with immunological characteristics of adult serotonin neurons (Salli, et al. 2004). Since
the stem cells are wholly undifferentiated and upon application of the protocol, become
serotonergic, it is possible to examine gene expression that leads to the serotonin phenotype
prior to the expression of any classical serotonin markers.

Therefore in this study, we questioned whether the identified developmental genes from rodent
studies were recapitulated in the differentiating rhesus embryonic stem cells and examined the
expression of genes that code for homeobox binding and transcription factors, growth factors
and receptors, brain and neural specific factors and serotonin specific factors using the Rhesus
Affymetrix Gene Chip. In addition, we compared the global gene expression in the ESC derived
serotonin neurons to that of laser captured serotonin neurons from adult ovariectomized female
monkeys treated for one month with placebo, estrogen (E), progesterone (P) or E supplemented
with P for the last 14 days of treatment.

Materials and Methods
The Oregon National Primate Research Center (ONPRC) Institutional Animal Care and Use
Committee approved this study.
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ES Cell Culture and In Vitro Differentiation
The rhesus monkey ES cell line 366.4 was obtained from Dr. James Thomson, Wisconsin
National Primate Research Center. This line, derived from an in vivo flushed preimplantation
embryo, has been characterized for its pluripotency including its potential to differentiate into
cells of the neural lineage (Thomson, et al. 1995). All cell culture related materials were
purchased from GIBCO Invitrogen Corporation (Grand Island, NW) unless specifically
indicated. The following protocol was used on the cultures generated for microarray analysis
and qRT-PCR.

ES cells, starting from passage 13, were propagated and maintained as previously described
(Kuo, et al. 2003). Briefly, ES cells were co-cultured with mitotically inactive (mitomycin C-
treated; 1 mg/ml at 37°C for 30 min; Sigma, St Louis, MO) mouse embryonic fibroblasts (MEF)
in 60 mm gelatin-coated, tissue culture dishes (Nalgen NUNC International Corp, Rochester,
NY). ES cell culture medium consisted of 80% Dulbecco’s Modified Eagle Medium (DMEM;
with L-glutamine, glucose and without sodium pyruvate) supplemented with 1% nonessential
amino acids, 2 mM glutamine, 0.1 mM □-mercaptoethanol (Sigma, St. Louis, MO) and 20%
fetal bovine serum (Hyclone, Logan, UT). ES cells and their colonies were observed daily and
passaged every 6-8 days when colonies reached 1-1.5 mm in diameter. For passaging, cultures
were incubated with collagenase IV (1 mg/ml) at 37°C for 20 min. Culture dishes were then
rinsed with ES cell culture medium and colonies were triturated into small clumps (>15 cells/
clump) and incubated at 37°C for an additional 30 min during which time MEF and
differentiated cells attached to the bottom of the culture dish. Following this incubation, the
medium containing unattached cells was harvested by pipette aspiration and replated into three
to five dishes with fresh MEF cells.

The pluripotency of ES cells was evaluated periodically by immunocytochemistry (ICC) with
antibodies to Oct-4, stage specific embryonic antigens (SSEA-3 and 4) and embryonic
proteoglycans (TRA-1-60 and TRA-1-81) as described below.

A protocol consisting of multiple sequential steps was used to induce differentiation (Kuo et
al. 2003; Lee, et al. 2000) as follows:

A. Isolation of ES cell colonies and formation of embryoid bodies (EBs): After ES cell
colonies attained a 1-1.5 mm diameter, they were isolated mechanically, triturated
into intermediate sized clumps (>200 cells/clump), transferred into 60 mm dishes (BD
Biosciences, Bedford, MA) and cultured in ES cell medium at 37°C for 7 days.
Embryoid bodies were defined as Oct-4 negative, three-dimensional structures that
could potentially give rise to endo-, ecto- and mesodermal cell lineages.

B. Selection of Nestin-positive cells (N1 stage): After formation of EBs, ES cell medium
was replaced with a selection medium composed of DMEM/Nutrient Mixture F12
(1:1) containing L-glutamine, sodium bicarbonate, pyridoxine hydrochloride, 1%
ITSX (Insulin, 1 g/L; sodium selenite, 0.67 mg/L; transferrin, 0.55 g/L and
ethanolamine, 0.2 g/L) and human plasma fibronectin (5 μg/ml). Embryoid bodies
were cultured in selection medium for 7 days. Toward the end of this period, EBs
developed into globular structures (0.5 to 1.0 mm in diameter) containing nestin- and
Musashi1-positive cells. These structures have been referred to as neurospheres
(Ostenfeld, et al. 2002).

C. Expansion of Nestin-positive cells (N2 stage): At the end of the selection period,
neurospheres were cultured in expansion medium composed of DMEM/Nutrient
Mixture F12 (1:1), 1% N2 supplement (Bottenstein, et al. 1980) (insulin, 500 μg/ml;
transferrin, 10,000 μg/ml; progesterone, 0.63 μg/ml; putrescine, 1611 μg/ml and
selenite, 0.52 μg/ml) and FGF2 (10 ng/ml) for 7-9 days changing the medium daily.

Bethea et al. Page 3

Gene Expr Patterns. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FGF2, a potent mitogenic factor, promoted cell proliferation resulting in increased
neurosphere diameter (0.25 to 1.25 mm in diameter).

D. Maturation of differentiated neural cells (N3 stage): Expanded neurospheres were
chopped into small clumps of cells and then cultured on growth factor reduced (GFR)-
matrigel coated coverslips or wells depending on the application. Maturation medium
was the same as the expansion medium but did not contain FGF2. Dispersed cells
were cultured for a further 7-9 days before use.

