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Abstract

Background—Glial cells are essential in maintaining synaptic function. In glutamatergic 

synapses astrocytes remove the products of neural activity (i.e. potassium, glutamate and excess 

water) from the synaptic cleft and redistribute them across the glial network; these products of 

neural activity can then be recycled for neuronal use or released into the vascular compartment. 

This type of highly coupled cell network -or syncytium- maintains the balance of synaptic activity 

by restoring the basal levels of such molecules in the synaptic cleft. Previous studies have reported 

alterations of glia related genes in Major Depressive Disorder, including some genes related to 

syncytial function.

Methods—We used RNA isolated from hippocampal tissues of 13 MDD subjects and 10 healthy 

controls to broadly examine gene expression using microarrays. Hippocampal RNA samples were 

isolated by laser capture microdissection from human tissue sections carefully avoiding 

contamination from neighboring structures. Once RNA quality was validated RNA was labeled 

and hybridized to microarrays.

Results—Analysis of microarray data identified mRNA transcripts involved in glial syncytial 

function that were downregulated in MDD subjects compared to controls, including potassium and 

water channels (KCNJ10, AQP4), gap junction proteins (GJA1) and glutamate transporters 

(SLC1A2, SLC1A3). These gene expression differences were confirmed by qPCR.
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Conclusions—The downregulation of these genes related to the syncytial network activity of 

glial cells is consistent with the hypothesis that synaptic homeostasis is disrupted thereby 

disrupting hippocampal synaptic function in MDD patients. Such glial gene expression changes 

could contribute either to the onset or perpetuation of depressive symptoms and hence, represent 

targets for novel therapeutics.

Introduction

Over the last century several theories have emerged in an effort to explain the etiology of 

major depressive disorder (MDD). These theories have led to the development of diverse 

therapeutic treatment strategies, each with inconsistent efficacy (Murrough and Charney 

2012). Moreover, the sum of current evidence suggests that MDD may be the result of 

multifactorial pathogenic processes that lead to disrupted affect, cognitive performance and 

neuroendocrine homeostatic processes. These clinical manifestations are underlined by 

numerous functional alterations and genetic variability, making it unlikely that such 

heterogeneity could be captured comprehensibly by a single theoretical model of depression. 

For example, current antidepressant therapies are largely based on the use of 

monoaminergic-related compounds, but the overall treatment efficacy remains controversial, 

and may be as low as 25% (Pigott, Leventhal et al. 2010). Other mechanisms explored 

include the alterations of the HPA axis, which are found in about 50% of patients 

(Halbreich, Asnis et al. 1985, Akil, Haskett et al. 1993, Checkley 1996, Medina, Seasholtz et 

al. 2013) and the involvement of growth factors and neuroimmune molecules, but the 

therapeutic applications of these mechanisms are still under investigation. More recently 

research efforts point towards the glutamatergic system as a new target for the management 

of treatment-resistant depression (Machado-Vieira, Manji et al. 2009, Bunney and Bunney 

2012, Mathews, Henter et al. 2012). Although most glutamate-related alterations seem to be 

brain region-dependent and somewhat inconsistent, one finding that appears in a more 

consistent manner is the downregulation of glial glutamate transporters (Choudary, Molnar 

et al. 2005, Bernard, Kerman et al. 2011, Medina, Burke et al. 2013). These membrane 

proteins are located mainly in the astrocytes surrounding the synaptic cleft and constitute a 

pivotal element on the regulation of glutamatergic neurotransmission (Torp, Danbolt et al. 

1994, Danbolt 2001, Amara and Fontana 2002). Furthermore, the reports involving the 

downregulation of glutamate transporters in MDD indicate that other components of the 

glial compartment may be compromised as well (Choudary, Molnar et al. 2005, Bernard, 

Kerman et al. 2011).

