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Abstract

Background: Despite sharing the same genes, identical twins demonstrate substantial variability in behavioral traits and in
their risk for disease. Epigenetic factors–DNA and chromatin modifications that affect levels of gene expression without
affecting the DNA sequence–are thought to be important in establishing this variability. Epigenetically-mediated differences
in the levels of gene expression that are associated with individual variability traditionally are thought to occur only in a
gene-specific manner. We challenge this idea by exploring the large-scale organizational patterns of gene expression in an
epigenetic model of behavioral variability.

Methodology/Findings: To study the effects of epigenetic influences on behavioral variability, we examine gene expression
in genetically identical mice. Using a novel approach to microarray analysis, we show that variability in the large-scale
organization of gene expression levels, rather than differences in the expression levels of specific genes, is associated with
individual differences in behavior. Specifically, increased activity in the open field is associated with increased variance of
log-transformed measures of gene expression in the hippocampus, a brain region involved in open field activity. Early life
experience that increases adult activity in the open field also similarly modifies the variance of gene expression levels. The
same association of the variance of gene expression levels with behavioral variability is found with levels of gene expression
in the hippocampus of genetically heterogeneous outbred populations of mice, suggesting that variation in the large-scale
organization of gene expression levels may also be relevant to phenotypic differences in outbred populations such as
humans. We find that the increased variance in gene expression levels is attributable to an increasing separation of several
large, log-normally distributed families of gene expression levels. We also show that the presence of these multiple log-
normal distributions of gene expression levels is a universal characteristic of gene expression in eurkaryotes. We use data
from the MicroArray Quality Control Project (MAQC) to demonstrate that our method is robust and that it reliably detects
biological differences in the large-scale organization of gene expression levels.

Conclusions: Our results contrast with the traditional belief that epigenetic effects on gene expression occur only at the level
of specific genes and suggest instead that the large-scale organization of gene expression levels provides important insights
into the relationship of gene expression with behavioral variability. Understanding the epigenetic, genetic, and environmental
factors that regulate the large-scale organization of gene expression levels, and how changes in this large-scale organization
influences brain development and behavior will be a major future challenge in the field of behavioral genomics.
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Introduction

Although genetically identical twins in humans and other

organisms are strikingly similar in appearance, they are paradox-

ically discordant for many important phenotypes and complex

diseases [1,2]. These differences are traditionally attributed to

environmental factors even though studies of identical twins reared

together or apart do not support this explanation [3,4]. Increasing

evidence points to the importance of epigenetic factors–DNA and

chromatin modifications that affect the levels of gene expression

without affecting DNA sequence–in the generation of these

phenotypic differences. Experiments in genetically identical mice,

for example, suggest the importance of epigenetic influences on

individual variability in many phenotypic traits. Monozygotic twin

mice (genetically identical mice that are generated from a single

zygote by dividing the blastocyst at the 8-cell stage to produce 2

viable embryos) are significantly more alike for multiple complex

traits than are dizygotic twin mice (genetically identical mice

obtained from different zygotes) [5]. Subsequent work demonstrates

that, in addition to the epigenetic differences that are present at the
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earliest stages of development, epigenetic differences also are

affected by experience during critical periods of development. In

rodents, for example, variations in maternal care during the early

postnatal period produces modifications of chromatin and demeth-

ylation of DNA within offspring brains which in turn are associated

with stable changes in gene expression, brain development, and

behavior [6]. Thus, both inherited and environmental factors

produce epigenetic modifications that, in turn, influence gene

expression and phenotypic variation.

Attempts have been made to study patterns of gene expression

that are associated with variability in behavior that is under

epigenetic control. Microarray studies suggest that epigenetic

factors can have extensive effects on levels of gene expression [7].

Traditional microarray analysis, however, is not well suited to the

study of the large-scale organization of gene expression levels

because traditional approaches to microarray analysis use normal-

ization procedures that minimize global differences in gene

expression so as to improve the detection of specific changes in

gene expression levels that exceed a pre-specified threshold relative

to the expression levels of other genes. More recently, a global

approach to microarray analysis was used to study the large-scale

organization of gene expression levels [8,9]. We reasoned that a

global microarray-based approach, in contrast to a traditional gene-

centered one, might reveal changes in the large-scale organization

of gene expression levels that are associated with epigenetic

influences on phenotypic variability in genetically identical mice.

Herein we show that variability in the large-scale organization of

gene expression levels in the hippocampus in genetically identical

mice is associated with individual differences in the activity of mice

in the open field and that an early developmental intervention that

modifies activity in the open field of adult mice also modifies their

large-scale organization of gene expression levels. We also report

similar findings in outbred mice that were selected for extremes of

contextual fear suggesting that our findings may be relevant to

outbred populations such as humans.

Results

Variance in log-transformed levels of gene expression is
associated with activity in the open field within inbred
mice

To examine epigenetic influences on the large-scale organization

of gene expression levels, we studied the relationship of gene

expression organization in the hippocampus with stable individual

differences in activity in the open field in genetically identical mice.

