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Abstract

This paper is a further elaboration of my model of the pathophysiology of
major depressive disorder focusing on imbalances of glial-neuronal interac-
tions in tripartite synapses and the glial network (syncytium). Basically, it is
proposed that the connexin proteins building gap junctions in the glial syncy-
tium are underexpressed or dysfunctional in major depression, called syncy-
tiopathy. As a compensatory effect the astrocytic receptors in tripartite syn-
apses are overexpressed. This leads to protracted synaptic information
processing because of a relative lack of neurotransmitter substances for the
occupancy of astrocytic receptors. Based on a new biophysical formal de-
scription of astrocytic receptors as expectation variables it can be shown that
the protracted processing of sensory information frustrate the full compre-
hension of the expected event, since it cannot be grasped in time. Moreover,
expectation frustration may stress the glial syncytium aggravating memory
impairment. This cyclic process of dysbalanced synaptic information processing
is characterized as self-frustration of expectations explanatory for the main cog-
nitive dysfunctions in major depression as slowing down processing speed, defi-
cits in attention and working memory. The main result of the study is that
patients with major depression cannot fully acknowledge the existence of an
intended event.

Keywords

Major Depression, Glial Syncytiopathy, Protracted Information Processing,
Self-Frustration of Expectations, Cognitive Impairment

1. Introduction and Hypothesis

The basic symptoms of major depressive disorder are depressed mood and loss
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of interest or pleasure [1]. However, the complex pathogenesis of this severe af-
fective disorder is still not clear. Various factors such as biogenic amine defi-
ciency, genetic, environmental, immunologic and endocrine factors, as well as
neurogenesis have been considered as mechanisms that provide explanations for
the pathophysiology of depression [2] [3].

In 2010 I proposed the “syncytiopathy hypothesis of depression” [4]. It has
been hypothesized “that disorders in the astrocytic syncytium (network) may
represent a main component of the pathophysiology of depression, called syncy-
tiopathy. If the expression of connexin proteins (building gap junctions in the
astrocytic syncytium) is downregulated, a compensatory upregulation of astro-
cytic receptors may occur leading to an overproduction of these. Such an excess
of astrocytic receptors exerts an imbalance of synaptic neurotransmission, be-
cause of a relative lack of neurotransmitters for the occupancy of astrocytic re-
ceptors so that neurotransmission is protracted. This delay of information
processing may be responsible for the main symptoms of depression [4].

Significantly, the biophysical interpretation of these imbalances of synaptic
information processing [5] opens a new perspective of depressive behavior as
follows: If the astrocytic receptors coding the expected sensations from the en-
vironment outnumber the number of neurotransmitters that code the environ-
mental sensations, then the overexpression of astrocytic receptors connotes over
expectation in the sense of unrealizable expectations. The unrealizability of ex-
pectations is caused by the prolonged processing of sensory information that
frustrates the full comprehension of the expected event, since it cannot be
grasped in time. Moreover, expectation frustration affects memory. This cyclic
mechanism of imbalanced synaptic information processing may exert the self-
frustration of expectation responsible for cognitive dysfunctions in major de-
pressive disorder.

The study starts with a model of a balanced tripartite synapse and the astrogli-
al syncytium. Then the operation loops between the memory-based model of re-
ality and the expected external reality running in tripartite synapses and their
networks are outlined. Next, from a formal description of the logic of balance
between expectation variables and sensation values a system state of over-ex-
pectation is deduced. On this background the novel pathophysiological model of

self-frustration of expectations in major depression is discussed.