Animals and treatments
Eight adult female rhesus monkeys (Macaca mulatta) were ovariectomized by the surgical
personnel of ONPRC between 3 and 6 months before assignment to this project according to
accepted veterinary surgical protocol. All animals were born in China, were aged between 7-14
years by dental exam, weighed between 4 and 8 kg, and were in good health. Two animals
each were treated with placebo (ovx-control group), or treated with estrogen (E) for 28 days
(E), or treated with progesterone (P) for the last 14 days (P), or treated with E for 28 days and
then supplemented with P for the final 14 of the 28 days (E+P). The treatments were obtained
with Silastic capsules implanted subcutaneously in the periscapular region. The details of the
treatments and the hormone levels achieved were previously published (Bethea and Reddy
2007). The monkeys were euthanized at the end of the treatment periods according to
procedures recommended by the Panel on Euthanasia of the American Veterinary Association.
Each animal was sedated with ketamine, given an overdose of pentobarbital (25 mg/kg, i.v.),
and exsanguinated by severance of the descending aorta.

Tissue preparation and Laser Capture Dissection (n=7)
The preparation of the brain, sectioning and immunostaining for identification of serotonin
neurons and the laser capture dissection were described previously (Bethea and Reddy 2007).

RNA extraction from laser captured neurons
The extraction of RNA from the laser captured serotonin neurons was described previously
(Bethea and Reddy 2007).

RNA extraction from stem cell stages
RNA was obtained from cells at each stage using TriReagent and further cleaned with a Qiagen
RNAeasy column (Velencia, CA). The quality of the RNA from the Qiagen column was
examined on an Agilent Bioanalyzer and found acceptable and of equal quality.

Affymetrix hybridization
Labeled target cRNA was prepared from each of the stem cell stages (n=1/ESC, EB, N1, N2
and N3) and 7 pools of laser captured serotonin neurons (n=2/ovx placebo; 2/E treatment; 1/
P treatment; 2/E+P treatment). The cRNA was hybridized to Rhesus Affymetrix GeneChip
arrays. Microarray assays were performed in the Affymetrix Microarray Core of the OHSU
Gene Microarray Shared Resource.

Data Analysis with GeneSifter Software
The data was compressed into .cel files and converted to GS_CHP files, which were uploaded
to GeneSifter (VisX Labs, Seattle, WA). Probe sets that were undetectable in all treatment
groups were eliminated. The remaining probe sets were examined as follows:

1. Probe sets that exhibited a 3-fold change between stem cell differentiation stages were
filtered for genes related to development.
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2. Probe sets that exhibited a 5-fold change between the ESC-derived serotonin neurons
and the adult laser captured neurons were subjected to KEGG Analysis. In addition,
a regression analysis was performed on the expression profiles of all samples.

Quantitative (q) RT-PCR (n=3 passages/stage)
Additional RNA was extracted from each stage of stem cell differentiation from 3 different
passages for qRT-PCR. Complementary DNA (cDNA) synthesis was performed using Oligo-
dT 15 and Random Hexamer primers (Invitrogen, Carlsbad, CA) and Superscript III (200 U/
μg of RNA, Invitrogen) at 50°C for 1 hr followed RNAse H reaction at 37°C. A pool of RNAs
from different rhesus tissues was used as the standard. The pooled RNAs were extracted from
4 brain regions, testis, ovary, liver, lungs, pancreas, heart, skeletal muscle, and stem cell stages.

Quantitative polymerase chain reaction (qRT-PCR) was conducted with the Invitrogen Sybr
Green qPCR Mix. This mix contains a modified DNA Taq Polymerase and Sybr Green I
fluorescent dye, which is specific for double stranded DNA. The Sybr Green super mix also
contains a UDG component to avoid reamplification of cDNA template. There is a linear
increase in fluorescence detected as the concentration of amplified double stranded product
cDNA increases during the reaction. The fluorescence was detected with the ABI 7900 thermal
cycler during forty cycles. The reaction (final volume 20 μl) contained dilutions from 10 –
1000 pg of cDNA, 100 nM of forward and reverse primers and 1X Sybr Green super mix. The
amount of cDNA added to the reaction mix was calculated with Nanodrop spectroscopy after
the RT reaction and set to 100 ng across the samples. A standard curve was generated for all
of the primer sets. The slope of the curve was used to calculate the relative pg of each transcript
in the RNA extracted from the raphe blocks and all of the other tissues. Then, the ratio of each
transcript to GUSB was calculated.

Primer selection
The genes of interest selected for qRT-PCR were Shh (sonic hedgehog), GATA3 (Gata binding
protein isoform 3), Wnt3 (wingless type MMTV integration site family), transcription factors
FEV1 (oncogene called Pet1 in rat), Lmx1b, Mash1, the receptor NTRK2 (neurotrophin
tyrosine kinase type 2) and GFAP (glial marker). In addition, the specific serotonergic genes
TPH2 (tryptophan hydroxylase 2), SERT (serotonin reuptake transporter) and the 5HT1A
autoreceptor were examined. For most genes of interest, the probe set ID was saved as a .txt
file. This file was launched to batch query at Affymetrix Netaffix program on the web. This
program enabled retrieval of the annotation list of the genes of interest and provides direct
access to Genebank sequence at NCBI. Thus, using Netaffix, the oligonucleotide location on
each cDNA sequence was identified. Based upon the oligoset distribution, a target area of each
gene of interest was selected. The target sequence was then loaded into Primer Express
software, which chooses the primers for optimum qRT-PCR. Many of the probe sets on the
microarray are located in the 3′ untranslated region of the mRNA. However, previously
obtained primers that amplify part of the coding region were used for SERT and 5HT1A
(Pecins-Thompson and Bethea 1998; Pecins-Thompson, et al. 1998). The primers were
obtained from Invitrogen Life Technologies. The primers utilized for qRT-PCR on the RNA
extracted from the ESC derived serotonin neurons are shown in Table 1.

