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Abstract

Extensive studies on mice with total or partial disruption of either connexin43 (Cx43) or connexin32 (Cx32) have detected only

subtle changes in central nervous system structure, growth, development, or function. We have used high density cDNA arrays to

analyze the regulation, control, and coordination of the abundances of 7446 distinct transcripts in four brains, each of Cx43 null (K43),

Cx43 heterozygous (H43), and Cx32 null (K32) mice as compared to the brains of wildtype (W) mice. The use of multiple samples

allowed the determination of the statistical significance of gene regulation. Significantly regulated genes encoded proteins of all

functional categories, extending beyond those that might be expected to depend on junctional communication. Moreover, we found a

high degree of similarity between genes regulated in the K43 and H43 brains and a remarkable overlap between gene regulation in

brains of K43 and K32. The regulated genes in both K43 and H43 brains showed an outstanding inverse coordination with the levels of

expression of Cx43 in W brain, indicating that the regulated genes are largely predictable from their co-variance with Cx43 in the

wildtype samples. These findings lead to the hypothesis that connexin expression may represent a central node in the regulation of gene

expression patterns in brain.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

More than half of the approximately twenty known

mammalian connexins [1] are expressed in the nervous

system either during development or in the mature brain

[2–5]. The importance of the expression of these connexins

has been assumed to be in the formation of gap junctions,

thereby providing direct cytoplasmic continuity from one

cell to another; such coupling mediates rapid impulse

transmission between certain neurons and less rapid trans-

mission of second messengers between the glia (see [6,7]

for reviews). However, cDNA array studies of astrocytes

cultured from connexin43 (Cx43) deficient mice have

detected a large number of genes with altered expression,

including those related to apoptosis and growth, as well as

transcription factors expected to impact broadly on gene

expression patterns [8,9]. In order to explore the impact of

connexin expression on the expression of other genes, we

have undertaken gene expression studies described below

comparing brains of newborn wildtype mice with those

lacking Cx32 or Cx43. These connexins were chosen for

comparison because they are normally expressed in distinct

glial elements of the brain.
2. Expression of Connexin32 and Connexin43 in the

nervous system

Connexin32 (Cx32 or gap junction beta-1) is the primary

component of hepatocyte gap junctions [10,11]. Moreover,

Cx32 is a major gap junction component in the myelinating

cells of the CNS (oligodendrocytes: [4,12,13]) and in the

PNS (Schwann cells: [13–15]), where it is hypothesized to

play the unusual role of providing a nutritional shunt from

the outermost Schwann cell cytoplasm to the innermost,

adaxonal regions [13,16,17]. Cx32 mutations are respon-

sible for the X-linked form of Charcot-Marie-Tooth disease

(CMTX), a progressively developing demyelinating periph-

eral neuropathy [14,18]. Cx32 knockout mice are viable

through adulthood, and older animals are prone to slowed

peripheral nerve conduction, analogous to the late onset of

human CMTX disease [19,20].

Connexin43 (Cx43 or gap junction alpha-1) is the most

widespread gap junction protein in mammals, where it

occurs in almost every tissue [21,22]. Cx43 is a primary

component of intercellular gap junction channels in

cardiac tissue [23] and in astrocytes, the most abundant

glial cell type in the brain [24–27]. In astrocytes, Cx43

gap junctions mediate ionic and metabolite exchange that
contributes to potassium siphoning from around the active

neurons and to long-range signaling (so-called bcalcium
wavesQ; see [7] for a review). Because Cx43 is distributed

within the domains of single astrocytes, as well as

between processes of neighboring astrocytes [28,29], it is

likely that it forms autaptic contacts onto single astrocytes,

somewhat analogous to the arrangement of Cx32 in

Schwann cells. Cx43 also occurs between neural progen-

itors in early development [30–32]. Cx43 null mice die at

birth due to a developmental cardiac abnormality, where

hyperplasia blocks blood flow exiting from the right

ventricular outflow tract to the lungs [33]; heterozygous

Cx43(+/�) mice do not display this defect and are viable.

Brains of Cx43 null mice are grossly normal [34],

although the migration of neural progenitors is demon-

strably altered compared to wildtype littermates when

certain time points are critically examined [35]. Previous

microarray studies have indicated that Cx43 expression is

altered in both acute and chronic stages of multiple

sclerosis [36] in Alzheimer disease [37], Huntington’s

disease [38], and in other neural disorders [39,40].
3. Application of cDNA arrays to the analysis of gene

expression in connexin null brains

3.1. cDNA microarrays

For the studies described here, we have used cDNA

arrays produced at Albert Einstein College of Medicine.

These arrays were co-hybridized with DNAs obtained by

reverse transcription in the presence of fluorescent dUTPs

(labeled with 532 nm emitting Cy3 or 635 nm emitting Cy5)

of total RNA extracted from the tissues to be compared and

a sample reference. Fluorescence signals of the co-hybri-

dized arrays are then compared. As illustrated in Fig. 1A, a

spot in the pseudo-color 8-bit image of the merged two 16-

bit tiffs obtained by dual scanning of the hybridized array at

635 nm and 532 nm will appear yellow if that mRNA is

similarly abundant in the two extracts or will be biased

toward green or red if the abundance of mRNA is higher in

one source or the other.

The arrays contain 27,571 spotted sequences: 15,693

spots probe 7455 distinct mouse genes encoding known

protein products, 11,686 spots correspond to mouse ESTs

whose annotation was incomplete at the date of the study

(and thus eliminated from the expression analysis), and

192 spots contain bacterial sequences for quality control

of the arrays.



