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Abstract
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Background—The life of schizophrenia patients is severely affected deficits in working
memory. In various brain regions, the reciprocal interactions between excitatory glutamatergic
neurons and inhibitory GABAergic neurons are crucial. Other neurotransmitters, in particular
dopamine, serotonin, acetylcholine, and norepinephrine, modulate the local balance between
glutamate and GABA and therefore regulate the function of brain regions. Persistent alterations in
the balances between the neurotransmitters can result in working memory deficits.
Methods—Here we present a heuristic computational model that accounts for interactions among
neurotransmitters across various brain regions. The model is based on the concept of a
neurochemical interaction matrix at the biochemical level and combines this matrix with a mobile
model representing physiological dynamic balances among neurotransmitter systems associated
with working memory.
Results—The comparison of clinical and simulation results demonstrates that the model output
is qualitatively very consistent with the available data. In addition, the model captured how
perturbations migrated through different neurotransmitters and brain regions. Results showed that
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chronic administration of ketamine can cause a variety of imbalances, and application of an
antagonist of the D2 receptor in PFC can also induce imbalances but in a very different manner.
Conclusions—The heuristic computational model permits a variety of assessments of genetic,
biochemical, and pharmacological perturbations and serves as an intuitive tool for explaining
clinical and biological observations.
General Significance—The heuristic model is more intuitive than biophysically detailed
models. It can serve as an important tool for interdisciplinary communication and even for
psychiatric education of patients and relatives.
Keywords
interaction matrix; mesoscopic model; mobile; neurotransmitter; schizophrenia; systems biology;
working memory deficit
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Introduction
Schizophrenia is a chronic mental disorder affecting 0.5 – 2.5% of the population worldwide
[1]. The illness is characterized by symptoms such as hallucinations, delusions, emotional
distress and withdrawal [2]. In addition, patients are greatly affected by an impairment of
cognitive function, such as deficits in working memory, language and executive function,
and episodic memory. It has been argued that a deficit in the ability to represent goal
information in working memory is one of the common mechanisms underlying cognitive
impairments in schizophrenia [3].

Author Manuscript
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The brain areas that seem to be crucially involved in this function are the dorsolateral
prefrontal cortex (DLPFC) and the basal ganglia. These regions receive neurotransmittermediated inputs from other areas, including the parietal cortex, thalamus, and striatum as it
was reviewed by Carlsson [4]. In these regions, local neuronal microcircuits are connected
via excitatory synapses driven by glutamate (Glu) and inhibitory synapses driven by gammaaminobutyric acid (GABA). The local balance of Glu and GABA is crucial for the stability
of electrical activity of these micro-circuits. Furthermore, strong, stable gamma oscillations
are closely related to normal cognitive function, such as sensory processing [5]. Other
neurotransmitters, in particular dopamine (DA), norepinephrine (NE), serotonin (5-HT) and
acetylcholine (ACh), regulate the function of the involved regions [6, 7]. Alterations in the
balance among these neurotransmitters can result in cognitive deficits in schizophrenia and
other disorders. The maintenance of these balances is a complex process because the
neurotransmitter systems related to the involved brain regions do not function independently
but interact with each other in a complicated manner. This intra-synaptic interplay of
transmitter release, reuptake, decay, diffusion, and receptor occupation in the context of
schizophrenia is insufficiently understood and therefore has not been efficiently explored
with macroscopic computational models [8].
From a pharmacological perspective, one could say that the balance among
neurotransmitters is critical, delicate, and dynamic, and that its disruption may result in
various mental disorders. The concept of a chemical imbalance as a cause of disease is not
new, as even Hippocrates used the “balance of juices” as a criterion to describe health status.
Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.
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Following Fritze’s suggestion to use the concept of multiple balances between
neurotransmitters in studies of brain health [9], Tretter formulated a neurochemical
interaction matrix that represents clinical observations of the actions of psychoactive drugs
and pharmaceutical interventions [10]. On this basis he developed the concept of a
“neurochemical mobile” that represents a hierarchy of counteracting influences among
neurotransmitters at the physiological and behavioral level.

Author Manuscript

Specifically, different pairs of neurotransmitters form a set of hierarchical balances. The
resulting mobile, in its simplest form, includes the neurotransmitters DA, 5-HT, and NE on
one side, and ACh, Glu, and GABA on the other (Fig. 1). Anatomically, the substrates in this
mobile can be localized in each neuronal local network; for instance, in the midbrain with
centers for NE (locus coeruleus), 5-HT (nucleus raphe), ACh (pedunculopontine tegmental
nucleus and nucleus basalis), DA (ventral tegmental area), and with local GABA neurons
that all interact with Glu transmission from cortex, thalamus, and others (see Fig. 2). We
recently represented this simple mobile as a set of ordinary differential equations and used it
to investigate the multiple dynamics of alcohol dependence [11, 12].
A neurochemical mobile, with its balances and imbalances among various neurotransmitters,
can easily integrate competing hypotheses about global neurotransmission in schizophrenia,
such as:
i.

The hyperfunction hypothesis of (sub-cortical) dopamine [13];

ii.

The hypofunction hypothesis of (prefrontal) glutamate [14];

iii.