Information processing in the brain is a function traditionally attributed to neurons, due to 

their excitable properties and specialized connectivity. However, an increasing body of 

evidence suggests that glial cells also contribute to the modulation of neural activity, by 

receiving and integrating neurochemical signals and by altering the neuronal response to 

such stimuli (Vernadakis 1996, Parpura, Heneka et al. 2012, Verkhratsky, Rodriguez et al. 

2012). To competently modulate neuronal functions, glial cells require properties and 

mechanisms that permit them to quickly and efficiently communicate with both neurons as 

well as other glial cells. Kuffler et al (1966) described how glial cells were widely coupled 

through cell to cell junctions, and such observations led to the idea of a syncytium-like 

organization of the glial compartment in the brain. By operating as a highly coupled network 
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glia cells allow rapid communication across this network while permitting the restoration of 

homeostatic status of neural tissue after synaptic activity (Albers and Siegel 1999). The 

effectiveness of the glial syncytium depends on the coordinated activity of a series of 

membrane molecules that include gap junction forming proteins, water and ion channels and 

membrane transporters, as well as the structural protein complexes associated with them. 

The search for a specific role of glial cells in psychiatric disorders, including MDD is a 

novel approach to this disease that may reveal new options for patient treatment.

Previous studies from our consortium have revealed alterations of genes related to the glial 

syncytial function in other brain regions, where they showed up in canonical pathway 

analysis or by targeted searches of neurotransmitter systems (Choudary, Molnar et al. 2005, 

Bernard, Kerman et al. 2011). However, in those studies no functional association between 

these particular set of genes is mentioned. Our approach comes from the collation of 

separate pieces of evidence that pointed towards a specific astrocytic function that is altered 

in MDD, namely the syncytial function. We elect to use hippocampal tissue as this structure 

is a key component of the limbic system and has a central role in the regulation of emotion 

and cognition and a large body of evidence emphasizes the role of hippocampal dysfunction 

in psychiatric symptoms. For a review see Drevets, Price (2008).

We hypothesize that the decreased capability of the glial syncytial function is an important 

component of pathological changes underlying MDD clinical features.

Materials and Methods

Human subjects

Human brain tissues from 13 MDD subjects and 10 controls were obtained from the Brain 

Donor Program at the University of California, Irvine by agreement with the Pritzker 

Neuropsychiatric Consortium. The program obtains informed consent and medical 

information from the subjects’ next of kin, including physical health, medication and 

recreational substance use, to be added to the medical records and coroner’s investigation 

reports. The subjects included in the MDD group met diagnostic criteria from the 

Diagnostics and Statistical Manual of Mental Disorders (DSM-IV). In the control group 

there was no evidence of psychiatric or neurological disorders nor any in their first degree 

relatives. The information on serial numbers, general demographics, cause of death, pH, 

agonal factor scores (AFS) and post mortem intervals in hours (PMI) for the subjects used in 

the study is summarized in table 1.

Previous post-mortem studies conducted by our group concluded that tissue pH and a 

patient’s agonal state are the strongest influences on brain gene expression patterns (Tomita, 

Vawter et al. 2004). To minimize that effect, we used brain samples with a pH over 6.5 and 

an agonal factor of zero, indicating a quick death. As for other factors such as treatment and 

alcohol comorbidity, we acknowledge the possibility of this having an effect on the results, 

but the nature of the sample collection restrains the sample size so we chose to include all 

subjects available that passed the pH/agonal factor criteria to avoid losing analysis power.
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Human brain tissue preparation

Following the method described by Jones et al (1992) the brains were removed during 

autopsy, cooled down and cut in the coronal plane into 0.75 cm slabs, which were then 

frozen and stored at −80°C. To ensure the selection of samples adequate for gene expression 

analysis, brain tissue pH and agonal factors were evaluated following the procedure 

described by Tomita et al (2004).

