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Abstract

Oligodendrocyte:oligodendrocyte (O:O) gap junction (GJ) coupling is a widespread and essential 

feature of the CNS, and is mediated by connexin47 (Cx47) and Cx32. Loss of function mutations 

affecting Cx47 results in a severe leukodystrophy, Pelizeus-Merzbacher-like disease (also known 

as Hypomyelinating Leukodystrophy 2), which can be reproduced in mice lacking both Cx47 and 

Cx32. Here we report the gene expression profile of the cerebellum – an affected brain region – in 

mice lacking both Cx47 and Cx32. Of the 43,174 mRNA probes examined, we find decreased 

expression of 23 probes (corresponding to 23 genes) and increased expression of 545 probes 

(corresponding to 348 genes). Many of the genes with reduced expression map to 

oligodendrocytes, and two of them (Fa2h and Ugt8a) are involved in the synthesis of myelin 

lipids. Many of the genes with increased expression map to microglia and lymphocytes, and to 

leukotriene/prostaglandin synthesis and chemokine/cytokine pathways. In accord, immunostaining 

showed activated microglia and astrocytes, as well as T- and B-cells in the cerebella of mutant 

mice. Thus, in addition to the loss of GJ coupling, there is a prominent immune response in mice 

lacking both Cx47 and Cx32.

Introduction

Gap junctions (GJs) are intercellular channels between apposed cell membranes. They 

permit the electrical communication between cells as well as the diffusion of ions and small 

molecules typically less than 1000 Da (Bruzzone, et al. 1996). In vertebrates, GJs are 

comprised of connexins (Cxs) - a family of integral membrane proteins that are named 

according to their predicted molecular mass (Willecke, et al. 2002). In humans, mutations in 

GJB1, the gene that encodes Cx32, cause X-linked Charcot–Marie–Tooth disease (CMT1X), 

the second most common kind of inherited demyelinating neuropathy (Kleopa and Scherer 

2006). Many CMT1X patients also have slowed central conduction, and subsets of patients 

develop overt CNS manifestations including spasticity, hyperreflexia, ataxia, and acute 
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reversible encephalopathy with white matter abnormalities on MRI (Abrams and Scherer 

2011). Recessive mutations in GJC2, the gene that encodes Cx47, cause Pelizaeus–

Merzbacher-like disease (PMLD; also known as hypomyelinating leukodystrophy 2), a 

severe leukodystrophy with childhood onset, characterized by nystagmus, progressive 

spasticity, and ataxia (Bugiani, et al. 2006, Uhlenberg, et al. 2004). Cx32 is expressed by 

oligodendrocytes and Schwann cells (Scherer, et al. 1995), and Cx47 is expressed by 

oligodendrocytes (Menichella, et al. 2003, Menichella, et al. 2006, Odermatt, et al. 2003), so 

that the demyelination that is seen in CMT1X and PMLD is thought to be caused by cell 

autonomous effects of GJB1 and GJC1 mutations, respectively. In addition, both Cx32 and 

Cx47 GJs are also reduced in and around chronic lesions in multiple sclerosis and animal 

models of multiple sclerosis (Kleopas, et al. 2013, Markoullis, et al. 2012a, Markoullis, et al. 

2012b, Masaki 2013), raising the possibility that the loss of these connexins contributes to 

clinical disability in acquired demyelinating diseases.

How the loss of oligodendrocytes Cxs lead to demyelination has been investigated in 

rodents. Mice that lack both Cx32 and Cx47 are a model of PMLD as they exhibit a 

progressive movement disorder and dysmyelination (Menichella, et al. 2003, Menichella, et 

al. 2006, Odermatt, et al. 2003). Previous electron microscopic studies provided anatomical 

evidence that oligodendrocytes were GJ coupled only to astrocytes (O:A coupling) but not to 

themselves (O:O coupling) (Massa and Mugnaini 1982, Massa and Mugnaini 1985, Rash, et 

al. 2001). However, recent electrophysiological studies using dye transfer in acute brain 

slices in the corpus callosum in mice lacking Cx32 and/or Cx47 demonstrated extensive O:O 

coupling mediated by Cx47:Cx47 and Cx32:Cx32 homotypic GJs (Maglione, et al. 2010, 

Wasseff and Scherer 2011). O:O coupling is found in other white matter tracts (Wasseff and 

Scherer, submitted), and is thus likely to be typical.

To determine how the loss of oligodendrocytes GJs coupling leads to the pathology of these 

disorders, we used microarrays and pathway analysis to compare the steady state mRNA 

levels of brains from Cx32//Cx47-double-null (Gjb1−/Y//Gjc2−/−) mice versus wild type 

cerebella. The observed changes in Gjb1−/Y//Gjc2−/− mice would be predicted to reduce the 

synthesis of myelin-related lipids. We also found evidence of immune activation in 

Gjb1−/Y//Gjc2−/− mice-higher mRNA levels for key enzymes required for leukotriene 

synthesis from arachidonic acid, as well as for chemokines, interleukins, complement 

components, regulators of natural killer (NK) cells, B-cells and T-cells. Immunostaining 

showed lymphocytic infiltration, as well as activated microglia and astrocytes. Our results 

suggest that oligodendrocytes connexins/coupling is required for normal CNS lipid/myelin 

metabolism, and is associated with a substantial immune response.