2. Model of a Balanced Tripartite Synapse

A tripartite synapse is composed of the presynapse and the postsynapse as the
neuronal components and the astrocyte with its network (syncytium) as the glial
component [6]. Figure 1 outlines a model of a balanced tripartite synapse [7]
[8]. Neurotransmitters (NT) occupy astrocytic receptors (acr) and postsynaptic
receptors (por) released from the presynapse (double-headed arrows designate
activation and reuptake). The activation of acr by NT activates calcium ions
(Ca?*) that interact with the glial syncytium (depicted as lattice). Activated Ca**
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Figure 1. Schematic diagram of a balanced tripartite synapse and the glial syncytium. Neurotransmitter substances (NT) released

from the presynapse activate postsynaptic receptors (por) and astrocytic receptors (acr) leading to an increased calcium produc-

tion (Ca?* 1) in the astrocyte and the glial synctium (lattice). Ca?* activate the production of gliotransmitters (GT) that occupy

extrasynaptic receptors (esr) and feed back to the presynaptic receptors (psr).

causes the production of gliotransmitters (GT) that occupy extrasynaptic recep-
tors (esr) and in parallel exert a feedback to presynaptic receptors (psr). The
balance of receptors and transmitter substances enables a normal synaptic in-

formation processing.

3. Outline of an Astroglial Syncytium

The biological structure suggested focuses on gap junctions between astrocytes,
the main glial cell type together with oligodendrocytes and microglia. Gap junc-
tions provide a structural link through which single cells are coupled to form a
functional network, called syncytium, with communication dynamics that can-
not be effected by individual cells. Gap junctions of an astroglial syncytium are
composed of connexin proteins forming gap junction channels by various he-
michannels [9]. While astrocytes are interconnected with their neighbors via gap
junctions, the interactions of astrocytes with neurons occur mainly in tripartite
synapses [6].

Figure 2 shows a diagram of an astroglial syncytium. Six astrocytes (Acy, ...,
Acs) are completely interconnected via fifteen gap junctions (gj). Each astrocyte
contacts neuronal synapses (not shown) forming tripartite synapses. The simple
diagram refers to the basic components and their interconnections in the astrog-
lial syncytium. Frequently activated gap junctions (downward arrows) generate a
plaque. An example of a plaque formation is given between the Ac;-Acs-Acs-Acs-
loop. This loop becomes embodied in a gap junction plaque that consists of a

hierarchical loop structure (cycles) [10].
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Figure 2. Outline of an astroglial syncytium (see text). (a) astroglial syncytium; (b) plaque
formation.

4. Memory and the Realization of Expectations in
Glial-Neuronal Interactions

Based on my model of glial-neuronal interactions [7] [8] [10] [11] the role of gap
junctions in memory formation can be interpreted in the following: gap junc-
tions register already generated cyclic pathways in the astroglial syncytium. De-
pending on feedback from the neuronal network to the glial syncytium based on
feasible expectations with regard to environmental information, gap junctions
could strengthen their structure embodying a memory mechanism. In this case
we have a double memory function of gap junctions: a local embodiment of
memories and a pathway memory determined by gap junctions [10]. This
double memory function of gap junction plaques may work as expectations ex-
pressed in the receptor pattern of astrocytes experienced in synaptic neuroglial
interactions and realized in the neuronal networks via sensory-motor activation
in the environment [5] [12] [13].

If the amount of neurotransmitters exactly corresponds to the amount of ex-
pressed astrocytic receptors, a balance between the glial and neuronal network is
generated and gliotransmitters released occupy presynaptic receptors that exert a
feedback mechanism. The comparison between expected internal and measured
external signals provides updated feedback to the glial syncytium that modifies
the information flow through the neuronal network [5].
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5. Logic of Balance between Expectation Variables and
Sensation Values

The formalism of the logic of balance was introduced by the German-American
philosopher Gotthard Guenther [14]. The proposition is that the operations of a
living system are balanced if the number of variables (n) and the number of val-
ues (m) is equal. If the values outnumber the variables (m > n), then the system
is overbalanced. Inversely, if the variables outnumber the values (n > m), then
the system is underbalanced.

Figure 3 shows the formalism of balance between glial receptors (acr) as ex-
pectation variables (n) and neurotransmitters (NT) representing sensation val-
ues (m). The balanced system states are designated as pairs of equal numbers in
squares (diagonal). The overbalanced states are listed below the diagonal, and
the underbalanced states above. Here the expectation variables outnumber the
sensation values representing a system state of over-expectation (embodied by

overexpressed astrocytic receptors).