The hypofunction hypothesis of (cortical) GABA [15];

iv.

The hyperfunction hypothesis of serotonin [16].
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In some respects, the hypotheses have specific heuristic value for elective anatomical
explanations of positive or negative symptoms of schizophrenia [17], or for different modes
of behavior, such as subcortically controlled automatic behavior and cortically controlled
goal-related, decision-based behavior [18]. However, the coexistence of these hypotheses
suggests that schizophrenia is associated with a defect in the neuro-circuitry among multiple
brain regions. This inference is supported by various experimental and behavioral studies.
For example, Goldman-Rakic et al. showed with electrophysiological experiments in
monkeys that excitatory glutamatergic neurons in PFC maintain information [19] and that
the activity of these glutamatergic neurons is regulated by lateral GABAergic interneurons
[20]. In addition, DA can regulate PFC microcircuits and enable working memory as a
modulatory neurotransmitter [21, 22]. Thus, considering the singular hypotheses
simultaneously leads to two conclusions. First, the disease involves imbalances between DA,
5-HT, Glu and GABAergic transmissions, and these imbalances are dynamic. Second,
perturbations of neurotransmitters in regard to working memory deficits affect different
anatomical regions, at least in animal models of schizophrenia (see Fig. 2).
As a case in point, overstimulation of DA receptors in the prefrontal cortex (PFC) [19] and
DA depletion in striatum [23] both worsen working memory performance. Ketamine, an
NMDA antagonist, increases DA release in PFC and can impair working memory [24]. The
frontal GABA level changes during working memory tasks [25], and GABA is found to be
Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.
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reduced post mortem in schizophrenia patients [26]. Plasma levels of Glu and GABA are
also reduced in schizophrenia patients, while the GABA/Glu ratio is elevated [27]. After six
weeks of risperidone treatment, Glu and GABA do not return to normal, but the ratio is
comparable to that in controls, indicating the importance of the balance between these
neurotransmitters. 5-HT, which is released from the dorsal raphe to VTA and cortex, is
believed to counteract the effect of DA during working memory [28]. Nicotine, through its
effect on the ACh receptor, can interact with the DA system and actually improve working
memory [29]. As Pogarell suggested, “neuropsychiatric disorders comprise multiple tuned
circuits, including excitatory or inhibitory neuronal pathways and various feedback loops”
[17]. He concluded that multimodal strategies of integrative systems biology might be the
most promising tools for characterizing the dynamic balances.

Author Manuscript
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Although cognitive function is severely affected, current drugs for schizophrenia are mainly
antipsychotic and do not primarily target or improve cognitive deficits [26]. This lack is
interesting, because schizophrenia was first defined as “dementia praecox,” which
recognized the cognitive features of the disorder as primary. However, with the advent of
antipsychotic drugs, the definition shifted more toward psychosis than cognition. The
insufficiency of efficacious treatment options may be due, at least in part, to the fact that the
interactions and balances among all neurotransmitters involved in working memory are
complex and not truly understood at a mechanistic, molecular level. In addition, the
interactions are affected by specific receptor subtypes. For example, DA released to the
striatum can bind to specific receptors of D1 or D2 subtypes on the surface of medium spiny
neurons. These D1 and D2 receptor subtypes are segregated in most neurons, with about one
third expressing D1, D2, or both. DA binding stimulates and inhibits the corresponding direct
and indirect pathways, respectively. D1 furthermore interacts intracellularly with NMDA.
Importantly, all neurotransmitter systems are interconnected, so that a perturbation affecting
one system propagates through the interacting network and affects the levels of all other
neurotransmitters. The ultimate outcome can be an imbalance in the entire system and result
in impaired working memory. Therefore, any impairment of working memory may have
different root causes and should be attributed to the network as a whole.

Author Manuscript

This view of a complex neural network underlying working memory function and its
disorders has been explored with a number of computational models; some representatives
of such models were reviewed in [30] and are briefly mentioned in the following. One class
of models focuses on details of the neuronal circuitry and, for instance, studies the role of
the ratio of D1 to D2 receptors [31] or attractor properties of imaging signals [32]. Other
models attempt to integrate biophysical observations [33, 34]; they may aim at simulating
the actions of antipsychotic drugs, using dynamic models of macro-anatomical connections
that are relevant to schizophrenic symptoms [35]. Yet other models have focused on the role
of dopamine metabolism and analyzed potential sites for interventions to schizophrenia [36–
41]. Three entire special issues of Pharmacopsychiatry, Vol. 39 (2006), Vol. 40 (2007) and
Vol. 45 (2012), were dedicated to such models.
In this study, we propose a moderately complicated, heuristic and intuitive model that
focuses on the dynamics of interactions among neurotransmitters without resorting to details
of neurobiological mechanisms. Of course, the human brain contains a huge number of

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.
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interconnected neuronal loops both within and between regions, but to consider all of these
interconnections in a model would not be feasible. Instead, what this heuristic model
purports to do (as do many other models of complex brain circuits) is focus on the
connections that are most relevant to function and disrupted in selected disease states, with
particular emphasis on schizophrenia. There is no question that other phenomena, such as
different receptor subtypes or local, oscillatory micro-circuits [42, 43], modulate or fine-tune
these responses, but they may not be essential for understanding the primary drivers of the
proposed interactions and their consequences. Thus, to tame the enormous complexity, we
assembled the structure of the interaction matrix for our model from numerous diagrams in
the literature, acknowledging that the model captures the main modes of neurotransmission
but is certainly not complete (see Discussion and Conclusions). The resulting composite
diagram in Fig. 2 provides a visual bridge between microscopic and macroscopic modeling,
and the corresponding mesoscopic model exhibits moderate structural complexity but has
exploratory function and seems to be accurate, robust, and intuitive enough to become an
effective tool for interdisciplinary communication.

