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Abstract Micro-RNAs (miRNAs) are short, singlestranded, noncoding RNAs that are involved in the regulation of protein-coding genes at the level of messenger
RNA (mRNA). They are involved in the regulation of
numerous traits, including developmental timing, apoptosis, immune function, and neuronal development. To better
understand how the expression of the miRNAs themselves
is regulated, we looked for miRNA expression differences
among four mouse inbred strains, A/J, BALB/cJ, C57BL/
6J, and DBA/2J, in one tissue, the hippocampus. A total of
166 miRNA RT-PCR assays were used to screen RNA
pools for each strain. Twenty miRNA species that were
markedly different between strains were further investigated using eight individual samples per strain, and 11
miRNAs showed significant differences across strains
(p \ 0.05). This is the first observation of miRNA
expression differences across inbred mice strains. We
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conducted an in silico correlation analysis of the expression
of these differentially expressed miRNAs with phenotype
data and mRNA expression to better characterise the
effects of these miRNAs on both phenotype and the regulation of mRNA expression. This approach has allowed us
to nominate miRNAs that have potential roles in anxiety,
exploration, and learning and memory.

Introduction
Much research has focused on a class of functional
untranslated RNA transcripts referred to as microRNAs
(miRNAs). MiRNAs play a pivotal role in the expression
of potentially one third of all messenger RNAs (mRNAs)
(Bartel 2004; Griffiths-Jones et al. 2006). Mature miRNAs
cause post-transcriptional gene silencing by base pairing,
as part of a larger molecular complex, with target mRNAs,
which in turn can lead to mRNA cleavage or translational
repression (Kloosterman et al. 2006; Yekta et al. 2004). A
single miRNA can have target sites on hundreds of different mRNAs (Bartel 2004); therefore, changing the
expression of a single miRNA can have wide-reaching
effects on gene expression.
While the full potential of the influence of miRNAs is
not yet known, they have already been shown to be
involved in the regulation of numerous processes, including developmental timing, apoptosis, immune function, and
neuronal development (Chen et al. 2004; Rodriguez et al.
2007; Thai et al. 2007; Zhang et al. 2007b). In addition,
miRNA function and biogenesis have been implicated in
disease, including Tourette’s syndrome, DiGeorge syndrome, cancer, and stress-related heart growth (Ableson
et al. 2005; Gregory and Shiekhattar 2005; van Rooij et al.
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2007). The involvement of miRNAs in these phenotypes
and disease states most likely occurs through the transcriptional regulation of associated mRNAs.
Little is known about the regulation of miRNA expression, although it is commonly thought that transcriptional
regulation is the main control mechanism (Johnson et al.
2003). Regulation can occur at other stages of miRNA
biogenesis (Ambros et al. 2003), in particular, maturation
(Ambros et al. 2003). It is thus important to distinguish
between mature miRNA and pre-miRNA expression levels.
We investigated mature miRNA abundance in hippocampus of four common inbred strains, A/J, BALB/cJ,
C57BL/6J, and DBA/2J, using 166 miRNA TaqManÒ realtime PCR assays to see if miRNA expression is polymorphic, at least in hippocampus. We then correlated the
expression of the differentially expressed miRNAs with
phenotypes from an extensive phenotype database, as well
as mRNA expression for those genes with predicted
miRNA pairing sites. This analysis allowed us to characterise the effects of miRNA expression on phenotypes and
gene expression to gain a better understanding of the
effects of these miRNAs.