As an initial measure of gene expression organization we examined

overall variance of log-transformed gene expression levels. Gene

expression levels were log-transformed because gene expression

levels do not follow a normal distribution. Gene expression levels are

highly skewed such that a majority of genes are expressed at low

levels while a relatively small number of highly expressed genes

account for the majority of total gene expression. Variance of log-

transformed gene expression levels is a measure of the spread of the

data distribution. Increased variance indicates that there is a larger

difference between gene expression levels of high and low expressed

genes and reflects an increased range of gene expression. Our

studies suggest that changes in the variance of log-transformed gene

expression levels may have functional relevance.

Rodents are known to exhibit stable individual variability in

behavior across the lifespan [10,11]. To focus on individual

variability that is associated with epigenetic factors, we used inbred

mice (genetically identical) born on the same day and raised under

identical conditions. Stability of activity in the open field was

identified with repeated testing of mice in the open-field paradigm.

A composite behavioral score (see methods) was used to highlight

the stability of behavior. Animals separated by composite

behavioral scores demonstrated significant differences in all open

field measures (supplemental figure S1). Variance of log-trans-

formed gene expression levels in the hippocampus, a region known

to influence activity in the open field, of the top and bottom 25%

of animals sorted by composite behavioral scores was significantly

increased in more active mice (figure 1).

Postnatal handling modifies adult activity in the open
field and the large-scale organization of gene expression
levels

Because the large-scale organization of gene expression levels

was associated with phenotypic differences in activity in the open

field, we predicted that a developmental intervention that modifies

activity in the open field would lead to a change in the large-scale

organization of gene expression levels. To test this hypothesis, we

exposed newborn mice to postnatal handing, a well-described

developmental intervention in rodents that, through epigenetic

mechanisms, increases activity of adult rodents in the open field

[12]. As previously reported [12], postnatal handling significantly

increased adult activity in the open field as measured by composite

behavioral scores and individual measures of activity in the open

field (supplemental figure S2). In the light-dark paradigm, we also

found increased activity in the light compartment but no increase

in overall activity (supplemental figure S3). Increased activity in

the light compartment for handled mice suggests an increase in

exploratory drive or a decreased fear of brightly lit areas. This

pattern of behavior is often interpreted as a decrease in anxiety.

We found that, in the CA1 region of the hippocampus, a region

previously linked to the epigenetic effects of early life experience

on the glucocorticoid receptor gene [13], the more active handled

mice had a significant increase in the variance of log-transformed

gene expression levels (figure 2). Strikingly, the change in the

variance in log-transformed gene expression levels in handled mice

was similar in direction and magnitude as when we compared high

to low activity mice.
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Figure 1. Variance of log-transformed gene expression levels
in the hippocampus is associated with individual differences in
activity in the open field. Gene expression was log-transformed to
reduce normally distributed noise and because of a recognized skewing
of gene expression data to low expression values. Variance of log-
transformed gene expression levels was significantly increased in mice
selected for stable high activity in the open field.
doi:10.1371/journal.pone.0003344.g001
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Variance of log-transformed gene expression levels is
associated with behavior in outbred mice

To further evaluate the robustness of our findings, we examined

two publically available data sets from the Gene Expression

Omnibus public repository. Because we found that the large-scale

organization of gene expression levels in the hippocampus was

associated with behavioral variability in our studies, we predicted

that studies of gene expression in the hippocampus performed by

others and available through the Gene Expression Omnibus

public repository would exhibit a similar association of the large-

scale organization of gene expression levels with behavioral

variability. We searched for data sets that met the following

criteria: 1) 430_2.0 mouse microarray platform, 2) conducted at a

NIH Neuroscience Microarray Consortium site (arrayconsor-

tium.tgen.org), 3) analysis of gene expression in the hippocampus,

and 4) characterization of hippocampus-related behavior. These

criteria assured that similar microarray techniques were used, that

high quality control standards were met, that the brain regions

remained constant, and that gene expression patterns could be

compared to behavioral variability. Importantly, we have found

that measurements of variance in log-transformed levels of gene

expression are sensitive to both biological and technical factors (see

below). Therefore, it is important when the large-scale organiza-

tion of gene expression levels is examined that samples be

processed in parallel, as is always done by microarray consortium

sites. We found two data sets that met our criteria and were

generated from a lab studying patterns of gene expression in

genetically heterogeneous mice that were outbred and selected for

extremes of contextual fear conditioning behavior, a well-studied

hippocampus-related behavior [14,15]. (see supplemental figure

S4 for a schematic of breeding strategy).

In these studies, an anxious (DBA/2J or A/J) and non-anxious

(C57BL/6J) strain of mouse were crossed and intercrossed to

obtain F2 progeny. F2 progeny were selected on contextual fear.

