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Abstract

Astrocytes orchestrate arrangement and functions of neuronal circuits and of the blood–brain 

barrier. Dysfunctional astrocytes characterize mood disorders, here showcased by deregulation of 

the astrocyte end-feet protein Aquaporin-4 around blood vessels and, hypothetically, of the 

astrocyte-specific phagocytic protein MEGF10 to shape synapses. Development of mood disorders 

is often a result of ‘gene × environment’ interactions, regulated among others by histone 

modifications and related modulator enzymes, which rapidly promote adaptive responses. Thus, 

they represent ideal targets of drugs aimed at inducing stable effects with quick onsets. One of the 

prevalent features of histone modifications and their modulators is their cell-type specificity. 

Investigating cell type-specific epigenetic modulations upon drug administration might therefore 

help to implement therapeutic treatments.

Introduction

For many years the common belief has been that brain functions would be exclusively 

regulated by networks of neurons. This ‘neurocentric view’ has long predominated, thereby 

hindering the deepening of our knowledge about the importance of other cell types for brain 

processes. However, the last twenty years have witnessed an increased awareness about the 

significance of glia cells not only as mechanically supportive, but also as regulatory 

elements of neuronal networks (for review, see [1]). Thus, the view of the brain has moved 

from an exclusively ‘neurocentric’ to an additional ‘gliocentric’. Such a change has surely 

highly improved our knowledge about brain processes that could not be explained by the 

sole activity of neurons. However, we are still far from a comprehensive understanding of 
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how mental processes may work in healthy brains and which cell type-specific events might 

be dysfunctional in neurological and mood disorders. Moreover, investigating cell type-

specific differences that might be responsible for the pathogenesis of brain disorders may 

open the avenue for a deeper examination of cellular responses to pharmacological 

treatments, thereby helping to optimize current treatment strategies or identify alternative 

targets for drug discovery. In a previous work, we already provided a detailed description of 

the main subtypes of glia cells, their functions and how we think that they might be involved 

in the pathogenesis of several neuropsychiatric disorders and in response to pharmacologic 

treatments [2]. Therefore, here we provide a more focused description on the functional role 

of astrocytes at the synaptic and vascular compartments. Furthermore, we summarize latest 

findings about dysfunctional astrocytes in mood disorders such as major depressive disorder 

(MDD) and bipolar disorder (BD). Moreover, since both disorders have a strong 

environmental component which can strongly impact epigenetic modifications, we compare 

astrocytic and neuronal epigenetic landscapes. Finally, we look into cell type-specific 

responses to pharmacotherapies and conceptualize a differential approach to investigate 

brain disorders with the perspective of boosting drug discoveries.

(Dys)functional astrocytes as drug targets in mood disorders

Astrocytes and the synaptic compartment: the ‘tripartite synapse’

Among glia cells, astrocytes actively regulate the shaping and functions of the ‘tripartite 

synapse’ and may therefore play major roles in the pathogenesis of brain disorders [3,4]. 

Recent work has in fact demonstrated that a reduction in numbers of synapses can be 

observed in MDD [5], thus suggesting a putative involvement of astrocytes in the aetiology 

of MDD. However, it is still unclear whether astrocytes become dysfunctional and thus 

represent a primary cause of synapses’s reduction or whether they might be secondarily 

affected by a synaptopathology in mood disorders. More work is needed to clarify this issue. 