Author Manuscript

The model is composed of two levels: one consists of a biochemical model capturing the
matrix of interactions between neurotransmitters, while the other represents the mobile for
physiological and behavioral balances between neurotransmitters. The dynamically
changing state of the interaction matrix feeds into the mobile model, which visualizes local
or systemic imbalances among the neurotransmitters. Each component of the neurochemical
mobile represents the “relative functional weight” of a neurotransmitter, a term which
summarily captures its physiological and behavioral importance. The concept of a mobile
makes it clear that it is typically not a single deviation in a neurotransmitter that leads to a
deficit, but that different brain sections with multiple neurotransmitter systems throughout
the brain are involved in different diseases.

Materials and Methods
Clinical and biological data

Author Manuscript

Clinical and biological information related to working memory deficit in schizophrenia was
collected from the literature [44–70]. Specifically, we searched for chronic effects of
pharmacological perturbations and lesions presented in peer-reviewed journals using the
keywords: chronic perturbation, working memory, and schizophrenia, combined with any of
the pertinent brain regions, namely prefrontal cortex, striatum, substantia nigra pars
compacta (SNpc), or a particular neurotransmitter and its antagonists, agonists, or reuptake
inhibitors. The results of this literature survey are compiled in Table 1, which describes
pharmacological agents, their biochemical actions on neurotransmitter systems, targeted
brain regions, and chronic effects in observed brain regions.
Neurochemical interaction matrix
The interactions among neurotransmitters are based on information from the literature and
databases that are mentioned in the following text. They can be visualized as a directed
connectivity graph, which is shown in Figure 2, where the connecting arrows represent
neuronal projections. DA mainly has two types of projections that are relevant for

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.

Qi et al.

Page 6

Author Manuscript

schizophrenia: one from SNpc to striatum and the other from ventral tegmental area (VTA)
to PFC [19, 25, 71–82]. The projection from SNpc to striatum allows for binding of DA to
D1 and D2 receptor subtypes, which regulate direct and indirect pathways, respectively. To
account for these opposing effects, two nodes are used in the graph for the different medium
spiny GABAergic neurons. Glu is mainly released from PFC to multiple brain regions,
which include striatum, VTA, thalamus, subthalamic nucleus (STN), and dorsal raphe
nucleus (DRN) [24, 71–73, 75–78, 81, 83, 84]. GABAergic neurons release GABA, which is
associated with direct and indirect pathways connecting striatum, global pallidus, STN, and
thalamus [71, 72, 76–78, 81, 83]. 5-HT is released from DRN and regulates PFC, VTA,
thalamus, and locus coeruleus (LC) [74, 75, 85–89]. PFC, VTA, and laterodorsal tegmental
nucleus (LDT), thalamus, and DRN receive NE from LC [90–94]. In addition, ACh
projections are from basal forebrain to PFC and from LDT to SNpc [95–97].
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The diagram in Figure 2 was converted into a neurochemical interaction matrix, which was
implemented as a set of nonlinear ordinary differential equations (ODEs), where each node
was modeled as a dependent variable [12]. As a minimally biased format for mathematical
functions governing the processes in the equations, we followed the tenets of Biochemical
Systems Theory [98–101] and represented the processes as power-law functions. The
parameters in the interaction matrix were assigned with typical default values of 0.5 for
positive effects and −0.3 for negative effects (cf. Ch. 5 of [98]). Extensive sensitivity
analysis revealed that these settings were not particularly sensitive and that the model overall
exhibits remarkable robustness.
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A typical simulation consisted of changing a parameter (e.g., the binding affinity of a
neurotransmitter to its receptor) and studying how this change propagates through the
interaction matrix. The changes in the state of the neurotransmitter profile are dynamic and
usually reach a new steady state. During the dynamic up and down in one or all
neurotransmitters, the concentration profile is used as an input to the mobile. MATLAB code
for the model simulations can be found in the Supplements and on our lab website
(www.bst.bme.gatech.edu/research11.php); it contains the ODEs, initial values for all
variables, and all parameter values.
Neurotransmitter mobile
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Dynamic changes in the interaction matrix are reported and fed as input directly into the
neurotransmitter mobile, by means of a function call in MATLAB. The mobile consists of a
hierarchical system of balance scales, with the two ends of a lever representing
neurotransmitters or mobile sub-systems, which may have different concentrations. As
described elsewhere [11], the length of each lever arm relative to its counterpart can be
computed since the mobile is assumed to be perfectly balanced under normal, healthy
conditions, which allows two lever arms of a balance scale to have different lengths. When
one of the neurotransmitters is perturbed by an environmental challenge or a
pharmacological agent, the mobile may show an imbalance. To represent this imbalance
properly, without the rotation angle reaching ±90°, a resistant force is imposed on the end of
each lever arm. This force is proportional to the vertical displacement of the end of a lever
arm from its corresponding balanced position. In this way, the mobile properly visualizes
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dynamic imbalances. For the characterization of a state of imbalance, we define
counterclockwise and downward as positive directions for rotation and force, respectively.
The mobile offers an intuitive visualization of the dynamically changing state of the
neurochemical interaction system. The mathematical details of the computation of the tilting
of levers were derived directly from physical and mechanical principles and presented in the
Supplements of [11].