Methods
Animals
Hippocampal tissue was collected from four strains of
inbred mice, A/J, BALB/cJ, C57BL/6J, and DBA/2J (4
males and 4 females for each strain). All animals were
between 100 and 110 days old. After cervical dislocation
bilateral hippocampi were dissected in their entirety within
2 min from the time of death, and any connecting tissue
was trimmed. The hippocampi were immediately snapfrozen on dry ice and stored at -80°C. All housing and
experimental procedures were performed in accordance
with the UK Home Office’s Animals (Scientific Procedures) Act 1986 under License PPL No. 70/5113.
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investigated in this study. These 166 assays comprised the
entire list of mouse TaqManÒ microRNA assays available
from the complete list of multiplexed reverse transcription
reactions. Those miRNAs that had at least a 1.5-fold difference in gene expression across strains were followed up
in the individual samples.
Reverse transcription reactions
TaqMan microRNA Assays (Applied Biosystems, Foster
City, CA, USA) were used in this study. The reverse
transcription (RT) reactions were conducted using eight
different sets of miRNA RT primers (Supplementary
Table 1). The RT primer pools were compiled by selecting
all mouse TaqMan microRNA assays available from the
complete list of Multiplex TaqMan microRNA assays
available for various species. For the pooled RNAs we used
pooled RT primers for each of these eight miRNA RT
primer sets. For the assays investigated using RNA from
individual animals, we conducted the RT reactions using
unpooled RT primers.
RT primer pools were concentrated using a Speed Vac
110 (Savant and Refrigerated Vapor Trap RVT) to a final
concentration of 62.5 nM for each primer. The RT reactions using pooled RT primers were conducted using the
following modified protocol: 4 ll of 62.5 nM pooled RT
primers, 0.4 ll of 25 mM dNTPs, 4 ll of Multiscribe
Reverse Transcriptase (50 U/ll), 2 ll of 10 9 RT buffer,
0.25 ll of AB RNase Inhibitor (20 U/ll), 5.35 ll of
nuclease-free water, and 4 ll of miRNA sample (20 ng per
reaction). The reaction was then incubated at 16°C for
30 min, 42°C for 30 min, and 85°C for 5 min in a PTC100 thermal cycler (MJ Research, Bio-Rad, Hercules, CA,
USA). The RT reactions using individual RT primers were
conducted using the standard TaqMan microRNA RT
protocol (http://www.appliedbiosystems.com, document
No. 4364031).
TaqMan real-time polymerase chain reactions
(RT-PCR)

miRNA isolation
To obtain reliable levels of miRNA, total RNA was isolated from hippocampus using an miRNA isolation kit
(Ambion, Austin, TX, USA). The total RNA concentration
was determined using a nanodrop ND-1000 (Thermo
Fisher Scientific, Waltham, MA, USA).
Screening strategy
For each of the four strains investigated we made one male
pool and one female pool, each consisting of four animals.
These pools were used to screen the 166 assays

Mature miRNA expression was quantified using TaqMan
RT-PCR. Reactions were conducted on the RT products
from the pooled RNA samples (a total of 166 assays) and
using the RT products from individual samples (a total of
20 assays). The RT-PCR reactions were conducted in
triplicate using 0.5 ll of 20 9 PCR Probe/Primer Mix,
1.5 ll of product from the RT reaction (diluted 1:10), 5 ll
of 2 9 TaqMan Master Mix (without uracil-N-glycosylase), and 3 ll of nuclease-free water. A sample minus RT
enzyme was used as a negative control for the RT-PCR
reactions. All of the negative controls used failed to reach
threshold by 45 cycles.
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Reactions were run on a 7900HT Fast Real-Time PCR
System (Applied Biosystems) in 384-well format. RNU19
was used as the only control for the assays run on the
pooled samples, while RNU19, RNU6B, and miR-16 were
used as controls for each of the test assays investigated in
the individual samples. These assays were chosen as controls because their expression did not differ across strains
and they had low variability within strain (unpublished
data).

1995) was used to account for multiple testing. Gene lists,
consisting of all genes whose expressions were significantly
correlated with miRNA expression (p \ 0.05, uncorrected),
were generated for each miRNA and were used to generate
summaries of gene function using the KEGG pathway
module in WebGestalt (Zhang et al. 2005).