Methods

Microarray RNA analyses and qRT-PCR

We generated Gjb1−/Y//Gjc2−/− and Gjb1+/Y//Gjc2+/+ mice from our colony of Gjb1-null 

(Nelles, et al. 1996) and Gjc2-null mice (Odermatt, et al. 2003), which have been maintained 

on a C57BL/6 background for more than 10 generations. These mice develop the full 

phenotype about the fourth postnatal week (Menichella, et al. 2003, Odermatt, et al. 2003). 

P29 Gjb1−/Y//Gjc2−/− mice (n=4) and their Gjb1+/Y //Gjc2+/+ littermates (n=4) were 
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euthanized, and their cerebella were dissected, immediately placed in Trizol reagent 

(Invitrogen), homogenized for 30–60 sec using Omni motor tissue homogenizer, snap frozen 

in liquid nitrogen. Upon thawing, total RNA was extracted from Trizol reagent according to 

the manufacturer's instructions. The purity and concentration of the RNA of each sample 

was determined prior to labeling and hybridization using the Agilent 2100 Bioanalyzer, and 

dual color expression analysis was conducted using whole Mouse Genome Microarray Kit 

(Agilent Technologies) using 43,174 probes to analyze the expression of mRNAs. In this 

array, more than one different probe may be used for different parts of the same gene, and in 

some instances identical probes are replicated for quality control purposes.

mRNAs that were expressed significantly different levels in the Gjb1−/Y//Gjc2−/− cerebella 

were analyzed with the Cell Type-Specific Expression Analysis tool (CSEA; described in 

(Xu, et al. 2014) to identify the candidate cell population of the transcript. Results were 

further analyzed based cell specific gene profile reported previously to see which genes are 

specific to microglia (Hickman, et al. 2013) and other CNS cells using RNA sequencing 

(Zhang, et al. 2014). For pathway analysis, we used DAVID Bioinformatics Resources 6.7 

(Huang da, et al. 2009) to examine gene-disease association, functionally related genes and 

pathway mapping using Kyoto Encyclopedia of Genes and Genomes (KEGG), and we 

complemented these analyses with using the Panther classification system; mRNA lists were 

uploaded, and Mus musculus was selected, and subsequently the functional classification 

was viewed as pie charts.

Gene expression was quantified in quadruplicate (from the same samples used for the 

microarray analysis) by qRT-PCR using the mouse TaqMan Assay Kits (Applied 

Biosystems by Life Technologies, Foster City, CA, USA). The reverse transcription reaction 

was carried out with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

Quantitative PCR was run on a QuantStudio 12K Flex Real-Time PCR system (Applied 

Biosystems) and the reaction mixtures were incubated at 95°C for 10 min, followed by 40 

cycles of 95°C for 15 s and 60°C for 1 min. The threshold cycle (Ct) values were calculated 

with QuanStudio Software version 1.2.2 (Applied Biosystems). The housekeeping gene 

Gapdh, and Actb were included in the analysis as controls, and water was included as a 

negative control. Fold change in the gene was calculated by the equation 2-ΔΔCt, the 

expression was normalized by the housekeeping gene Gapdh, using DataAssist software 

version 1.2.2.

Immunohistochemistry

P22 Gjb1−/Y//Gjc2−/− mice (n=3) and their Gjb1+/Y//Gjc2+/+ littermates (n=3) were perfused 

with PBS followed by 4% paraformaldehyde in PBS, the cerebra and cerebella were 

dissected and fixed for another hour, infiltrated overnight in 10% sucrose in PBS at 4°C, 

then embedded in OCT. Cryostat sections (10 µm thick) were thaw-mounted on Super Frost 

Plus glass slides (Fisher Scientific, Pittsburgh, PA) and stored at −20°C. A spleen was 

dissected and processed in a similar way and used as a control through the immunostaining 

procedures. Tissue sections were permeabilized by immersion in −20°C acetone for 10 min, 

incubated for 1 h in blocking solution (0.1% Triton X-100, 5% fish skin gelatin in PBS), 

incubated overnight at 4°C with one of the following antibodies: a rat monoclonal antibody 
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against Ly6c (1:200 dilution; Sigma), a rabbit antisera against CD3 (1:200 dilution; Santa 

Cruz ), CD72 (1:200 dilution; Sigma), glial fibrillary acid protein (GFAP; 1:200 dilution ; 

Sigma), or Iba1 (1:500 dilution; Wako), washed several times in PBS, incubated with 

rhodamine-conjugated donkey anti-mouse, anti-rat, or anti-rabbit antisera (1:200 dilution; 

Jackson ImmunoResearch Laboratories), washed in PBS, mounted with Vectashield with 

DAPI (Vector laboratories), and examined by epifluorescence with appropriate optical filters 

(Leica DMR).

