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FIG. 2. Time-dependent transcriptomic changes in WEC and in vivo. Number of differentially expressed genes identified to be changing across time in only
WEC, in only in vivo, and in both models represented by Venn Diagram (FDR < 0.01, absolute FC > 2) (A). In total, 969 genes were identified to be significantly
changing across time in WEC and/or in vivo model systems. Hierarchical clustering of the average change in gene expression of 969 genes in relation to average
2-h Con in WEC and in vivo (B). Absolute average change in 969 genes identified to be significantly changing over time in WEC and in vivo (C). No error or
statistical significance is indicated. PCA of 969 genes significantly changing across time across all 96 arrays (D). Circles emphasize clustering of GD 10 + 24 and

48h array groups in WEC and in vivo.

in both model systems with increasing time. The largest changes
were observed in genes related to oxygen transport, where at 48
h, these six genes had changed in absolute average expression of
31X and 21X, in comparison with the 2-h time point, in vivo
and WEC, respectively.

Conserved Expression Patterns of Time-Dependent CNS
Development Genes in Rat and Human

As shown in Figure 4A, CNS developmental genes (57 total)
significantly changing in expression over time in WEC and/or
in vivo were observed to be regulated in the same direction (up
or down), and, in many cases, the magnitude was observed to be
similar, in terms of FC and temporal regulation. Additionally,
directionality of CNS developmental gene expression changes
across time as well as the magnitude of changes were similar for
multiple genes in comparison with human embryos progressing
through a similar developmental period as determined by Theiler
Stage and estimated somite number (Fig. 4B). In total, 40/50
genes commonly assessed in rat WEC, rat in vivo, and human

showed common significant time-dependent changes (asterisks).
Ninety percent of these genes (36/40) were observed to be
significantly changing in a similar direction (up/down) across
time, including both upregulated (e.g., FABP7, HOXA10) and
downregulated genes (e.g., FOXA2, ALDHA2). Exceptions
included MAFB, DCLK]1, ID4, and VSNLI1, which showed
common significant changes but differences in directionality of
regulation between rat and human.

Model-Dependent Differences in Gene Expression Between
Rat Embryos In Vivo and Ex Vivo

Between WEC and in vivo, we identified 392 genes to be
significantly differentially expressed (ANOVA, FDR < 1%,
FC > 1.5) (Fig. 5A). In general, hierarchical clustering of
model-dependent genes suggested either genes that were higher
or lower in expression between models across all six time
points. In terms of magnitude, we observed absolute average
differences in expression greater than 0.3 (log 2 scale) between
WEC and embryos in vivo at all six time points (2—48 h), with

ZT02 “TE $8g0100 U0 138N 8aylol[qIGsRYSBAILN T /BI0'S[euINo [pIoyxo° 105X0y//:d1y Woly papeo|umoq



260 ROBINSON, VERHOEF, AND PIERSMA

WEC (GD10 + h) RAT (GD10 +h)
2 4 6 122448 2 4 6 12 24 48

deveIuTmental %rm:ess gZ

H ce]u ar of mal
A e

Vi |upmert %8
ar

rof

eptertlen

m de

“rhi ;ID Euegelopme E‘?e esils {g?g

General Development

patte

nervous s SlE

neum en
I'VOU

D
EV

N

ilul’l
logenesis
evelo

ar ﬁaeo

cellular g!ryg\u

f

ce'?l matﬂrgt?

liogenesis

ranscr|

Abs Avg FC (Xh / 2h) within genes
related to each GO Biological Process (log 2 scale)

o

atwe rel

| adhe

cellul id
terol nf
hormone metal

alc hnl etab

g y(;olysls

reglo zation (1

g el

embrx‘?nlc detyelugment (29,
embryonic morphogenesis (1

nel
nram levelopme

o an devel o ment E Zlé)
slsm gs\P

op! ment 4
me sysle%mdeave ul;manl (6)

inner ear development (8
ear deva!opmsnP {E? @

e s e )

prESS|Pre rﬁnglat?un 8)
iffe nt| tion (136)