Author Manuscript

As a demonstration, consider PFC, which is critical to working memory. Because it contains
both GABAergic and glutamatergic neurons, we use two mobiles for these neurons.
GABAergic neurons receive inputs of DA from VTA, 5-HT from DRN, and NE from LC.
Therefore, the related mobile reflects these three nodes. By contrast, glutamatergic neurons
are regulated by five of the six neurotransmitter systems, so that the appropriate mobile is
structurally very similar to the overall mobile in Figure 1. The overall mobile itself is used to
visualize the balances among neurotransmitters throughout the entire brain and has six nodes
with each of them representing a different neurotransmitter system that sums over all
relevant brain regions.
Typical simulations
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The model simulations fall into two categories. In the first, we compare model results
qualitatively with clinical observations. As a first example, consider an injection of PCP,
which leads to activation of DA neurons in VTA. PCP is an NMDA functional antagonist;
therefore, the impact of Glu at its targets is reduced. This reduction is modeled by lowering
the parameter value (kinetic order) for Glu action after binding. For a second example,
consider 5,7-DHT, which causes lesions in 5-HT neurons. It is modeled by lowering the
parameter value (rate constant) associated with 5-HT synthesis. Third, Fluoxetine is a 5-HT
reuptake inhibitor. Its action is modeled by lowering the kinetic order for the removal of 5HT from synapses.
The second type of simulation addresses analyses of pharmacological perturbations and their
effects on the mobile balances. As an example, administration of the NMDA receptor
antagonist ketamine results in increased releases of DA, 5-HT, and Glu in the mPFC. This
situation is simulated by lowering the binding affinity of Glu in the interaction matrix model.
This change diffuses through the interaction model and is fed into the appropriate mobile
models.

Results
Author Manuscript

We used the combined interaction matrix and mobile model to simulate numerous
perturbations that correspond to documented disease states or pharmacological
interventions. The results of these simulations were qualitatively compared against clinical
and biological data collected from literature (Table 1). Most of these data had been collected
from rodents that were chronically injected with some pharmacological agents.
The comparison of clinical and simulation results demonstrates that the model outputs are
qualitatively very consistent with the available data. For example, simulations of a chronic
injection of the NMDA receptor antagonist ketamine showed qualitatively the same
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responses of the in vivo system as those observed in rats and mice. This finding is
remarkable, as the model parameters are fixed and not adjusted in each simulation to capture
specific data (see Methods).
The chronic pharmacological perturbations documented in the literature not only cover all
neurotransmitter systems, but most of these perturbations have a brain-wide extension so
that all brain regions associated with the same neurotransmitter are affected. Unfortunately,
the available data do not probe every single projection, but they do cover a host of
interactions associated with working memory in schizophrenia. The qualitative consistency
of model results with biological data provides some validation of the model and suggests
that the interaction matrix has a reasonable structure that simulates clinical and biological
observations quite well even with default parameter values for the neurochemical interaction
processes.

Author Manuscript

To visualize the results from the interaction model, we fed the results of the interaction
model into the mobile model which allows exploration of the biochemical mechanisms
associated with working memory deficits in schizophrenia. According to the data, several
perturbations can impair working memory performance. Here, we show two examples,
namely brain-wide, chronic ketamine administration (case 1) and application of an
antagonist of the dopamine D2 receptor in PFC (case 2).

Author Manuscript

Ketamine is an NMDA receptor antagonist, and when it is chronically administered, the two
PFC mobiles, as well as the overall mobile, show clear imbalances (Fig. 3). Here, the input
is the chronic action of ketamine and the output is the balance configuration of the mobile,
which consists of the entire hierarchy of scales. An imbalance of a rod, such as the rod
between 5-HT (left end) and DA (right end) in Figure 3A, exhibits clockwise tilting in
response to ketamine, which means that this region receives imbalanced signals where 5-HT
exceeds DA. Such a change forces the rod to assume a tilted position that differs from the
original under normal, healthy condition. The stronger the imbalance, the larger is the tilting
angle.

