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Abstract

Reduced density of glial cells and low levels of some astrocyte proteins have been described in the

orbitofrontal cortex (OFC) in depression and alcoholism, two disorders often comorbid. These

regressive changes may also involve the communication between astrocytes via gap junctions and

hemichannels, which play important regulatory roles in neurotransmission. We determined levels

and morphological immunostaining parameters of connexin 43 (Cx43), the main protein subunit of

astrocyte gap junctions/hemichannels, in the OFC of subjects with depression, alcoholism or

comorbid depression/alcoholism as compared to non-psychiatric subjects. Postmortem brain

samples from 23 subjects with major depressive disorder (MDD), 16 with alcohol dependence, 13

with comorbid MDD and alcohol dependence, and 20 psychiatrically-normal comparison subjects

were processed for western blots to determine Cx43 levels. Area fraction of Cx43

immunoreactivity, and density and average size of immunoreactive puncta were measured in

histological sections. There was a significant, larger than 60 percent decrease in Cx43 level in the

three psychiatric groups as compared to controls. Area fraction of immunoreactivity and

immunoreactive punctum size were reduced in all psychiatric groups, but Cx43-immunoreactive

puncta density was reduced only in alcohol-dependent subjects. Among psychiatric subjects, no

difference in Cx43 levels or immunostaining was found between suicides and non-suicides. The

present data suggest that dysfunction of the OFC is accompanied by reduction in the levels of gap

junction protein Cx43 in depression and alcoholism, and reduction in density of Cx43

immunoreactive puncta only in alcoholism, pointing to altered gap junction or hemichannel-based

communication in the pathophysiology of those disorders.
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OBJECTIVES OF THE STUDY AND BACKGROUND

Depression and alcoholism are often co-morbid, the presence of one of these disorders

increasing the risk for the other and its severity (Gilman and Abraham, 2001; Greenfield et

al., 1998; Hasin and Grant, 2002; Kranzler et al., 1996; Regier et al., 1990). Despite clear

differences in diagnostic criteria and pathology, both disorders also share impediments in

decision-making, emotional control and adequate planning, all functions crucially involving

the prefrontal cerebral cortex (PFC) (Diekhof et al., 2008; O’Doherty, 2011). These

impediments are associated with the neurophysiological and cellular pathology in the PFC

that must underpin behavioral and emotional pathology in both major depressive disorder

(MDD) (Drevets, 2007; Kringelbach and Rolls, 2004; Price and Drevets, 2012; Rajkowska,

2000) and alcohol-dependence (Dao-Castellana et al., 1998; Flatscher-Bader and Wilce,

2008; Miguel-Hidalgo et al., 2002; Sullivan et al., 2000).

Even in the absence of gross morphological abnormalities, disturbances in glial cells, and

not just in neurons, may crucially mediate neural dysfunction in psychiatric disorders

(Banasr et al., 2008; Rajkowska and Miguel-Hidalgo, 2007). In both depression and

alcoholism the number or packing density of glial cells, including astrocytes, and the

expression of astrocyte markers are reduced in the dorsolateral and orbitofrontal cortices,

both subdivisions of the PFC (Khundakar and Thomas, 2009; Miguel-Hidalgo, 2009).

Nevertheless, alcoholism and major depression can differ in specific aspects of astrocyte

involvement (Miguel-Hidalgo and Rajkowska, 2003; Miguel-Hidalgo et al., 2010), such as

the levels of astrocytic glutamate transporters or glutamine synthetase (Miguel-Hidalgo et

al., 2010).

Some of the neuronal support functions of astrocytes (Haydon and Carmignoto, 2006;

Volterra and Meldolesi, 2005) strongly depend on astrocytes’ ability to communicate with

each other and with other cells through gap junctions and hemichannels (Cotrina and

Nedergaard, 2012; Figiel et al., 2007; Giaume et al., 1997; Rouach et al., 2002), mainly

composed of the protein connexin 43 (Cx43), with a smaller involvement of connexin 30

(Cx30). Thus, deficient expression or modifications of Cx43 could contribute to prefrontal

physiopathology. Recently, we showed that alcohol preference and intake increased after

gap junction blockade in the PFC of rats (Miguel-Hidalgo et al., 2009). In addition, in

alcoholism, gap junction communication and Cx43 processing may be directly affected by

ethanol exposure (Wentlandt et al., 2004). Likewise, PFC astrocyte pathology in depression

may involve gap junction alterations. Recent studies show reduced levels of Cx43 and Cx30

mRNA in the PFC of subjects with psychiatric diagnoses who died by suicide (Ernst et al.,