%;.J%g‘f@“‘“
cel | growt th (13

ve req! gu alwon of ifduﬂerenhalwon (12)
SIS ?ieﬁm ‘epithelium (12)
positive regul ahon of cell differentiation (9)

RSt )

il o Mo ihn (8)
1 of nucj: acid metabolic process (105)
regulation of ‘rs

S n mn}]1
regul atiort o lranscrlpuorf\
biological regul

regufation of
rej ua}\on o cell %r
reguia

al}ono eEil[alar

algo?cgargsc%ﬁ éy 2)
E‘r‘iﬁlc oce)ss(
nesee “Tghgn o Belentafpioccsy 1A

ncgeﬁa esmn {11 SSO)

S|
esponse to slerol ormone sllgnulus (10)

IC

\ocall tion of %esll (30)

re nse to n nt levels (12
v?lgmns%e?abﬁrre t evels {3 )

fion F | process,
mahj'gl\on process (!‘1 ?

n proces: 84)

| Embryonic Development
| CNS Development

Eevelupmenl (69)
5 " %Sﬂ-idevelopment (31)

Organ Development (other)

%‘%mém 9)

| Ear Development

ﬂgene is (18)

Circulatory System Development

rnen rocess (136)
igﬁiogenesm (36)

| differentiation (22)
Il growth (13)
Il size

Cell Differentiation

Neuron Differentiation

A ‘g’ﬂm Transcription

IA-dependent (84)

Biological Regulation

| Cell Adhesion

RpricReE 0 | Lipid/Hormone Metabolism

Droce
lic proces:

Ira 5 :@ 1
tal oI:c p(ﬁs:ess(w)

f‘“‘ '%P‘@ Glucose/Sugar Metabolism
tal clwcg ocess (8)

| Localization
| Vitamin Metabolism

ammo a_cnd trans nrl (10) I

1rgn:t a: P:eia(i ion transport (7) Trans port

SR anepe) © | Oxygen Transport
rv?gggg?}e l? exl %Eallular stimulus (12)

grotem D‘ﬁ%unqe{liol ‘10) s g% Other

B R AP Lbes 1)

FIG. 3. Quantitative analysis of enriched GO biological process of time-dependent genes. The diagram represents the absolute average degree of change
across time within genes related to each enriched GO biological process in WEC and in vivo. In total, 112 GO biological processes were identified to be
significantly enriched (Z > 2.0, p < 0.05, number changed > 6) within the 969 genes changing over time (FDR < 0.01, absolute FC > 2). The number of genes
associated with each GO biological process is in parentheses to the right of each GO term. General themes of enriched GO biological processes are to the right of

the list of GO terms.

the greatest differences in expression at 24 h (0.54 ~ 1.45X
FC) and 48 h (0.51) (Fig. 5B).

Within model-dependent genes, we observed enrichment of
46 GO biological processes (p < 0.05, Z > 2.0, and number of
genes > 4). Enrichment analysis suggested differences in
genes related to development (general, embryonic, ear, and

pattern specification formation), cell differentiation, transcrip-

tion, biological regulation, transport (oxygen and amino acid)
between WEC and in vivo (Fig. 6). Quantitative analysis on
the functional level suggested peak differences in gene
expression between genes related to oxygen transport,
response to hormone stimulus, and cell differentiation at
earlier time points (< 12 h) as compared with genes related to
general developmental categories (i.e., system development),
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FIG. 4. Time-dependent CNS developmental genes in mammalian systems. Hierarchical clustering of significant CNS developmental genes changing across
time in WEC and in vivo (FDR < 0.01 , absolute FC > 2) (A). Comparison of rat-temporal gene expression changes with human embryos undergoing neurulation
(Fang et al., 2010) (B). Asterisks (*) near gene symbols represent significant changes in human embryos (FDR < 1%).

response to chemical stimulus, cell fate commitment, and differentially expressed between models (Fig. 7A). All six
heterocycle metabolic process which peaked in differential genes were observed to be expressed higher in vivo as
expression at later time points (> 12 h). compared with WEC. For example, HBB was observed to be