Several housekeeping genes were measured with qRT-PCR for normalization of the data.
GAPDH (glyceraldehydes-3—phosphate dehydrogenase), TBP (Tata box binding protein),
GUSB (glucoridase beta) and PPIA (cyclophilin A) were measured at each developmental
stage. GUSB exhibited a moderate level of expression and yielded whole numbers instead of
small fractions with normalization, which are easier to compile. In addition, the expression
was most consistent per microgram of RNA across the stages as compared to the other
housekeeping genes. Thus, we chose GUSB for normalization of the qRT-PCR data.
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Results
The appearance of the ESC-derived serotonin neurons with phase contrast microscopy is shown
in Figure 1. The cultures are viable in this state for several weeks. Attempts to disperse the
neurospheres and replate single cells in the N3 medium did not yield viable neurons. The
protein expression of Nestin and Musashi1 in the neuroprogenitor cells (N1, N2) and the
expression of neuronal specific proteins MAP2 and NeuN in the differentiated neurons (N3)
obtained with this protocol applied to the 366.4 cell line, was demonstrated with
immunocytochemistry in two previous studies (Mitalipov, et al. 2006;Salli et al. 2004).

The Affymetrix microarray data was entered into GeneSifter Software. There were 4639 genes
that exhibited a present call in one stage and showed a 3-fold or greater change between the 5
stages. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis revealed
numerous categories that exhibited a significant number of 3-fold or greater changes in gene
expression across the 5 stages and signaling pathways were of particular interest. In addition,
for this study, we applied the gene function filter for developmental processes on the genes
that showed a 3-fold or greater change and examined the 545 genes listed. We noted the pattern
of their expression and then subcategorized them as homeobox binding and transcription
factors, growth factors and receptors, brain and neural induction factors and serotonin specific
factors. Subcategories not included in this study were related to the cytoskeleton, adhesion,
metabolism and proteoglycans.

The expression changes exhibited a variety of patterns. In the simplest terms these patterns
were as follows:

1. High expression in ESC and then decreased markedly

2. Low in ESC, increase markedly in EBs and stay markedly expressed

3. Gradually increase from ESC through N3

4. Low in ESC, increase markedly in EBs and then gradually decline in N1, N2, N3

5. Low in ESC, increase markedly in EBs and N1, then decline in N2 and N3

6. Low in ESC and EBs, increased markedly in N1 and then decline in N2 and N3

7. Low in ESC and EBS, increased markedly in N1 and N2, then decline in N3

8. Increase only in N2

9. Increase only in N3

10. Increase in N2 and N3

Microarray Gene Expression
Shown in Tables 2, 3, 4 and 5 are genes in the four subcategories of interest that exhibited
relatively robust expression and 3-fold or greater changes in expression across the 5 stages.
The signal intensity (arbitrary units) reported on the microarray is shown for each gene. Robust
and peak expression values are highlighted in red. The genes are arranged from top to bottom
depending on the stage of peak expression with early genes at the top and later genes at the
bottom. For example, in Table 1 in the homeobox and transcription factor category, NANOG
(homeobox transcription factor) was robustly expressed in the ESC and then was not detected
in any other stage. NPM1 (nucleophosmin, nucleolar protein) was robustly expressed in the
ESC and relatively high expression continued through all of the stages. SOX9 (regulates
transcription of the anti-Muellerian hormone gene) was detected in EBs and no other stage.
SOX11 (may function in the developing nervous system) turned on at the N1-selection stage
and increased to robust signal intensity at the N3-differentiation stage. A number of genes
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including PAX6 (paired box 6 transcription factor expressed in developing nervous system),
DKK3 (Dickkopf family, Wnt antagonist) and DACH1 (dachshund 1, eye development) were
elevated during N2-proliferation and N3-differentiation. Genes that were only expressed in
N3-differentiation were rare in this category.

In Table 2, genes of note in the growth factor and receptor category include FGFR2 (fibroblastic
growth factor receptor 2), which was robustly expressed in each stage. FGF2 (fibroblastic
growth factor 2) was expressed by ESCs, but not other stages. A number of genes increased
expression during the EB stage and remained relatively highly expressed such as IGFBP3
(insulin like growth factor binding protein 3), SMAD5 (signal transduction for transforming
growth factor), and VEGF (vascular endothelial growth factor). Other genes were modestly
induced during the EB stage and then declined such as KDR (VEGF receptor), NRP1 and 2
(neuropilins, tyrosine kinase coreceptor for VEGF and semaphorin). Several genes increased
expression during N1-selection and remained relatively highly expressed such as IGFBP5
(insulin like growth factor binding protein 5), TGFβ2 (transforming growth factor, beta 2), and
CRABP1 (cellular retinoic acid binding protein). Genes that were induced only during N3-
differentiation were also rare in this category.

In Table 3, in the neural category, Adam10 (cell surface metalloproteinase) and MDK (midkine,
neurite growth-promoting factor 2) were the only genes that were robustly expressed in ESCs.
However, from the EB stage through terminal differentiation a number of neuronal genes are
robustly expressed, which likely play a role in the neuronal lineage development. Several genes
were induced during the EB stage and remained highly expressed in all stages such as PCDHB9
(protocadherin beta 9, neural adhesion protein) and SLIT2 (axonogenesis). Then, ROBO2
(roundabout, axon guidance receptor) and others were induced during N1-selection and
remained highly expressed in the remaining stages. A significant number of genes were up-
regulated during N2-proliferation and remained expressed in N3-differentiation. Finally,
several genes were up-regulated only in N3-differentiation such as FEZ1 (axonal outgrowth,
bundling and elongation) and GAP43 (neuronal growth cone protein).

Studies in rodent species have provided insight into genes that are pivotal for attaining the
serotonin phenotype. Based upon those studies, we constructed Table 5 to show the expression
of implicated genes in serotonin development as reported by the microarray during
differentiation in vitro. Many of the implicated genes in serotonin development were detected
on the microarray. GATA3 (transcription factor) was induced during the EB stage and declined
thereafter. Wnt5a (signal transduction with a role in axis induction) was induced in EBs, and
declined thereafter. This overlapped with the expression of Wnt3 (sonic hedgehog signaling),
which was slightly elevated during N2-proliferation and N3-differentiation. Shh (sonic
hedgehog) has been highly implicated in serotonin development and it was modestly increased
during N1-selection and thereafter. However, the Shh receptor, PTCH, was robustly expressed
at the EB stage and thereafter. Nkx2.2 (homeobox transcription factor) was generally below
the level of detection of the chip, and Nkx2.3 was barely detectable. Mash1 (or Ascl1,
transcription factor in neuronal commitment) showed a modest up-regulation at the N2-
proliferation stage. Two pivotal transcription factor genes, Fev1 and Lmx1b were undetectable
on the chip. When this was checked with qRT-PCR as described below, it was found that these
genes were in fact expressed, suggesting that the probe sets on the chip were not optimal.
Phox2b (paired-like homeobox 2b, role in neurotransmitter phenotype) increased modestly
during N2-proliferation and N3-differentiation.