The top and bottom approximately 10% of offspring by contextual

freezing scores were bred to generate the next generation. This

was continued for 4–5 generations. Mice selected in this manner

not only differed in contextual freezing, but in the case of the

DBA/2J6C57BL/6J cross and short-term selection, mice also

differed in the elevated plus maze and open field paradigms with

low freezing mice displaying increased time in the center of the

open field and open arms of the elevated plus maze [14]. The

pattern of behavior in open field activity for low freezing mice was

similar to the high activity and handled groups of mice in our

experiments. For each data set, the authors looked at gene

expression levels in the hippocampus and the amygdala of mice

selected for high and low freezing. Mice used for microarray

studies were not subjected to behavioral testing. The use of

behaviorally naı̈ve mice rules out the possibility that was not

addressed in our experiments that effects of behavioral testing on

levels of gene expression might account for differences in the large-

scale organization of gene expression levels that we found between

groups. Because the authors examined gene expression in both the

hippocampus and the amygdala, we were also able to address the

question of regional specificity of differences in the large-scale

organization of gene expression levels that are associated with

behavioral variability.

We found, as was predicted by the pattern of behavior in the

open field, that low freezing mice had increased variance in log-

transformed gene expression levels in the hippocampus (figure 3).

Interestingly, when gene expression in the amygdala was

examined, significant differences in the variance were not found

suggesting that the association of gene expression organization

with contextual freezing was limited to or at least more extensively

affected in the hippocampus than in the amygdala. The results

were similar in a second experiment performed by the same lab

(supplemental figure S5). The authors of that study noted and we

agree that one possible explanation for less pronounced effects on

measured levels of gene expression in the amygdala is that the

amygdala is a heterogeneous structure with multiple nuclei.

Therefore, it is possible that the heterogeneity of the amygdala

may have obscured a difference in the large-scale organization of

gene expression levels.

Increased variance is associated with an increased
separation of 3 large log-normally distributed families of
gene expression levels

To better understand the finding of increased variance of log-

transformed gene expression levels in the hippocampus within

more active mice, we took a closer look at the overall distribution

pattern of gene expression levels. To our surprise, we found at the

global level that gene expression levels were characterized by 3

log-normal distributions oriented from low to high expression

levels (figure 4). This is consistent with reports that describe the

existence of 3 abundance classes of mRNAs based on the dynamics

of labeled cDNA-to-total mRNA hybridization, a global analysis

technique used before microarray technology became available

[16,17]. Log-normal distributions arise in the presence of multiple,

independent, and multiplicative forces. They are common

throughout nature [18]. The presence of 3 log-normal distribu-

tions of gene expression levels, suggested that genes belonging to a

given distribution would share regulatory mechanisms in common,

and, therefore, might move together as a group relative to other

distributions. We hypothesized that the independent movement of

individual log-normal distributions of gene expression levels might

be associated with changes in the variance of log-transformed gene

expression levels that were associated with epigenetically mediated

variability in activity of mice in the open field.

To examine the relative expression levels of different log-normal

distributions we used curve fitting tools in Matlab to fit 3 normal

distributions to log-transformed data. By back-transforming the
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Figure 2. Variance of log-transformed gene expression levels
in the CA1 of the hippocampus is affected by postnatal
handling. Postnatal handling resulted in an increased variance of
log-transformed gene expression levels in the same direction and
magnitude as in high activity mice. Changes in gene expression
organization were accompanied by increased activity in the open field
(supplemental figure S2) and increased activity in the light compart-
ment in the light-dark paradigm (supplemental figure S3).
doi:10.1371/journal.pone.0003344.g002
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distances between the peaks of log-normal distributions, we

converted relative distances between peaks of log-normal distribu-

tions into linear fold differences in the average log expression levels

of genes belonging to the gene expression family. We found in all

cases where the variance was increased that this was accompanied

by an increased separation of log-normal distributions of gene

expression levels. The increased variance, thus, was not simply

explained by a widening of individual distributions but was

associated with independent relative changes in the average log

expression levels of 3 large families of gene expression. The changes

in the average levels of gene expression that were associated with an

increased separation of log-normal distributions were not small.