In total, we observed six genes (i.e., GLOB, GLOA, HBB, expressed 30X higher on GD 10 + 2 h in vivo as compared
HBGI1, HBEI1, and HBE2) related to oxygen transport to be with WEC. Differences in oxygen transport genes between
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A In Vivo / WEC

2h 4h 6h 12h 24h 48h

Avg FC of single genes (log 2 scale)

B .I 0.31]0.35] 0.47] 0.45] 0.54 [ 0.51]

Absolute Average Fold Ratio
(In Vivo/WEC, log 2 scale)

FIG. 5. Model differences in gene expression between WEC and in vivo
systems. Hierarchical clustering plot of 392 genes identified to be
differentially expressed between models (FDR < 0.01, absolute FC > 1.5).
Shaded intensities represent average difference in expression between in vivo
and WEC at each time point (A). The absolute average FC (in vivo/WEC) of
all 392 model-dependent genes (B).

models were greatest (except GLOB) at time points < 12 h. Six
genes related to pattern specification formation (specifically
proximal/distal pattern formation) were significantly expressed
higher in vivo as compared with WEC (Fig. 7B). Homeobox
paralogs, HOXA10, HOXC10, and HOXD10, were expressed
~2X higher in vivo as compared with WEC at 12 h. In contrast,
all seven genes associated with amino acid transport (SLC7A7,
SLC7A1, SLC7AS, SLC7A3, SLC6A15, SLC38A4, and
SLC6A6) were observed to be expressed at lower levels
in vivo as compared with WEC (Fig. 7C). Oxidoreductase
enzymes (10 total) associated with chemical stimuli response

were observed to differ in expression between in vivo and WEC
(Fig. 7D). In particular, in a time-dependent manner, lower
expression of CYP1A1, GPX2, NQO1, CYP2EI, and HMOX1
was observed in vivo versus WEC.

DISCUSSION

In this study, we presented the dynamics of the transcriptome
in single rat embryos derived in vivo and ex vivo progressing
over a 2-day window during early rat embryogenesis. Correlated
with neural tube formation, somitogenesis, and early organo-
genesis of the CNS, ear, eye, limbs, and heart (Figs. 1A and C),
we observed expression of genes related to multiple devel-
opmentally related biological processes to increase in absolute
magnitude over time (Fig. 3). Functional gene expression
categories included organ development (e.g., CNS, heart, ear)
and other processes previously identified to be critical for neu-
rulation (i.e., cell adhesion, transcription, glycolysis, vitamin
metabolism) (Copp and Greene, 2010) (Fig. 3). As described in
other species, such as human (Fang ef al., 2010) and mouse
(Mitiku and Baker, 2007), gene expression changes during this
developmental period were time-dependent and primarily
consisted of either genes increasing or decreasing in expression
over time. In particular, we identified multiple transcripts
related to different features in CNS development (Fig. 4) as
previously described by localization (Christiansen et al., 2006)
and functionality studies. For example, well-characterized
cranial-region specific (e.g., FOXG1) and caudal-region
specific (HOXA10, HOXC10, and HOXD10) CNS transcrip-
tion factors (Choe er al., 2006; Hebert and Fishell, 2008)
increased in expression over time in both models. Furthermore,
we demonstrated that changes in expression of specific CNS
developmental genes (e.g., FABP7) correlated in a similar
manner (directionality, magnitude) in human embryos during
a comparable developmental period (Fang et al., 2010) (Fig. 4).
Over 80% of CNS genes identified to be significantly changing
over time in rat were observed to be significantly changing over
time in human embryos. Our results suggest the ability to
detect on a global scale, transcriptional changes reflecting
previously hypothesized mechanisms underlying neurulation
and early organogenesis in single rat embryos. Additionally, in
general, we indicate strong similarities in expression of time-
dependent genes in rat embryos derived in vivo and ex vivo
and, furthermore, suggest conservation of expression of select
developmental genes between rat and human embryos during
this window in development.