2011) and low Cx43 mRNA in the locus coeruleus in MDD (Bernard et al., 2011)

The goal of the present study was to ascertain whether major depression and alcoholism are

correlated with significant variations in the levels and tissue distribution of Cx43
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immunoreactivity in the orbitofrontal cortex (OFC). The OFC is a PFC subdivision heavily

involved in the regulation of emotion and decision-making, which are dysfunctional in both

alcoholism and major depression (Austin et al., 2001; Dom et al., 2005; Drevets, 2007;

Volkow and Fowler, 2000). In addition, structural and functional neuroimaging studies have

revealed significant abnormalities in the OFC in depression and alcoholism (Dom et al.,

2005; Drevets, 2007; Schulte et al., 2010).

MATERIALS AND METHODS

The protocol for tissue collection was approved by the Institutional Review Boards of the

University Hospitals of Cleveland and the University of Mississippi Medical Center. Written

informed consent was obtained from legal next-of-kin for informant-based retrospective

diagnostic interviews. Postmortem brain tissues were collected at autopsy at the Cuyahoga

County Coroner’s Office. Cases with evidence of neurological injury or disorder, prolonged

agonal states or coma were excluded.

Retrospective diagnoses according to the Diagnostic and Statistical Manual of Mental

Disorders (4th ed.) (DSM-IV) (APA, 1994) followed next-of–kin interviews using the

Structured Clinical Interview for DSM Axis I Disorders modified for third-person reporting

(First et al., 1995). Interview notes and clinical histories were reviewed independently by

two licensed mental health clinicians to reach consensus diagnoses. Urine and blood

collected at autopsy were examined by the coroner for presence of psychoactive substances.

The OFC was dissected from the locks of PFC, then it was frozen, and stored at −80 °C, and

the postmortem interval (PMI; time between death and freezing of tissue) noted. In each

subject, brain pH was determined from frozen tissue. This study included the following

groups of subjects: comparison subjects without diagnosis of a psychiatric disorder (COMP,

n=20), subjects with alcohol-dependence diagnosis alone (ALC, n=16), subjects with major

depressive disorder (MDD) alone (n=23), and subjects with both MDD and alcoholism

(MDA, n=13). The MDD group included 17 subjects with an antidepressant prescription

within the last month of life, 6 subjects that had not received antidepressant medication

within the last month of life, and 2 had medication for only 4 days before death. In the MDA

group, 4 subjects had no antidepressant prescription. Responsiveness to medication was

estimated before laboratory experiments, with only two cases estimated after experiments.

Estimates were made according to clinical impressions from antemortem information and

next-of-kin testimony. In the ALC group, ethanol was detected in the blood of 11 subjects,

with eight at or over the legal limit (0.08 g/dL). In the MDA group, ethanol was detected in

three subjects, all over the legal limit. Table 1 presents a summary of demographic and

medical descriptors.

Brodmann’s area 47 was identified in the left OFC (Uylings et al. 2010), and frozen 50 μm-

and 20 μm-thick sections were collected for use in western blot-based protein measurements

and immunohistochemistry, respectively.
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Western blotting

Sections were sampled with a punch (0.5 mm diameter) that included all cortical layers but

not white matter. These samples were collected in vials, stored at −80°C and later

homogenized in 0.01M Tris-HCl containing 1% SDS, 2 mM EDTA, and protease inhibitor.

The homogenate was centrifuged at 4°C and 12,000g for 30 min. Supernatant containing 25

μg of protein was applied in duplicate to wells in 10% Bis-Tris precast gels in the NuPAGE

Bis-Tris Electrophoretic System (Invitrogen, Carlsbad, California). After electrophoresis,

gels were transferred to PVDF membranes, later incubated with anti-Cx43 mouse

monoclonal antibody (clone 2/Connexin-43, from BD Transduction Laboratories, cat. no.

610061) diluted 1:500, washed and incubated with an alkaline phosphatase-conjugated

secondary antibody. This monoclonal antibody was developed against a peptide containing

amino acids 252–270 of rat Cx43 and specifically binds Cx43 in tissue from humans and

other vertebrate species (Asrih et al., 2012; Corinne et al., 2010; Labovsky et al., 2010).

