








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

313 and 213, 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, DCLK1, ID4, and VSNL1, 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

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 þ 24 and

48h array groups in WEC and in vivo.
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the greatest differences in expression at 24 h (0.54 � 1.453

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),

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.

260 ROBINSON, VERHOEF, AND PIERSMA

 at U
niversiteitsbibliotheek U

trecht on O
ctober 31, 2012

http://toxsci.oxfordjournals.org/
D

ow
nloaded from

 

http://toxsci.oxfordjournals.org/


response to chemical stimulus, cell fate commitment, and

heterocycle metabolic process which peaked in differential

expression at later time points (� 12 h).

In total, we observed six genes (i.e., GLOB, GLOA, HBB,

HBG1, HBE1, and HBE2) related to oxygen transport to be

differentially expressed between models (Fig. 7A). All six

genes were observed to be expressed higher in vivo as

compared with WEC. For example, HBB was observed to be

expressed 303 higher on GD 10 þ 2 h in vivo as compared

with WEC. Differences in oxygen transport genes between

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%).
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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

~23 higher in vivo as compared with WEC at 12 h. In contrast,

all seven genes associated with amino acid transport (SLC7A7,

SLC7A1, SLC7A5, 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, CYP2E1, 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 et 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 et 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

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).
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(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

(2–48 h), differences were greatest at 12–48 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

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.
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transport genes, which include four hemoglobin (HBB, HBE1,

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, SLC7A5, 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, CYP2E1,

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 (S0h) for WEC-gene expression assessments

as opposed to the normal range in vivo (S0h ~ 1 to 5 somites)

on GD 10 may also influence differences in gene expression.

However, embryos used for gene expression studies (S0h ¼
2–4 somites) as compared with embryos used for morpho-

logical assessments in the WEC (S0h ¼ 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-

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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