Results

Altered levels of mRNAs expressed by oligodendrocytes

We compared the expression of 43,174 mRNA probes in individual cerebella from P29 

Gjb1−/Y//Gjc2−/− mice (n=4) to their Gjb1+/Y//Gjc2+/+ littermates (n=4) using RNA 

microarrays, because myelinated axons are prominently affected in the cerebellar white 

matter of Gjb1−/Y//Gjc2−/− mice (Menichella, et al. 2003). A total of 545 probes had 

significantly different levels (1.5 fold change or more with less than 10% false discovery 

rate; Supplemental File 1) - 522 probes (corresponding to 348 different mRNAs) were 

expressed at higher levels in Gjb1−/Y//Gjc2−/− mice, and 23 probes (corresponding to 23 

different mRNAs) were expressed at lower levels. To identify the cellular origin of these 

mRNAs (Fig. 1), we used the Cell Type-Specific Expression Analysis tool (CSEA; http://

genetics.wustl.edu/jdlab/csea-tool-2/), which utilizes the expression of an EGFP-L10a 

ribosomal transgene in specific cell populations specified by different Bacterial Artificial 

Chromosomes (BACs). The polysomes are immunoaffinity purified, and their mRNAs are 

identified; this is called translating ribosome affinity purification (TRAP); (Dougherty, et al. 

2012, Doyle, et al. 2008, Xu, et al. 2014). For the discussion, we will assume that the 

cellular origins of these mRNAs is not altered by the leukodystrophy, but this remains to be 

determined.

Figure 1A illustrates the topography of the cell-specific expression of the mRNAs with 

reduced expression in Gjb1−/Y//Gjc2−/− cerebella. Of the 23 genes whose mRNA levels 

were reduced (Table 1), 15 mRNAs (Itgb4, Fa2h, Hapln2, Ugt8a, Nkx2–9, Plin3, Trf, 

Serpinb1a, Anln, Pla2g4a, Dock5, Smtnl2, Klk6, Pkd2l1, and Acy3) correspond to genes that 

map to cerebellar oligodendrocytes by CSEA at p<0.05. Except for Nkx2–9 and Klk6, these 

mRNAs also map to cortical oligodendrocytes at p<0.05; none of remaining 10 genes map 

any other cell type at any given p value. Pathway analysis using the DAVID Bioinformatics 

Resources tool indicates that these 15 genes are related to signaling pathways and/or 

metabolic pathways associated with sphingolipid, amino acid, glycerophospholipid, and 

arachidonic acid metabolism, as well as integrin interactions.

Using Cnp- and Olig2-BACs to define RNAs from oligodendrocytes, 18/348 mRNAs with 

increased expression in Gjb1−/Y//Gjc2−/− (Table 2) map to cerebellar oligodendrocytes (Fig. 

1B) at p<0.05 (Pdlim2, Sh3bp2, Opalin, Prima1, Ppp1r16b, Bfsp2, Csf1, Ada, 

2210011C24Rik, Serinc5, Tgfbi, AA986860, Tnfaip6, Hebp1, Gng8, Ctsc, Cd9, Unc93b1). 

The same mRNAs, plus LCP1, also map to cortical oligodendrocytes. In addition, 15/348 

mRNAs with increased levels map to oligodendrocytes progenitors (as defined by 

expression of Pdgfar-BAC) at p<0.05 (Rab32, Fam111a, Tmem176a, Opalin, Npas1, 
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Gpr17, Bfsp2, Cdk1, Cdca3, Pbk, Dct, Serinc5, 9630013A20Rik, Top2A, and Cdca5), three 

of which (Bfsp2, Serinc5, and Opalin) map to both oligodendrocytes and their progenitors. 

Pathway analysis using the DAVID Bioinformatics Resources tool (Table 3) indicates that 

these genes are related to signaling pathways associated with NK-cells mediated 

cytotoxicity, cytokine-cytokine receptors interactions, and chemokine signaling pathways. 

Thus, many genes that expressed by oligodendrocytes have either lower or higher mRNA 

levels in Gjb1−/Y//Gjc2−/− cerebella. That some of these mRNAs (e.g. Fa2h and Ugt8a) are 

involved in the synthesis of myelin-related lipids suggests that they may be down-regulated 

by disrupted myelination, but many other myelin-related genes (e.g., Plp1, Mag) are not 

similarly affected.

Altered levels of mRNAs related to the immune system

In addition to the mRNAs that are enriched in oligodendrocytes, 52 mRNAs with 

significantly (p<0.05) increased expression in P29 Gjb1−/Y//Gjc2−/− cerebella mapped to 

genes that are enriched in immune (lymphoid) cells and/or layer 5a cortical neurons (Doyle, 

et al. 2008), as defined by expression with Etv1_tm88-BAC (Fig. 1B). Because we isolated 

mRNA from the cerebellum, these mRNAs are more likely to be derived from immune cells, 

and according to the DAVID and the Panther classification system, 22/52 of these genes are 

immune-related (Table 3). In addition to the immune-related genes that were identified in 

this manner, we found many other mRNAs with increased expression that are likely to be 

expressed by immune cells, including Cd52, Cd86, Cd48, Cd33, Cd68, Cd14, Cd84, Cd9, 

Cd37, and Cd109 (Table 4). We also found many mRNAs that encode for chemokines that 

are up-regulated Gjb1−/Y//Gjc2−/− cerebella - Ccl2, Ccl3, Ccl4, Ccl6, Ccl9, Ccl10, Ccl12, 

and one mRNA for a chemokine receptor (Cx3cr1). Further analysis using both the David 

bioinformatics tool and the Panther classification system revealed that many genes with 

increased mRNA levels would be predicted to be involved in NK-, B- and T-cell activation, 

inflammation mediated by chemokines and cytokines, and many metabolic processes (Fig. 

2).