Although time-dependent expression analyses at the func-
tional and gene level, suggested strong similarities between
embryos derived in vivo versus ex vivo, we also identified
model-dependent differences in expression, which correlated
with evident differences in morphological development. At 24 h
(somites) and 48 h (somites, growth parameter, and specific
developmental features), we observed significant differences in
morphological development between WEC and embryos in vivo
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FIG. 6. Quantitative analysis of enriched GO biological process associated with model-dependent gene expression. The diagram represents the absolute
average difference in expression between in vivo and WEC within genes related to each enriched GO biological process. In total, 42 GO biological processes were
identified to be significantly enriched (Z > 2.0, p < 0.05, number changed > 4) within the 392 genes differentially expressed between in vivo and WEC (FDR <
0.01, absolute FC > 1.5). The number of genes associated with each GO biological process is in parentheses to the right of each GO term. General themes of

enriched GO biological processes are to the right of the list of GO terms.

(Figs. 1A—C). Our observations are supported by previous
studies, suggesting eventual growth retardation in embryos using
similar culturing procedures. Rat embryos cultured for ~40 h
show a similar decrease in somites (< 20%) as well as protein
content (< 20%) as compared with in vivo (New and Coppola,
1970; New, 1978). In relation to morphological differences, at
the transcriptome level, we observed significant differences in
expression of genes related to developmentally related processes
as well as other processes of interest (e.g., transport, chemical
response) between models (Figs. 5-7). Although differences in
expression on average of developmentally related genes were
evident between WEC and embryos in vivo at all time points
(248 h), differences were greatest at 1248 h (Fig. 6). At the
gene level, we provided examples of genes involved in pattern
specification, specifically, proximal/distal pattern formation,
which included caudal-specific homeobox transcription factors
(HOXA9, HOXA10, HOXC10, and HOXD10) and the retinoic
acid metabolizing enzyme, CYP26A1, which peaked in

expression differences between models < 48 h (Fig. 7B).
Therefore, our results indicate peak differences in expression
(or earlier expression) of specific developmental genes between
in vivo and WEC, in many cases, precede the largest observed
differences in morphology observed at 48 h (Fig. 1C), suggesting
differences in expression (timing or magnitude) may underlie
increased development in vivo as compared with WEC.

During the evaluated period of embryogenesis, the yolk sac
develops, with fetal blood circulation increasing through
surrounding capillaries, which provides a transfer system
between the placenta (in vivo) or culture medium (WEC) and
the embryo. At the gene level, we observed increased absolute
expression of genes related to circulatory development and
oxygen transport across developmental time in both models
(Fig. 3). Within the six genes related to oxygen transport that
significantly increased across time, we observed significantly
higher expression of these six genes in vivo in comparison with
WEC (Fig. 7C). Differences in expression of these six oxygen
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FIG. 7. Model differences in gene expression within enriched GO biological processes between WEC and in vivo. Fold ratios (in vivo/WEC) of genes
significantly different between models associated with oxygen transport (A), pattern specification process (B), amino acid transport (C), and response to stimuli (D)

across time.

transport genes, which include four hemoglobin (HBB, HBEI,
HBE2, and HBG1) and two globin (GLOA and GLOB) family
members, correlate with previous studies that have examined
the suboptimal nature of hemoglobin production in cultured
embryos (Klug et al., 1985). Furthermore, our results suggest
early time points in culture to be critical for the expression of
oxygen transport genes, with HBB, HBG1, HBE1, HBE2,
GLOA all peaking in differences (magnitude) between in vivo
and WEC at < 12 h (Fig. 7B). These observations may suggest
relatively anemic conditions in WEC as compared with
embryos in vivo during early time periods in culture. Multiple
studies have investigated the delicate relationship between
embryonic growth and oxygenation levels in culture (Morriss
and New, 1979; New and Coppola, 1970). Also, it has been
shown that embryos in early stages of culture display transient
levels of oxidative stress (Ozolins and Hales, 1997). The
oxygenation scheme used in our protocol over the years, with
increasing oxygen concentrations with time of culture, was
carefully designed for optimal embryo development. Using
lower concentrations of oxygen would reduce embryonic
progression, whereas higher concentrations of oxygen would
result in increased developmental abnormalities. Genes associ-

ated with normal oxygen transport identified in this study, in
parallel with experimental studies addressing protocol develop-
ment, may aid in the improvement of embryo culture.