Smaller tissue blocks containing the hippocampus were dissected from the frozen brain 

slabs, sectioned on a cryostat 10 μm, mounted onto Superfrost®/Plus glass slides (Fisher 

Scientific, USA), and stored at −80 °C. Since the successful analysis of gene expression in 

the brain across individuals and disease is enhanced when similar brain structures are 

compared, prior to this study a detailed anatomical alignment of the each subject’s 

hippocampus was performed using a combination of classic histological techniques and in 

situ hybridization for the mineralocorticoid receptor (MR) as anatomical descriptors of 

human hippocampal anatomy to optimize the processes of laser capture microdissection, 

RNA isolation and microarray analyses. (Krolewski, Medina et al. 2010, Medina, Seasholtz 

et al. 2013).

Laser Capture Microdissection and Microarray analysis

Based on the anatomical alignment, tissue sections containing coronal sections of the 

hippocampus approximately midway of its rostrocaudal axis were selected for each subject 

to perform laser capture microdissection and RNA isolation.

Samples were processed for laser capture microdissection using an Arcturus Autopix LCM 

1110 (Life Technologies, Carlsbad, CA), according to the protocol described by Bernard et 

al (2009). Briefly, adjacent tissue sections were processed for in situ hybridization using 

mineralocorticoid receptor (MR) cRNA probes. MR hybridization signals were then used as 

an anatomical guide to align hippocampi across patient samples (Medina, Seasholtz et al. 

2013), carefully excluding the anatomical structures that surround the hippocampus, such as 

the enthorrinal cortex or the choroid plexus of the neighboring ventricles, which would 

considerably affect the gene expression patterns observed in the microarray experiments 

(Figure 1). Tissues were captured on Arcturus CapSure HS LCM caps (Life Technologies, 

Carlsbad, CA). RNA extraction was performed using PicoPure RNA isolation kit and 

amplified with 1.5 round RiboAmp Plus Protocol from Applied Biosystems (Life 

Technologies, Carlsbad, CA) followed by CTP and UTP biotin labeling using Enzo Bioarray 

High Yield RNA transcription labeling kit (Enzo Life Sciences, Farmingdale, NY). Biotin-

tagged cRNA samples were then applied to the Illumina Human HT-12 v4.0 array (Illumina 

Inc., Hayward, CA) and processed following manufacturer instructions. All microarrays 

were scanned on the Bead Array Reader (Illumina Inc, Hayward, CA). Intensity data was 

quantile normalized using Genome Studio software (Illumina Inc, Hayward, CA) and diff 

scores with p values were obtained. Fold changes were calculated by exporting data into 

Microsoft Excel 2007 software (Microsoft, Redmond, WA, USA).

Previous expression profiling studies from our group have shown altered expression of some 

glial syncytial function-related genes in different brain areas in MDD (Choudary, Molnar et 

Medina et al. Page 4

J Psychiatr Res. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al. 2005, Bernard, Kerman et al. 2011, Medina, Burke et al. 2013). However, since this 

specific function does not appear in pathway analysis tools, we propose a model of 

molecular interaction (figure 2) based on literature findings that have shown close functional 

interactions between these gene products and literature reports of the relationship between 

individual syncytium related molecules and the presence of depressive symptoms (Nagelhus, 

Horio et al. 1999, Amiry-Moghaddam, Williamson et al. 2003, Zeng, Sun et al. 2007, Banasr 

and Duman 2008). The selected genes were considered to be significantly altered in the 

disease state compared to controls if diff scores were 13 or higher or −13 or lower in the 

base of negative values, corresponding to P values that were p=0.05 or lower. The diff score 

is a value provided by the Illumina® software GenomeStudio that provides directionality to 

the p-value based on the difference between the average signal in the reference group vs. the 

comparison group. The formula is: DiffScore = 10*sgn(μcond-μref)*log10p; For a p-value 

of 0.05, DiffScore = ± 13; For a p-value of 0.01, DiffScore = ± 22; For a p-value of 0.001, 

DiffScore = ± 33. P values used in this study are always two-tailed. The results were then 

confirmed using qPCR. Fold change (FC) values were also calculated to assess the 

magnitude of the change in the disease subjects.