Fig. 1. The cDNA microarrays used in the study. (A) The 8-bit pseudo-color image of one of 48 blocks (23�26 spots) from a hybridized cDNA array

hybridized with green-labeled wildtype brain extract and red-labeled reference. Red/green spot indicates a higher abundance of the probed transcript in the

corresponding extract while a yellow spot indicates close abundances. (B) Functional classification of the 7446 adequately quantified genes with known protein

products in the arrays used for this study. The functional classes were: CSD=cell-cycle–shape-differentiation–death, CYT=cytoskeleton; ENE=energy-

methabolism, JAE=junction–adhesion–extracellular matrix; RNA=RNA processing; SIG=cell signaling; TIC=transport of small molecules and ions into the

cells; TRA=transcription; TWC=transport of ions/molecules within the cells; UNK=function not yet assigned (see text for content and sub-categories). (C)

Chromosomal location of the quantified genes. Note that no gene from chromosomes 20–22 was quantifiable on the array and only two quantifiable genes were

located on chromosome Y. U=unknown chromosomal location.
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Genes were categorized according the functions per-

formed by their protein products in the following classes

and subcategories (modified from [8]): CSD=cell cycle,
shape, differentiation, death (A=apoptosis; C=cell cycle

(cyclin); D=development, differentiation, organogenesis;

G=growth factors, hormones, cytokines; S=shape; N=onco-
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genes; O=others); CYT=cytoskeleton; ENE=energy metab-

olism (MIT=mitochondrial proteins involved in cyclic acid

cycle, respiratory chain; L=lipid metabolism; D=degrada-

tion such as in peroxisomes, proteasome ubiquitination;

G=glycolysis, glycogenesis; O=others); JAE=cell junction,

adhesion, extracellular matrix (A=antigens, integrins;

G=globulins and blood; M=extracellular matrix, laminin;

J=junction and associated proteins; P=proteases (such as

metalloproteinases); O=others); RNA=RNA processing

(M=mRNA; R=rRNA; T=tRNA; MIT=Mitochondrial

RNA); SIG=cell signaling (G-protein coupled receptors,

PKA, PKC, cAMP, calcium, MAPK, SH2, SH3, and Ca-

binding proteins); TIC=transport of small molecules and

ions into the cells (transporters, ion channels, and

ionotropic receptors); TRA=transcription (D=DNA tran-

scription factors; P=DNA processing (such as poly-

merases); O=Others); TWC=transport of ions/molecules

within the cells (vesicles, kinesin, endosomes, proteosomes,

protein folding, lysosomes, and nuclear transport);

UNK=function not yet assigned. As shown in Fig. 1B

and C, the quantified distinct genes with known protein

products belonged to all functional classes and were located

on all chromosomes.

3.2. mRNA sources and array hybridization

All adult wildtype (used to prepare the sample compo-

site RNA reference), neonatal wildtype (W), and con-

nexin43 heterozygous (H43) mice [33] were from the

C57BL/6j strain obtained from Jackson Laboratory (Bar

Harbor, ME), while founders of our colony of connexin32

null (K32) C57BL/6j mice were provided by Dr. Klaus

Willecke [41]. The mice were bred and maintained in our

AAALAC-accredited animal facility, and genotypes of

offspring from matings of H43 mice were determined by

tail PCR [34,42]. The mice were decapitated under aseptic

conditions, according to protocols approved by the

AECOM Animal Use Committee, and organs were

removed and immediately processed. The K43, H, and W

mice described in this paper were obtained from the same

two litters. A composite RNA was prepared as sample

reference (R) for these studies in sufficient quantity for the

entire projected experiment from selected amounts of total

RNA extracted from ten adult mouse tissues (aorta, brain,

heart, kidney, liver, lung, ovary/testicles, spleen, and

stomach-equal amounts from males and females). This

combination of source tissues provided a high diversity of

genes expressed in the midrange of the detection system for

the AECOM mouse cDNA microarrays.

60 Ag total RNA, extracted in trizol (according the

AECOM protocol, http://www.aecom.yu.edu/home/molgen/

funcgenomic.html) from the composite reference R and

from brains of each of the four W, K32, K43, or H43 mice,

was reverse transcribed into cDNA using fluorescent dUTPs

[Cy3-dUTP (green) and Cy5-dUTP (red)]. Each of the 16

green-labeled brain extracts (four brains from each of the
four groups: W, K43, H43, and K32) and the red-labeled

reference extracts were co-hybridized overnight at 50 8C
with cDNA microarrays produced by the Microarray

Facility of the Albert Einstein College of Medicine (http://

www.microarray1k.aecom.yu.edu). Two other slides were

used for the so-called byellow testQ, in which red and green

labeled R-extracts were hybridized against each other in

order to validate the protocol and to estimate the technical

noise, following the experimental design used in previous

experiments [8]. These additional slides were scanned

several times at different pairs of photomultiplier tube

(PMT) voltages to determine the PMT settings that best

balanced the recordings of the two channels of the scanner

and accomplished an acceptable compromise between the

numbers of spots eliminated because of low signal and those

eliminated because of saturated pixels. After hybridization,

the slides were washed at room temperature, using solutions

containing 0.1% sodium dodecyl sulfate (SDS) and 1% SSC

(3 M NaCl+0.3 M sodium citrate) to remove the non-

hybridized cDNAs.

3.3. Experimental design and array scanning and

normalization

For this study, we have used the reference sample

strategy (RSS), in which the green-labeled specimens to

be compared were co-hybridized with a red-labeled univer-

sal reference to avoid the non-uniform bias toward one label

[43–48]. All microarrays were scanned with an Axon

GenePixR 4000A scanner at the same PMT settings (750

V at 635 nm channel and 670 V at 532 nm channel) as

determined in the byellow testQ and data were acquired

through GenePixk Pro 4.0 software (http://www.axon.

com). The spots with substantial local imperfections

(customarily flagged by the acquisition program), those

for which the medians of the foreground signals (F) were

not significantly (Pb0.001) higher than the medians of the

background signals (B) in both channels, and those with

saturated pixels were eliminated from the analysis to avoid

inadequate quantification.