Membrane chemiluminescent bands were digitized for further analysis. Membranes were

stripped of antibodies, incubated with anti-β-actin (Sigma-Aldrich) and chemiluminescence

images collected. Each membrane contained subjects from the four groups. One of the lanes

per blot was reserved for the same control subject across all blots. This lane was used as a

reference value to normalize measurements.

Immunohistochemistry

20 μm-thick sections were mounted on slides, washed five minutes in PBS, fixed 30 minutes

in 4% paraformaldehyde and washed in Tris-HCl (pH 7.6) saline solution (TBS). After

overnight incubation with anti-Cx43 (clone 2/Connexin-43, BD Transduction Laboratories,

cat. no. 610061) diluted 1:500, sections were washed in TBS, incubated with biotinylated

secondary antibody, washed, and processed using the ABC method (Vector Laboratories,

Burlingame, CA) with VIP chromogen (Vector Laboratories, Burlingame, CA). In each

experiment sections from all groups were processed together using common incubating and

chromogen solutions. Due to tissue availability there were no data of Cx43 puncta density

and area fraction from three MDD and one MDA subjects.

Packing density of Cx43-immunoreactive puncta

Immunohistochemistry resulted in strong staining of Cx43-immunoreactive puncta

(immunoreactive patches sharply defined against the lightly stained tissue background). We

assessed abundance of Cx43 puncta by determining their packing density in the gray matter.

This density was calculated in three sections of the OFC evenly separated by 400 μm using

StereoInvestigator software (Microbrightfield, version 8). In each section a sample was

defined by an outline containing all cortical layers and excluding the white matter. The

outline was 2 mm wide (tangentially to the brain surface). Within each outline a series of 3-

dimensional counting boxes (15X15X8 μm) was defined by systematic random sampling

(with a X100 objective). Within the box, all immunoreactive puncta were counted according

to the optical disector (Williams and Rakic, 1988). In each section the total number of

puncta counted was divided into the cumulative volume of all the counting frames sampled

to obtain packing density. The values from the three sections were averaged to establish the

packing density for each subject, and use it for statistical analyses.
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Estimation of immunoreactive punctum size—An estimate of average size of single

immunoreactive puncta for each subject was obtained by applying the nucleator

stereological probe (Gundersen, 1988) to each of the counted Cx43-immunoreactive puncta,

with an oil immersion X100 objective of 1.4 numerical aperture, using Stereo Investigator

(version 11.0, Microbrightfield, Inc.). To implement the nucleator, the center of each

immunoreactive punctum was defined at the confluence of the major and minor axes of the

punctum. The average coefficients of error for immunoreactive punctum size were 0.038 for

MDD, 0.041 for ALC, and 0.049 for comparison subjects.

Area fraction of Cx43 immunoreactivity—The area fraction of immunoreactivity was

measured using ImageJ (version 1.44o, by Wayne Rasband, National Institutes of Health).

Area fraction was measured in three optical fields that were randomly selected across the

cortical layers. Pictures were taken at 20x magnification with a Nikon E600 microscope

using a fixed intensity of microscopic illumination and constant condenser settings. The

optical field of the picture was then segmented into the non-immunoreactive background

(determined in a portion of the tissue under the microscope with no visible puncta and

uniform background) and Cx43 immunoreactive structures. Immunoreactivity was defined

as 20 optical density points over background optical density (Miguel-Hidalgo et al., 2010).

Optical density was measured on a 0 (brightest) to 255 (darkest) scale. Area fraction was

obtained for each optical field by dividing the area occupied by Cx43 immunoreactivity

greater than background by the total area of the field.

Statistics

Cx43 protein levels, packing density of Cx43-immunoreactive puncta, punctum size and

area fraction for each group were compared using analysis of variance (ANOVA). There

were no significant differences between groups in age at the time death, postmortem interval

(PMI), brain pH, and brain weight. The relationship between Cx43-related variables and

age, or with duration and onset of disease were assessed by Pearson correlational analyses.

Posthoc pairwise univariate comparisons were performed only following a significant

ANOVA (p<0.05) using the Bonferroni adjustment for multiple comparisons. Results are

presented as mean ± standard error of the mean unless otherwise indicated.