To better illustrate examples of signal intensity on the microarray, several genes with different
patterns of expression were selected from each category and their expression levels are shown
in Figures 2, 3, 4 and 5. The signal intensity in arbitrary units is plotted on the Y-axis. (There
are no error bars, because the graphs illustrate the expression with one chip per stage of
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differentiation. Shown below, portions this data are confirmed with qRT-PCR on 3 preparations
of each stage.) In Figure 2, NANOG is robustly expressed in the ESC and then completely
suppressed upon initiation of differentiation. SOX11 and Phox2b increased throughout
differentiation. In Figure 3, FGFR2 was robustly expressed at each stage with peak expression
during N2-proliferation. VEGF was robustly expressed at each stage, but the peak expression
occurred at N3-differentiation. IGFBP5 was also robustly expressed at each stage with peak
expression during N2-proliferation stage. CRABP1 increased throughout differentiation. In
Figure 4, 6 pivotal genes in neuronal differentiation are illustrated which have different patterns
of expression. SLIT2 increased 1000 fold between ESC and EB stages and remained robustly
expressed thereafter. NTRK2 (nerve growth factor tyrosine kinase receptor), and NCAM
(neural cell adhesion molecule) increased gradually across the stages and peaked during the
final N3-differentiation stage. ROBO2 and DCX (doublecortex regulates stability of
microtubules) were markedly up-regulated and increased from N1-selection to N3-
differentiation stages. Finally, GAP43 showed significant induction during N3-differentiation.
In Figure 5, the microarray results were graphed for 6 genes that have been implicated in
serotonin differentiation. Shh and its receptor, PTCH, were expressed in a complimentary
fashion starting at the EB stage and thereafter. GATA3 was markedly up-regulated only during
the EB stage, whereas Wnt5a was induced during the EB stage and gradually declined in the
succeeding stages. Wnt3 increased in parallel with the decline in Wnt5a. Mash1 was modestly
up-regulated during N3-differentiation.

Two important factors in serotonin differentiation, FEV1 (or Pet1) and Lmx1b were not
detected on the microarray. In addition, other serotonin related genes were poorly represented.
Hence, FEV1, Lmx1b, tryptophan hydroxylase 2 (TPH2), the serotonin reuptake transporter
(SERT), and the 5HT1A autoreceptor were examined with qRT-PCR. Other pivotal genes and
GFAP, a marker for glia, were also examined.

qRT-PCR Confirmation
Therefore, to verify and add to the array results, pivotal genes from each category that have
been implicated in the serotonergic genetic hierarchy were selected and subjected to
quantitative (q) RT-PCR on 3 different passages of each stage of development. The genes
selected were TPH2, SERT, 5HT1A, GATA3, Shh, Wnt3, FEV1, Lmx1b, Mash1, NTRK2,
and GFAP. The mean (± sem) relative expression (n=3 passages per stage) of each of these
genes is illustrated in Figures 6, 7, 8 and 9. In Figure 6, 3 genes that are markers for serotonin
neurons are illustrated. TPH2 codes for the rate-limiting enzyme in serotonin synthesis; SERT
codes for the serotonin reuptake transporter and 5HT1A codes for the autoreceptor located in
the dendrite region of serotonin neurons. TPH2 was an abundant transcript. The expression of
TPH2 was highest in differentiated neuronal cultures, but it was expressed during the selection
and proliferation stages as well. SERT was a modestly expressed transcript that exhibited a
peak in expression during the selection and proliferation stages. The slightly lower expression
at N3-differentiation stage is not significantly different from N1-selection and N2-proliferation
expression. 5HT1A gene expression was also modest, but it peaked during the terminal
differentiation stage. Together, the data confirm our earlier report that the 366.4 ESC line
differentiates into serotonin neurons. In Figure 7, the expression pattern of Wnt3 and GATA3
was similar to the expression reported on the microarray. Wnt3 increased gradually through
each stage, but it was not a prevalent RNA species. GATA3 expression peaked at the EB stage
and then declined markedly. Shh expression was highest at the N1 and N2 stages but declined
at N3 more so than depicted by the microarray. Figure 8 illustrates the expression of FEV1 and
LMX1b, which were not detected by the microarray, and Mash1. FEV1 and Lmx1b each
increased markedly during proliferation and peaked during differentiation. FEV1 was a more
abundant transcript than Lmx1b. Mash1 expression increased gradually throughout
differentiation as reported by the microarray but it was not a prevalent transcript.
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In Figure 9, we compared the relative expression of NTRK2, a nerve growth factor receptor
tyrosine kinase, to GFAP, a marker for glia. The expression of NTRK2 is ten-fold higher than
GFAP indicating that the cultures are enriched for neuronal cells.

Signaling Pathway Analysis
To corroborate our interpretation of pivotal signaling genes, a pathway analysis was conducted
based upon the KEGG database and the results are shown in Table 6. The total number of probe
sets on the array that are involved in a particular pathway were compared with the number of
those probe sets that were altered 3-fold or greater during differentiation within the pathway.
The results are shown in Table 6. It is important to note that the analysis detects changes in
probe sets and there may be multiple probe sets for a single gene. Moreover, there is significant
intersection between the pathways and so there is redundancy in the probe sets between the
pathways. Nonetheless, the greatest percent of gene regulation occurred in the TGFβ pathway
(which intersects with the MAPK signaling pathway), followed by VEGF, Wnt and Hedgehog.
The MAPK pathway, which utilizes the FGFs and their receptors, showed moderate gene
regulation. Gene expression in Jak-STAT, PPAR, Notch and Toll-like signaling pathways
showed minor regulation during differentiation.