TaqMan RT-PCR statistical analysis

Results of screening

Relative expression was calculated using the standard 2relative expression method in Microsoft Excel. Relative expression levels were normalized to RNU19 for the
pooled samples. The relative expression of the individual
samples was normalized to the geometric mean of RNU6B,
RNU19, and miR-16. Statistica v6.1 (StatSoft, Inc., Tulsa,
OK, USA) was used to conduct a two-way analysis of
variance (ANOVA) to detect differences in miRNA
expression across strains and sex. Fisher’s least significant
difference post-hoc analysis test was conducted on the
statistically significant main effects and interactions. Bonferonni corrections and false discovery rate (FDR) control
(Benjamini and Hochberg 1995) were used to account for
multiple testing.

Of the 166 miRNAs we investigated, 130 miRNAs had
detectable levels of mature miRNA expression in the hippocampus (Ct \ 40). Expression levels varied across
miRNAs, with 18 highly expressed (Ct B 28) and 24 with
relatively low expression (Ct C 35).
Twenty of the assays investigated in the pooled RNAs
had at least 1.5-fold differences in expression across
strains. These 20 assays were further investigated using the
RNA from individual animals. A two-way ANOVA for
strain, sex, and interactions of strain and sex was conducted
for each of these 20 assays (Table 1).

D(Ct)

Correlations of behaviour and miRNA expression
Correlations were conducted between the 252 phenotypic
measures from the Mouse Phenome Database (http://www.
jax.org/phenome) that had data available for the four
investigated strains, and the relative expression of those
miRNAs that were differentially expressed across strains.
Correlations were conducted using Statistica v6.1. FDR
control (Benjamini and Hochberg 1995) was used to
account for multiple testing.
Correlations of mRNA and miRNA expression
Lists of genes with MIRANDA-predicted miRNA sites
(Betel et al. 2008) were downloaded from an online miRNA
database, miRBase (http://microrna.sanger.ac.uk/). Hippocampal mRNA expression for the inbred mice was obtained
from the data series GSE5055 (Nadler et al. 2006) of the
Gene Expression Omnibus database (http://www.ncbi.nlm.
nih.gov/projects/geo/). Data were available for the A/J,
C57BL/6J, and DBA/2J mice, but we had to use BALB/cByJ
to approximate BALB/cJ expression. Correlations between
miRNA and mRNA expression for those mRNAs with
MIRANDA-predicted miRNA target sites were conducted
using the open source statistical program R (Ihaka and
Gentleman 1996). FDR control (Benjamini and Hochberg
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Results

Strain differences
The strain means and chromosomal locations of the 20
miRNA species investigated in individual samples are
given in Table 2. Eleven of these miRNAs had nominally
significant strain differences (p \ 0.05) (Fig. 1). All 11 of
these nominally significant differences survived multipletesting corrections by controlling the FDR (Benjamini and
Hochberg 1995) to q \ 0.1, while eight survived at an FDR
q \ 0.05. Three of these assays survived the more stringent
Bonferonni correction (summarized in Table 1).
Sex differences
Only miR-212 expression had a nominally significant main
effect of sex (p = 0.03), which did not survive either the
FDR or Bonferonni multiple-testing correction approaches.
Females had higher miR-212 expression than the males.
Strain and sex interactions
Only miR-203 expression had a significant interaction
between strain and sex (Table 1) that survived both the
Bonferonni (p \ 0.05) and FDR (q \ 0.05) multiple-testing approaches. The female and male A/J animals
significantly differed from the females and the males of the
other three strains, as well as differed from each other
(Fisher LSD test, p \ 0.00005) (Fig. 2).
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Table 1 Summary of two-way ANOVA for strain and sex
miRNA