The background-subtracted signals were normalized

through an in-house developed iterative algorithm, alter-

nating within-array normalization with inter-array normal-

ization until the average corrected ratio differed by less

than 5% from the previous one. The normalization reduced

the average inter-array coefficient of variation, CV(R;s)

(standard deviation/average value), of the background-

subtracted fluorescence signal of each spot s of the red-

labeled universal mouse reference in all 18 arrays from

32% to 15%, which is close to the 12% reported average

CV in StaRT-PCR studies [49]. Since all arrays were

obtained from the same spotting series and equal aliquots

of red-labeled reference were hybridized with all arrays,

this variability represents an estimate of the btechnical
noiseQ in printing, hybridizing, scanning, and gridding the

arrays.

 http:\\www.aecom.yu.edu\home\molgen\funcgenomic.html 
 http:\\www.microarray1k.aecom.yu.edu 
 http:\\www.axon.com 
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3.4. Methods of analysis: A. Identification of regulated

genes and global characterization of altered expression

pattern

The background-subtracted fluorescence signals of the

brain transcripts normalized to the reference were averaged

for all n( j) valid spots probing the same gene j and the

average normalized ratios (hereafter denoted by w( j;W/R)

or w( j;G/R), where G=K43, H43, K32) of the transcript

abundances in the studied specimens as compared to when

the reference were used for further analysis. The detection of

significantly regulated genes relied on both fold changes in

expression ratio (which is limited by the technical noise of

the method and expression variability among animals) and

on the statistical significance of the two-tailed t-test for

equality of two ratios [50] with a Bonferroni type adjust-

ment [51,52] applied to the redundancy groups. Therefore, a

gene j was considered significantly regulated in the

genotype G as compared to the wildtype if and only if the

following conditions imposed to the absolute expression

ratio jx( j;G/W)j (negative for down-regulation) and to the

p-value p( j;G/W) are satisfied:

jx j;G=Wð Þju w j;G=Rð Þ
w j;W=Rð Þ Nh j;G=Wð Þ

u

1þ
����t
�
4n jð Þ � 1;

a
2

������ CV G; jð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4n jð Þ � 1

p
1�

����t
�
4n jð Þ � 1;

a
2

������ CV W ; jð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4n jð Þ � 1

p ð1Þ

p j;G=Wð Þu
Xn jð Þ

i¼1

x i; j;G=Wð Þb0:05

where h(G/W;j) is the threshold ratio; CV(G;j) is the

coefficient of variability of gene j in the genotype G=K43,

H43, or K32; t(4n( j)�1;a/2) is the Student score for 4n( j)�1

degrees of freedom and significance a/2 (from the maximum

error of estimate in the two-tailed test); and N(i;j;G/W) is the

p-value of the hybridization regulation of spot i probing gene

j when the genotype G was compared to the wildtype.

The global alteration of the transcriptome induced by

total or partial disruption of each connexin gene was

quantified through the calculation of the redefined tran-

scriptomic patholog [8,53,54] of genotype G with respect to

the wildtype, P(G,W):

P G=Wð Þ ¼ 100

U

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXU
j¼1

x j;G=Wð Þ
h j;G=Wð Þ � 1� p j;G=Wð Þ

1� p G=Wð Þ

� �2

vuut
ð2Þ

where U is the number of distinct genes that have been

considered and p(G/W) is the significance cut-off imposed

for a gene to be considered as significantly regulated. In this

study, we have used p(G/W)=0.05 for all altered genotypes.

Higher values of the patholog indicate more profound
alteration of the affected transcriptome with respect to the

wildtype.

3.5. Methods of analysis: B. Variability, control, and

coordination of transcripts abundances

Compared to our previous paper [8], the a-significant
Relative Estimated Variability (REV) of transcript j abun-

dance in the genotype C (=W, K43, K32, H43) was redefined

to eliminate the contribution of technical variability:

REV C; jð Þ ¼

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n jð Þ � 1=4

v2 4n jð Þ � 1; 1� a=2ð Þ

s

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n jð Þ�1=4

v2 4n jð Þ�1; a=2ð Þ

s ��
s C; jð Þ

w j;C=Rð Þ �CV R; jð Þ

�
ð3Þ

where s(C;j) is the standard deviation and v2 is the chi-

square score for 4n( j)�1 degrees of freedom and 1�a/2 or

a/2 probabilities. In this study, we used a=0.05.
REV values were used to identify the most stably and

unstably expressed genes in each genotype, to evaluate the

control stringency of the transcript abundance (with high

REV values meaning low control), to determine the change

of control stringency induced by the total or partial

disruption of Cx43 or Cx32, and to assign statistical

significance to expression regulation.

The Gene Expression Stability [8] was used to categorize

the genes as: exceptionally stably expressed (GES N99), very

stably expressed (99zGESN95), stably expressed

(95zGESN75), moderately stably expressed (75zGESN50),

moderately unstably expressed (50zGESN25), unstably

expressed (25zGESN5), very unstably expressed

(5zGESN1), and exceptionally unstably expressed (GES

V1). This classification was used to identify those genes with

major changes in expression stability induced by total or

partial connexin deletion.