Real time PCR

We used qPCR to validate the differential gene expression results from selected genes from 

our microarray study. qPCR primers were designed using MacVector software (MacVector 

Inc, Cary, NC). Total RNA (1 ug) from each RNA sample was converted into cDNA using 

iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). Quantitative PCR 

reactions included 1 μl of cDNA as a template and all reactions were performed in duplicate 

using SsoAdvanced SYBR green supermix according to the manufacturer’s instructions 

(Bio-Rad Laboratories, Hercules, CA). Beta actin mRNA was used as housekeeping mRNA 

to normalize the expression level of the genes of interest, and no differences were observed 

between the two groups. Values for each gene were evaluated using the 2−(ΔΔCt) method 

(Livak and Schmittgen 2001) and expressed as fold change from the control samples.

Results

Syncytial related genes are downregulated in MDD

The data obtained from GenomeStudio showed a total of 1114 genes differentially expressed 

between the control and MDD groups. For this particular experiment we selectively searched 

the results for genes related to glial function that had previously shown on canonical 

pathway analyses and targeted neurotransmitter system searches of previous microarray 

results in different brain areas of individuals of this cohort (Choudary, Molnar et al. 2005, 

Bernard, Kerman et al. 2011, Medina, Burke et al. 2013).

Microarray results indicated that a group of key mRNA transcripts involved in glial syncytial 

function are downregulated in MDD subjects compared to controls. The molecules affected 

included two glutamate transporters, SLC1A2 and SLC1A3, (p=0.01, FC −1.61 and 

p=0.002, FC=−1.39 respectively), the water channel AQP4 (p=0.004, FC=−1.61), the gene 

GJA1 (encoding for connexin 43, p=0.0002, FC=−1.64) and KCNJ10, encoding for the 

inward rectifying potassium channel Kir4.1 (p=0.04, FC=−1.24).
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qPCR assays confirmed the downregulation of SLC1A2 (p=0.002, FC=−1.51); SLC1A3, 

(p=0.001, FC −1.58); AQP4 (p=0.003, FC=−1.59); GJA1 (p=0.004, FC=−1.59) and showed 

a trend for KCNJ10 (p=0.08, FC=−1.32). These results are summarized in figure 2 and table 

2. The magnitude of the changes observed in the qPCR results was similar to that observed 

in the microarray experiment. We performed Pearson’s correlation analysis of the fold 

change values for microarray and qPCR results, which showed a strong correlation between 

the two values for all genes except for SLC1A3, where even though both experiments 

showed a downregulation of its expression the fold change observed for qPCR was larger 

than the one observed in the microarray experiment (see supplemental material).

Discussion

Traditionally CNS research studies had focused their attention upon neuronal functions to 

explain the pathophysiology of mood disorders, with emphasis in neurotransmitter systems 

and stress pathways. However, there is growing evidence in the literature of a substantial 

role of glia cells in the pathogenesis of MDD (Evans, Choudary et al. 2004, Choudary, 

Molnar et al. 2005, Bernard, Kerman et al. 2011, Ordway, Szebeni et al. 2012, Medina, 

Burke et al. 2013). Furthermore, animal studies have shown that pharmacological ablation of 

glia induces depressive behaviors (Banasr and Duman 2008), and the depressive behaviors 

induced by chronic unpredictable stress in rats can be mimicked by blocking glial gap 

junctions (Sun, Liu et al. 2012). Our results support the hypothesis of glial dysfunction in 

MDD, and in particular suggest that the syncytial mechanisms that help maintain 

homeostasis of the neural tissue are compromised in MDD patients.

The glial syncytium maintains the homeostatic conditions that are critical for normal 

neuronal activity in the central nervous system. It is known however that a variety of 

neurological diseases result from genetic or autoimmune disruption of the glial pathways 

that are specialized to support neuronal activity, particularly those glial mechanisms that 

provide for potassium homeostasis and for the transport and release of obligatorily 

associated osmotic water (Rash 2010). The neurological diseases associated to dysfunction 

of the glial syncytium, such as neuromyelitis optica and multiple sclerosis are known to 

present with a depressive phenotype (Akaishi, Nakashima et al. 2015, Pan, Zhao et al. 2015). 