Quantitative RT-PCR (qRT-PCR)

To corroborate our findings, we performed qRT-PCR on selected genes using the same 

batches of RNA that were used for the microarrays. With the exception of the gene with the 

highest change in expression (Lpl), the fold change measured by qRT-PCR was similar to 

that measure by microarrays for all 8 genes (Fig. 3).

Altered microglia in Gjb1−/Y//Gjc2−/− cerebella

To determine whether microglia and/or macrophages contribute to the changes in the 

immune-related mRNAs that we observed, we compared our results to those of Beutner et 

al. (Beutner, et al. 2013) and Hickman et al. (Hickman, et al. 2013). According to this 

analysis, 15 of the up-regulated genes are microglial-specific - Hexb, Rnase4, Gpr34, 

Cx3cr1, Olfml3, P2ry13, Trem2, Ccl4, Aif1, Ccl3, Adora3, Parvg, Ccl12, Gpr84, Asb10, and 

2 (Cd68 and Cd14) are expressed by microglia and macrophages (Hickman, et al. 2013). 

Except for Ccl3, Ccl4, Ccl12 (which are involved in cytokine-cytokine interactions and 

chemokine signaling), David bioinformatics analysis tool did not indicate that any of the 
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other 12 genes are involved in lipid/myelin metabolism or NK-, B-, or T-cell signaling/

pathway activation.

To visualize microglia, we immunostained sections of the cerebellum (and the attached 

pons) from P29 Gjb1−/Y//Gjc2−/− mice (n=3) and their littermate Gjb1+/Y//Gjc2+/− controls 

(n=3) for Iba1 (Ito, et al. 1998), which labels microglia and monocytes/macrophages (Imai, 

et al. 1996), and Ly6c, which is expressed by macrophages and endothelial cells (Jutila, et 

al. 1988). Iba1 staining was strongly increased in white matter within Gjb1−/Y//Gjc2−/− 

cerebella and the pons, compared to their littermate controls (Fig. 4); the increased staining 

appeared to correspond to larger microglia. We did not detect a difference in Ly6 staining 

(results not shown). Insofar as hypertrophied microglia are a histological proxy for their 

activation, these findings indicate that microglia are activated in Gjb1−/Y//Gjc2−/− cerebella 

and pons, as was previously reported in mice models with combined Gjb1/Cx32 and Gjc2/

Cx47 mutations (Schiza, et al. 2015, Tress, et al. 2011, Tress, et al. 2012).

Altered astrocytes in Gjb1−/Y//Gjc2−/− cerebella

Some of the mRNAs with significantly increased expression map to genes that are astrocyte-

enriched; Gfap, Gjb, Prodh, and Cybrd1 (Zhang, et al. 2014), so we also immunostained for 

GFAP to examine the astrocytes in the cerebella of the Gjb1−/Y//Gjc2−/− mice. As shown in 

Figure 4, there was increased GFAP staining in white matter tracts, compared to the control 

mice, indicating that astrocytes are activated as was previously reported in mice models with 

combined Gjb1/Cx32 and Gjc2/Cx47 mutations (Schiza, et al. 2015, Tress, et al. 2011, 

Tress, et al. 2012).

B-cells and T-cells infiltrate the cerebella of the Gjb1−/Y//Gjc2−/−mice

Some of the inflammatory chemokines that are upregulated in Gjb1−/Y //Gjc2−/− cerebella 

(Williams, et al. 2014) can theoretically attract lymphocytes. To determine whether this 

occurs, we immunostained cerebellar sections from P29 Gjb1−/Y//Gjc2−/− mice (n=3) and 

their littermate (Gjb1+/Y //Gjc2+/− ) controls (n=3) for CD3, a marker for T-cells and Cd72, 

a (Chetty and Gatter 1994) marker for B-cells (Kumanogoh, et al. 2000, Parnes and Pan 

2000, Van de Velde, et al. 1991); we did not find an antibody for NK cells that worked for 

us. We found many CD3-positive cells within and around the white matter tracts of the 

cerebella (Fig. 5) of Gjb1−/Y//Gjc2−/− mice compared to their littermate controls. Double 

staining for GFP showed that the CD3-positive cells were distinct from oligodendrocytes. 

We also found clusters of CD72-positive cells in white matter tracts of the cerebella (Fig. 6); 

these were not as numerous as the CD3-positive clusters. We also found more clusters of 

CD3- and CD72-positive cells in the pons (Fig. 7). These findings confirm that B- and T-cell 

infiltrate the white matter tracts that are known to undergo demyelinating in Gjb1−/Y//

Gjc2−/− mice (Menichella, et al. 2003).

Discussion

This is the first comprehensive examination of changes in mRNA expression in Gjb1−/Y//

Gjc2−/−mice. We find reduced mRNA levels of genes involved in myelin synthesis, and 

increased mRNAs levels of genes involved in breaking down lipids, releasing arachidonic 

Wasseff and Scherer Page 6

Neurobiol Dis. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acid, and creating cellular immune responses. Microglia are activated and B- and T-cells 

infiltrate affected white matter tracts.