Pearson’s correlation coefficients between the normal-

ized w-ratios were used to determine the expression

coordination of two genes. In our case of four replicas,

the 5% cut off values are: 0.9bqV1 for synergistic

expression (abundances of transcripts of paired genes

increased and decreased together from animal to animal),

�0.9bqV�1 for antagonistic expression (inverse relation-

ship of transcript abundances), and jqjb0.05 for independent
expression (variations of expression levels of the two genes

are not connected). Moderate correlations (0.05zjqjz0.9)

were eliminated from the analysis.
4. Gene expression in Cx43 null and heterozygous and

Cx32 null brains

The study was performed according to the standards of

Microarray Gene Expression Data Society (MGED), and data
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complying with the bMinimum Information About Micro-

array ExperimentsQ (MIAME) have been deposited in the

National Center for Biotechnology Information (NCBI) Gene

Expression Omnibus (GEO) database (http://www.ncbi.nlm.

nih.gov/geo, platform GPL1698, series GSE1954, samples

GSM34855 and 34858–34872).The main features and

representative examples are considered below. 7446 distinct

genes with known protein products were adequately quanti-

fied in all arrays used in this experiment. Seven genes with no

valid spot in all arrays and two genes with significantly

divergent results within their redundancy groups were

eliminated from the analysis.

4.1. bNormal Q and baltered Q variability of transcript

abundance

In order to statistically compare individual gene tran-

scription levels in different samples, it is necessary to

determine the extent to which expression varies within each

sample population. For each of the adequately quantified

genes in every set of four microarrays, we have calculated

the Relative Estimated Variability (REV) of the transcript

abundance. Fig. 2 presents the histograms of the REV

values of all adequately quantified genes in brains from all

genotypes.
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Fig. 2. Relative Estimated Variability (REV) of transcript abundance within

sets of four brains from neonatal wildtype (W), Cx43 null (K43), and Cx43

heterozygous (H43) mice. The arrows indicate the median values. Note that

the wildtype brain has the highest average REV and that the Cx43

heterozygous brains have lower average REVs than does the corresponding

knock-out. Lower REV indicates higher stability, while higher REV

indicates less stability.
Note that individual genes exhibited a wide range of

REV values, indicating that expression variability is much

higher for some genes than for others. The median REV

value for neonatal wildtype brain was 49.7%. Remarkably,

the distribution of REV values in brains with altered

expression of connexins exhibited significantly lower

median values: 32.2% (K43), 21.3% (H43), and 22.7% in

K32. Since both connexin43 null and wildtype mice came

from the same litters delivered by two H43 females, the

reduced expression variability in K43 indicates the

increased control of gene transcription presumably acting

to compensate and limit the effects of deleting Cx43.

A list of the 21 most stably (GES N99) and 21 most

unstably (GES b1) transcribed genes in the brains of

neonatal wildtype mice is presented in Table 1. For each

gene, GES values are also shown for each of the

genetically manipulated brains to compare their stabilities

with those of the wildtype. Note that deletion of one or

both copies of Cx43 had different effects on the

expression stability of individual genes. For example, the

stability or instability of Mrps16, Rock2, Tuba4, and

Ptbp1 was not essentially modified in the K43 brain

compared to that of wildtype, and the stability or

instability of Thoc1, Phf13, and Syngr2 in H43 were

quite similar to that of the wildtype. The stability of genes

such as Adcyap1r1, Elp3, Stmn4, and Ube2g1 was

dramatically changed in the K43 brain but was less

affected in the H43 brains. Thus, the modifications in gene

expression stability resulting from the total (or partial)

deletion of only one gene (Cx43 or Cx32) extended

toward all functional classes. This finding suggests that

the normal expression of connexins broadly influences the

transcriptional control of other genes.

The sets of GES values in all three genetically manipu-

lated brains were independent (correl(W-K43)=0.10, cor-

rel(W-H43)=0.02, correl(W-K32)=�0.00) when compared

to the corresponding set in W brains, suggesting an

independent alteration of the transcription control mecha-

nisms of individual genes when the expression of Cx43 or

Cx32 is disrupted. However, when the stability analysis in

Cx43 null brains was restricted to the genes that were

coordinately expressed with Cx43 in W brains, we found

that expression stability increased for 67% of the genes

synergistically expressed with connexin43 and decreased for

66% of the antagonistically expressed ones, indicating a

tendency of expression stability change to follow the

coordination degree.

4.2. Altered gene expression in Cx43 null and heterozygous

and Cx32 null brains

Although only Cx43 or Cx32 was disrupted by homol-

ogous recombination, other genes that were significantly up-

or down-regulated in the brains of these animals extended to

all functional classes and all chromosomes, suggesting a

high degree of complexity of the inter-gene relationships.

 http:\\www.ncbi.nlm.nih.gov\geo 


Table 1

Examples of most stably (high GES) and unstably (low GES) expressed genes in the brains of neonatal wildtype (W) mice and their stabilities in the brains of

neonatal Cx43 null (K43), Cx43 heterozygous (H43), and connexin32 null (K32) mice

CHR=chromosomal location, FUNC-C=functional class. Note the stability change in brains with altered expression of connexins as compared to the

corresponding wildtype ones. GES boxes were color-coded to help visual inspection of stability class. The GenBank Accession Number of the sequence is not

presented because most results have been obtained by averaging the normalized net fluorescence signals of several spots probing the same gene.
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Compared to wildtype brain, we found that 642 (8.6%) of

the 7446 adequately quantifiable distinct genes with known

protein products were significantly down-regulated in the

K43 brain and 383 (5.2%) significantly up-regulated. The

numbers of regulated genes were lower in the case of H43

brains, 347 (4.6%) down and 236 (3.2%) up, whereas in the

K32 brains, 441 (5.9%) were down-regulated and 431

(5.8%) were up-regulated. Fig. 3 presents the distributions

of the significantly regulated genes in functional classes for

the three types of brains in which the expression of Cx43 or

Cx32 was altered. The most striking common characteristic
of the expression patterns in the brains of all three genotypes

is the significant down-regulation of the genes in the CYT,

ENE, and RNA classes.