The lack of a functional allantoic placenta, which facilitates
maternal-fetal transfer of nutrients, oxygen, and waste products,
presents a challenge in producing equivalent embryos in vivo
and in vitro. Although not optimal compared with in vivo, the
addition of serum promotes gas and nutrient exchange,
maintains pH status, and provides a pool for waste products in
culture over time. Within model-dependent genes, we observed
significant enrichment of genes related to response to chemical
stimuli and amino acid transport (Fig. 6). In particular, we
observed higher expression of amino acid transporters
(SLC7A7, SLC7A1, SLC7AS, SLC7A3, SLC6A15, SLC38A4,
and SLC6A6) in WEC compared with in vivo (Fig. 7C). Higher
expression of these genes involved in maintaining the balance of
cationic and neutral amino acids in the developing embryo
(Hundal and Taylor, 2009) may indicate a lack of needed
nutrients and a compensatory mechanism to regulate nutrient
levels in WEC. Additionally, we observed higher expression of
oxidoreductase enzymes (CYP1A1, HMOX1, NQO1, CYP2EI,
and GPX2) in WEC as compared with in vivo (Fig. 7D). Higher
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expression of these enzymes, which are all involved in the
detoxification of oxidative products (Dinkova-Kostova and
Talalay, 2010) and associated with anemia, may also indicate
embryos cultured in vitro to be under greater hypoxic stress as
compared with in vivo. These results may suggest differences in
sensitivity to chemical compounds between models due to
differing conditions. Monitoring the expression of these oxygen-
and nutrient-sensitive genes, in comparison with normal in vivo
conditions, may provide an improved baseline for culturing
conditions in vitro.

Improved correlations in the expression of genes between
model systems over time may be observed with enhanced
culturing conditions, which promote closer similarities in em-
bryonic progression. Two aspects of this study which influenced
comparisons between WEC and in vivo included the use of a rat-
bovine serum mixture and the preselection of embryos with two
to four somites for gene expression assessments. Culturing
embryos in any animal serum is suboptimal compared with the
in vivo condition; however, we estimate that the use of our
bovine-rat serum mixture in this study as compared with 100%
rat serum compromised embryonic progression by approxi-
mately 1.5 somites after 48 h of culturing (Luijten et al., 2010),
suggesting that the use of rat serum may have improved
correlations but to what degree is not addressed in this study.
Global molecular investigations comparing cultured embryos in
100% rat serum versus alternative sera may further define the
influence of serum origin/culture media on development
in WEC. Additionally, preselection of embryos with two
to four somites (Sg,) for WEC-gene expression assessments
as opposed to the normal range in vivo (So, ~ 1 to 5 somites)
on GD 10 may also influence differences in gene expression.
However, embryos used for gene expression studies (Son, =
2-4 somites) as compared with embryos used for morpho-
logical assessments in the WEC (Sq, = 1-5 somites) showed
no significant differences in somite number at 48 h (Figs. 1B
and C), suggesting preselection criteria to be of small impact in
the WEC. Additional known factors (i.e., gassing schedule,
nutrient supplementation) may also reduce retardation of
cultured embryos as compared with in vivo, and therefore,
may improve correlations at the gene expression level between
model systems.

Here, taking a global perspective, we have described the
dynamics of the transcriptome in single rat embryos derived
in vivo and ex vivo during a critical period in embryonic
development, specifically neurulation and early organogenesis.
Similar to previous transcriptomic studies conducted in other
animal systems, we have demonstrated the complexity of time-
dependent gene expression changes on a temporal, directional,
and functional basis. Furthermore, we have shown the power of
transcriptomic approaches to describe molecular similarities on
a global scale across animal models and the ability to
distinguish differences that are associated with morphological
subtleties. As we move forward with the use of alternative
models for scientific research (e.g., toxicology), transcriptomic-
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based assessments that complement traditional morphological
assessments may be employed as a measure to determine
optimal culturing conditions or “normal developmental status”
to verify stability and consistency in the experimental setting.
The present study serves as a resource for mechanistic research
studies investigating in vivo and in vitro animal model systems
during embryogenesis.
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