The role of glial GJ coupling

The traditional views regarding the physiological roles of glial GJ coupling are centered 

around the spatial buffering of K+ released during neural activity (Berger, et al. 1991, 

Chvatal, et al. 1999, Frankenhaeuser and Hodgkin 1956, Kamasawa, et al. 2005, Menichella, 

et al. 2006, Orkand, et al. 1966, Wallraff, et al. 2006). More recently, glial GJ coupling has 

been implicated in the transfer of glucose and/or lactate to generate energy in order to 

sustain the neural activities, as both glucose and lactate can permeate O:O and O:A GJs 

(Rouach, et al. 2008)(Funfschilling, et al. 2012, Lee, et al. 2012, Rinholm, et al. 2011, 

Rinholm and Bergersen 2012). Glucose is also required for fatty acid/lipid synthesis, the 

generation of ribose-5-phosphate that is used in the synthesis of nucleotides and nucleic 

acids, and the erythrose-4-phosphate that is used in the synthesis of aromatic amino acids 

(Janson and Tischler 2012, Murray 2012) . Both O:A and O:O GJ coupling are abrogated in 

Gjb1−/Y //Gjc2 −/− mice (Maglione, et al. 2010, Wasseff and Scherer 2011), so all of these 

functions are potentially affected. Gjb1−/Y //Gjc2 −/− mice (Maglione, et al. 2010, Wasseff 

and Scherer 2011) have a more severe dysmyelination than is seen in Gja1−/−//Gjb6−/− 

mice, which lack O:A but not O:O GJ coupling (Lutz, et al. 2009). This discrepancy implies 

that the severe leukodystrophy in PMLD likely results from disrupted O:O GJ coupling in 

white matter tracts, and that Cx47 is the main connexin that mediates O:O coupling in 

humans.

mRNAs with decreased expression - related to myelin

We found reduced levels of 23 mRNAs, 2 of which encode enzymes that have essential 

roles in myelin lipid metabolism. Ugt8a encodes UDP galactosyltransferase, an enzyme that 

is essential for synthesis of galactosylceramide (GalCer), the major myelin lipid (Morell 

1977). Fa2h encodes fatty acid 2-hydroxylase, which is the enzyme essential for synthesis of 

2-hydroxy fatty acids (Eckhardt, et al. 2005). Recessive mutations in Ugt8a and Fa2h cause 

leukodystrophies (Edvardson, et al. 2008, Potter, et al. 2011), so that the reduced expression 

of Ugt8a and Fa2h could contribute to the demyelination and the phenotype observed in 

Gjb1−/Y//Gjc2−/− mice. The isolated decrease of Ugt8a and Fa2h mRNA is unexpected 

because their transcriptional profiles usually follow those of other myelin-related mRNAs 

(Bujalka, et al. 2013, Emery, et al. 2009, Srinivasan, et al. 2012).

Increased expression of mRNAs related to lipid metabolism

Some of the mRNAs with increased expression encode enzymes/proteins involved in 

forming pro-inflammatory molecules through ecosanoid metabolism (Fig. 8). The mRNA 

level of Alox5 was increased 2.5-fold; Alox5 encodes arachidonate 5-lipoxygenase, the key 

enzyme involved in the biosynthesis of leukotrienes from fatty acids, and the only 

lipoxygenase that can catalyze the formation of leukotrienes (Back, et al. 2014, Ford-

Hutchinson, et al. 1994, Janson and Tischler 2012, Siegel, et al. 2006). This enzyme is also 

required for lipoxinA4 formation, which activates monocytes and macrophages (Ford-

Hutchinson, et al. 1994, Murray 2012). The mRNA level of Hpdgs, which encodes 

Wasseff and Scherer Page 7

Neurobiol Dis. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prostaglandin D synthase was increased 1.8-fold; this catalyzes the formation of 

prostaglandin D2, which is mainly produced by oligodendrocytes in the normal CNS 

(Urade, et al. 1993) but by activated microglia in twitcher mice, which are a genetically 

authentic model of Krabbe disease (Mohri, et al. 2006a). Prostaglandin D2 is a chemo-

attractant (Hirai, et al. 2001), provides neuroprotection (Taniike, et al. 2002), and may 

mediate demyelinating in twitcher mice (Mohri, et al. 2006b). The mRNA level of Tbxas1, 

which encodes thromboxane A synthase 1, was increased 3.3-fold; this catalyzes the 

formation of thromboxane A – a powerful inducer of vasoconstriction and platelet 

aggregation (Ford-Hutchinson, et al. 1994, Murray 2012). The mRNA levels of two 

phospholipases were increased - Pla2g5 (1.6-fold) and Plcg2 (1.5-fold). Pla2g5 encodes 

phospholipase A2 group V, the enzyme that catalyzes the hydrolysis of membrane 

phospholipids to generate lysophospholipids and free fatty acids, including arachidonic acid 

(Balsinde and Dennis 1997). It also induces leuokotrines (eicosanods) biosynthesis in 

neighboring inflammatory cells (Wijewickrama, et al. 2006). Plcg2 encodes the 

transmembrane signaling enzyme phospholipase C gamma 2 (Hernandez, et al. 1994), which 

catalyzes the conversion of 1-phosphatidyl-1D-myo-inositol 4,5-bisphosphate to 1D–myo-

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Berridge 1987, Berridge 2005) 

– both important secondary messengers that transmit signals from surface receptors. DAG is 

well known as a secondary messenger of protein kinase C, which mediates the activities of 

many receptors (Berridge 2005, Nishizuka 1995), it is also a precursor for arachidonic acid 

through the action of phospholipase A2 (Murray 2012) or triacylglycerol through the action 

of diglyceride acyltransferase (Bishop and Hajra 1984). These findings indicate that the loss 

of O:O and/or O:A GJ coupling shifts fatty acids metabolism in the CNS toward the 

biosynthesis of proinflammatory molecules such as prostaglandin D2, and the secondary 

messengers such as DAG involved in lymphocytes activation and signaling pathways.