Strain

Sex

F(3, 24)

p

miR-203

121

1e-14

miR-451

34

8e-9

miR-378

12

6e-5

miR-195

5.4

miR-34a

5.0

miR-34c

Bonf. p

Strain 9 sex

FDR q

F(1, 24)

p

F(3, 24)

p

2.5E-13

2.5E-13

3.8

0.06

10.7

1e-4

1.7E-07

8.4E-08

0.0

0.98

0.3

0.80

0.001

4.0E-04

0.8

0.39

0.2

0.90

0.005

0.113

0.028

0.0

0.99

0.7

0.56

0.008

0.163

0.033

0.1

0.76

0.3

0.85

4.8

0.009

0.185

0.031

0.1

0.81

1.4

0.27

miR-15b
miR-323

4.6
4.5

0.01
0.01

0.230
0.242

0.033
0.030

0.4
0.9

0.51
0.36

0.3
0.9

0.86
0.47

miR-301a

3.4

0.03

0.661

0.073

1.0

0.32

0.8

0.53

miR-212

3.2

0.04

0.793

0.079

5.7

0.03

0.7

0.58

miR-31

3.1

0.05

0.924

0.083

0.0

0.84

0.9

0.47

miR-7a

2.2

0.12

2.378

0.208

0.0

0.97

0.5

0.71

miR-139

2.1

0.12

2.473

0.190

0.4

0.55

0.5

0.67

miR-30e

1.6

0.22

4.412

0.315

0.0

0.92

1.1

0.37

miR-187

1.5

0.23

4.628

0.309

1.7

0.21

0.2

0.90

miR-150

1.2

0.34

6.817

0.426

1.9

0.18

0.6

0.64

miR-425

0.8

0.49

9.848

0.579

0.3

0.59

0.6

0.62

miR-26a

0.7

0.60

11.79

0.655

1.0

0.34

0.8

0.53

let-7g

0.5

0.71

14.12

0.743

0.5

0.47

0.4

0.77

miR-9

0.1

0.96

19.20

0.960

0.2

0.68

0.3

0.84

Results of the two-way ANOVA for strain and sex conducted on the 20 miRNA RT-PCR TaqMan assays that were investigated in individual
animals. The Bonferonni corrected p values and q values are shown for the main effect of strain. The underlines in the p-value, Bonferonni
corrected p-value, and FDR q-value columns represent the thresholds for these measurements; thus, any assay above this threshold is deemed
significant
F = 2-way ANOVA; p = p value; Bonf. p = Bonferonni corrected p value; FDR q = q value of false discovery rate

Correlations of miRNA expression with phenotype
There were 144 correlations of miRNA relative expression
and phenotype that were nominally significant (p \ 0.05)
(these data are summarized in Supplementary Table 2). Of
these 144 correlations only two survived a low-stringency
FDR multiple-testing correction (q \ 0.20): miR-34c
expression and total white blood cell count (r = -0.999,
p = 6e-4), and miR-301a expression and percentage of
monocytes in the total number of leukocytes (r = -0.999,
p = 6e-4).
Table 3 summarizes the number of nominally significant
correlations and the phenotypic categories (those with at
least three significant correlations) for each miRNA. In
particular, miR-195 expression has multiple correlations
with measures of bone mineral content and density; miR34a, miR-323, miR-378, and miR-451 expressions correlate
to behavioural measures for exploration on the elevated
plus maze task; miR-34c and miR-323 expressions correlate
with behavioural measures for anxiety on the elevated plus
maze task; miR-34c, miR-323, miR-378, and miR-451
expressions correlate with learning and memory measures;

and miR-212 expression correlates with grooming duration
on a series of anxiety tasks (elevated plus maze, light-dark
box, and open field test).
Correlations of miRNA expression and mRNA
expression
There were 292 correlations of miRNA relative expression
and mRNA expression for those genes with predicted
miRNA binding sites that were nominally significant
(p \ 0.05), of which 153 were negative correlations. Only
two correlations survived a low-stringency FDR multipletesting correction (q \ 0.20): miR-195 and unc93b1
expression (r = 1.0, p = 8.9e-5) and miR-212 and mppe1
expression (r = 1.0, p = 5.3e-5).
Table 4 summarizes the number of nominally significant correlations for each miRNA, for all correlations
and for only the negative correlations. Table 4 also
summarizes the results of the KEGG pathway analysis.
The gene classes with at least two nominally significant
correlations are listed, as are the constituent genes for
this group.
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Table 2 Means of relative expression across strain
Relative expression by strain (mean)
Assay