RESULTS

Cx43 protein levels from western blots

The levels of Cx43 protein were significantly lower in all three groups with a psychiatric

diagnosis as compared to non-psychiatric controls (ANOVA F(3,68)=11.35, p<0.001) (Fig.

1A, B). The reduction was about 60% in alcohol-dependent (p<0.002), 77% in MDD

(p<0.001), and 70% in MDA (p<0.001) subjects. Consideration of death by suicide as an

additional grouping factor in a 2-way ANOVA did not show a significant effect of suicide

(F(1,65)=0.645, p=0.421) or an interaction between suicide and diagnostic groups

(F(2,65)=0.418, p=0.660), but still showed a difference between psychiatric diagnoses

(F=6.66, p=0.001). The level of Cx43-immunoreactivity in each of the suicide (1.085±0.475,

p=0.002 versus controls) and non-suicide (1.264±0.632, p=0.022 versus controls)
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psychiatric groups was significantly lower than that in non-psychiatric controls

(3.295±0.380).

Packing density of Cx43 immunopositive puncta and area fraction of immunoreactivity

Using the same antibody as in western blots we detected highly contrasted immunoreactive

puncta of variable size (Figs. 2, 3) in the gray matter of the OFC. There was a significant

effect of diagnosis on the packing density of Cx43-immunolabeled puncta (ANOVA, F(3,

64)=3.173, p=0.03) with the highest average in comparison subjects. The density of puncta

in the ALC subjects was significantly lower than in COMP subjects (univariate contrast

p<0.019), but not different in MDD (p=0.842) or MDA (p=1.00) subjects (Fig 4A). When

using suicide and psychiatric diagnosis as factors in a two-way ANOVA, there was a trend

for a lower density of Cx43 puncta in subjects that died by suicide as compared to non-

suicides (suicide F(1,62)= 3.144, p=0.081). There was a statistical trend for an interaction

between diagnostic group and suicide (p<0.066), mainly because puncta density in suicide

MDA subjects (1.182±0.944 punctaX106/mm3) was markedly lower than in non-suicide

MDA subjects (4.013±0.798 puncta X106/mm3).

Size of Cx43 immunoreactive puncta

The average volume of individual Cx43 immunoreactive puncta (punctum size) as estimated

by the nucleator stereological probe was significantly different between diagnostic groups

(F(3, 68)=11.66, p<0.005). Punctum size was smaller in each of the three psychiatric groups

than in the COMP group, with the smallest average size found in the MDA subjects (Fig.

4B).

Area fraction of Cx43 immunoreactivity

Area fraction of Cx43 immunoreactivity was significantly different between groups

(ANOVA, F(3,67)=12.8, p<0.001) and pairwise contrasts showed that area fraction in each

of the diseased groups (MDD p<0.003, ALC p<0.001, MDA, p<0.001) was significantly

lower that in the comparison group (Figs. 3, 4C). Two-way ANOVA with psychiatric

diagnosis and suicide as grouping factors showed no significant effect of suicide

(F(2,64)=0.487, p=0.488) or suicide by psychiatric diagnosis interaction (F(1, 64)=0.260,

p=0.772).

Correlation with age at the time of death, duration and onset of disorder

Age at the time of death was negatively correlated with the levels of Cx43 protein either

when considering all subjects together (r=−0.241, p=0.041) or in non-psychiatric

comparison subjects (r=−0.519, p=0.019) but was not correlated with age in the diseased

groups.

In the psychiatric groups, we analyzed the relationship between levels of protein and the

estimated duration and age of onset of alcohol-dependence or major depressive disorder.

There were no significant correlations between duration of alcohol dependence or

depression and levels of Cx43 in any of the groups or when all alcohol-dependent (ALC

+MDA) or all subjects with depression (MDA+MDD) were grouped together. Only the level
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of Cx43 in the MDA group showed a significant negative correlation with the age at onset of

alcoholism (r=−0.628, p=0.016).

In controls and in MDD subjects there was a significant positive correlation between density

of Cx43 puncta and age (control r=0.513, p=0.015; MDD r=0.469, p=0.037), that is,

opposite to the negative correlation between levels of Cx43 and age in controls. There was

no significant correlation between the density of puncta and age in ALC or MDA subjects.