6. Downregulation of Expression of Astroglial Connexins
Causes Memory Impairment in Depression

Figure 4 depicts a diagram of an incomplete astroglial syncytium that may cause
memory impairment in depression. A complete astroglial syncytium is outlined
(a). If the expression of connexins is downregulated (downward arrows), then
the structure of the network is incomplete, since the number of gap junctions is
reduced (dotted squares). Such a “leaky” network may be responsible for mem-

ory impairment in depression (b).

expectation variables (acr)

n 1 2 3 4 5 6
m
g 1 2 3 4
1 1 1 1 1 1
) 1 2 3 4 5 6
2 2 2 2 2 2
=
2
5 3 1 2 3 4 5 6
S 3 3 3 3 3 3
©
>
c
S 1 2 3 4 5 6
= 4
8 4 4 4 4 4
c
3
5 1 2 3 4 5 6
5 5 5 5 5 5
£ 1 2 3 4 5 6
6 6 6 6 6 6

acr: astrocytic receptors; NT: neurotransmitters

Figure 3. Logic of balance between expectation variables and sensation values (see text).
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Figure 4. Schematic diagram of an incomplete astrocytic syncytium responsible for
memory impairment in depression. The complete structure of the gap junction (gj) net-
work (syncytium) is outlined in (a). In the case of downregulation of connexin expres-
sion, the structure of the syncytium becomes incomplete, since the expression of the
connexins or the gap junctions is reduced (dotted squares). Such a “leaky” network em-
bodies a syncytiopathy responsible for memory impairment in depression (b) [4], Incom-
plete “leaky” syncytium.

Of note, this was the first hypothesis that the downregulation of connexins in
the astroglial syncytium is responsible for the pathophysiology, especially for
memory impairment of major depressive disorder [4] [15]. Since then this hy-
pothesis has been supported by various experimental investigations. Nagy and
colleagues [16] found a widespread astrocytic connexin gene repression in de-
pressed suicides, possibly mediated through epigenetic mechanisms. Similarly,
aberrant expression of astrocytic connexins Cx30 and Cx43 in the medial pre-
frontal cortex and hippocampus significantly affects brain region-specific neu-
ronal activity responsible for depressive-like behavior in mice [17]. Moreover,
deletion of glial connexins and loss of gap junction communication result in a
loss of short-term spatial memory [18]. Basically, disrupting astroglial coupling

impairs spatial learning and memory [19].

7. Downregulation of Glial Connexins May Cause an
Upregulation of Astrocytic Receptors Responsible for the
Pathophysiology of Depression

Figure 5 depicts the basic effects on synaptic information transmission if the
expression of connexins in the astroglial syncytium is downregulated, and com-

pensated by the upregulation of astrocytic receptors (acr) as follows: overexpressed
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Figure 5. Downregulation of glial connexins may cause an upregulation of astrocytic receptors responsible for the pathophysiolo-

gy of depression. Neurotransmitters (NT) are released from the presynapse occupying both the postsynaptic receptors (por) (1)

and the astrocytic receptors (acr) (2). In parallel, the downregulation of connexins (3) forms an incomplete “leaky” astroglial syn-
cytium (4) that is compensated by the upregulation of the expression of acr (5). This leads to a relative lack of NT so that synaptic

information transmission is imbalanced. Since the astroglial syncytium is incomplete, the activation of calcium (Ca**) waves is

diminished (6) causing an underproduction of gliotransmitters (GT) (7). In addition, the overproduction of acr may delay the

production of GT (dotted line), and therefore the negative feedback mechanism on the presynaptic receptors (psr) is protracted
(8). The same holds for the depolarization of the postsynaptic neuron (9). Because of the relative lack of NT, the activation of gap

junctions (gj) may also be protracted (10). In such a tripartite synapse neurotransmission is significantly delayed (11).

astrocytic receptors cannot be activated by neurotransmitters (NT) in real time.
This leads to diminished calcium Ca?* concentration and production of glio-
transmitters (GT) in the astrocyte causing protracted negative feedback on pre-
synaptic receptors (psr) and extrasynaptic receptors (esr), so that information
processing is delayed. Similarly, the synaptic activation of the astroglial syncy-
tium is protracted and the propagation of calcium waves (Ca?*) is slowed down
(see Figure 5). This could explain symptoms of retardation of thinking, concen-
tration, and motor behavior [4].