Additionally, astrocytes regulate synaptic activity through morphological changes in ezrin-

positive perisynaptic astrocyte processes (PAP) [6,7•] and through a tight modulation of 

metabotropic glutamate receptors [8]. Reductions in expression and functionality of 

metabotropic glutamate receptors have been recently described in postmortem brains of 

MDD, thus suggesting a putative link between these dysfunctional receptors in astrocytes 

and MDD [9]. Although a cell type-specific localization of deregulated metabotropic 

glutamate receptors has not been characterized yet, one may hypothesize that receptors 

localized on astrocytic PAPs are responsible for some alterations in glutamate transmission 

in brains of depressive patients. Furthermore, astrocytes induce synaptic changes via the 

regulation of the expression/release of neurotrophic factors that influence synaptic 

stabilization, such as glial cell derived neurotrophic factor (GDNF) [10], a factor that is 

reduced in the serum of depressive patients and gets restored upon successful antidepressant 

(AD) treatment [11]. Recently, we showed that an extracellular signal-regulated kinase1/2 

(ERK1/2)-dependent GDNF release occurred in C6 glioma cells, used as model for 

astrocytes, only after AD treatment, and not with the antipsychotic quetiapine, suggesting a 

specific activation of the ERK→GDNF signalling cascade upon AD administration, in 

contrast to other psychotropic drugs, in astrocytes [12]. It has also been shown that 

astrocytes regulate synaptic densities through phagocytic mechanisms correlated with the 
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activity of the multiple EGF-like-domain 10 (MEGF10) protein [13••]. Changes in synaptic 

contacts might further influence learning and memory processes. Deficits in these functions 

are among the hallmarks of MDD. In line with this, we have shown that several ADs may 

induce an astrocyte-dependent turnover of synaptic contacts in primary astrocytes-neurons 

co-cultures and in the prefrontal cortex of adult rat brains and this event correlates with an 

increased expression of astrocytic MEGF10 (Di Benedetto et al., personal communication). 

Interestingly, a report from Zschocke and colleagues revealed how ADs may induce the 

activation of autophagic mechanisms differently in astrocytes and neurons [14]. Thus, 

astrocytes might be central to mediate the effects of ADs on the reorganization of neuronal 

networks affected in MDD through both non-cell autonomous (phagocytotic) and cell-

autonomous (autophagocytotic) mechanisms [15].

Astrocytes and blood vessels: the ‘neurovascular unit’

In addition to their relation to synapses, astrocytes regulate molecular transport in/out of the 

brain through their polarized end-feet which contact blood vessels, essential for regular brain 

function, since dysfunctional astrocytes at the blood–brain barrier (BBB) characterize 

neurological disorders [16]. Recent work by Allaman and colleagues has shown how the AD 

fluoxetine impacts the regulation of astrocytic glucose metabolism, with consequent effects 

on the availability of glucose for neuronal activity [17]. Since glucose is taken up from the 

bloodstream, it would be relevant to investigate whether fluoxetine influences the astrocytic 

end-feet and their functional role around blood vessels for the transport of glucose into the 

brain. Moreover, for this specific localization around blood vessels, astrocytes might also be 

of clinical importance for the transport of therapeutic drugs from the bloodstream into the 

brain parenchyma. In a previous review [2], we already introduced a first example of a 

transport glycoprotein localized on end-feet of astrocytes, P-glycoprotein (P-gp), which is 

predictive of a positive clinical response to ADs that are substrate of this protein [18]. 

Furthermore, it has been shown that another end-feet protein, Aquaporin-4 (Aqp-4), which is 

additionally expressed in adult stem cells, could regulate responses to fluoxetine on 

behavioral measures of depressive-like phenotypes in a chronic stress model of depression 

[19]. More recently, it has been described that the Aqp-4 knockout mouse displays cognitive 

deficits similar to those implicated in mood disorders [20,21•]. Furthermore, a post-mortem 

study has revealed a reduced expression of Aqp-4 around blood vessels in the prefrontal 

cortex of MDD patients [22••]. Thus, translational studies might be wished to clarify the 

functional role(s) of Aqp-4 at the BBB or in adult stem cells, which would drive the 

development of pharmacological tools to reverse disease phenotypes via Aqp-4 targeting.