Author Manuscript

One notes that there are notable differences among these imbalances, with the overall mobile
being perturbed most. A surprising finding here is that the right side of the mobile, due to
the complicated dynamics of the interaction matrix, exhibits an essentially undisturbed
balance between ACh and Glu/GABA (Fig. 3C), although ketamine is an NMDA receptor
antagonist. A similar result is observed for the mobile representing glutamatergic neurons
(Fig. 3B). It becomes apparent that DA/5-HT (Fig. 3A), DA/NE (Fig. 3B), or DA/5-HT/NE
(Fig. 3C) outweighs the right sides of the mobiles. This conclusion suggests that the elevated
modulator DA is a major driver, if not even the dominant contributor to the imbalances
shown in all three mobiles.
By contrast, application of an antagonist of the D2 receptor in PFC does not cause a
noticeable imbalance on GABAergic neurons (Fig. 4A), while both the overall mobile and
the glutamatergic neurons in PFC show imbalances (Fig. 4B–C). Different to the case of
ketamine, the right side, which includes Glu/GABA/NE, now outweighs the side of DA/
ACh. Interestingly, the dynamics of the interaction matrix leads to a state where the local
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release of DA and NE (Fig. 4B) to glutamatergic neurons in PFC, as well as overall levels of
DA, 5-HT, and NE (Fig. 4C), are well balanced.

Author Manuscript

In addition to these two scenarios of impairing working memory performance, we explored
other changes in neurotransmitter systems that may be associated with working memory
deficits. Table 2 shows the balance states of the three mobiles following fifteen different
perturbations, each of which targets a different node in the interaction matrix. Interestingly,
these three mobiles show distinct responses. The overall mobile always shows imbalances in
some of its scales. In contrast, the mobile for GABAergic neurons in PFC always keeps its
balance except for two situations. Meanwhile, the mobile for glutamatergic neurons in PFC
exhibits imbalances following some perturbations but not others. Among the influential
perturbations, two actions target Glu neurons in PFC and thalamus, two target DA neurons
in VTA and SNpc, and two affect ACh neurons in LDT and 5-HT neurons in DRN. These
results in Table 2, which are not always intuitive, demonstrate that the entire, brain-wide
interaction system needs to be considered.
One might add that many perturbations listed in Table 2 may temporarily tilt some of the
rods but that they do not cause permanent imbalances in healthy subjects. By contrast, this
normalization in healthy subjects (i.e., the return to balance) fails to occur in schizophrenia.
This failure is highly consistent with what most researchers in psychiatry view as (allostatic)
disease states – the failure of homeostatic compensation.

Author Manuscript

Studies have shown that increased ACh levels, nicotine nasal spray, and smoking can
improve working memory performance in schizophrenia patients [102–104]. We explored
the effect of changing the ACh level on mobile imbalances caused by chronic ketamine
administration. Because ACh directly affects DA neurons, we specifically targeted the
projection of ACh to Glu neurons in PFC and focused on the mobile for glutamatergic
neurons in PFC. Figure 5 shows that an ACh agonist can restore the balance between DA
and NE on the left side of the overall scale and ACh, Glu and GABA on the right side.
However, the imbalances in DA and NE, and Glu and GABA are not compensated by the
ACh agonist. One notes that the balance between ACh and Glu/GABA is not affected by
ketamine or the ACh agonist. Therefore, it could be an indirect effect of the ACh agonist on
DA that partly ameliorates the imbalance stemming from chronic ketamine administration.

Discussion and Conclusions

Author Manuscript

Schizophrenia has a wide spectrum of clinical symptoms, of which the positive symptoms
are most obvious and best studied. By contrast, its debilitating cognitive symptoms, e.g.,
working memory deficits, have received much less attention, even though they are pervasive
and their onset often occurs earlier than other symptoms. Current pharmacotherapies are not
particularly efficacious with respect to restoring the functionality of impaired working
memory. The reason may be that the neurotransmitter levels associated with schizophrenia
change dynamically and in a complex manner. This conclusion, which is due to the rich set
of multiple interacting neurotransmitter systems, renders it evident that tools of investigation
should be capable of truly capturing the systemic nature of the disease. In this article, we
implemented such tools in the form of a moderately complicated mesoscopic model that
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appears to capture the interactions quite well and visualizes them in the form of mobiles,
which intuitively portray physiological imbalances among neurotransmitters.
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In line with its Greek etymology, the term “mesoscopic” refers to something with a scope in
the middle, without specifying “the middle of what” is being addressed. In our case, the
model connects the organizational levels of molecular biology and biochemistry on the one
hand and of physiology and psychiatry on the other. Within this intermediate realm, our
mesoscopic model has an intended low degree of conceptual resolution, which allows us to
reduce complexity by retaining resolution only in the most necessary components.
Expressed differently, to include all microscopic details in a comprehensive macroscopic
model would presently not be possible. At our level of analysis, it is necessary to step back
and take a broader perspective in order to retain a comprehensible framework, which is
necessarily coarse-grained, at least in some aspects. Other types of coarse-grained models,
such as the famous Hodgkin-Huxley model of the initiation and propagation of action
potentials in neurons, which ignores many aspects of neuronal functionality, demonstrate the
benefits of mesoscopic approaches for understanding and advanced further research.