When referenced to the low expression family of gene expression,

the high expression family of gene expression was up-regulated on

average by greater than 1.5 fold in mice with high vs. low activity in

the open field or mice that were handled vs. those that were raised

under standard conditions (figure 5). Interestingly, as was suggested

by the measurement of variance in gene expression levels in high

and low freezing mice, we only saw significant changes in the

separation of log-normal gene expression distributions in the

hippocampus and not in the amygdala. This suggests that global

changes in the large-scale organization of gene expression levels that

are associated with behavioral variability may be specific to certain

brain regions and not to others.
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Figure 3. Variance of log-transformed gene expression levels in the hippocampus but not the amygdala is associated with
contextual fear and present in genetically heterogeneous mice. Gene expression data was downloaded from the Gene Expression Omnibus
public repository (GSE4034 & GSE4035 (supplemental figure S4)). Mice for these experiments were selected over multiple generations after an inter-
strain cross of a high anxiety (DBA or A/J) and low anxiety (C57/B6) strain of mice. We found that variance of log-transformed gene expression levels
in the hippocampus but not amygdala was significantly increased in low freezing mice. In this study low freezing mice were found to have increased
activity in the open-field similar to high activity and handled mice [14].
doi:10.1371/journal.pone.0003344.g003
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Figure 4. Global gene expression is described by three log-normal distributions. We found that the distribution log-transformed gene
expression levels can be described by three log-normal curves. Three normal distributions were fit to log-transformed Affymetrix micro-array data
that was processed and summarized using MAS 5.0. The fit error in all cases was minimal and could not be improved significantly by adding
additional log-normal curves, whereas trying to fit data to one or two log-normal distributions significantly increased error. Matlab fitting algorithms
perform well across a wide range of distribution patterns (supplemental figure S6).
doi:10.1371/journal.pone.0003344.g004
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The presence of multiple log-normally distributed gene
expression families is a universal feature of eukaryotic
gene expression

A previous study of the large-scale organization of gene

expression levels identified power-law like behavior as a universal

feature of gene expression levels as measured by microarrays or

serial analysis of gene expression (SAGE) [8]. Hundreds of data

sets from S. Cerevisiae to humans were examined. A power law

distribution occurs when the probability that a measurement will

have a level, k, is proportional to k2r, where ‘2r’ is a constant that

represents the slope of the power law distribution in the log-log

scale. The referenced study of gene expression reported power

law-like behavior with an ‘r’ in the range of 1.5 to 2 [8].

Distributions are described as power law-like, instead of following

a true power law, because at very high levels, the power law does

not apply and the probability becomes spread out into a ‘‘fat tail.’’

Power law-like behavior is common in nature. Using published

methods, we found that our data also was power law-like with an

‘r’ in the range of 1.7 to 2. This indicated that our findings were

consistent with previous reports on the large-scale organization of

gene expression levels, i.e., data that could be described by 3 log

normal distributions also appeared power law-like. Because power
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Figure 5. Increased variance in gene expression in more active mice relates to a moving apart of log-normal distributions. We find, in
all cases where variance is increased, that a corresponding increase in the distance between log-normal distributions is present. The distance is
measured between peaks in natural logs. We present the data normalized to the less active group of animals and converted into linear fold change of
expression levels. For example, if the distance between the high and low expression groups of genes was 1 natural log greater in more active animals,
then the difference would be the natural exponent taken to the power of 1 or 2.718. This would mean that when compared to the low expression
group of genes that the high expression group of genes is up-regulated on average 2.718-fold. Significant differences in separation were found
between the low and middle, middle and high, and high and low distributions in all cases. Importantly, significant differences in separation of
distributions were found in the hippocampus but not in the amygdala between high and low freezing mice. This is consistent with the findings for
the variance (figure 3).
doi:10.1371/journal.pone.0003344.g005
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law-like behavior is universal for gene expression levels measured

by microarrays including examination our data, we hypothesized

that the finding that the distributions of gene expression levels

could be described by multiple log-normal distributions might also

be universal. We obtained gene expression data sets from the Gene

Expression Omnibus public repository. Data sets from S.

Cerevisiae (GSE4135), C. Elegans (GSE8004), and humans

(GSE8853) were examined. As predicted, we found that the

distribution of log-transformed gene expression levels was

described by 3-log-normal distributions in all species examined

(figure 6).

We confirmed the finding of multiple log-normal distributions of

gene expression in humans with a data set from an RNAseq

analysis (data was provided by TGen; high throughput sequencing

was performed by Agencourt Bioscience Corporation, Beverly,

MA). RNAseq uses high throughput sequencing to sequence an

entire gene expression library. Unique tags are counted to obtain

an expression level based on the number of counts. Because

RNAseq directly counts the number of sequences, technical

artifacts from differences in probe hybridization will not be

present. The analyzed data set included approximately 17 million

sequences for approximately 23 thousand unique tags. Only tags

with greater than 10 sequences were used for the analysis. The

distribution of gene expression data from RNAseq of a human

sample had many similarities to the distribution patterns of gene

expression levels as measured by Affymetrix microarrays. In both
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Figure 6. The presence of 3 log-normal gene expression distributions is a universal feature of gene expression in eukaryots. Data
sets from S. cerviciae (GSE4135), C. elegans (GSE8004), and humans (GSE8853) were examined. The distribution of log-transformed gene expression
levels was described by 3-log-normal distributions in all species examined (A–D). A human sample was examined with RNAseq. Approximately 23
thousand unique tags produced 17 million sequences. The distribution of log-transformed sequence tag counts was fit by 3-log normal distributions
(E).
doi:10.1371/journal.pone.0003344.g006
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cases, distributions of gene expression levels were fit well with 3

log-normal distributions. The distributions of gene expression

levels covered a similar range of gene expression levels with a

range of approximately 10 natural logs for RNAseq and 11 natural

logs for Affymetrix microarrays. Differences were also present.

Most notably, the middle expression distribution was smaller in the

RNAseq data set (figure 7). As more experiments are done with

RNAseq, a clearer picture of the large-scale organization of gene

expression levels may become apparent. Future experiments using

RNAseq on samples like ours would provide added support for our

findings with an independent method.