Fig. 4 presents the similarities and dissimilarities in gene

expression regulation in H43 and K32 brains as compared to

that in K43. Remarkably, 58.7% of the significantly

regulated genes in K32 were similarly regulated in K43

and only 0.2% oppositely regulated. When the analysis is

restricted to genes significantly regulated in both knockouts,

the similarly regulated genes represent 99.6% in both

comparisons. When K43 and H43 brains were compared,



Fig. 3. Percentage of significantly regulated out of quantified genes within

each functional class in brain of connexin deficient mice as compared to

wildtypes. Note the overall down-regulation in K43 and the balance

between down- and up-regulation in K32, as well as the predominance of

down-regulated with respect to up-regulated genes in all three genotypes for

CYT, ENE, and RNA genes.

Fig. 4. Similarities and dissimilarities in gene expression regulation.

DD=down-regulated in both types of connexin altered brains; UU=up-

regulated in both DU; UD=opposite regulations DN, ND, UN; NU=down-/

up-regulated in one brain and not-regulated in the other. Note the negligible

opposite regulations, the remarkable similarity between the regulations in

the two knockouts, and the 81.5% [=(DD+UU)/(DD+UU+NU+ND)]

inclusion of the regulated part of the H43 transcriptome in the regulated

part of the K43 transcriptome.
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44% of the significantly regulated genes in K43 were

similarly regulated in H43 and only 0.2% were oppositely

regulated, while 81.5% of the significantly regulated genes

in H43 were similarly regulated in K43.

Table 2 presents examples of genes that were found to be

significantly regulated in the brains of all genetically

manipulated mice used in this study. The complete list can

be found in Supplementary Table 1. 300 genes were

significantly regulated in all genetically modified brains:

199 down-regulated and 101 up-regulated. Remarkably,

each of these 300 genes was regulated in the same direction

in all three types of brains.

It is noteworthy that several similarly regulated genes in

all three types of brains with altered expression of Cx43 or

Cx32 are directly involved in brain development (e.g. the
up-regulated Emx2=empty spiracles homolog 2 (Droso-

phila) and Hhex=hematopoietically expressed homeobox

and the down-regulated Napa=N-ethylmaleimide sensitive

fusion protein attachment protein alpha), transcription

regulation (e.g. Nfib=nuclear factor I/B; Atb1=AT motif

binding factor 1; Trp53bp1=transformation related protein

53 binding protein 1), or signaling mechanisms (e.g.

Lcp2=lymphocyte cytosolic protein 2; Socs5=suppressor

of cytokine signaling 5; Rgs2=regulator of G-protein

signaling 2; Gnaj2=guanine nucleotide binding protein,

alpha inhibiting 2).

The calculation of the transcriptomic patholog allows a

quantitative overall assessment of the degree of alteration in

gene expression in each genotype. The values of the

transcriptomic patholog were 1.49 for K43, 1.39 for H43,

and 1.80 for K32. Thus, the brain transcriptome is more

substantially altered when totally deleting Cx32 than Cx43,

even though the number of regulated genes was smaller in

K32. The alteration in the heterozygous brain is smaller than

in K43, but it is significantly higher than half the value of

the transcriptomic patholog for the total knock-out. The

overall gene expression alteration in H43 is thus more

extensive than expected from a simple dependence on Cx43

gene dosage.

4.3. Coordinated expression with Cx43 in wildtype predicts

expression regulation in Cx43 null and heterozygous brain

For each individual gene that was significantly above

background on each of the four arrays, we determined in

wildtype brains whether expression was synergistically

(UN0.9), antagonistically (Ub�0.9), or independently

(jqjb0.05) expressed with that of Cx43. We found 397

genes synergistically expressed with Cx43, 373 antagonis-



Table 2

Examples of genes with similar regulation in K43, H43, and K32 brains

Name Symbol CHR FUNC-C X-K43 P-K43 X-K32 P-K32 X-H43 P-H43

Annexin A2 Anxa2 9 SIG �2.05 0.048 �2.47 0.000 �2.04 0.000

ATPase, H+transporting, V0

subunit D isoform 1

Atp6v0d1 8 TIC �2.64 0.005 �3.13 0.003 �2.57 0.005

ATP-binding cassette, sub-family G (WHITE), member 4 Abcg4 9 TIC �2.60 0.006 �2.24 0.001 �2.56 0.000

Cathepsin D Ctsd 7 JAE-P �2.22 0.003 �2.48 0.003 �2.16 0.004

Chromodomain helicase DNA binding protein 1 Chd1 17 TRA-P �3.11 0.012 �1.93 0.000 �2.60 0.000

Coated vesicle membrane protein Rnp24-penc 5 TWC �2.32 0.012 �2.70 0.001 �2.05 0.005

Ephrin B2 Efnb2 8 JAE-J �3.09 0.003 �2.92 0.003 �2.72 0.004

Eukaryotic translation initiation factor 2,

subunit 3, structural gene X-linked

Eif2s3x X RNA-M �2.43 0.004 �2.64 0.001 �2.23 0.005

Methionine adenosyltransferase II, alpha Mat2a 6 ENE-O �2.09 0.040 �1.99 0.002 �2.08 0.005

Nuclear factor I/X Nfix 8 TRA-D �3.42 0.006 �3.27 0.003 �3.34 0.004

Ornithine decarboxylase antizyme Oaz1 10 ENE-O �2.36 0.023 �2.20 0.003 �2.01 0.005

Oxoglutarate dehydrogenase (lipoamide) Ogdh 11 ENE-MIT �3.48 0.040 �3.29 0.000 �3.31 0.000

Peroxiredoxin 6 Prdx6 1 ENE-D �2.64 0.016 �3.29 0.002 �2.44 0.010

Phosphoribosyl pyrophosphate synthetase 1 Prps1 X ENE-O �2.81 0.002 �2.44 0.001 �2.53 0.001

Platelet derived growth factor, alpha Pdgfa 5 CSD-G �3.03 0.003 �3.49 0.001 �2.97 0.001