ESC and Adult Serotonin Neuron Gene Expression Compared
Global gene expression was compared between all of the developmental stages (including an
extra preparation of terminal neurons called p39-N3) and laser captured serotonin neurons from
ovariectomized monkeys treated with placebo, E, P or E+P for one month (n=1 chip each for
this comparison). Regression analysis was then performed and the results are shown in Figure
10. The highest correlation coefficients (R squared) were between sequential stages of
development and between the laser-captured pools. The 2 preparations of terminal neurons
exhibited a correlation coefficient of 0.8475. The best correlations between the two terminal
ESC-derived serotonin neuron preparations and the laser-captured pools were between the N3-
differentiation stages and the P-treated monkey (0.5527 for preparation 1, called N3 and 0.6169
for preparation 2, called p39-N3).

Further comparison of gene expression in the p39-N3 preparation and the P-treated monkey
indicated that 4115 genes showed a 5-fold difference in expression. Of these, 1969 were 5-fold
or more lower in the ESC-derived serotonin neurons than the laser captured serotonin neurons
and 2146 were 5-fold or more higher in the ESC-derived serotonin neurons than the laser
captured serotonin neurons. Z scores of +2.5 or greater in the KEGG Analysis indicated that
higher gene expression was over-represented in the subcategories of neuroactive ligands and
receptors, calcium signaling, long term potentiation, long term depression, and gap junctions
in the laser captured serotonin neurons compared to the ESC-derived serotonin neurons (Table
7). In contrast, elevated expression of genes was over-represented in the subcategories of cell
cycle, cell proliferation, axon guidance, dorso-ventral axis formation and development, in the
ESC-derived serotonin neurons compared to the laser captured serotonin neurons (Table 8).

The pivotal genes that increased or decreased during differentiation in vitro were examined in
the laser captured neurons from adult monkeys and the results are shown in Table 9. In this
analysis, the average signal intensity on 6 microarray chips hybridized with RNA from 6
ovariectomized animals treated with either placebo, E or E+P (n=2/treatment) was obtained.
The different treatments contributed to the variation around the mean, but the goal was to
examine general expression levels. A majority of the selected genes that peaked during N3
were expressed at moderate to robust levels in the adult neurons. Moreover, NANOG and Shh,
which declined by N3 stage, exhibited low to undectable gene expression in the adult neurons.
However, CRABP1 was robustly expressed in the N3 neurons, but it was very low in adult
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neurons. Lmx1b and Fev1 were detectable in the adult neurons, but we contend that these probe
sets are not optimal.

Discussion
Mental illnesses involving the serotonin system are common. Dysfunction of the serotonin
neural system plays a role in various mental illnesses, and pharmacotherapies that alleviate
their symptoms target various aspects of serotonin function or serotonin receptors. However,
current pharmacotherapies do not cure and they are usually needed for life. With the advent of
stem cell technology, the potential to replace injured or degenerative neurons needs to be
explored. Several recent successes have encouraged further effort (Cunningham, et al. 2007;
Ren-Patterson, et al. 2005; Vazey, et al. 2006).

This laboratory sought to culture primate serotonin neurons to probe cellular and molecular
questions that are not possible with whole monkeys. The protocol used in this study was initially
shown to promote the differentiation of monkey 366.4 ES cells into neural lineages (Kuo et al.
2003). We then found that the generated neurons were almost entirely serotonergic (Salli et al.
2004). These 2 studies exhaustively demonstrated the expression of neural markers during
differentiation of 366.4 ES cells. In particular, Nestin and Musashi1 were expressed in
neuroprogenitor cells and MAP2 , NeuN and Tuj III were expressed in the differentiated
neurons. We did not repeat these observations again. Rather, we applied the identical derivation
protocol to the same cell line and based upon scientific premise, the same results were ensured.
Subsequently, Mitalopov and colleagues have generated new rhesus ES cell lines, called
ORMES, and found that the same protocol produces serotonin neurons from the ORMES lines
as well (Mitalipov et al. 2006). Hence, the ability of primate ESCs to differentiate into serotonin
neurons has been demonstrated in 3 independent studies with different cell lines.

Homeobox genes
We confirmed that NANOG is a robust marker of pluripotent ES cells (Chen and Khillan
2008) and its expression became undetectable immediately upon starting a differentiation
protocol. In this case, NANOG expression disappeared with the formation of the EBs. We
previously confirmed that the ES cells robustly express Oct 4 and alkaline phosphatase (Salli
et al. 2004). It is clear from Table 2 that various homeobox and transcription factor genes are
induced at various stages and then decline or remain elevated through differentiation. SOX11
showed the greatest fold change of all the homeobox genes with the peak occurring during N3-
differentiation. This intronless gene encodes a member of the SOX (SRY-related HMG-box)
family of transcription factors involved in the regulation of embryonic development and in the
determination of the cell fate. The encoded protein may act as a transcriptional regulator after
forming a protein complex with other proteins and function in the developing nervous system.
SOX family members were altered between fetal neural precursors and mature fetal neurons
(Yu, et al. 2006). The expression of SOX11 upon differentiation of stem cells into serotonin
neurons supports it role in nervous system development. Recently, Pax6 was shown to increase
during in vitro generation of neurons from striatal neural stem cells (Kallur, et al. 2008), which
is consistent with the increased expression we observed at N2-proliferation and N3-
differentiation stages.

Pathway analysis and similarities to in vivo studies
Our pathway analysis of gene expression changes in signaling pathways was informative. By
expressing the number of probe set changes as a percent of the total number of probe sets in
the pathway, we found that genes in the TGFβ pathway were prominently regulated during
differentiation. Indeed, TGFβ2 and TGFβ receptor 3 were markedly increased on the
microarray during differentiation. This is consistent with a number of other studies that have

Bethea et al. Page 10

Gene Expr Patterns. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shown the importance of TGFβ in attainment of a neuronal phenotype (Aigner and Bogdahn
2008; Cai, et al. 2006; Falk, et al. 2008; Park, et al. 2008).