Measurement of the variance in log-transformed gene
expression levels reliably detects biological differences
between samples

It is well recognized that hybridization conditions can affect the

measurement of gene expression levels by microarrays. To

determine if our method is also sensitive to the effects of

hybridization conditions and whether our method can reproducibly

detect biological differences in the variance in log-transformed gene

expression levels across multiple experiments, we used data from the

Microarray Quality Control Project (MAQC). Here two commer-

cially available samples (Sample A = Stratagene Universal Human

Reference RNA (UHRR, Catalog #740000), Sample B = Ambion

Human Brain Reference RNA (HBRR, Catalog #6050)) were sent

to six independent testing sites that ran 5 technical replicates on

each sample. Using our approach we detected significant differences

always in the same direction in the large-scale organization of gene

expression levels between sample A and B at all testing sites

(supplemental figure S6). Specifically, sample A always had a higher

variance in log-transformed gene expression levels. This was always

accompanied by an increased separation of log-normal distributions

of gene expression levels. Importantly, we found independent

statistical main effects on the large-scale organization of gene

expression levels for biological factors associated with the sample

and technical factors associated with the testing site with no

statistical interaction (figure 7). This emphasizes the importance of

hybridizing all samples together when microarrays are used to look

for biological differences in the large-scale organization of gene

expression levels. The importance of parallel processing of samples

was also suggested by our finding that technical factors associated

with the method of RNA processing affected the measurement of

the large-scale organization of gene expression levels. In the

handling experiment, we switched our method of RNA extraction

from using Trizol to Qiagen RNA/DNA columns in order to have

DNA for future bisulfite sequencing. All microarrays were

hybridized together. Despite simultaneous hybridization there was

a statistically significant effect of the RNA processing method (not

shown). We found increased variance in log-transformed gene

expression levels in samples that were processed with RNA/DNA

columns compared to samples processed with Trizol (Handling:

p,.0001, RNA processing: p,.0001, interaction: non-significant).

Nonetheless, even in the presence of an effect of RNA processing

method, we found significant effects related to biological factors

associated with postnatal handling using either method and a

statistical main effect of handling for the entire sample together

(figures 2 and 5). There was no statistical interaction of RNA

processing method with postnatal handling on the large-scale

organization of gene expression levels. These results indicate, as is

true for traditional methods of microarray analysis, that processing

samples together and in an identical manner at all levels is likely to

improve the detection of biological differences in the organization of

gene expression levels.

Discussion

We found in multiple microarray experiments that differences

in the large-scale organization of gene expression levels in the

hippocampus, rather than specific differences in gene expression

levels, were associated with individual variability in hippocampus-

related behaviors. We implicated epigenetically mediated effects

on the large-scale organization of gene expression levels by doing

experiments in genetically identical mice and by using an early

developmental intervention that modifies epigenetic factors and

adult mouse behavior [19,20] to elicit changes in the large-scale

organization of gene expression levels. We showed that even in

outbred populations of mice that were selected for extremes of

behavior, where presumably genetic effects would be operating,

that the large-scale organization of gene expression levels

continued to be associated with behavioral variability. This

suggests that a similar association of the large-scale organization

of gene expression levels with behavioral variability may be
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Figure 7. Global differences in gene expression patterns are robustly detected at multiple testing sites. To validate our approach to
microarray analysis, we analyzed an independent publicly available dataset from the MicroArray Quality Control Project. Here two commercially
available samples (Sample A = Stratagene Universal Human Reference RNA (UHRR, Catalog #740000), Sample B = Ambion Human Brain Reference
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present in outbred populations such as humans and that there may

be interactions between genetic and epigenetic factors in the

regulation of the large-scale organization of gene expression levels.

Using the Microarray Quality Control (MAQC) data set, we

demonstrated that our method reliably detects biologically

mediated differences in the large-scale organization of gene

expression levels, but that it is also sensitive to technical factors

such as hybridization batch and RNA processing method. Finally,

we demonstrated that changes in the variance in log-transformed

gene expression levels can be explained by the degree of separation

of 3 large log-normally distributed gene expression families and

that the presence of these log-normally distributed families is a

universal characteristic of gene expression in eukaryotes.

Though, our results are surprising, many lines of evidence make

global epigenetically mediated changes in gene expression a plausible

mechanism underlying individual variability in behavior. Differences

in gene expression levels and behavior that are influenced by early life

experience are associated with epigenetic modifications that are

reversed along with changes in behavior and gene expression through

treatment with histone deacetylase inhibitors [7]. Specifically, rats

that receive low levels of maternal care as pups and are less active in

the open field as adults become indistinguishable from rats that

receive high levels of maternal care when they are treated with with

histone deacetylase inhibitors [7]. Histone deacetylase inhibitors are

general inhibitors of chromatin remodeling enzymes. Global changes

in chromatin remodeling, in turn, are shown to have extensive effects

on gene expression in multiple contexts [21–23]. Histone deacetylase

inhibitors have also been found to increase synaptogenesis, improve

learning, and even to stimulate recovery of lost memories in a mouse

model of Alzheimer disease [24–27]. Taken together evidence points

towards the potential role of epigenetic effects on the large-scale

organization of gene expression levels in establishing neuronal

properties and behavior.