Polymerase delta interacting protein 38 Pdip38-penc 11 TRA-P �2.47 0.040 �2.22 0.001 �2.11 0.001

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3 Plod3 5 ENE-O �3.33 0.009 �3.25 0.008 �3.11 0.007

Proteasome (prosome, macropain) 26S

subunit, non-ATPase, 13

Psmd13 7 ENE-D �3.76 0.040 �3.28 0.000 �3.11 0.000

RAB28, member RAS oncogene family Rab28 5 CSD-N �2.12 0.040 �1.84 0.008 �2.09 0.004

Retinoblastoma binding protein 6 Rbbp6 7 TRA-D �3.54 0.040 �4.01 0.000 �3.27 0.000

Trans-golgi network protein Tgoln1 6 TWC �2.02 0.010 �3.74 0.000 �2.01 0.003

Wolf-Hirschhorn syndrome candidate 2 homolog (human) Whsc2h 5 UNK �2.54 0.003 �2.42 0.003 �2.13 0.008

Abelson helper integration site Ahi1 10 UNK 6.04 0.008 6.66 0.007 7.78 0.001

BH3 interacting domain death agonist Bid 6 CSD-A 2.02 0.007 2.35 0.000 2.14 0.001

Copine l Cpne1 2 SIG 1.97 0.005 1.95 0.004 2.39 0.004

Cyclin M4 Cnnm4 1 CSD-C 3.35 0.005 2.84 0.002 3.02 0.004

DEAH (Asp-Glu-Ala-His) box polypeptide 8 Dhx8 11 TRA-P 2.08 0.040 3.44 0.002 4.11 0.007

Drebrin 1 Dbn1 13 CYT 2.33 0.017 2.93 0.004 2.90 0.006

F-box only protein 21 Fbxo21 5 ENE-D 2.15 0.045 2.54 0.001 2.48 0.003

Glucocorticoid induced gene 1 Gig1-pendir 3 UNK 2.93 0.050 9.72 0.004 5.39 0.006

H19 fetal liver mRNA H19 7 RNA-M 2.54 0.017 2.68 0.002 3.41 0.000

Kinesin family member 1A Kif1a 1 TWC 2.96 0.041 7.54 0.001 6.55 0.000

Myeloid/lymphoid or mixed-lineage leukemia Mll 9 UNK 2.56 0.010 2.02 0.005 3.48 0.000

Neuronal d4 domain family member Neud4 7 TRA-D 2.36 0.020 2.76 0.001 3.55 0.000

Oligophrenin 1 Ophn1 X SIG 2.04 0.040 2.20 0.004 4.57 0.000

Plexin A4 Pixna4 6 JAE-J 3.07 0.035 5.44 0.007 4.49 0.009

Protocadherin gamma subfamily C, 4 Pcdhgc4 18 JAE-J 2.28 0.018 4.10 0.000 3.62 0.009

SH3 domain binding glutamic acid-rich protein-like 3 Sh3bgr13 4 UNK 2.25 0.008 2.71 0.002 3.06 0.000

SWI/SNF related, matrix associated,

actin dependent regulator of chromati

Smarca4 9 TRA-D 2.47 0.015 3.38 0.002 3.57 0.001

Transformation related protein 53 binding protein 1 Trp53bp1 2 TRA-D 2.16 0.005 2.67 0.000 3.31 0.000

Transient receptor potential cation channel,

subfamily V, member 2

Trpv2 11 TIC 2.30 0.035 2.57 0.005 2.10 0.007

UDP-Gal: betaGlcNAc beta 1, 3-galactosyltransferase,

polypeptide 2

B3galt2 1 ENE-O 2.05 0.010 2.37 0.000 2.52 0.001

V-abl Abelson murine leukemia oncogene 1 Abl1 2 CSD-N 2.00 0.019 3.36 0.000 3.18 0.001

CHR=chromosomal location, FUNC-C=functional class, X-genotype=expression ratio of the indicated genotype (e.g. K43) with respect to wildtype brains,

P-genotype=p-value.
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tically expressed, and 88 independently expressed. Fig. 5

presents the distribution among functional classes of the

genes that were coordinately expressed with Cx43 in the W

brain. On average, 11% of the genes within each functional

class were found to be coordinately expressed with Cx43,

consistent with high numbers of genes significantly regu-

lated by Cx43 deletion.

Within the set of genes that were synergistically and

antagonistically expressed with Cx43 in the wildtype brain
and that were also significantly regulated in Cx43 null and

heterozygous brains, the type of significant regulation was

correctly predicted for 169 (91.8%) genes in K43 and for 80

(84.2%) in H43 compared to 15 falsely predicted in both

K43 and H43 brains. Table 3 presents some examples of

genes that were synergistically or antagonistically expressed

with Cx43 in wildtype brains and whose significant down-/

up-regulation was accurately predicted in both K43 and H43

brains.



Fig. 5. Distribution in functional classes of the coordinately expressed

genes with Cx43 in the brain of neonatal wildtype mouse. The values

represent the percentages of quantified genes in each class that were found

significantly ( Pb0.05) coordinately (i.e. synergistically or antagonistically)

expressed with Cx43. Compared to the irregular abundance of functional

classes within the population of quantified genes, the relatively uniform

percentage of genes coordinately expressed with Cx43 in functional classes

suggests that the gene encoding Cx43 is a node in transcriptional control of

genes expressed in brain.
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Note from both Table 3 and Fig. 5 that the genes

coordinately expressed with Cx43 belong to all functional

categories and are located on all chromosomes, again

indicating the high degree of complexity of gene expression

regulation.
5. Unanswered question: are connexin genes bnodesQ in
transcriptional control?