Alternations in gene expression in the VEGF pathway during differentiation were numerous.
Moreover, a marked increase in VEGF per se was observed on the microarray and confirmed
with qRT-PCR. VEGF has not received the attention of TGFβ or FGF, however increasing
evidence points to a pivotal role in neural differentiation (Le Bras, et al. 2006). Consistent with
this study, VEGF and its receptor KDR, were increased in a previous microarray study of ESC
differentiation induced by retinoic acid (Kelly and Rizzino 2000).

Not surprisingly, there were significant changes in gene expression in the Wnt and Hedgehog
pathways. These pathways play a prominent role in neural and serotonergic differentiation. In
mouse, serotonin neurons develop from the most ventral hindbrain near the floorplate (Lidov
and Molliver 1982; Wallace and Lauder 1983). Sonic hedgehog (Shh) derived from the floor
plate initiates serotonin neuron formation (Goridis and Rohrer 2002). The appearance of Shh
in the EBs and its subsequent increase during N1-selection and N2-proliferation is consistent
with reports from mice indicating that early expression of Shh in the floorplate is essential for
the birth of serotonin neurons (Ye, et al. 1998). Moreover, PTCH, the sonic hedgehog receptor
(Stone, et al. 1996), increased markedly at the EB stage and remained robustly expressed
throughout differentiation.

The intracellular signaling pathway utilized by Shh involves the Wnt proteins (Viti, et al.
2003). The Wnt family proteins play a pivotal role in neural development and in vitro neural
differentiation across species (Ciani and Salinas 2005). Wnt proteins have been implicated in
forebrain and spinal cord patterning, hippocampal development and neural crest specification
(Ciani and Salinas 2005). In vitro, Wnt signaling was required for the maintenance,
proliferation and survival of neuroprogenitor cells cultured in neurosphere conditions
(Davidson, et al. 2007). With respect to specific genes, Wnt5 was strongly expressed in the
EBs and Wnt3 was induced later. Indeed, Wnt5a and Wnt3 are inversely expressed after
formation of EBs. It is also noteworthy that the Wnt antagonist, Dickkopf (DKK3) peaked
during N3-differentiation when the neurons extrude axons and begin migration out of the
neurospheres.

The insulin and MAPK pathways demonstrated a moderate level of expression changes during
development. Insulin is a critical requirement for these cultures and it is provided exogenously.
Moreover, IGFBP3 and 5 were markedly increased during differentiation. Our data is
consistent with the observation that IGFBP family members were altered between fetal neural
precursors and mature fetal neurons (Yu et al. 2006). Fibroblastic growth factors, FGF4 and
FGF8, are members of the MAPK pathway and they play a pivotal role in neural differentiation
(Tarasenko, et al. 2004; Viti et al. 2003; Ye et al. 1998), but their gene expression was not
detected on the microarray. FGF2 gene expression was detectable only in ESCs. This may
underlie the need to provide exogenous FGF to these cultures. Indeed, exogenous FGF was
proposed to play a central role in the expression of c-Myc and maintenance of the cell cycle
in neuroprogenitor cells (Karsten et al., 2003). FGF addition was also necessary for the survival
of embryonic callosal projection neurons in culture (Catapano et al., 2004). Nonetheless, the
FGF receptor-2 was robustly expressed during each stage of differentiation, consistent with an
important role of the FGFs for the neuronal phenotype. Thus, there are several pivotal signals
in the genetic hierarchy construed from mice for a neural and serotonin phenotype that are
expressed early during in vitro differentiation of embryonic stem cells into serotonin neurons
such as TGFβ2, TGFβR3, FGFR2, Shh, PTCH, and Wnt5A.
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Differences in genetic hierarchy between mice and ESC derived serotonin neurons
Differences were observed in the ontogeny of gene expression across the differentiation stages
from that proposed for obtaining the serotonin phenotype in mice. This was deduced by
comparing the timing of expression of serotonin specific genes to genes previously described
as essential for the serotonin phenotype in mice. The serotonin specific genes were (1) TPH2,
the rate-limiting enzyme in serotonin synthesis; (2) SERT, the serotonin reuptake transporter;
and (3) 5HT1A, the serotonin autoreceptor. Each gene was induced during N1-proliferation
and increased to peak values during N3-differentiation. TPH2 was the most prevalent of the
three marker genes.

Nkx2.2 is a transcription factor involved in morphogenesis of the nervous system. Pivotal
experiments demonstrated that early Nkx2.2 expression was required for serotonin neuron
production and serotonin neurons were lost in Nkx2.2 knock out mice except in the dorsal
raphe nucleus (Briscoe, et al. 1999; Pattyn, et al. 2003). However, during in vitro differentiation
Nkx2.2 was poorly expressed. Nkx2.3 was modestly induced early and may subserve a similar
purpose. Moreover, a recent study found populations of serotonin progenitor cells in mice
without Nkx2.2, which is consistent with our microarray data (Jensen, et al. 2008). Down-
regulation of Phox2b was required for serotonin neuron production in mice (Briscoe et al.
1999; Pattyn et al. 2003). However, in vitro, the Phox2b gene increased during differentiation,
coincident with the serotonin specific genes, to maximal expression in the terminally
differentiated serotonin neurons with moderate signal intensity. Thus, downregulation of
Phox2b was not necessary in vitro.

The Ascl1 or Mash1 gene plays a role in the neuronal commitment and differentiation and in
the generation of olfactory and autonomic neurons and it is considered essential for the birth
of serotonin neurons in mice (Pattyn, et al. 2004). It was proposed that the Mash1 gene is
activated by Shh in parallel with Nkx2.2 and together they induce Lmx1b and Pet 1 (Fev1 in
primates) (Cheng et al. 2003; Pattyn et al. 2004). Mash1 was induced during N2-proliferation,
after the large increase in Shh and after induction of the serotonin marker genes in N1-selection
stage. Moreover, it peaked during N3-differentiation when Shh declined. Hence, the expression
of Mash1 in vitro was delayed compared to in vivo reports and did not correlate with Shh
expression, but it may contribute to maintenance of the serotonin phenotype.