This idea supports our hypothesis that glial dysfunction may actively contribute to the onset 

or perpetuation of depressive states.

We hypothesize that the disruption of the functionality of the glial network caused by the 

downregulation of syncytial function-related genes affects its ability to maintain homeostasis 

of the brain tissue, and therefore may contribute to the establishment of psychiatric 

symptoms.

In the brain and especially in astrocytes Connexin 43, the product of GJA1 is the main 

protein forming gap junction channels. Giaume (1996) suggested that the functionality of 

gap junctions in astrocytes, including their conductance and permeability are controlled by 

endogenous compounds released from neural and endothelial cells. Therefore, a certain 

degree of plasticity can be expected from the gap junction communication system in 
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astrocyte networks and the system is then vulnerable to the changes elicited by pathological 

states in both the glial cells and other brain cell populations.

Since the syncytial function of astrocytes is based on the presence and functionality of gap 

junctions, the downregulation of GJA1 mRNA expression observed in MDD subjects may 

alter the effectiveness of the astrocyte network to buffer the products of synaptic activity. 

Future studies designed to assess GJA1 protein expression will be vital to perform in order 

to more substantively examine this hypothesis.

A fundamental homeostatic function performed by astrocytes is called “potassium 

siphoning”, a term that refers to the sequestration and long-distance disposal of the 

potassium released during each action potential (Rash 2010). This process allows the 

restoration of potassium balance in the peri-synaptic regions. The potassium released to the 

extracellular space by neural activity is passed on to the glia through strongly rectifying 

heteromeric Kir4.1 channels (encoded by KCNJ10). The potassium is then redistributed 

through glial network via gap junctions, following the astrocytes’ resting membrane 

potential gradient, from the strongly negatively charged astrocytes surrounding the synaptic 

sites towards less negatively charged astrocytes located close to the blood vessels, where it is 

then released through weakly rectifying homomeric Kir4.1 channels (Butt and Kalsi 2006). 

Furthermore, Amiry-Moghaddam et al (2003) showed that the efficiency of potassium 

clearance is interdependent with the water flux mediated by the water channel AQP4, which 

is colocalized with kir4.1 and appears to have a synchronic function with it.

In this fashion, the glial syncytium acts as a water/potassium sink that keeps the neural 

homeostasis by maintaining the electrochemical balance of the synapse. Potassium balance 

is pivotal for several neuronal processes, such as maintaining membrane potential, the 

activity of voltage gated channels, modulating synaptic transmission and keeping an 

electrogenic gradient for neurotransmitter transport (Kofuji and Newman 2004). Our results 

indicate that several genes related to potassium syphoning (KCNJ10 (p=0.08), GJA1 

(p-0.004) and AQP4 (p=0.003) are downregulated in MDD subjects compared to controls, 

and this decrease may alter the efficiency of potassium syphoning and therefore the ability 

of glial cells to modulate hippocampal neurotransmission.

Finally, the downregulation of glutamate transporters in MDD has been previously reported 

(Choudary, Molnar et al. 2005, Bernard, Kerman et al. 2011, Medina, Burke et al. 2013). 

The uptake and redistribution of synaptic glutamate is performed by astrocytes through the 

membrane glutamate transporters EAAT1 and EAAT2, encoded by SLC1A3 and SLC1A2 

respectively (Danbolt 2001, Amara and Fontana 2002). The glutamate recovered from 

synaptic activity can then be redistributed across the astrocyte network via gap junctions.

There are several limitations to this study. Here we show a difference in the expression levels 

of glial syncytial function related transcripts between MDD subjects and a control group, 

and some of these genes are known to be associated with neurological syndromes that 

present a depressive phenotype. However, it is not possible to establish from these results if 

the decreased expression of syncytial related transcripts is a direct cause or a consequence of 

the depressive state. Further studies on different experimental paradigms would be necessary 
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to establish causality, as postmortem studies present limitations in this regard, since the 

conditions of the disease state cannot be controlled.