Increased mRNA expression was also found in other genes that encode enzymes that play 

important role in lipid metabolism. Lpl (9.9-fold) encodes lipoprotein lipase, the key enzyme 

required for the breakdown of the lipoproteins (Mead, et al. 2002, Merkel, et al. 2002). 

Several lipoprotein genes had higher mRNA levels - Apoc1 (3.2-fold), Apoc2 (3.1-fold), 

Apoc4 (2.5-fold), and Apoe (1.6-fold) - encoding apolipoproteins CI (that interferes with 

cellular fatty acid uptake; (Shachter 2001), CII (which is a coenzyme for and activates 

lipoprotein lipase; (Musliner, et al. 1977, Stocks and Galton 1980), CIV (which leads to 

cellular triglycerides accumulation(Kotite, et al. 2003)(Kim, et al. 2008), and E (which is 

required for cholesterol transportation and cellular uptake in a redistribution (Mahley 1988, 

Zlokovic 2013). Ch25h (9.7-fold) encodes cholesterol 25-hydroxylase, which metabolizes 

cholesterol into 25-hydroxy cholesterol, which suppresses endogenous cellular cholesterol 

synthesis (Diczfalusy, et al. 2009, Lagace, et al. 1997, Lund, et al. 1998). Cholesterol is a 

major myelin lipid (Morell 1977), and disabling cholesterol synthesis in oligodendrocytes 

results in deficient myelination (Saher, et al. 2005).

Immune responses in Gjb1−/Y//Gjc2−/− brains

We found B- and T-cells by immunohistochemistry, which matched the predictions of the 

CSEA tool, David, and Panther. Of the many genes with increased expression, 18 genes, 

including some with the most pronounced increases, such Clc6 (13-fold), Clc3 (10-fold), 
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and Clc4 (7.3-fold), are involved in recruiting immune cells (Williams, et al. 2014), and 10 

more genes are related to chemokine signaling pathways; some are listed in Table 4. 

Inflammatory cytokines also up-regulate the level of Cxcl12 mRNA, which is widely 

expressed in the CNS. Cxcl12 enhances T cell responses via co-stimulation of T-cell 

receptors (Smith, et al. 2013), and recruits leukocytes in experimental autoimmune 

encephalomyelitis (EAE) and multiple sclerosis (Williams, et al. 2014).

Mouse models demonstrate that infiltration of B- and T-cells is not an inevitable 

consequence of demyelination. Genetically killing oligodendrocytes in mice causes 

demyelination and reactive microglia, but does not result in B- or T-cell infiltration (Ghosh, 

et al. 2011, Gritsch, et al. 2014, Locatelli, et al. 2012, Oluich, et al. 2012, Traka, et al. 2010). 

Infiltrating lymphocytes are not seen in mice lacking PLP (Tatar, et al. 2010), a model of 

PMD, Arsa-null mice, which are a genetically authentic model of metachromatic 

leukodystrophy (Gieselmann 2003), or cuprizone-induced demyelination (Hiremath, et al. 

1998). T-cells but not B-cells were found in mice in which oligodendrocytes lack Pex5 (a 

model of adrenoleukodystrophy that has inflammation but not demyelination), although 

increased levels of some chemokines/cytokines were also found in affected brains 

(Kassmann, et al. 2007). Similarly, few T-cells and no B-cells were found in mice lacking 

2’,3’-phosphodiesterase (Wieser, et al. 2013), a myelin-related protein. T-cell infiltration has 

been reported in twitcher mouse caused by a mutation in Galc gene (Ohno, et al. 1993, 

Taniike, et al. 1997). Overexpression of PLP in mice results in T-cell infiltration, which 

contributes to the inflammation (Bradl, et al. 2005, Ip, et al. 2006); whether this is also the 

case in people who have extra copies of the PLP1 gene remains to be shown. In humans, T-

cells are a prominent feature of demyelinating CNS lesions in patients with 

adrenoleukodystrophy, but not of other leukodystrophies (Eichler and Van Haren 2007), and 

we are not aware of an autopsied case of PMLD. If T-cells and B-cells mediated cellular 

inflammation were a prominent feature of PMLD, it seems appropriate to consider immune-

modulating therapies, as PMLD is a devastating disease for which no treatments are 

currently known.

Many of the mRNAs with elevated levels in Gjb1−/Y//Gjc2−/− cerebella are also increased in 

multiple sclerosis and multiple sclerosis animal models. These include Tnfrsf1b (1.6-fold), 

which is a multiple sclerosis susceptibility locus (De Jager, et al. 2009, Tseveleki, et al. 