Author Manuscript

A particular strength of any computational model is the ease with which various scenarios
can be explored. For example, in one typical simulation we perturbed individual
neurotransmitter projections from the PFC. The model easily captured how these
perturbations migrated through the connectivity graph in Figure 2, governed by the
interaction matrix and its differential equations. The model then took this information and
revealed the ultimate, dynamic effects on neurotransmitters, which were visualized with
different mobiles. For the case of PFC, two mobiles were developed: one for glutamatergic
neurons and the other for GABAergic neurons. In addition, the levels of each
neurotransmitter system were summed over all relevant brain regions, and this process
resulted in an overall mobile for the whole brain. The results of this type of simulation
suggest that GABAergic neurons in PFC are not likely responsible for working memory
deficit. Secondly, the overall mobile exhibits imbalances in response to many different
changes, which suggests that this particular mobile is not discerning enough as a model for
working memory deficit in schizophrenia. Instead, our simulation results suggest that the
mobile for glutamatergic neurons in PFC responds much more specifically to genetic
mutations and pharmacological perturbations on working memory in the context of
schizophrenia. It might therefore be a reasonable model for studying cognitive deficits.
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Other simulation results showed that chronic administration of ketamine to the whole brain
can cause a variety of imbalances within the mobile. Specifically, DA and NE outweigh
ACh, GABA, and Glu (Fig. 3B). By contrast, application of an antagonist of the D2 receptor
in PFC has the opposite effect (Fig. 4B). Various other perturbations, as displayed in Table 2,
resulted in different combinations of imbalances within the mobile. For instance, application
of an NE antagonist on the DA neurons in VTA leads to an imbalance where ACh/Glu/
GABA are down, while DA and NE are lifted up. At the same time, the balance between DA
and NE tilts toward a higher position of DA. Some brain regions, such as GPi and GPe,
appear to have negligible influence on working memory performance. An important overall
conclusion is that it appears to be likely that multiple failure routes can lead to working
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memory deficit. If this conclusion is indeed correct, distinct treatments might have to be
developed for different root causes of such deficits.
A related, yet different advantage of the mobile is that it can be applied as a heuristic tool
also for other perturbations, such as alcohol dependence, which we have shown in a
simplified analysis elsewhere [11]. This applicability shows that the model structure
represents some general principles of neurotransmitter interactions, whereas a more detailed
model, due to today’s modeling capabilities, has more limited generalizability.

Author Manuscript

A crucial challenge for any modeling task is to find the most appropriate level of conceptual
resolution so that the model is neither too simple regarding the body of empirical knowledge
nor that it is so complex that it precludes understanding. Here, the interaction diagram in
Figure 2 is complicated, but certainly not as detailed as reality. For instance, the
hippocampus has been associated with working memory deficit in schizophrenia [105], but
is not included in this study. Furthermore, sub-regions within each brain region may be
responsible for different tasks of working memory. As an example, the left posterior parietal
cortex is activated during verbal working memory tasks, while spatial tasks tend to recruit
areas in the right hemisphere [106]. In addition, each neurotransmitter system might contain
multiple receptor subtypes, which could have very different actions, as it is the case for D1
and D2. From a mathematical point of view, extensions of the model to more brain regions
and to different receptor subtypes are no issue in principle. However, such extensions require
large amounts of additional data, which are presently unavailable.

Author Manuscript

Selecting an intermediate level of conceptual resolution for modeling has the substantial
advantage that it facilitates interdisciplinary communication regarding the neurochemical
dynamics in schizophrenia. Effective tools for communication are of obvious importance for
clinical psychiatrists and psychopharmacologists, as neuropsychology, neurophysiology,
brain imaging, experimental neurobiology, neurochemistry, histology, genetics, and
computational science use very different, sophisticated methodologies that are intellectually
challenging. Without doubt, all these disciplines contribute greatly to our knowledge about
schizophrenia, but it is difficult, even for the expert, to obtain an integrative view of the
disease from these disparate fields. The interaction-mobile model is obviously coarse, but it
nevertheless relates an immediate and intuitive impression of how the neurochemical state of
the brain or of a brain region is altered by disease and treatment.

Author Manuscript

This study provides heuristic and systemic access to the biochemical interactions among
neurotransmitter systems and their physiological or behavioral effects in the context of
working memory deficit in schizophrenia. As the results in Table 1 demonstrate, the model
reflects available data well and may be particularly useful as a tool for the education of
medical students and the lay public. The models and the method may assist with the
prediction of novel targets for pharmacotherapeutic drug design for working memory deficit.
It is also clear that this modeling approach might be applied similarly to other symptoms of
schizophrenia.
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norepinephrine

ODEs

ordinary differential equations

PFC

prefrontal cortex

5-HT

serotonin

SNpc

substantia nigra pars compacta

STN

subthalamic nucleus

VTA

ventral tegmental area
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Highlights
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•

A heuristic model combining biochemical and physiological levels in
schizophrenia is proposed

•

The model accounts for numerous interactions among
neurotransmitters in various brain regions

•

This study suggests that, mathematically, glutamatergic neuron in PFC
may be a good indicator of neurotransmitter imbalances related to
working memory deficits

•

Some brain regions appear to have negligible influence on working
memory performance

•

The model can serve as an intuitive tool for communicating clinical and
biological observations
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Figure 1. The neurochemical mobile is a hierarchical scale system of balanced rods