Chr (X Mb)

Set A/J

BALB/cJ C57/6J DBA/2J

miR-15b

3 (69 Mb)

1

1.2

0.9

0.9

0.7

miR-34a

4 (150 Mb)

2

0.7

0.9

0.5

0.6

3

9.1

7.3

6.2

6.3

3

29.7

24.2

26.2

27.6

3

4.7

6.2

5.4

miR-7a

13 (58 Mb)

let-7g
miR-195

9 (106 Mb)
11 (70 Mb)

miR-26a

9 (119 Mb)a 4B 170

miR-34c
miR-150

9 (51 Mb)
7 (52 Mb)

4B
4B

miR-139

190

170

5.3
160

1.5
10.5

2.1
11.8

1.2
10.2

0.7
8.9

7 (109Mb)

5

4.4

4.7

3.4

3.3

miR-301a 11 (87 Mb)

5

3.0

3.1

3.1

2.1

miR-378

0.4

5

0.6

0.9

0.4

miR-425

18 (62 Mb)
9 (108 Mb)

5

0.2

0.2

0.2

miR-9

3 (88 Mb)a

7A 160

miR-30e

4 (120 Mb)

7A

4.6

5.4

4.5

4.5

miR-31

4 (89 Mb)

7A

0.8

0.8

0.8

0.6

miR-187

18 (25 Mb)

7A

3.4

3.2

2.4

2.7

miR-203

12 (113 Mb)

7B

0.5

0.1

0.1

0.1

miR-451

11 (78 Mb)

7B

2.3

4.4

1.1

0.9

miR-212

11 (75 Mb)

8

3.1

3.2

2.7

1.9

miR-323

12 (111 Mb)

8

0.8

1.0

0.7

0.6

160

160

0.3
150

Mean relative expression across strain for the 20 miRNAs assayed in
individual animals (n = 8 for all strains). Expression was normalised
to the geometric mean of RNU6B, RNU19, and miR-16
a

There is more than one chromosomal location for the given miRNA: miR-26a at 9 (119 Mb) and 10 (126 Mb) and miR-9 at 3
(88 Mb), 7 (87 Mb), and 13 (84 Mb)

Discussion
Recently, numerous studies have taken advantage of the
phenotypic and genetic variations across inbred strains of
mice to better understand complex behaviour and disease
Fig. 1 Relative expression for
the 11 miRNA assays with a
significant main effect of strain.
Error bars: 95% confidence
intervals. Significant differences
(Fisher LSD post-hoc test) are
represented by the first two
letters of the name of the
differing strains (e.g., ab for A/J
vs. BALB/cJ). * p \ 0.05,
** p \ 0.005, *** p \ 0.0005,
**** p \ 0.00005
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Fig. 2 Relative expression of miR-203 has a significant interaction of
strain and sex ([F(3,24) = 10.7, p = 1e-4], q \ 0.1). Error bars
depict 95% confidence intervals. Fisher LSD post-hoc tests indicate
that the A/J females and A/J males were both significantly different
from all the other groups (**** p \ 0.00005)

(Svenson et al. 2007). Part of the strength of such an
approach comes from the potential to use cumulative data
for these strains, which is catalogued in various web-based
databases for phenotype [such as the Mouse Phenome
Project for phenotypic data (Bogue et al. 2006)] and gene
expression data [such as the Gene Expression Omnibus for
gene expression data (Barrett and Edgar 2006)]. The
diversity of phenotypes available for these strains has led to
successful investigation into interactions of genetic variation and genetic expression with various phenotypes
(Grupe et al. 2001; Guo et al. 2006, 2007; Hillebrandt
et al. 2005; Hovatta et al. 2005; Liu et al. 2007; Nadler
et al. 2006; Pletcher et al. 2004). Such approaches have
highlighted genes that play a significant role in behaviour
and disease pathology (Guo et al. 2006, 2007; Hillebrandt
et al. 2005; Hovatta et al. 2005; Liu et al. 2007). In this
study we used this approach to investigate the effects that
variation in miRNA expression across common inbred
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Table 3 Summary of correlations between miRNA expression and
phenotype
MiRNA