There was no correlation between average punctum size and the age at the time of death in

any of the diagnostic groups. We also examined the relationship of puncta density and

punctum size to the estimated age at onset or duration of alcoholism and depression in the

three psychiatric groups. The age at onset of alcoholism in the MDA group was significantly

and positively correlated with the density of Cx43 immunoreactive puncta (r=0.588,

p=0.044). There were no significant correlations between puncta density and duration or

onset of disorder in the other groups or with duration of depression in MDA. Neither

duration nor onset of depression or alcoholism was pcorrelated with punctum size in any of

the psychiatric groups.

Influence of treatment with antidepressants

MDD and MDA subjects were combined (MDD+MDA) and the resulting cohort was

divided into subjects that had antidepressant prescription in the last month of life (Adep) and

Adep-untreated subjects. There were no differences in Cx43 levels between treated and

untreated subjects (Fig. 5, top panel). Dividing the Adep cohort into those that responded to

ADep and those unresponsive did not reveal any difference in their Cx43 levels either (Fig.

5, bottom panel). The density of Cx43 immunoreactive puncta did not differ either according

to Adep treatment or to response to treatment (Fig. 6A,B) while the density remained

significantly lower in ALC subjects than in COMP subjects in either case (Fig. 6A,B).

Punctum size was significantly lower in the psychiatric groups resulting from separating

Adep treated and non-treated subjects as compared to the COMP group, but was not

influenced by antidepressant treatment or the response to it (Fig. 6C,D).

DISCUSSION

The present study revealed that Cx43 immunoreactivity levels in the OFC (Brodmann’s area

47) are significantly reduced in subjects with alcohol dependence, major depressive disorder

or comorbid depression plus alcohol dependence relative to non-psychiatric comparison

subjects. This reduction in Cx43 was consistently observed whether measured in western

blots or as an area fraction of Cx43 immunoreactivity in OFC sections. In addition, the

average size of individual immunoreactive Cx43 puncta in the three diseased groups was

lower than in the comparison subjects. Only in alcohol dependent subjects (without

depression) there was a significantly lower packing density of Cx43 immunoreactive puncta

than in comparison subjects.

Six subunits of Cx43 form a connexon with a central channel that spans the cell membrane.

Connexons assemble to form gap junctions between adjacent cells, these junctions being

grouped into larger aggregates or plaques, and serving as channels for calcium and organic

molecules smaller than 1000 Da. Cx43 also forms aggregates of hemichannels, which are

Miguel-Hidalgo et al. Page 7

J Psychiatr Res. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



connexons not coupled to connexons in adjacent cells. Hemichannels have been related to

release of ATP or glutamate from astrocytes (Bruzzone and Ressot, 1997). The gap

junctions and hemichannel aggregates result in sharply contrasting immunoreactive puncta

as confirmed by electron-microscopy (Nagy et al., 1996; Yamamoto et al., 1990). In

alcoholism, both lower density of identifiable puncta and smaller punctum size would be a

reflection of low Cx43 levels and would be consistent with diminished aggregation and

membrane targeting of Cx43 into gap junctions or hemichannels. In depression, in the

absence of reduced density of puncta, the main factor affecting lower Cx43 levels and area

fraction of Cx43 immunoreactivity would have been the smaller size of Cx43

immunoreactive puncta, suggesting that different mechanisms influencing the distribution of

Cx43 into membrane gap junctions or hemichannels may be at play in depression and

alcoholism.

Density and size changes of Cx43 connexon aggregates may have direct functional

consequences for astrocyte intercellular communication because those changes affect gap

junction- and hemichannel-based permeability (Brokamp et al., 2012; Bukauskas et al.,

2000). Reduction in the density or size of hemichannel aggregates caused by insufficient

astrocytic tissue coverage in depression might play a role in the involvement of reduced

ATP signaling in depression, because hemichannels allow the release of ATP, which acts

onto receptors in astrocytes and neurons to regulate synaptic transmission (Bennett et al.,

2003). Deficient gap junction communication between astrocytes has been also hypothesized

as a contributor to brain dysfunction in depression (Mitterauer, 2010). The possibility of

such functional alterations in MDD is further supported by recent postmortem research

documenting a decrease in Cx43 mRNA levels in MDD but not in bipolar disorder (Bernard

et al., 2011). An important qualification to the present data and to the so far discussed

functional interpretation of Cx43 reductions is that the antibody used in this study may not

have detected forms of Cx43 with differential posttranslational processing, and that these

alternative forms may have been more prevalent in the diseased groups and have an

important role in possible functional alterations.