When performing gene expression studies several variants should be taken into 

consideration as they can potentially alter the results of the study. These include gender, age, 

pH, agonal factors and post mortem interval (PMI). In our study the cohort used was 

composed of all male subjects, with an agonal factor score of zero and pH over 6.5. There 

are no significant differences in age or pH between the two groups. When analyzing the PMI 

for both groups there seemed to be a trend for longer PMIs for the MDD group (p=0.07). To 

examine this PMI trend, we ran correlation analysis for each gene in all patients as well as in 

each group. Regardless, we did not find a significant correlation between PMI and the qPCR 

values for any gene in our study. The results of this correlation analysis can be found in the 

supplemental material section.

Furthermore, the acquisition of brain tissue of proper quality for gene expression studies 

affects the sample size and limits analysis of other covariants such as alcoholism 

comorbidity, suicidality and patient treatment that may affect the results; also, in our 

particular case we did not have an adequate group of female samples, so further studies will 

be required to address the important question of gender in MDD, as the disease largely 

affects women. Nevertheless, considering that a large group of MDD affected patients is still 

considered unresponsive to current therapeutic options, this study provides an insight in to a 

different approach in the exploration of the pathophysiology disease.

To summarize, the ability of the glial syncytium to maintain the homeostasis of the synapses 

depends on the coordinated activity of gap junction proteins, glutamate transporters, and 

potassium and water channels. Combining the downregulation of genes related to water 

transport and potassium syphoning as well as gap junction communication, our findings 

present a picture of moderate glial dysfunction that could contribute to a chronic imbalance 

of synaptic activity, and particularly affect the functionality of glutamatergic synapses in the 

hippocampus of MDD subjects. Such gene expression changes in MDD may underline the 

onset or contribute to the perpetuation of depressive symptoms and present an opportunity 

for identifying novel therapeutic targets that could potentially broaden the availability of 

treatment options for MDD patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
In situ hybridization image for the mineralocorticoid receptor (MR). The pattern of 

expression of MR mRNA was used as an anatomical template for the laser capture 

microdissection to ensure the exclusion of neighboring structures that could affect the 

content of the mRNA extracts. The red dotted line represents the area captured for each 

subject in this study.
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Figure 2. 
mRNA expression levels of glial syncytium related genes in the human hippocampus. qPCR 

results show a downregulation of all genes studied in MDD subjects compared to controls. 

Error bars: SEM.
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Figure 3. 
Syncytial function of glia cells surrounding a glutamatergic synapse. Glutamate exocytosis 

in to the synaptic cleft is accompanied by the release of K+ ions and changes of volume in 

the extracellular compartment. To limit the neurotransmitter activity and restore the basal 

conditions of the synapse the released elements must be collected and redistributed through 

the astrocytic network. Glutamate uptake is a function of the glial transporters SLC1A2 and 

SLC1A3 whereas the inward rectifying channel KCNJ10 and AQP4 are in charge of the 

internalization of K+ and water respectively. And all these small molecules can then be 

redistributed to the neighboring astrocytes through the connexin channels (GJA1). The 

recovered glutamate can be added to the metabolic amino acid pool of the astrocytes or 

recycled for neurotransmission and any excess K+ and water can be released to the 

neighboring blood vessels through a weakly rectifying KCNJ10 subtype and AQP4.
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Table 2

Summary of microarray and qPCR results for genes associated with the astrocyte syncytial function.

Gene Name Microarray Diff Score Microarray Fold change QPCR P value QPCR Fold change

AQP4 −23.93 −1.61 0.003 −1.59

GJA1 −36.2 −1.64 0.004 −1.59

SLC1A2 −19.54 −1.61 0.002 −1.51

SLC1A3 −26.92 −1.39 0.001 −1.58

KCNJ10 −13.6 −1.24 0.08 −1.32
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