The neurochemical mobile represents a hierarchical, functional organization of
neurotransmitters, along with their relative functional contributions and dynamic imbalances
in human brain. It visualizes synergisms or antagonisms between neurotransmitter systems
at the physiological, behavioral, and pathological levels. The lengths of the arms of each rod
are in reality different and reflect corresponding relative signal intensities. The
neurotransmitters, under normal, healthy condition, are perfectly balanced at all levels of the
mobile. Thus, strong deviations from balances point to (temporarily) abnormal states or
disease. Abbreviations: dopamine (DA), serotonin (5-HT), norepinephrine (NE),
acetylcholine (ACh), glutamate (Glu), gamma-aminobutyric acid (GABA).
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Figure 2. Macro-anatomy of the neurochemical interaction matrix
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The interactions among the six neurotransmitter systems in multiple regions across the
human brain form a complicated network, which is shown here with different arrows. An
arrow pointing to a circle codes for a projection onto the specific type of neurons. By
contrast, if an arrow points to a box, the projections affect either all types of neurons inside
this box, if there are multiple circles, or the entire region, if the box represents a single type
of neurons within this brain region. Modeled brain regions include: prefrontal cortex (PFC),
striatum, global pallidus internal (GPi), global pallidus external (GPe), subthalamic nucleus
(STN), thalamus, substantia nigra pars compacta (SNpc), laterodorsal tegmental nucleus
(LDT), ventral tegmental area (VTA), dorsal raphe nucleus (DRN), and locus coeruleus
(LC). Solid circles in different colors represent different types of neurons as shown in the
legend. Note that the two green circles in striatum represent GABAergic neurons having DA
receptors of D1 or D2 type. Arrows with solid lines represent activation, while arrows with
dashed lines represent inhibition. Arrows in different colors represent different
neurotransmitter projections and follow the same coloring scheme as for the circles.
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Figure 3. In response to chronical ketamine administration, the overall and sub-mobiles exhibit
significant imbalances
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All three mobiles show imbalance in response to chronic ketamine administration, which is
an NMDA receptor antagonist. The same coloring scheme as in Figure 1 is used here (red:
DA; purple: 5-HT; orange: NE; black: ACh; blue: Glu; green: GABA). A: Mobile for
GABAergic neurons in PFC with three nodes (5-HT, DA, and NE); B: Mobile for
glutamatergic neurons in PFC with five nodes (DA, NE, ACh, Glu, and GABA); C: Overall
mobile for the whole brain with six nodes for all neurotransmitter systems across whole
brain. As the results show, DA/5-HT outweighs NE (A), DA/NE outweighs ACh/Glu/GABA
(B), and DA/5-HT/NE (C) similarly outweighs ACh/Glu/GABA.
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Figure 4. In response to application of antagonist of DA D2 receptor in PFC, the overall and submobiles exhibit significant imbalances
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Two of the three mobiles show imbalances in response to application of an antagonist of DA
D2 receptor in PFC. The same coloring scheme as in Figure 1 is used here (red: DA; purple:
5-HT; orange: NE; black: ACh; blue: Glu; green: GABA). A: Mobile for GABAergic
neurons in PFC with three nodes (5-HT, DA, and NE) and does not involve Glu; B: Mobile
for glutamatergic neurons in PFC with five nodes (DA, NE, ACh, Glu, and GABA); C:
Overall mobile for the whole brain with six nodes for all neurotransmitter systems across
whole brain. As the results show, the DA D2 antagonist does not cause imbalance on
GABAergic neurons in PFC. Interestingly, projections of DA and ACh (B) to glutamatergic
neurons in PFC, or overall levels of DA, 5-HT, and ACh (C), are balanced.
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Figure 5. ACh agonist reduces imbalances caused by chronic ketamine administration
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The mobile shows that an ACh agonist reduces imbalances caused by chronic ketamine
administration. The mobile shown is for glutamatergic neurons in PFC. The same coloring
scheme as in Figure 1 is used here (red: DA; purple: 5-HT; orange: NE; black: ACh; blue:
Glu; green: GABA). As shown, the ACh agonist can restore the balance between DA/NE on
the left side of the overall scale and ACh/Glu/GABA on the right side. The increased
imbalance between Glu and GABA may be due to the action of ACh or to influences from
other brain regions not included in the model.
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Brain-wide
Brain-wide
Brain-wide
Brain-wide

Brain-wide
Brain-wide

Glu (NMDA receptor antagonist)
Glu (NMDA receptor antagonist)
ACh (nAChR agonist)
5-HT (lesion)
5-HT (reduced 5-HT synthesis)
5-HT (reuptake inhibitor)
5-HT (5-HT2c receptor elimination)
5-HT (5-HT2 antagonist) & DA (D2
antagonist)
5-HT (5-HT2 antagonist) & DA (D2
antagonist)
5-HT & NE (reuptake inhibitor)
NE (reuptake inhibitor)

NE & DA (reuptake inhibitor)
NE (alpha2 antagonist)
DA (lesion)
DA (lesion)
DA (lesion)

PCP (7 days, daily)

Ketamine (7 or 10 days, daily)

Nicotine (7 or 13 weeks)