Our results appear to conflict with reports that suggest that the

effects of epigenetic interventions on gene expression act only at

the level of specific genes [19,28–32]. Specific differences in gene

expression, however, are identified after normalizing for global

differences in the level of gene expression, thus, global differences

may not be visualized in these analyses. We believe that specific

differences in gene expression that are noted by others may

represent genes that are most affected by changes in the large-scale

organization of gene expression levels. In our model, log-normal

distributions of gene expression levels represent groups of genes

that respond in a similar manner to factors that regulate the large-

scale organization of gene expression levels. Within these groups of

genes, we predict there will be specific genes that may be primed

to respond preferentially to changes in the factors that influence

the large-scale organization of gene expression levels. It is these

sensitive genes that would be most likely to be identified when

attempts are made to find specific differences in gene expression

levels. Future work is necessary to determine the relative

contributions of specific gene expression levels versus global gene

expression organization to the effects of epigenetic interventions

on cell function, behavior, and pathology.

A further shortcoming of our study is the use by microarrays of

probe hybridization as a measure of gene expression. Hybridiza-

tion conditions are known to affect the measurement of specific

gene expression levels and we found that there are also effects of

hybridization on the measurement of the large-scale organization

of gene expression levels. Despite the presence of effects of

hybridization, we also showed using the MAQC data set that

biologically related differences in the large-scale organization of

gene expression levels are consistently and reproducibly detected.

Similarly we found even in the presence of technical effects of

RNA processing method that biologically related differences in the

large-scale organization of gene expression levels associated with

postnatal handling were detected using either method of RNA

processing. A potentially less technically sensitive measurement of

the large-scale organization of gene expression levels is theoret-

ically possible with the emerging technology of RNAseq [33] in

which high throughput sequencing allows the sequencing and

counting of all mRNA species within a sample. We used RNAseq

to confirm the presence of 3 log-normal distributions of gene

expression in a human sample.

Our measurement of the large-scale organization of gene

expression levels is associated with biological differences between

the brains of animals separated by behavior or by postnatal

experience, nonetheless, it is possible that a biological property of

the brains influences the microarray measurement of gene

expression levels but does not influence actual gene expression

levels. We do not believe that this is the case. If differences in gene

expression levels were associated with biological effects on

measurement by microarray and not to actual differences in gene

expression levels, then microarrays would not successfully detect

gene expression changes that are confirmed by other methods such

as in situ hybridization and real-time PCR. Supporting this, the

research group studying high/low freezing mice used real-time

PCR to validate 6 candidate genes in their study [14]. This

indicates that traditional gene-specific approaches to microarray

analysis need not exclude examination of the large-scale

organization of gene expression levels and that the two approaches

are likely to compliment each other in the understanding of gene

expression correlates of biological processes.

Our experiments suggest substantial variability in the large-scale

organization of gene expression levels within the hippocampus.

For instance when the low expression group of genes is used as a

reference, the expression levels of high expression genes within

handled or high activity mice were increased on average by

greater than 1.5-fold. The increase in the expression level of genes

in the high expression group relative to genes in the low expression

group suggests a differential allocation in resources for gene

expression. This is seen as a skewing of gene expression resources

in more active mice towards high expression genes and away from

low expression genes. These large-scale differences may not be

readily detected when gene expression is normalized to overall

signal on a microarray or examined by real-time PCR because, in

both cases, normalization is relative to gene expression within the

group of high expression genes. It must be noted that the true

expression level differences between groups of genes may be

greater or less than those determined by microarrays. This is

because, as previously discussed, microarrays use hybridization

signal to estimate relative expression levels and do not directly

count the number of mRNAs present. Analysis of a human sample

with RNAseq, however, demonstrated a range of log-transformed

gene expression levels that was similar to the range of expression

levels found using microarrays. The fact that both methods detect

similar ranges of expression levels increases confidence in the

accuracy our measurements.

At this point, the biological meaning of a skewing of gene

expression levels is unclear. One interesting possibility is that

skewing of gene expression levels is related to the level of cellular

maturation in the brain regions that were examined. As cells

differentiate and mature there is a tendency of gene expression to

become more specialized and thus skewed towards genes that are

important to a cell’s specific function. The interrelationship between

epigenetic factors and cellular maturation is well established within

the field of oncology [34]. Within the field of neuroscience, the

interrelationship between epigenetic factors and neuronal matura-
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tion and plasticity is increasingly recognized and studied. HDAC

inhibitors can increase memory formation and synaptogenesis [24–

27]. Removal of MECP2, a methylated DNA binding protein that is

causally related to the autism spectrum disorder Rett Syndrome,

leads to pronounced deficits in neuronal maturation and dendritic

spine density and spine maturation [35,36]. Again it can be argued

that each of these effects is related to specific and not to global

changes in gene expression levels. We cannot, at this point, rule out

this possibility and, moreover, it is possible, that even in the context

of the global changes that we find, only a limited number of genes

are important for the differences in behavior that we observe. Even

if it is true that only a few genes are relevant to the differences in

behavior that we find, our results indicate, under the conditions

studied, that the mechanism leading to the large-scale differences in

gene expression is resulting in a previously unrecognized global level

of change. We hope that the recognition of this global level of gene

expression organization will encourage future studies to understand

the potential functional relevance of the large-scale organization of

gene expression levels to brain development, pathology, and

treatment.