Changes in density of Cx43 immunoreactive puncta, size of individual puncta and Cx43

levels in alcoholism suggest reduced gap junctional or hemichannel-based communication,

which would be consistent with our study in rats (Miguel-Hidalgo et al., 2009), where

infusion of gap junction blocker 18-α-glycyrrhetinic acid (AGA) into the rat PFC resulted in

a transient increase in the preference and intake for a 10% ethanol solution. An increase in

alcohol drinking was also detected when astrocytes were damaged by infusion of a glial

toxin, although AGA did not result in depletion of GFAP-positive astrocytes (Miguel-

Hidalgo et al., 2009). In fact, persistent decrease in gap junction permeability could arise

from direct and indirect actions of alcohol on Cx43 expression (Wentlandt et al., 2004), and

other in vitro and in vivo experiments have demonstrated alcohol-induced reduction in the

expression of Cx43 proteins in neural precursor cells (Sun et al., 2009), smooth muscle cells

and liver epithelial cells (Xiong et al., 2009), and in cardiac muscle (Huang et al., 2013).

Since most MDA subjects and many of the MDD subjects had been treated with

antidepressants (Adeps) within the last month of life it could be argued that Adeps may have

increased the density of gap junction aggregates (though not their size) as compared to ALC
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subjects. However, when combining all subjects with depression (MDD+MDA) and then

assessing them according to Adep treatment there was no significant difference in packing

density of Cx43 puncta between Adep-treated and non-treated subjects. Experiments in

rodents reveal that repeated antidepressant treatment increases Cx43 protein levels in the

prefrontal cortex (Fatemi et al., 2008). Further duly powered in vitro and in vivo

experiments should help clarify whether Adep actions might be partly mediated by changes

in Cx43 expression or trafficking (Segretain and Falk, 2004).

Ernst et al. (2011) reported lower levels of mRNA for Cx43 in the PFC of subjects dying by

suicide (Ernst et al., 2011). However, in the present study there was no significant difference

in Cx43 immunodetection parameters between suicide and non-suicide psychiatric subjects.

The apparent discrepancy with Ernst et al. (Ernst et al., 2011) may partly rest on the fact

that, unlike their non-psychiatric controls, all subjects in their Canadian suicide cohort had a

psychiatric diagnosis. The authors also point that there was no difference in Cx43 mRNA

levels between subjects with or without depression in the suicide group. However, if

depression and substance abuse were a main cause for lower expression of Cx43 mRNA,

one would not expect to find psychiatric diagnosis effects within their suicide group. It may

be worth to point as well that Ernst et al. (2011) measured mRNA for all subjects in their

cohorts, while in our study all subjects were analyzed for immunoreactivity of the Cx43

protein. Cx43 mRNA levels are not necessarily correlated with the levels of immunoreactive

protein (Xiong et al., 2009). Given the very low levels of protein detected in some subjects it

is also possible that disease-related changes in Cx43 immunoreactivity are partly due to

disorder-specific variations in posttranslational modifications.

Animal experiments by Ernst et al. (2011) further appeared to rule out that alcohol exposure

results in reduced Cx43 mRNA levels. By contrast, we found that alcoholics had

significantly lower Cx43 protein levels and distribution as compared to controls.

Nevertheless, several other studies (Huang et al., 2013; Sun et al., 2009; Wentlandt et al.,

2004; Xiong et al., 2009) support the ability of alcohol to reduce the expression of Cx43

protein even when levels of Cx43 mRNA remain unaltered. Whether reduced Cx43

immunoreactivity in the postmortem area 47 of the OFC is consistent with mechanisms

operating in the in vitro experiments remains to be determined.

Difference in the prefrontal regions studied may also explain discrepancies between studies.

Ernst et al. (2011) sampled the dorsolateral prefrontal cortex (dlPFC) defined as comprising

Brodmann’s areas 9, 10, 11, 44a, 45, 46, and 47, which includes some areas (areas 11 and

47) usually assigned to the OFC (Kringelbach and Rolls, 2004; Uylings et al., 2010). In all,

their region is remarkably more heterogeneous that the restricted area 47 in our study.