5,7-DHT

Tph2 (heterozygote)

Fluoxetine (2 or 3 weeks, daily)

HT2c (null mutant)

Olanzapine (21 days)

Clozapine (21 days)

Venlafaxine (3 weeks, daily)

Desipramine (2 weeks, daily)

Nomifensine (22 days, daily)

Mirtazpine (21 days)

6-OHDA

6-OHDA

6-OHDA

Intracerebro-ventricular

VTA

SNpc

Brain-wide

Brain-wide

Brain-wide

Intracerebro-ventricular

Brain-wide

Brain-wide

√

Increased DA release to striatum; increased Glu release to PFC;
decreased ACh release to striatum

Decreased spontaneous firing of 5-HT neurons

Increased firing of NE neurons

: Comparisons between clinical data and model simulations marked with a check mark indicate qualitative consistency.

: Abbreviations: Phencyclidine (PCP), 5,7-Dihydroxytryptamine (5,7-DHT), medial prefrontal cortex (mPFC). For other abbreviations, please refer to the legend of Figure 1.

%

$

√

√

√

Increased firing rate of pyramidal neurons in PFC; increased firing
rate of neurons in STN

√

Increased DA release to striatum; no change in DA release to PFC;
Increased ACh release to PFC and striatum; no change in Glu
release to PFC and striatum; no change in GABA release to PFC

√

√

No change in DA release to striatum; increased DA and NE release
to PFC

Increased firing of 5-HT and NE neurons

√

√

√

Increased NE, DA, and 5-HT release to PFC

Increased DA release to mPFC; no change in DA release to striatum

Increased firing of NE neurons in LC

√

√

No change in DA release to PFC; increased 5-HT release to PFC;
decreased firing of NE neurons in LC; decreased firing of pyramidal
PFC cells
Increased DA release from SNpc to striatum

√

Decreased GABA in PFC

√

√

increased DA release to striatum and mPFC; increased 5-HT release
to mPFC; increased Glu release to mPFC

Increased firing of DA neurons in VTA

√

√

Sim%

Enhanced activation of DA neurons in VTA

No change in DA or ACh release to PFC; decrease release of Glu
and NE to PFC

Chronic effects$

: Action sites show which neurotransmitter systems are targets of the pharmacological agent, and mechanisms (in parentheses) indicate the exact mechanisms of actions.

#

Brain-wide

Increased GABA binding (positive
allosteric modulator)

Ethanol (5 weeks)
Brain-wide

Targeted regions

Pharmacological action#

Pharmacological agent

Clinical data of chronic pharmacological perturbations and comparisons with simulation results
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Perturbations on neurotransmitters and their effects on balance of mobiles

Perturbation

Mobile for
GABAergic
neurons#

Mobile for Glutamatergic
neurons$

Overall Mobile%

ACh antagonist on Glu neurons in PFC

⟺

DA/NE down
GABA down

5-HT/DA/NE down
5-HT down
GABA down

DA D2 antagonist on GABAergic neurons in striatum

⟺

⟺

ACh/Glu/GABA down

Activation of DA D1 on GABAergic neurons in striatum

⟺

⟺

GABA down
ACh/Glu/GABA down

NMDA receptor agonist on GABAergic neurons in GPi

⟺

⟺

GABA down
ACh/Glu/GABA down

NMDA receptor antagonist on GABAergic neurons in GPe

⟺

⟺

Glu down

⟺

⟺

ACh/Glu/GABA down
GABA down

5-HT2 agonist on Glu neurons in Thalamus

⟺

ACh/Glu/GABA down
Glu down

ACh/Glu/GABA down
Glu down

NE α1 antagonist on DA neurons in VTA

NE down
5-HT down

ACh/Glu/GABA down
NE down

ACh/Glu/GABA down
5-HT down

5-HT2 antagonist on GABA neurons in VTA

⟺

⟺

5-HT/DA/NE down
DA down
Glu down

Reuptake inhibitor of ACh release to DA in SNpc

⟺

DA/NE down
GABA down

5-HT/DA/NE down
5-HT down
GABA down

NE α1 antagonist on ACh neurons in LDT

⟺

ACh/Glu/GABA down

ACh/Glu/GABA down
5-HT down
Glu down

Reuptake inhibitor of GABA release to 5-HT neurons in
DRN

DA down

DA/NE down
Glu down

ACh/Glu/GABA down
DA down
GABA down

Reuptake activation of GABA release to NE neurons in LC

⟺

⟺

5-HT/DA/NE down
Glu down

NMDA receptor antagonist on GABAergic neurons in
DRN

⟺

⟺

5-HT/DA/NE down
5-HT down
Glu down

5-HT2 agonist on GABA neurons in LC

⟺

⟺

ACh/Glu/GABA down
GABA down
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Reuptake inhibitor of GABA release to Glu neurons in
STN
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#
: the symbol “⟺“ indicates balance of a mobile.
$

: Text descriptions, such as DA/NE down, indicate an imbalanced state of a mobile; specifically, DA/NE down means the scale with DA and NE
tilts down on the side of these neurotransmitters.

%

: For abbreviations, please refer to the legend of Figure 1.
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