Materials and Methods

Animals
Female Balb c/J mice were used for open field activity and

handling experiments. Mice were group housed and maintained

on a 12-h/12-h light/dark cycle with food and water available ad

libitum were used for all experiments. All animal protocols were

reviewed and approved as meeting appropriate ethical standards

by Columbia University’s and New York State Psychiatric

Institute’s IACUC boards.

Postnatal Handling
On postnatal days 1–14 pups were separated from mothers for

15 minutes each morning. Pups and mothers were placed in clean

cages during this period and then returned to their original cages.

For microarray array experiments (GSE11679) we used all 25

females from 11 litters (5 handled and 6 non-handled). There were

a total of 11 handled females and 14 non-handled females. 4

animals (2 handled and 2 non-handled) were excluded from open-

field behavioral analyses secondary to equipment malfunction on

testing day 2.

Open field behavior
Activity in an open field is quantified in four Plexiglas open field

boxes 43643 cm2 with two sets of 16 pulse-modulated infrared

photobeams (MED Associates).

Light-dark behavior
A light-dark partition (MED Associates) was inserted into an

open field box. Because of high anxiety-like behavior we start Balb

c/J mice in the dark arena and allow animals 30 minutes

exploration time. Activity is quantified as above for open field in

four Plexiglas open field boxes 43643 cm2 with light-dark

partitions dividing the arena equally in half.

Composite Behavioral Score
Composite behavior represents average mean standardized

scores across 5 open field behavioral measure (total ambulation,

ambulation in center, percent ambulation in center, time in center,

and entries into center) over multiple testing sessions. In the

handling experiment, 4 animals (2 handled and 2 non-handled)

were excluded from the calculation of behavioral scores secondary

to equipment malfunction.

Tissue collection
Whole hippocampus was removed from sacrificed animals and

place in RNAlater. The CA1 region was micro-dissected from

500 micron vibratome slices and placed in RNAlater.

Expression profiling
Total RNA was extracted using Qiagen RNA/DNA columns or

Trizol, double round amplified, cleaned, and biotin-labeled, and

fragmented using standard Affymetrix protocols. Labeled RNA

was hybridized to an Affymetrix Mouuse 430_2.0 Array scanned

on Affymetrix’s GeneChip Scanner 3000 7G and reviewed for

quality control.

Digital Gene Expression (RNAseq)
One microgram of total RNA was used to create a Mme1

expression tag library for SOLiD sequencing. cDNA was synthesized

on a solid support (Dynabead oligo (dT25)) using the Superscript

cDNA synthesis kit (Invitrogen) and the mRNA direct kit (Invitrogen,

) according to manufacturers protocols. cDNA’s were digested with

NLA III to anchor the sequence tag to the 39most NLA III site, after

which a tagging adaptor containing an Mme1 recogniton site, and a

SOLiD system PCR adaptor sequence, was ligated to the bead-

attached cDNA. This allowed for the creation of a 20 bp sequence

tag. A second PCR adaptor was ligated to the adaptor/tag. The final

product was amplified with 11 cycles prior to emulsion PCR and

sequencing on the SOLiD sequencing platform.

Microarray data analysis
Affymetrix .cel files were imported into Affymetrix Expression

Console version 1.1. Data was pre-processed and summarized using

Microarray Analysis Suite (MAS) 5.0. MAS 5.0 is used for data

processing because it lacks a distribution normalization step. RMA,

Plier, and other commonly used processing methods introduce a

quantile normalization step that may minimize biological differ-

ences in gene expression distribution patterns. Other labs have

reported the benefits of using MAS 5.0 in global assessments of gene

expression e.g. genetic co-regulatory networks [37].

Microarray data deposition
Microarray data has been deposited in the Gene Expression

Omnibus public repository (http://www.ncbi.nlm.nih.gov/geo/).

The accession number for the high-low open field activity data set

is GSE11680. The accession number for the handling experiment

data set is GSE11679.

Data sets
We analyzed microarray data sets GSE4034 and GSE4035 from

the Gene Expression Omnibus public repository. Affymetrix .cel files

were downloaded from this site and analyzed as described above. For

validation of our technique we downloaded data from GSE5350

(Microarray Quality Control Project). For evaluation of distribution

of gene expression in other species we downloaded GSE4135 (S.

Cerviciae), GSE8004 (C. Elegans), and GSE8853 (H. Sapiens).