Nonetheless, it cannot be ruled out that reduced detection of Cx43 is related to increased

suicide risk, which is well known to be higher in subjects with depression or alcohol

dependence.

It is important to stress that the psychiatric groups in the present study contained a high

proportion of subjects dying by suicide. If this fact is considered with enhanced association

of suicidal ideation in depression and alcoholism even in subjects that died of other causes

(Garlow et al., 2008; Gonzalez, 2012; Joiner et al., 2005) it may result in a significant
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association between suicidality and low Cx43 levels. Such an association could not be

unequivocally explored in the present study. In addition, the direction of a causal

relationship between the terms of this association (suicidality and Cx43 or gap junction

function) remains to be determined. The aim of including subjects dying by suicide in the

psychiatric groups was to compare subjects dying by suicide with those dying by other

causes in each of the diagnostic groups. Depression is a well-known risk factor for suicide

(Joiner et al., 2005). In comparison to depression, less attention has been paid to the fact that

alcohol abuse, particularly during drinking episodes, is also a high risk for suicide even in

subjects without a diagnosis of depression (Pirkola et al., 2000; Roy and Linnoila, 1986).

Thus, suicide subjects in the ALC group would have permitted a first approximation of a

possible association of low Cx43 levels with suicide not related to the clinical diagnosis of

depression. However, the present study did not find a significant correlation between suicide

and Cx43 levels in ALC subjects.

The present study also revealed an age-dependent decrease in Cx43 levels in COMP

subjects, although the density of immunoreactive puncta was positively correlated with age

in controls and MDD subjects, suggesting that the synthesis of Cx43 and its trafficking to

the cell membrane to form gap junctions (immunoreactive puncta) may be differentially

affected by age. Alternatively, but not exclusively, a greater density of puncta despite

declining Cx43 synthesis, may result from a slower turnover of Cx43 from the membrane

combined with an increase in gliosis features in the aging brain of control and MDD subjects

(Miguel-Hidalgo et al., 2000; Si et al., 2004). Further studies should examine if age-

dependent disturbances in Cx43 synthesis and turnover are related to an increased degree of

gliosis in the OFC.

In summary, the present data suggest that dysfunction of the OFC in depression and

alcoholism is accompanied by a reduction in Cx43 and a diminution of Cx43-

immunoreactive gap junction or hemichannel aggregates. Lower Cx43 in depression was not

paralleled by reduced density of Cx43 immunoreactive puncta, but there was significant

reduction of Cx43-immunoreactive puncta in alcoholism suggesting that some functional

disturbances in Cx43-immunoreactive gap junctions may be specific to the manifestations of

each of those disorders.
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Figure 1.
Quantification of connexin 43 (Cx43) levels in the OFC of non-psychiatric comparison

subjects (COMP), subjects with alcohol dependence (ALC), subjects with major depressive

disorder (MDD), and subjects with comorbid major depressive disorder and alcohol

dependence (MDA). A) Representative western blot with subjects from the four diagnostic

groups. The lane in the left shows bands at known molecular weights (mw) from a

commercial standard. B) Bar graph representing the normalized levels of Cx43 in COMP

(n=20), ALC (n=16), MDD (n=23) and MDA subjects (n=13). Whiskers represent the

standard error of the mean. *p<0.002 relative to non-psychiatric comparison group

(ANOVA F=3.68, p < 0.001). mw = molecular weight marker.
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Figure 2.
High power micrographs of Cx43 immunoreactivity in the cortical gray matter of the OFC

COMP (A), ALC (B), MDD (C), and MDA (C) subjects. All pictures centered in lower

cortical layer III. Arrows in all micrographs point to representative Cx43 immunoreactive

puncta. Calibration bar in A is 25 μm and valid for all micrographs. Abbreviations, arrows

and dimensions are as in figure 1
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Figure 3.
Binary rendering of the four micrographs in Fig. 2 using Image J software and applying the

same procedure to each micrograph to establish a threshold and differentiate Cx43

immunoreactive structures (black spots) from non-immunoreactive background (white

background). Abbreviations, arrows and dimensions are as in figure 1.
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Figure 4.
Packing density of Cx43-immunoreactive puncta (A), average size (volume) of discrete

immunoreactive puncta (B) and area fraction of Cx43 immunoreactivity (C) in the gray

matter of the OFC of COMP, ALC, MDD and MDA subjects. A) Bar graph of average

packing density of Cx43-immunoreactive puncta in the four diagnostic groups; only the

intensely dark, highly contrasting puncta were counted to determine density of puncta. *p =