Basically, most of the typical receptors for neurotransmitters have been identi-
fied on the astrocytic membrane. Individual astroglial cells express as many as
five different receptor systems linked to Ca?* mobilization [20]. Dependant on
the pattern of astrocytic receptors, synaptic information processing may be qua-
litatively modified [7].

There is some evidence that receptors on astrocytes are upregulated. In animal
models of chronic stress adenosine A,, receptors are upregulated. This A, re-
ceptor overexpression may explain the depressive signs found in aging, chronic

stress, and Alzheimer’s disease [21]. Similarly, the expression of A,s receptors
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was upregulated in the cortex of rats in which early febrile seizures induced de-
pressive-like behavior [22]. Importantly, inhibition of adenosine A, receptors
by pharmacological and gene knockout methods exerts an anti-depressive-like
effect [23].

8. Self-Frustration of Expectations in Major Depression

Figure 6 shows the elementary cycle of self-frustration in major depression. As
discussed above, in the pathophysiological model proposed memory impairment
is caused by the downregulation of the expression of connexins or connexin def-
icits. It is further suggested that the downregulation of connexins may be com-
pensated by the upregulation of astroglial receptors. Since astrocytic receptors
coding the expected sensations from the environment outnumber the amount of
neurotransmitters that code the environmental sensations, the overexpression of
astrocytic receptors connotes overexpectations. This leads to a protracted
processing of sensory information that frustrates the full comprehension of the
expected event, since it cannot be grasped in time. In addition, expectation fru-
stration stresses the syncytium aggravating memory impairment. Here we deal
with a cyclic pathophysiological mechanism of major depression that causes
self-frustration of expectations. Significantly this mechanism is explanatory for
cognitive dysfunctions in depression, as slowing down processing speed, deficits
in attentions and working memory [24].

In a psychological perspective it is suggested that patients with major depres-
sion suffer from dysfunctional expectations which are maintained despite expe-
riences contrary to the expectations. Two mechanisms may be responsible for
the maintenance of expectations: The experience in the expectation-violating
situation may be considered an exception or the credibility of the information is
called into question. Basically, the self-concept associated with future expecta-
tions may also play a key role in expectation maintenance [25]. Here we speak of

the narcissistic personality structure of persons inclined to depression [26].

| memory |
'Y . .
'l impairment ’

\ 4
expectaion ’ ’
frustration depression overexpectation

A
A 4
protracted information L | sensory
processing I‘ ‘ information

Figure 6. Elementary cycle of self-frustration of expectations in major depression
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Decisively, the model of self-frustration of expectations in major depression is
based on imbalances in tripartite synapses and the glial networks along with the
pathophysiological mechanism of connexin underexpression with a compensa-
tory astrocytic receptors overexpression [4]. Fundamentally, the interpretation
of astrocytic receptors as expectation variables is based on the quantum physical
model of the Cognitive Action Theory of W. Baer [27]. The original syncytiopa-
thy hypothesis of major depression is meanwhile experimentally supported what
the underexpression or deficits of connexins concerns, but the overexpression of

astrocytic receptors awaits experimental support, especially in humans.

9. Concluding Remarks

My work on depression research focuses on synaptic imbalances in tripartite
synapses and the glial network (syncytium). The present study represents a fur-
ther elaboration of the syncytiopathy hypothesis of depression [4]. Based on a
new biophysical interpretation of astrocytic receptors as expectation variables it
can be shown that the prolonged sensory information processing frustrates the
full comprehension of sensory events, since they cannot be grasped in real time.
Crucially, this mechanism of self-frustration of expectations is explanatory for
cognitive deficits in major depression as slowing down processing speed, deficits
in attentions and working memory. Admittedly, in depression astrocytes un-
dergo morphological alterations (astrocyte atrophy) in various brain regions [28]
[29]. However, experimental findings depend on the stage or course of illness
[30]. The main message of the present study is that patients with major depres-

sion are unable to fully acknowledge the existence of an intended event.
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