Correlated traits
p \ 0.05

FDR q \ 0.2

Phenotypic categories
(with more than 3 significant
correlations)

miR-15b

3

0

None

miR-34a

16

0

Behaviour—anxiety (4)
Behaviour—exploratory (3)
Cardiovascular (4)

miR-195

9

0

Bone (5)

miR-34c

14

1

Behaviour—anxiety (3)
Behaviour—learning
and memory (3)
Blood haematology (4)

miR-301a

16

1

Blood haematology (6)

miR-378

16

0

Behaviour—exploratory (4)
Behaviour-learning
and memory (4)

miR-31

14

0

Blood haematology (4)

miR-203

10

0

None

miR-451

16

0

Behaviour—exploratory (3)
Behaviour—learning
and memory (4)

miR-212

10

0

Behavior—anxiety (3)

miR-323

20

0

Behaviour—anxiety (5)
Behaviour—exploratory (3)
Behaviour—learning
and memory (4)
Blood haematology (3)

Summary of the significant correlations of the strain means of miRNA
relative expression and phenotypes available from the Mouse Phenome Database. The phenotypic categories are listed if there were at
least three significantly correlated phenotypes falling within that
category. The number of significant phenotypic categories is given in
parentheses

strains have on various phenotypes, including mRNA
expression. This analysis allowed us to better characterise
the effects of miRNA expression on phenotypes and gene
expression, with the aim of a better understanding of the
functional consequences of the miRNAs.
Correlations of the differentially expressed miRNAs
with the traits from the Mouse Phenome Database revealed
a number of potential functions for these miRNAs. The
expression of a number of these miRNAs was significantly
correlated with behavioural measures for exploration (miR34a, miR-378, miR-451, and miR-323), anxiety (miR-34c
and miR-323), and learning and memory (miR-34c, miR323, miR-378, and miR-451). While miRNAs have previously been implicated in synaptic development (Fiore and
Schratt 2007), this is the first indication of miRNA
involvement in anxiety, learning and memory, and exploration measures. Although these findings are preliminary
and would require a much larger number of genotypes to be

557

conclusive, they are in line with the findings of miRNA
involvement in various mental disorders, including
schizophrenia (Beveridge et al. 2008), DiGeorge syndrome
(Landthaler et al. 2004), mental retardation (Lin et al.
2006), and Tourette’s syndrome (Chou et al. 2007).
The functions of a number of these differentially
expressed miRNAs have been implicated in numerous
biological processes, determined either from functional
studies or inferred from expression studies. Both miR-15b
and miR-195 are highly expressed in regenerating pancreas
and they inhibit neurogenin 3 (NGN3) protein expression,
which is known to be inhibited during normal pancreatic
regeneration (Joglekar et al. 2007). miR-195 has also been
shown to be important for cardiac function as shown in
mice overexpressing miR-195 (van Rooij et al. 2006),
while miR-15b also has altered expression in T-cell differentiation (Wu et al. 2007). miR-378 promotes cell
survival by targeting SUFU and FUS1 expression (Lee
et al. 2007). miR-451 accumulates in both infected and
healthy red blood cell lines (Rathjen et al. 2006).
In addition, some of these miRNAs have been implicated in disease pathology. Alcohol increases the
expression of miR-212 and is correlated with induced gut
leakiness, a key factor in alcoholic liver disease (Tang
et al. 2008). miR-203 has altered expression in chronic
inflammatory diseases (Sonkoly et al. 2008), while miR-31
expression is altered in colorectal cancer (Slaby et al.
2007). miR-34a has altered expression in tumor-suppressive conditions (Tong and Nemunaitis 2008). miR-195 and
miR-34a both are highly expressed in chronic lymphocytic
leukaemia (Zanette et al. 2007). Expression of miR-34a
and miR34c is increased by DNA damage and oncogenic
stress in a p53-dependent method (He et al. 2007). miR-203
expression was downregulated in oral squamous cell carcinoma (Kozaki et al. 2008) and has altered expression in
chronic inflammatory diseases (Sonkoly et al. 2008). miR378 and miR-451 have upregulated expression in the late
stages of erythropoiesis (Bruchova et al. 2007).
Traditionally, miRNAs have been thought to cause posttranscriptional gene silencing by base pairing with target
sites on specific mRNAs, resulting in either mRNA
cleavage or translational repression (Kim 2005). More
recently, new evidence suggests that miRNAs can also
enhance mRNA expression (Check 2008; Place et al.
2008). We attempted to validate potential miRNA binding
sites by correlating miRNA expression with mRNA
expression for those genes with miRNA binding sites. This
approach would be able to detect only miRNAs that cause
mRNA cleavage or enhancement of mRNA expression.
Only half of the nominally significant correlations had
negative correlational coefficients (52%). While this suggests that miRNA is as likely to enhance mRNA expression
as it is to inhibit its expression, these findings should be
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Table 4 Summary of miRNA and mRNA correlations and KEGG gene class
MiRNA