Cell-type specificity, an underrepresented hallmark of epigenetics in MDD

Histone modifications and their impairment in MDD

Environmental challenges, such as stress exposure, can exaggerate or trigger most mood 

disorders and are considered to have a pivotal role in the pathogenesis of MDD. The impact 

of stressors is mediated via changes to the epigenome which functions as an interface 

between the environment and the organism with its unique genetic and epigenetic history 

and makeup [23]. Epigenetic mechanisms comprise a rich array of ‘tools’ to modify gene 

expression without changing the genetic code. Among them are methylation of DNA and 
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RNA, changes to the chromosomal conformation and histone modifications. The most 

prominent and best studied histone modification processes related to depression-like 

symptoms are histone methylation and acetylation [24]. For instance, enzymes important for 

the regulation of histone acetylation are found to be dysregulated in post mortem tissue of 

MDD or bipolar disorder (BD) patients [25,26]. In turn, broad spectrum histone deacetylase 

inhibitors (HDACi) can improve depression-related symptoms in humans and in 

corresponding mouse models [27], while stress exposure can alter bulk histone acetylation 

per se [28]. Likewise, histone methylation such as changes in H3K4me3 have been linked to 

adaption/ maladaption to chronic stress in the mouse model [29] and were found to be 

dysregulated in human post mortem brains of subjects with MDD and BD [30••].

Histone modifications and astrocytes

As we discussed in the previous chapter, it has become quite clear that, besides neurons, 

astrocytes play a major role in stress-related mood disorders [31] and in the response to ADs 

[32••,33,34]. However, epigenetic signatures differ between neurons and astrocytes [35], 

and, for example, histone deacetylases have been shown to be readily expressed in both cell 

types [36]. For this review we utilized a genome wide RNAseq dataset on different neural 

cell types derived from mouse brain published by Zhang and colleagues [37••]. The dataset 

includes neurons and astrocytes, allowing us to determine the relative expression levels of 

all to date identified histone deacetylases, histone acetyltransferases, and histone methyl-

transferases and histone demethylases in these two cell types (Figure 1a–d). Interestingly, all 

RNAs encoding for these enzymes were expressed in astrocytes and most of them at 

comparable levels as in neurons, indicative of a significant biological role in this cell type. 

Notably, some RNAs, for example, those encoding for the histone deacetylases Hdac5 or 

Hdac11 (Figure 1a) and the histone demethylase Kdm2b (Figure 1d) were expressed at 

lower levels in astrocytes than in neurons. Other RNA transcripts, encoding for the histone 

deacetylase Hdac8, the Sirtuin Sirt8 (Figure 1a,b), the histone methyltransferease Mll3 

(Figure 1c,d) or the histone demethylase Kdm5d were expressed 2–6 fold higher in 

astrocytes than in neurons. All three expression ratios call for in depth investigation of roles 

of these enzymes in neurons versus astrocytes in mood disorders and in response to drug 

treatments. We might overlook opposite changes in expression profiles of histone modifying 

enzymes in neurons versus astrocytes in the case of equal ratios under healthy/non-treated 

conditions or miss downregulation of initially higher expression levels and neglect the 

effects of fine tuning for enzymes that have low expression levels in astrocytes or neurons. 

Likewise, when we looked into published histone ChIPseq data for H3K4me3 (histone 3 

lysine 4 trimethylation) in human astrocytes (NH-A) versus differentiated human 

neuroblastoma cells we found that at the transcription start site, where this histone mark 

often resides, signals in astrocytes were lower (Figure 1g). On the gene body we found as 

well peaks that were present in both cell lines, but with higher or lower levels in the 

respective other cell type. Interestingly, we found many peaks that were only present in 

astrocytes, but not in neurons (Figure 1h, upper panel).

Thus, it will be important to understand functions of histone modifications in astrocytes as 

well. We need to be able to compare neuron-related versus astrocyte-related epigenetic data 

and to understand how both cell types contribute to stress vulnerability and to the 
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development of MDD. This is necessary, since we need to know whether observed changes 

(at behavioral, gene expression and epigenetic landscape levels) are affected in the same or 

opposite manner or not at all, to develop more specific treatment options with less side 

effects. This is now possible, since advancement of cellular and molecular techniques of 

isolation and analysis has greatly refined research into subtypes of specific neural population 

such as astrocytes.