Several reports have provided compelling evidence that Lmx1b, a LIM homeodomain-
containing gene, operates either concurrently or downstream of Nkx2.2 and is essential for the
expression of serotonin (Cheng et al. 2003; Ding, et al. 2003). Lmx1b either activates, or is
expressed concurrently with, Pet-1 in mice. In ES cell stages. Lmx1b was induced during N2-
proliferaton and peaks during N3-differentiation so it was also delayed relative to the
expression of serotonin specific genes. Another gene, Fev1 (Pet1) appears essential for the
final production of the serotonin phenotype in mice (Hendricks, et al. 1999; Hendricks et al.
2003). Fev1 was induced at N1 stage and robustly expressed at the N2-proliferation and N3-
differentiation stages as determined by qRT-PCR. Thus, Fev1 induction appears to precede
Lmx1b induction, which differs from the proposed genetic hierarchy in mice. Moreover, it is
important that Fev1 expression coincided with the induction of TPH2, SERT and 5HT1A
genes.

The GATA-3 gene product, expressed in parallel with Lmx1b and Pet-1 in mice, plays a role
in the organization of the dorsal raphe nucleus although knockouts still had numerous serotonin
neurons (van Doorninck, et al. 1999). In vitro, GATA-3 was markedly up-regulated in the EBs
in the absence of significant Mash1 or Nkx2.2 expression. EBs slightly resemble early embryos
and may be initiating axis formation. However, GATA-3 declined as the EBs were dissociated
and differentiation proceeded.
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Thus, it appears that the Shh and Wnt pathways were operational very early, thereby
committing the stem cells to the serotonergic phenotype. Fev1 was expressed in N1-selection
coincident with the emergence of the serotonin specific genes as would be predicted from in
vivo studies. Thus, we conclude that Fev1 upon a background of Shh and Wnt pathway
activation may be sufficient to produce the serotonin phenotype in culture. However, Mash1
and Nkx2.2 thought to be early in the genetic cascade in vivo, are not expressed significantly
until the terminal differentiation stage. Lmx1b was present, but did not achieve significant
expression until N2-proliferation, which was after the appearance of the serotonin marker
genes. GATA-3, important for organization of the raphe, was robustly induced in EBs and then
declined, although the signal intensity remained quite high. Hence, there appear to be some
differences in the genetic hierarchy between in vivo and in vitro serotonin differentiation. This
is not entirely surprising since the ESC-derived serotonin neurons have no dimensional
organization whatsoever.

It is should be noted that we confirmed 5 false negative reports from the microarray. Fev1,
Lmx1b, TPH2, SERT and 5HT1 genes were undetectable. Thus, the lack of detection of FGF4,
FGF8 and Nkx2.2 must be received with skepticism. In contrast, no false positives were found.
If a gene was robustly expressed on the microarray, then it was universally confirmed with
qRT-PCR. The probe sets utilized by Affymetrix are usually located in the 3′ UTR. In the qRT-
PCR reaction, primer sets generated against the 3′UTR region yielded no amplification of
SERT or 5H1A genes (data not shown) whereas primer sets against the coding region detected
significant expression (reported).

Comparison to Adult Serotonin Neurons
To determine whether in vitro derived serotonin neurons resembled adult serotonin neurons,
a regression analysis was performed on global gene expression of each culture stage versus
laser captured serotonin neurons from adult female monkeys. The pools of laser captured
serotonin neurons were collected and hybridized to the Rhesus Affymetrix chip in a previous
study in which the effect of ovarian hormones on gene expression was examined (Bethea and
Reddy 2007). Thus, once the ESC stages were hybridized, it was straightforward to perform
the regression analysis. Global gene expression in the two terminal preparations of ESC-
derived serotonin neurons correlated best with the adult neurons from the animal that had been
ovariectomized and then treated for one month with progesterone. This is notable because
progesterone is the only steroid component of the supplement that is used for neuronal
differentiation of stem cells (Bottenstein et al. 1980). We intend to manipulate this variable in
future experiments.

When we compared gene expression between the progesterone-treated animal and the second
preparation of ESC-derived serotonin neurons (passage 39-N3), there were 4115 genes that
exhibited a 5-fold or greater difference in expression. KEGG analysis of these genes revealed
that gene expression associated with immature and mitotically active neural precursors were
over-represented in the ESC-derived serotonin neurons suggesting that these neurons need a
longer developmental period in a different, perhaps 3 dimensional environment to achieve a
mature serotonin phenotype. Different substrata for culture are under consideration.

Of import was our observation that a majority of developmental genes that peaked in the N3
serotonin neurons were also expressed in laser captured neurons from adult monkeys. For
example, FGFR2, PTCH, VEGF, NTRK2 and NCAM were robustly expressed in adult
serotonin neurons in a manner similar to the ESC-derived serotonin neurons. Moreover, 2 genes
that declined by the N3 stage, namely NANOG and Shh, were low or undetectable in adult
serotonin neurons. The exception was CRABP1, or cellular retinoic acid binding protein. This
gene was highly expressed in the N3 neurons but very low in adult neurons. The ES cells are
highly responsive to retinoic acid, which has been used to obtain neural progeny (Sarkar and
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Sharma 2002). However, retinoic acid is teratogenic and highly regulated in animals (Sasai
2002). Nonetheless, these data lend credence to the notion developmental gene expression in
ESC-derived serotonin neurons was similar to adult serotonin neurons.