miR-15b

Correlations

Gene class

p \ 0.05

q \ 0.2

r \ -0.95

34

0

22

miR-34a

10

0

6

miR-195

39

1

22

miR-34c

31

0

Correlations (all, negative)

Genes

Purine metabolism (2,0)

polr2h, rpo1–4

Pyrimidine metabolism (2,0)

polr2h, rpo1–4

Neuroactive ligand-receptor interaction (2,1)

glp1r (neg), pmch

RNA polymerase (2,0)

polr2h, rpo1-4

None

None

MAPK signaling pathway (2,0)

fgf23, prkaca

Insulin signaling pathway (2,1)
Regulation of actin cytoskeleton (2,0)

lipe (neg), prkaca
fgf23, wasf1

Calcium signaling pathway (2,1)

htr6 (neg), prkaca

GnRH signaling pathway (2,1)

itpr3, pla2g10 (neg)

Long-term depression (2,1)

itpr3, pla2g10 (neg)

Neuroactive ligand-receptor interaction (2,2)

grik4 (neg), p2ry2 (neg)

10

None

None

None

None

Glutathione metabolism (2,2)

gclc (neg), idh1 (neg)

Regulation of actin cytoskeleton (2,0)

diap3, itgb6

Cell adhesion molecules (4,3)

cd276 (neg), cldn (neg), cldn5 (neg), glg1

Glycan structures - biosynthesis (2,0)

alg12, fut8

Leukocyte transendothelial migration (2,2)

cldn3 (neg), cldn5 (neg)

Tight junction (2,2)

cldn3 (neg), cldn5 (neg)

N-glycan biosynthesis (2,0)

alg12, fut8

16

miR-301a

26

0

miR-378

10

0

6

miR-31

21

0

12

miR-203

59

0

31

miR-451
miR-212

24
24

0
1

12
8

None
None

None
None

miR-323

14

0

8

None

None

Summary of the correlations between miRNA and mRNA (from Nadler et al. 2006) and KEGG pathway analysis. The gene classes are shown for
those classes with at least two nominally significant correlations. Those genes which had a negative correlation are denoted by (neg)