2010), as well as C1qc and C1qa (both 3-fold), which encode complement components that 

have been identified in multiple sclerosis lesions (Tseveleki, et al. 2010). Tlr2 (3.4-fold) 

encodes toll-like receptor 2, which is expressed by oligodendrocytes and observed in MS 

lesions, where it is thought to mediate hyaluronan’s inhibition of oligodendrocyte precursor 

cells maturation (Sloane, et al. 2010). Cst7 (30-fold) encodes cystatin F (also known as 

leukocystatin), is up-regulated in microglia during acute demyelination (Banik 1992, Ma, et 

al. 2007, Ma, et al. 2011). Alox5 (2.5-fold) is increased in multiple sclerosis and multiple 

sclerosis models (Whitney, et al. 2001), and deleting Alox5 in a mouse model attenuated the 

neuroinflammation and axonal damage (Yoshikawa, et al. 2011). The molecular targets of 

several multiple sclerosis medications have increased mRNA levels in Gjb1−/Y//Gjc2−/− 

cerebella. S1pr3 (1.5-fold) encodes sphingosine 1-phosphate receptor, which is targeted by 
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fingolimod; Ada (1.9-fold) encodes adenosine deaminase, which is targeted by cladribine, 

and Cd52 (6.5-fold) encodes the CD52 antigen targeted by Alemtuzumab.

In summary, our results show that in addition to the previously described demyelination, the 

loss of O:O and O:A GJ coupling results in extensive changes in gene expression and an 

immune response. The genes with reduced mRNA expression mostly map to 

oligodendrocytes, and include genes that encode key enzymes required for myelin lipids. 

The genes with increased expression are implicated in diverse responses and likely originate 

from different cell types. Many map to the immune system, and we show directly that T- 

and B-cells infiltrate the CNS. These findings raise questions about how lymphocytes are 

recruited to the CNS in acquired demyelinating diseases, and whether lymphocytes 

contribute to the pathogenesis of PMLD.

Conversely, one wonders whether the loss of Cx32 and Cx47 GJs in and around chronic 

demyelinating lesions in multiple sclerosis contributes to clinical disability (Kleopas, et al. 

2013, Markoullis, et al. 2012a, Markoullis, et al. 2012b, Masaki 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CNS lymphocytes activation with the loss of oligodendrocytes gap junctions (GJs).

Oligodendrocytes GJs are required for normal CNS lipid and myelin metabolism.

CNS oligodendrocytes GJs loss alters the CNS immune status without external triggers.

Immune-modulating drugs might be useful in leukodystrophies caused by GJs mutations.
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Figure 1. Cerebellar mRNAs analyzed by Cell Type-Specific Expression Analysis (CSEA)
The mRNAs showing lower (A) or higher (B) levels of expression in Gjb1−/Y//Gjc2−/− 

cerebella were mapped by CSEA (Xu, et al. 2014), which displays the data as hexagrams – 

their size reflects the number of specific, enriched transcripts at different stringency 

thresholds, and their color reflects the Fisher’s exact p values. In (A), note that all mRNAs 

are enriched only in oligodendrocytes at every p value. In (B), note that at any p value, most 

of the mRNAs map to immune cells (or layer 5a cortical neurons), while at p <0.05, some 

mRNA map to cortical oligodendrocytes, cerebellar oligodendrocytes, oligodendrocyte 
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progenitors, cholinergic motor neurons in brain stem and spinal cord, and Cort+ cortical 

interneurons/immune cells.
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Figure 2. CNS metabolism and immune responses are altered in Gjb1−/Y//Gjc2−/− cerebella
This is a pie chart generated using the Panther classification system, and shows the 

biological processes in which the increased mRNA are involved, with the number of the 

increased mRNA in each process (in parenthesis). The chart shows that mRNAs with 

increased expression in Gjb1−/Y//Gjc2−/− cerebella are predicted to be involved in the CNS 

immune and metabolic processes.
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Figure 3. qRT-PCR
The table (A) and a graph (B) that shows qRT-PCR analysis of 8 genes, using the same 

RNA samples from the 4 P29 Gjb1−/Y//Gjc2−/− mice and 4 littermate controls (Gjb1+/Y//

Gjc2+/−) that were used for the microarray analysis. Data were normalized for the 

housekeeping gene Gapdh. With the exception of Lpl, the fold change (FC) of the mRNA 

levels qRT-PCR (blue bars in B) were similar to those measured by microarrays (red bars in 

B).
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Figure 4. Microglial and astrocytic responses in Gjb1−/Y//Gjc2−/− cerebella
These are digital images of sections from the cerebella from P29 Gjb1−/Y//Gjc2−/− mice and 

their littermate controls (Gjb1+/Y//Gjc2+/−), immunostained for Iba1 or GFAP. The 

molecular layer (ML), granular cell layer (GCL), and white matter (WM) are labeled. The 

upper panels show activated microglia in the WM of a Gjb1−/Y//Gjc2−/− cerebellum but not a 

littermate control. The lower panels show increased GFAP staining in the WM of a Gjb1−/Y//

Gjc2−/− cerebellum compared to the control. Scale bars: 10 µm.
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Figure 5. T-cells in of Gjb1−/Y//Gjc2−/− cerebella
These are digital images of sections from the cerebella from a P29 Gjb1−/Y//Gjc2−/− mouse 

and a littermate control (Gjb1+/Y//Gjc2+/−), immunostained for CD3, a T-cell marker. 