Log-normal distributions
Log transformed data was standardized by dividing by the mean,

and frequency was determined by distributing the data into 50

equally sized bins. 25 bins were used for intra-species comparisons

and RNAseq because of a smaller number of probe sets on some

microarray platform and a smaller number of unique tags using

RNAseq compared to probe sets on the Mouse 430_2.0 microarray.

Data is initially handfit to a distribution to obtain starting parameters

with an error less than 10. Fit error is calculated as the variance

standardized to the number of probe sets on a microarray. Best-fit
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parameters are then calculated using the Matlab Optimization

Toolbox (The Mathworks, 2007). Three log-normal distributions

visually appear to be the best fit. We calculated fit error for 1, 2, 3,

and 4 Gaussian models and found that three Gaussians was the

optimal fit. A four Gaussian model did not improve the fit

(supplemental figure 1). Matlab .m files are available on request.

Fold change in expression level of log-normal
distributions

To calculate fold difference in relative expression levels of log-

normal distributions, log scale differences are converted to linear fold

differences. This is done by taking the natural exponent to the power

of the difference between measures in the natural log scale. For

instance, if the difference in the distance between high and low

expression groups in handled vs. non-handled mice was 1, then the

fold difference would be the natural exponent (2.718) taken to the

power of 1, i.e. 2.718.

Supporting Information

Figure S1 Stable behavioral differences are present in female Balb

c/J mice over time and lighting conditions. Bar graph highlights

composite behavioral scores on which groups were selected. Line

graphs are shown for five open field measures (center ambulation,

percent ambulation center, time in center, center entries, and total

ambulation) over the course of five testing sessions on days 1, 3, 5, 33,

and 35. Mice were obtained from Jackson. All mice were born on the

same day. Testing began at approximately 8 weeks of age. Lighting

conditions were varied between lights on (light - 200 lux) and lights

off (dark). Animals were separated based on composite behavioral

scores based on the average mean standardized behavioral scores for

all measures and testing days. Figure demonstrates that animals

separated by composite behavior are stably different in all open-field

measures over time and lighting conditions, i.e. composite behavior

is not biased toward a specific open-field measure.

Found at: doi:10.1371/journal.pone.0003344.s001 (1.53 MB EPS)

Figure S2 Stable behavioral differences are present in female

Balb c/J mice subjected to postnatal handling. Line graphs are

shown for five open field measures (center ambulation, percent

ambulation center, time in center, center entries, and total

ambulation) over the course of three testing sessions on days 1,

3, and 5. Testing began at approximately 8 weeks of age. Figure

demonstrates that handled mice are significantly more exploratory

by composite behavior and individual open-field measures. 4 mice

(2 handled and 2 non-handled were excluded secondary to

equipment malfunction on testing day 2.

Found at: doi:10.1371/journal.pone.0003344.s002 (1.19 MB EPS)

Figure S3 Behavioral differences in the light-dark paradigm are

present in female Balb c/J mice subjected to postnatal handling.

Bar graphs are shown for five open light-dark measures (light

ambulation, percent ambulation light, time in light, light entries,

and total ambulation). Testing was conducted at approximately 9

weeks of age. Figure demonstrates that handled mice are

significantly more exploratory in the light but do not exhibit an

overall increase in total ambulation.

Found at: doi:10.1371/journal.pone.0003344.s003 (0.91 MB EPS)

Figure S4 Outbreeding strategy used for selection on contextual

fear. Figure demonstrates breeding strategy used by researchers from

which microarray data sets were obtained via public repository [14].

An anxious strain, DBA or A/J, and a non-anxious strain,C57/B6

,were crossed to obtain an F1 generation that was intercrossed to

obtain F2. F2 was selected based on contextual freezing. The top and

bottom approximately 10% were used to generate the next

generation which was continued for 4–5 generations.

Found at: doi:10.1371/journal.pone.0003344.s004 (1.14 MB EPS)

Figure S5 Global genomic properties in hippocampus but not

amygdala are associated with conditioned fear, open field

exploration, elevated plus behaviors. Replicate experiment of that

described in figure 4. Mice for these experiments were selected over

multiple generations after an inter-strain cross of a high (DBA) and

low (C57/B6) strain of mice. Using the same methods as the

previous experiments we find that global gene expression patterns in

the hippocampus but not amygdala are significantly different

between high and low freezing mice. In this study low freezing mice

were found to have increased exploratory behavior in the open-field

similar to high exploratory and handled mice [14].

Found at: doi:10.1371/journal.pone.0003344.s005 (1.30 MB EPS)

Figure S6 Matlab curve fitting program works across a wide

range of global gene expression patterns. Panel (a) shows the

mouse from the handling experiment with the greatest overall

variance, while panel (b) shows the mouse with the least variance.

Panel (c) shows the overlap. Figure demonstrates that at the

extremes curve fits are excellent. Similar fits were obtained for all

intermediate distributions.

Found at: doi:10.1371/journal.pone.0003344.s006 (0.73 MB EPS)
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