There is a conceptual difference between examining the

hypothesis that the expression of a few selected genes is

altered in connexin null brains using techniques such as

Northern or Western blots and the screen of thousands genes

at a time performed in microarray studies. The unbiased

nature of the high throughput screen leads to abundant

testable hypotheses regarding biological correlates. In order

to facilitate such further studies, we have classified the

genes according to functions of their proteins and included

this classification in all tables, enabling other investigators

to identify and verify individual pathways that are altered in

the Cx null mice, as we are doing ourselves in follow-up

studies.

Our study revealed that transcriptomic changes induced

in the brain by the disruption of one or both copies of the

genes encoding connexin43 or the deletion of connexin32

extended to genes belonging to all functional classes and

located on all chromosomes. This finding is consistent with

our previous study using cDNA arrays to compare wildtype

and Cx43 null astrocytes in culture [8,9] and wildtype and

Cx43 null mouse hearts [67]. In the astrocyte study, we

noted the numerous alterations in genes encoding proteins

involved in apoptosis, cell cycle, and growth. We hypothe-

sized that the altered expression of these genes rather than

the changes in intercellular coupling in the Cx43 null

astrocytes might be responsible for their altered growth rate
and sensitivity to apoptotic stimuli. Phenotypic alterations

reported in Cx43 null brains include slight changes in

progenitor cell migration at certain developmental time-

points [35], increased sensitivity to ischemia [55], and

enhanced spreading depression [56]. Mutations in Cx43

underlie oculodentodigital dysplasia, with symptoms includ-

ing developmental malformation and frequent neurological

symptoms [57]. For Cx32 null brains, increased vulner-

ability to ischemia [58] and neuronal hyperexcitability and

myelination defects have been reported [59]. Not all CMTX

patients with coding region Cx32 mutations exhibit CNS

abnormalities [60], but there are reports of white matter

lesions [61], transient white matter abnormalities after

returning from high altitude [62], retarded central conduc-

tion velocity [63,64], and other abnormalities [65].

It has generally been assumed that phenotypic differ-

ences in connexin null mice were attributable to the loss or

dysfunction of intercellular channels normally formed by

the missing gap junction protein. Alternatively, however,

altered phenotypes might arise from altered expression of

genes that are coordinately expressed with connexins. The

present study indicates that such coordinated expression

with Cx43 exists in the brain transcriptome and raises the

hypothesis that diseases in which connexin expression is

altered may result in effects on other genes similar to the

patterns detected here.

We have found a remarkable overlap between the

transcriptomic effects of disrupting Cx43 and Cx32 in brain,

although each connexin deletion produced more significant

differences than identities. This finding is consistent with

studies characterizing transgenic animals in which one

connexin was substituted for another. In those so-called

knockin-knockout studies [66], it was concluded that

connexins possess both unique as well as shared functions.

As noted in Section 2, Cx43 null mice die at birth due to

outflow tract obstruction. Thus, changes detected in neural

gene expression patterns might reflect, in part, the cardio-

vascular consequences of connexin43 deletion, leading to

the death of Cx43 null mouse as a neonate. However, H43

mice are phenotypically normal, and the 81.5% inclusion of

the regulated part of the H43 transcriptome in the regulated

part of the K43 transcriptome suggests that most of the

changes in gene expression reflect the impact of Cx43

deletion rather than secondary pathology. Moreover, as

discussed below, the substantial overlap between genes

regulated in K43 and those coordinately expressed with

Cx43 in the wildtype suggest that the deletion mutant

exaggerates the normally occurring covariance between the

expression of Cx43 and other genes.

By determining the Relative Estimated Variability (REV)

of transcript abundances, we found both exceptionally stably

and exceptionally unstably expressed genes in all genotypes.

Since the basic expression mechanisms should be the same

in all animals from an experimental set, this diversity of

expression stability can be interpreted as differential

sensitivity to local conditions, leading to the conclusion that



Table 3

Examples of regulated genes in both Cx43 null (K43) and heterozygous (H43) brains whose type of regulation was accurately predicted by the expression

coordination (COR) with Cx43 in wildtype brain

Name Symbol CHR FUNC-C COR X-K43 P-K43 X-H43 P-H43

Hemopexin Hpxn 7 TIC 0.96 �7.48 0.015 �9.58 0.009

Selenoprotein P, plasma, 1 Sepp1 15 UNK 0.91 �4.64 0.009 �3.65 0.009

Inhibitor of DNA binding 2 ldb2 12 TRA-D 0.94 �4.63 0.039 �4.74 0.009

Purine rich element binding protein B Purb 11 TRA-D 0.95 �4.53 0.024 �5.46 0.009

Solute carrier family 25, member 5 Slc25a5 X TWC 0.92 �4.07 0.019 �5.03 0.006

Glutathione S-transferase, pi 2 Gstp2 19 ENE-O 0.93 �3.42 0.008 �3.77 0.002

Platelet derived growth factor, alpha Pdgfa 5 CSD-G 1.00 �3.03 0.003 �2.97 0.001

Gelsolin Gsn 2 CYT 0.98 �2.60 0.016 �2.82 0.001

Fibrinogen, alpha polypeptide Fga 3 JAE-M 0.98 �2.47 0.019 �5.13 0.000

Proteolipid protein (myelin) Plp X JAE-J 0.91 �2.36 0.032 �5.64 0.000

Ectonucleotide pyrophosphatase/phosphodiesterase 5 Enpp5 17 ENE-D 0.90 �2.25 0.026 �2.64 0.009

Growth hormone inducible transmembrane protein Ghitm 14 UNK 0.99 �2.20 0.009 �2.74 0.000

Staufen (RNA binding protein) homolog 1 (Drosophila) Stau1 2 RNA-M 0.95 �2.11 0.030 �2.62 0.005