interpreted cautiously because it is likely that many of our
nominally significant correlations are due to chance.
KEGG pathway analysis was conducted for the nominally
significant miRNA and mRNA expression correlations with
the hope of revealing downstream pathways affected by
these miRNAs. One of the stronger findings is that miR-203
may regulate four genes that code for cell adhesion molecules. Cell adhesion molecules are important in the
regulation of inflammation (Smith 2008) and miR-203 has
previously been implicated in inflammatory diseases
(Sonkoly et al. 2008). We also found that miR-34c may
regulate genes involved in long-term depression and neuroactive ligand receptors, which is interesting as our
phenotypic analysis revealed that miR-34c is a candidate
gene for anxiety and learning and memory measures, both of
which are influenced by genes from these gene classes.
Finding differences in miRNA expression across strains
opens the door for further studies on various mouse genetic
reference populations, including recombinant inbred mice,
consomics, and outbred populations. Mouse genetic reference populations such as C57BL/6J 9 DBA/2J recombinant
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inbred mice (BXD RI) have been integral to the understanding of complex biological systems (Bystrykh et al.
2005; Wang et al. 2003) and a key tool in systems genetics
approaches (Churchill 2007). The use of such populations
has been particularly good for investigating the underlying
genetics of various phenotypes, including mRNA expression, with the existence of numerous references describing
the successful use of this approach (Belknap and Crabbe
1992; de Haan and Williams 2005; Hsu et al. 2005). Now
that significant differences in miRNA expression have been
detected within the progenitor strains of these populations,
this approach similarly can be used to determine the effects
of miRNA expression on various phenotypes, from behavioural phenotypes to mRNA expression (Chesler et al.
2004).
We found that the hippocampal expression of nearly 7%
of all the screened miRNAs was nominally significant
across strains. All 11 of these nominally significant assays
survived multiple testing by controlling the FDR to
q \ 0.10; thus, only one of these 11 nominally significant
findings is likely due to chance. When we lowered the FDR
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rate to q \ 0.05, eight survived, which was still approximately 5% of all miRNAs investigated. At this FDR level it
is unlikely that any of these eight assays are due to chance.
Thus, depending on the stringency level, between 5 and 7%
of all miRNAs investigated were differentially expressed
across strains. It should be noted that we searched the
primer sequences for the assays we investigated using the
perlegen sequence data and found no SNPs within the
miRNAs for the genes we investigated.
Previous microarray experiments conducted within our
group have found that the total percentage of mRNAs that
have significant differences in hippocampal expression
across strains vary from 2% (Fernandes et al. 2004) to an
upper limit of 20% (unpublished observation). This is
similar to the 2–30% seen in other studies (Nadler et al.
2006; Sandberg et al. 2000). In our current study, we found
that 5–7% of all tested miRNAs significantly differ in
hippocampal expression, thus falling well within the wide
range seen for mRNAs in previous studies. It should be
noted that direct comparisons of these studies are difficult
due to differences in the techniques, statistical power, and
the stringency of the multiple-testing approaches used.
A recent study calculated the number of samples needed
to detect gene expression fold changes using microarrays
for varying power levels, false detection rates, and
expression variablities (Wei et al. 2004). For inbred mice
they found that for the genes whose variation of expression
levels falls into the lower half of the distribution, you need
7 animals per group to have 90% power to detect a 1.5-fold
or greater change in expression at a = 0.01. For more
variable genes a much greater sample number is required to
obtain a similar power. The miRNAs that we failed to
replicate in individual animals generally had higher variation than those that we were able to replicate. If we
assume that the power calculations conducted for microarrays are relevant for TaqMan RT-PCR, then the failure to
replicate these findings in individual animals is likely due
to a lack of sufficient power for these highly variable
genes, rather than them not being real effects.
While we did not find any main effects of sex that
survived multiple-testing correction, we did find a significant interaction between strain and sex for miR-203
expression (p = 1e-4). The underlying cause of this interaction is unknown, although it may relate to sex-specific
regulation of miRNA expression (Zhang et al. 2007a). The
failure to find many effects of sex on miRNA expression
may be accounted for by the fact that we were specifically
screening for strain differences.
In conclusion, this is the first observation of miRNA
expression differences across inbred mouse strains, with
approximately 5–7% of all investigated miRNAs differentially expressed across strains. By correlating the expression
of these differentially expressed miRNAs with in silico
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phenotype data and mRNA expression, we were able to better
characterise the effects of these miRNAs on both phenotype
and the regulation of mRNA expression. This approach has
allowed us to nominate miRNAs that have potential roles in
anxiety, exploration, and learning and memory. In addition,
the finding of these differentially expressed miRNAs opens
the door for further studies on various mouse genetic reference populations, including recombinant inbred mice,
consomics, and outbred populations.
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