In conclusion, expression profiles of serotonin neurons derived from rhesus embryonic stem
cells under current laboratory conditions suggest that the serotonin phenotype appears in
vitro after induction of GATA3 and coincident with expression of Shh, its receptor (PTCH)
and Fev1. Although ESC-derived serotonin neurons are immature in some regards as compared
to adult serotonin neurons, there are a number of genes that are consistently expressed in both.
Efforts are ongoing to improve the yield and viability of these cultures and to demonstrate
physiological characteristics that define serotonin neurons.
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Figure 1.
Examples of ESC derived serotonin neurons after 2 weeks of culture under N3 conditions. The
neurospheres send out long axonal-like processes, which form bundles.
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Figure 2.
Illustration of the signal intensity on the microarray of NANOG, SOX11 and Phox2b from the
homeobox or transcription factor category at the end of each developmental stage on the
microarray (n=1 chip/stage).
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Figure 3.
Illustration of the signal intensity on the microarray of FGFR2, VEGF, IGFBP5 and CRABP1
from the growth factor/receptor category at the end of each developmental stage on the
microarray (n=1 chip/stage).
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Figure 4.
Illustration of the signal intensity on the microarray of SLIT2, NTRK2, NCAM, ROBO2, DCX
and GAP43 from the brain specific category at the end of each developmental stage on the
microarray (n=1 chip/stage).
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Figure 5.
Illustration of the signal intensity on the microarray of Shh, PTCH, GATA3, MASH1, Wnt5A
and Wnt3 from the serotonin genetic hierarchy, at the end of each developmental stage on the
microarray (n=1 chip/stage).
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Figure 6.
Histograms illustrating the relative expression of 3 pivotal genes that define serotonin neurons
at each developmental stage as determined with qRT-PCR (n=3 passages/stage). Expression
was normalized to GUSB. The genes code for TPH2, the rate limiting enzyme in serotonin
synthesis; SERT, the serotonin reuptake transporter; and 5HT1A serotonin autoreceptor.
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Figure 7.
Histograms illustrating the relative expression of 3 pivotal genes in serotonin development at
the end of each developmental stage as determined with qRT-PCR (n=3 passages/stage).
Expression was normalized to GUSB. The genes code for Wnt3, GATA3 and Shh.
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Figure 8.
Histograms illustrating the relative expression of an additional 3 pivotal genes in serotonin
development at the end of each developmental stage as determined with qRT-PCR(n=3
passages/stage). Expression was normalized to GUSB. The genes code for FEV1, Lmx1b and
Mash1.

Bethea et al. Page 24

Gene Expr Patterns. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Histograms illustrating the relative expression of a gene that is localized to neurons, NTRK2,
and a gene localized to glia, GFAP, at the end of each developmental stage as determined with
qRT-PCR and normalized to GUSB (n=3 passages/stage). NTRK2 was 10-fold more prevalent
than GFAP throughout development.
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Figure 10.
Regression analysis of global gene expression between the different developmental stages and
laser captured (LC) serotonin neurons from ovariectomized female monkeys treated with
placebo, estrogen, progesterone or estrogen plus progesterone for 1 month. This analysis is
done with a chip to chip comparison, hence there is 1 chip/stage or treatment) The culture
stages and the monkeys are listed along the right side of the graph in red. The regression
comparison of two groups is located by finding the intersection graph. For example, to see the
correlation between EB and N3 gene expression, locate the EB group (second from top) and
drop down to the N3 row. It is apparent that there is more deviation from the regression line
in the comparison of EB and N3 gene expression than in the comparison of EB and N1 gene
expression. Similarly, there is little deviation from the regression line in comparisons of the
LC neurons from adult monkeys (LCM-OVX, LCM-E2, LCM-PR, LCM-EP). However, when
N3 (preparation 1) or p39-N3 (preparation 2) are compared to any of the LC preparations, there
is marked deviation from the regression line. The comparison between preparation 2 and the
progesterone treated monkey (LCM-PR) gave the best correlation coefficient of 0.6169.
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Table 6
Number of probe sets that were over background and changed 3 fold or greater (increase or decrease) during
differentiation relative to designated probe sets in different signaling pathways according to KEGG analysis. It is
important to note that there may be multiple probe sets for the same gene and there was significant redundancy in the
probe sets between pathways.

*Pathway Total on Microarray #Changed >3 fold Percent

TGF beta 58 14 24

VEGF 51 12 23

Wnt 110 55 22

Hedgehog 43 8 19

Insulin 107 20 19

MAPK 184 33 18

ErbB (EGF) 70 11 16

Calcium 143 22 15

Jak-STAT 104 14 13

PPAR 52 5 10

Notch 35 3 8

Toll-like 55 3 5

*
mTOR is omitted due to its role in the cell cycle which is still very active in these cultures.
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Table 7
KEGG analysis of genes with 5-fold greater expression in adult serotonin neurons than in ESC-derived serotonin
neurons. These categories were significantly over-represented in adult neurons.

Gene categories z-score

Response to stimuli 3.59

Neuroactive ligand/receptor 4.21

Long term potentiation 5.46

Long term depression 2.96

Gap junction 3.93
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Table 8
KEGG analysis of genes with 5-fold greater expression in ESC-derived serotonin neurons than in adult serotonin
neurons. These categories were significantly over-represented in ESC neurons.

Gene categories z-score

Development 2.36

Cell cycle 6.21

Axon guidance 3.56

Dorso-ventral axis formation 3.29
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Table 9
Microarray signal intensity of pivotal developmental genes in laser captured serotonin neurons. The average represents
the mean of 6 animals or chips. The animals were ovariectomized and treated with placebo, estrogen or estrogen plus
progesterone (n=2 chips/treatment) for one month.

Gene Average Signal Intensity
± sem (n=6 chips)

NANOG 98±24

SOX11 150±40

Phox2b 158±87

FGFR2 1884±667

VEGF 753±221

IGFBP5 337±63

CRABP1 90±50

SLIT2 753±76

NTRK2 5033±2400

NCAM1 1053±344

DCX 455±75

Robo2 488±111

GAP43 573±211

Shh ND

PTCH 663±239

GATA3 268±57

MASH1 528±123

Wnt5a 280±14

Lmx1b 132±86

Fev1 225±71
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