Integrin linked kinase llk 7 JAE-A 0.96 �2.10 0.023 �3.01 0.000

Peroxiredoxin 4 Prdx4 X ENE-D 0.94 �2.05 0.012 �2.10 0.005

FK506 binding protein 1a Fkbp1a 2 ENE-O 0.95 �2.05 0.031 �2.38 0.004

Dishevelled associated activator or morphogenesis 2 Daam2 17 TRA-D 1.00 �1.97 0.007 �3.36 0.000

Pyruvate dehydrogenase (lipoamide) beta Pdhb 14 ENE-G 0.90 �1.95 0.007 �2.11 0.004

Syndecan 2 Sdc2 15 CYT 0.96 �1.86 0.009 �2.19 0.001

Adenylosuccinate synthetase 2, non muscle Adss2 1 ENE-D 1.00 �1.81 0.037 �2.03 0.007

Prostaglandin E receptor 4 (subtype EP4) Ptger4 15 SIG �0.91 1.61 0.029 2.05 0.004

Seryl-aminoacyl-tRNA synthetase 1 Sars1 3 ENE-O �0.92 1.62 0.019 2.08 0.005

Caspase 9 Casp9 4 CSDA-A �0.93 1.62 0.028 2.09 0.003

Ftsj homolog (E. coli) Ftsj X UNK �0.91 1.63 0.006 2.09 0.002

Glutamate receptor, ionotropic, kainate 3 Grik3 4 TIC �0.94 1.64 0.024 3.43 0.009

Transforming growth factor, beta 2 Tgfb2 1 CSD-G �0.93 1.64 0.029 2.24 0.002

Hepatocyte growth factor Hgf 5 CSD-G �0.92 1.65 0.021 3.11 0.009

Plexin B3 Plxnb3 X JAE-J �0.93 1.68 0.015 2.28 0.001

Thyrotropin releasing hormone Trh 6 CSD-G �0.97 1.71 0.017 2.03 0.001

Ribosomal protein S26 Rps26 10 RNA-M �0.92 1.74 0.005 2.06 0.010

Acetylcholinesterase Ache 5 ENE-O �0.95 1.76 0.006 2.08 0.004

Neural-salient serine/arginine-rich Nssr 4 UNK �0.96 1.79 0.017 2.08 0.009

RecQ protein-like 5 Recql5 11 UNK �0.91 1.79 0.032 2.29 0.008

Heat shock protein 4 Hspa4 11 TWC �0.90 1.84 0.013 2.37 0.004

AT motif binding factor 1 Atbf1 8 TRA-D �0.98 1.92 0.030 2.17 0.002

V-abl Abelson murine leukemia oncogene 1 Abl1 2 CSD-N �0.90 2.00 0.019 3.18 0.001

Neoronal d4 domain family member Neud4 7 TRA-D �0.96 2.36 0.020 3.55 0.000

Growth factor receptor bound protein 2 Grb2 11 TWC �0.92 2.46 0.023 2.03 0.009

Myeloid/lymphoid or mixed-lineage leukemia Mll 9 UNK �0.97 2.56 0.010 3.48 0.000

Cyclin M4 Cnnm4 1 CSD-C �0.93 3.35 0.005 3.02 0.004

X-genotype=expression ratio, P-genotype=p-value. Note that synergistically (COR N0.9) expressed genes with Cx43 in wildtype were down-regulated in K43

and H43 and that antagonistically (COR b�0.9) expressed genes with Cx43 in wildtype were up-regulated in K43 and H43. Observe that the coordinately

expressed genes belong to all functional classes and are located in all chromosomes represented on the array.
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the stringency of the control of the transcript abundance is

different among genes. We expect that the exceptionally

tightly controlled genes may be critical for cell survival and/

or phenotypic expression, while those with very relaxed

control may allow adaptation to continuously changing

environmental conditions. In addition, this analysis revealed

that even for genes whose expression level was not

significantly regulated in brains of mice with connexin

deficiencies, the stringency of the transcript abundance

control was regulated, again illustrating the complexity of

transcriptomic response to ablation of a single gene.

Remarkably, both total and partial disruption of Cx43

diminished the median REV. Since a similar effect was

observed in Cx43 null heart (median REV lower by 53.3%

than that of the wildtype heart [67]), but not in Cx43 null
cultured cortical astrocytes [8], and both knockout and

wildtype neonates were offspring of the same heterozygous

mothers, we hypothesize that the REV reduction represents

a compensatory effect imposed by the structured organ that

may be released in isolated cells.

Our analysis has shown the strong intercoordination of

expression of other genes with that of Cx43. We found that

most genes that are synergistically expressed with Cx43 in

the wildtype were significantly down-regulated the in brains

of Cx43 null or heterozygous mice and that most of those

antagonistically expressed with Cx43 in the wildtype were

up-regulated in the Cx43 null or heterozygous brains. This

observation is consistent with our previous studies on Cx43

null heart [67] and with the fact that the type of regulation

for genes expressed in Cx43 null specimens (heart, cortical
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astrocytes) is similar/opposite for most of the synergisti-

cally/antagonistically expressed genes in the wildtype

specimens [8,67]. In addition, we observed a tendency for

overall gene expression stability to be increased in the K43

brains for synergistically expressed genes with Cx43 in W

brains and to be decreased for the antagonistically expressed

ones. These findings strongly indicate that the effects on

gene expression are not simply the result of replacing the

coding region of Cx43 [33] or of Cx32 [47] with the

promoterless neor gene.

Although studies are still underway to elucidate the

mechanisms involved in the connexin regulation of the

brain transcriptome, our findings of high expression

coordination of Cx43 with other genes in the wildtype

brain, the remarkable predictability of the regulation type

in K43 from the coordination in wildtype brain, and the

similarities and dissimilarities between K43 and K32

suggest that both Cx43 and Cx32 may act as central

nodes in the brain transcriptome. As such transcriptomic

nodes, connexin genes regulate the expression level,

stability, and coordination of both unique and shared

downstream genes.
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