Conclusions

Research to improve our knowledge about cell type-specific differences typical of different 

mood disorders would be essential to possibly categorize disease subtypes, otherwise hidden 

in studies that analyze the whole cellular content of brain tissues. Although it is clear that 

such an aim is not readily achievable using human samples, the availability of several 

animal models of mood disorders may help to screen cell type-specific distributions of 

epigenetic modifications and their modulators and identify their molecular targets. Getting a 

clearer picture on the actual disease mechanism in the brain might be bliss in identifying 

blood biomarkers in the clinical context and may help to evaluate whether a disease related 

blood profile might correlate with a cell type-specific molecular signature. Further following 

such translational approaches, one may suggest to evaluate whether currently available 

pharmacological compounds used in the clinic do preferentially target such modifications in 

one or the other cell type. Such studies may indicate which compounds show a higher 

affinity for ‘diseased’ cells, thereby helping to administer drugs which might directly and 

faster trigger an amelioration of disease symptoms. Taken into account that cell type ratios 

are often shifted in subsets of mood disease types only, these studies might actually help to 

develop tailored treatments for the need of individual patients. Such studies will be 

necessary not only to understand mechanisms of antidepressant drugs, but also to promote 

development of cell type-specific drugs.
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Figure 1. 
Epigenetics and astrocytes, rationale and methodological approach. (a)–(d) Expression 

levels of histone-modifying enzymes in astrocytes presented relative to neuronal expression 

levels. Data is derived from a RNAseq dataset using isolated neuronal and astrocytic RNA 

from mouse forebrain. Different cell types were isolated either by using EGFP reporter mice 

in conjunction with flow cytometry or by binding to panning plates [37]. Similarly, purified 

nuclei from specific cell types can be obtained from isolation of nuclei (transgenically) 

tagged in specific cell types (INTACT) using antibody coated magnetic beads [39]. These 

sorting methods can be used for cell type specific RNAseq and ChIPseq approaches. (a) 
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Expression levels of deacetylases (HDACs and Sirtuins) and (b) histone acetyltransferases 

(HATs) and (c) histone methyl-transferases and (d) histone demethylases. (e,f) Alternative 

methods well suited for cell type specific ChIPseq [38,39] and RNAseq [40], respectively, 

are (e) fluorescence activated cellsorting (FACsorting) or (f) the use of RiboTag mice. (e) 

Photomicrographs show positive selection of neuronal (NeuN+) versus non-neuronal (NeuN

−) cells from mouse brain after FACS. Nuclei were counterstained with DAPI. Note absence 

of NeuN staining in NeuN− fraction. (f) Cartoon-like representation of the RiboTag model/

technology for isolation of cell type-specific RNA from mouse brain. This approach is 

utilizing the Cre/loxP system to tag ribosomes (ribosomal protein RPL22) in specific cell 

populations with an HA, for example, by using the astrocyte specific GFAP promoter, 

expression of Cre and therefore activation of the HA tag will occur in astrocytes only. 

Subsequently, HA tagged ribosomes can be immunoprecipitated and the enclosed RNA 

purified. (g,h) Cell type specific gene expression profiles and histone landscapes in human 

neural cells can be studied in post mortem brain using FACS [38,39] or using differentiated 

iPSCs or neuronal or astrocytic cell lines. UCSC genome browser tracks to visualize 

sequencing tracks from ChIPseq for the active histone mark H3K4me3 (Histone 3 lysine 4 

trimethylation) on NH-A (astrocytic, blue) and SK-N-SH (neuronal, orange) cells. (g) Peaks 

at the transcription start site (TSS, left panels) and on the (h) gene body (right panels) on the 

MLL3 (higher expression levels in astrocytes) and the KDM2B (lower expression levels in 

astrocytes) genes.
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