Because the Egfp gene was “knocked into” the Gjc2- null allele, oligodendrocytes are 

EGFP-positive in both genotypes. The granular cell layer (GCL), and white matter (WM) 

are labeled. Note CD3-positive cells in the WM of a Gjb1−/Y//Gjc2−/− cerebellum (lower 

panels) but not a control cerebellum. Scale bars: 10 µm.
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Figure 6. B-cells in Gjb1−/Y//Gjc2−/− cerebella
These are digital images of sections from cerebella from a P29 Gjb1−/Y//Gjc2−/− mouse and 

a littermate control (Gjb1+/Y//Gjc2+/−), immunostained with a CD72 antibody, a B-cell 

marker. Because the Egfp gene was “knocked into” the Gjc2- null allele, oligodendrocytes 

are EGFP-positive in both genotypes. The granular cell layer (GCL), and white matter 

(WM) are labeled. Unlike the littermate control, the Gjb1−/Y//Gjc2−/− had scattered CD72-

positive cells . Scale bars: 10 µm.
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Figure 7. T-cells and B-cells in the pons in Gjb1−/Y//Gjc2−/−

These are merged digital images of sections from the pons of a P29 Gjb1−/Y//Gjc2−/− mouse 

and a littermate control (Gjb1+/Y//Gjc2+/−), immunostained for CD3 and CD72, T- and B-

cell markers, respectively. Because the Egfp gene was “knocked into” the Gjc2- null allele, 

oligodendrocytes are EGFP-positive in both genotypes, T- and B-cells are present in the 

pons of Gjb1−/Y//Gjc2−/−(lower panels) but not in control mice (upper panels). Scale bars: 10 

µm.
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Figure 8. Increased mRNAs are involved in leukotriene synthesis in Gjb1−/Y//Gjc2−/− mice
This is a chart that shows the arachidonic acid metabolism, with the enzymes/proteins that 

would be predicted to increase in Gjb1−/Y//Gjc2−/− mice as a result of the increase in their 

mRNAs (bold). Pla2g5, encodes for phospholipase A2, group V, which catalyzes the release 

of arachidonic acid from cell membrane phospholipids. Arachidonic acid is then 

metabolized to form prostaglandins, prostacyclin, and thromboxane synthase. Alox5 encodes 

arachidonate 5-lipoxgenase (also known as 5-lipoxgenase), which catalyzes the metabolism 

of arachidonic acid to form leukotrienes and also activates lipoxin 4 to increase monocytes 

and macrophages activation. Tbxas1, which encodes thromboxan A synthase 1, was 

increased 3.3-fold; this catalyzes the formation of thromboxane A. Hpdgs encodes 

prostaglandin D synthase, which catalyzes the formation of prostaglandin D2. The predicted 

effects of these increased leukotrienes are underlined -production of proinflammatory 

molecules, change in vascular tone and chemo-attraction.
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Table 4

Chemokines and cluster of differentiation mRNAs found in Gjb1−/Y//Gjc2−/− cerebella.

The table shows the chemokines and CD genes in Gjb1−/Y//Gjc2−/− mice ranked by fold change (FC) based on 

the levels of detected mRNA, and shows the false discovery rate (FDR), adjusted p value for each mRNA, and 

the immune cells known to express them.

name FC FDR p expression by cell type

Ccl6 13 0 0.0002 macrophages and neutrophils (Orlofsky, et al. 1991)

Ccl3 10. 0 0.0002 microglia (Williams, et al. 2014)

Ccl4 7.3 0 0.001 microglia (Williams, et al. 2014)

Ccl9 3.7 0 0.002 macrophages (Williams, et al. 2014)

Cxcl10 2.2 0 0.03 monocytes, chemokine for monocytes/macrophages
and T-cells (Williams, et al. 2014)

Cx3cr1 2.2 0 0.003 microglia (Williams, et al. 2014)

Ccl2 1.9 0 0.01 secreted by monocytes/ macrophages, chemokine for
macrophages and T-cells (Orlofsky, et al. 1991);
Williams et al., 2014)

Cxcl12 1.9 0 0.02 microglia (Williams, et al. 2014)

CD52 6.5 0 0.0002 mature lymphocytes, monocytes (Buggins, et al. 2002,
Domagala and Kurpisz 2001)

CD84 3.5 0 0.0006 memory B-cells (Tangye, et al. 2002)

CD68 3.0 0 0.002 macrophages, monocytes (Holness and Simmons 1993)

CD14 2.8 0 0.001 macrophages, monocytes, dendritic cells (Simmons, et al. 1989)

CD72 2.5 0 0.0009 B- and T-cells (Van de Velde, et al. 1991)

CD53 2.5 0 0.002 leukocyte surface glycoproteins (Horejsi and Vlcek 1991)

CD109 2.2 0 0.002 activated T-cells (Sutherland, et al. 1991)

CD86 2.1 0 0.005 antigen presenting cells, costimulating/activating T-
cells (Chen, et al. 1994)

CD48 2.0 0 0.009 B- and T-cells (Yokoyama, et al. 1991)

CD37 1.9 0 0.003 leukocyte surface glycoprotein (Horejsi and Vlcek 1991)

CD9 1.6 0 0.004 leukocyte surface glycoprotein (Horejsi and Vlcek 1991)

CD33 1.6 0.2 0.01 myeloid lineage, lymphoid cells (Garnache-Ottou, et al.
2005, Hernandez-Caselles, et al. 2006, Perez-Oliva, et al. 2011)
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