0.019 relative to COMP subjects (ANOVA, F=3.173, p=0.03). B) Average size of individual

immunoreactive puncta as estimated with the nucleator probe. *p < 0.005 relative to COMP

subjects. (ANOVA, F = 11.66, p<0.005). C) Bar graph of average area fraction of Cx43-

immunoreactivity in the cortical gray matter. *p < 0.003 relative to COMP subjects

(ANOVA, F = 12.8, p<0.001). Other abbreviations as in figure 1.
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Figure 5.
Bar graphs representing differences in the Western blot-base levels of Cx43 in the OFC of

non-psychiatric comparison (COMP), alcohol dependent (ALC, without depression), and

subjects with major depression (Adep, NoAdep). In the top panel major depression subjects

treated with a current prescription of antidepressant (Adep) were separated from those

without antidepressants (NoAdep) (ANOVA F(3,68)=11.255, p<0.001). In the bottom panel

Adep subjects were further subdivided into responders to the antidepressant treatment (Res)

and non-responders (No Res) F(4,67)=8.49, p<0.001). Note a significantly lower level of

Cx43 in all groups diagnosed with major depression or alcoholism regardless of

antidepressant treatment (with *p<0.002 in the top panel and *p<0.003 in the bottom panel,

against COMP subjects).
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Figure 6.
Bar graphs representing differences in the packing density and average size of Cx43

immunoreactive puncta in the OFC of non-psychiatric comparison (COMP), alcohol

dependent (ALC, without depression), and major depression (Adep, NoAdep). In A and C

subjects with major depression treated with a current prescription of antidepressant (Adep)

were separated from those without antidepressants (NoAdep). In B and D Adep subjects

were further subdivided into responders to the antidepressant treatment (Res) and non-

responders (No Res). Only the density of immunoreactive puncta in ALC subjects remained

significantly different from that in COMP subjects (*pairwise comparisons, p=0.017 in A,

p=0.032 in B). There was no difference among psychiatric groups in punctum size due to

treatment or response to it (C, D) but each of these groups was significantly different from

COMP subjects (*p<0.005).
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Table 1

Summary of descriptive variables for the subject groups

DESCRIPTIVES\GROUP COMPARISON ALC MDD (no alco.) MDA (comorbid alco.)

AGE 49.20±11.10 47.81±8.56 50.00±16.45 52.31±14.43

GENDER 12M, 8F 13M, 3F 15M, 8F 9M, 4F

Causes of death 17CV, 1BP, 1PN, 1MT 6SUIC, 8CV, 1APX, 1EG 18SUIC, 1HK, 1GW, 3CV 6SUIC, 6CV, 1PTE

ETHNICITY 14C, 6AA 15C, 1AA 20C, 2AA, 1A 13C

PMI 22.063±6.73 22.06±10.18 24.08±7.36 26.29±6.54

pH 6.50±0.33 6.70±0.18 6.55±0.21 6.62±0.23

ONSET (depr) N/A N/A 38.65±17.23 32.69±12.13

DURATION (depr) N/A N/A 11.15±14.82 14.21±10.56

ONSET (alco) N/A 22.12±5.37 N/A 24.38±9.92

DURATION (alco) N/A 25.75±10.57 N/A 23.67±13.27

Abbreviations: AA=African American, A=East Asian, APX=asphyxia, ALC=Alcohol dependent subjects, alco=alcohol dependence,
BP=bronchopneumonia, C=Caucasian, CV=cardiovascular disease, depr= major depression, EG=esophagitis, F=female, GW= gunshot wound,
HK=hyperkalemia, M=male, N/A=not applicable, MDD=major depressive disorder, MT=multitrauma in car accident, PMI=postmortem interval
(time from death to freezing of brain samples), PN=pancreatitis, PTE=pulmonary thromboembolism, SUIC=suicide. AGE, ONSET and
DURATION are given in years, and PMI in hours. Numerical values for AGE, PMI, pH, ONSET and DURATION are given as mean±standard
deviation.

J Psychiatr Res. Author manuscript; available in PMC 2015 August 01.


