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Current hypotheses cannot fully explain the clinically observed heterogeneity in
antidepressant response. The therapeutic latency of antidepressants suggests that
therapeutic outcomes are achieved not by the acute effects of the drugs, but
rather by the homeostatic changes that occur as the brain adapts to their chronic
administration. We present a computational model that represents the known
interactions between the monoaminergic neurotransmitter-producing brain regions
and associated non-monoaminergic neurotransmitter systems, and use the model
to explore the possible ways in which the brain can homeostatically adjust to
chronic antidepressant administration. The model also represents the neuron-specific
neurotransmitter receptors that are known to adjust their strengths (expressions or
sensitivities) in response to chronic antidepressant administration, and neuroadaptation
in the model occurs through sequential adjustments in these receptor strengths.
The main result is that the model can reach similar levels of adaptation to chronic
administration of the same antidepressant drug or combination along many different
pathways, arriving correspondingly at many different receptor strength configurations,
but not all of those adapted configurations are also associated with therapeutic
elevations in monoamine levels. When expressed as the percentage of adapted
configurations that are also associated with elevations in one or more of the
monoamines, our modeling results largely agree with the percentage efficacy rates
of antidepressants and antidepressant combinations observed in clinical trials. Our
neuroadaptation model provides an explanation for the clinical reports of heterogeneous
outcomes among patients chronically administered the same antidepressant drug
regimen.

Keywords: depression, monoamine, serotonin, norepinephrine, dopamine, SSRI, systems biology, neural network

INTRODUCTION

Depression is a serious neuropsychiatric disorder lacking effective pharmacological interventions.
The first-line antidepressant medications in use today are selective serotonin reuptake
inhibitors (SSRIs) (Celada et al., 2004; Koenig and Thase, 2009). Second-line treatments
include augmentation of an SSRI with an atypical antipsychotic or another drug that targets
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the monoaminergic neurotransmitter systems [serotonin (5HT),
norepinephrine (NE), or dopamine (DA)] (Boulton et al.,
2010; Han et al., 2013). Unfortunately, only two thirds of
depressed patients improve with initial SSRI treatment and
only one third experience complete remission of symptoms
(Stewart et al., 2014). These unideal efficacy rates, which
indicate antidepressant response heterogeneity, are persistent
problems in the treatment of depression. Better understanding of
antidepressant mechanisms of action is needed.

The majority of antidepressants in use today were developed
on the basis of the monoamine hypothesis, which is consistent
with findings that effective antidepressant drugs enhance
monoamine neurotransmission, and posits that elevated
monoamines alleviate depression (Schildkraut, 1965). The
current understanding of SSRI mechanism is derived
primarily from rodent studies, as similar acute and chronic
pharmacological effects of antidepressants have been observed
in rodents and humans [(Berney et al., 2008; Gray et al.,
2013) reviewed in (Dulawa and Hen, 2005)]. Acutely, SSRIs
inhibit the 5HT transporter protein and increase 5HT in the
extracellular space (Romero et al., 2003). This activates the
somatodendritic 5HT1A autoreceptor on dorsal raphe nucleus
(DR) 5HT-producing neurons (Artigas et al., 1996). A decreased
firing rate of 5HT neurons results, causing a subsequent decrease
in 5HT release (de Montigny et al., 1990). The net effect of
decreased reuptake due to SSRI and decreased DR firing rate
due to inhibition via 5HT1A autoreceptors is an increase in
extracellular 5HT of 200% or more, depending on the SSRI
(Bymaster et al., 2002). However, the acute rise in 5HT is not
enough to cause relief from depressive symptomology (Artigas
et al., 1994). Four to 6 weeks of maintained SSRI is required to
achieve an antidepressant effect. Under chronic SSRI in rats, 5HT
neuron firing rate returns to normal following desensitization
of DR 5HT1A autoreceptors (de Montigny et al., 1990). This
restoration of DR 5HT neuron firing activity coupled with
5HT reuptake inhibition (due to maintained SSRI) leads to
greatly increased 5HT release. With chronic SSRI treatment,
extracellular 5HT rises above 400% of baseline in rats and is
associated with depression relief (de Montigny et al., 1990; Ceglia
et al., 2004). These findings led to the view that chronic SSRIs
work by blocking 5HT reuptake and by causing desensitization
of DR 5HT1A autoreceptors, which greatly elevates 5HT levels,
and in turn results in an antidepressant effect.

A number of questions remain unanswered in the current
view. The acute rise in extracellular 5HT should expose all
5HT receptor types to elevated 5HT. Findings in rats indicate
that most 5HT1A receptors located on non-DR neurons
(5HT heteroreceptors) do not desensitize with SSRI treatment
(reviewed in Blier and de Montigny, 1994). Why don’t all 5HT1A
receptors desensitize equally? Why is it mainly the DR 5HT1A
autoreceptors that desensitize? And why is the SSRI efficacy rate
so low?

To try to answer these questions, we considered the whole
monoaminergic neurotransmitter system and took into account
the following findings: Antidepressants that have been studied
neurophysiologically cause changes in the firing rates of the
neurons in at least one of the monoamine-producing nuclei [DR

produces 5HT, locus coeruleus (LC) produces NE, and ventral
tegmental area (VTA) produces DA], and many cause firing-
rate changes in two or even all three nuclei [(Katz et al., 2010;
Ghanbari et al., 2012; El Mansari et al., 2015; Oosterhof et al.,
2015), reviewed in (Blier and El Mansari, 2013)]. The same
neurons that secrete the monoaminergic neurotransmitters co-
secrete other neurotransmitters and neuropeptides (Studler et al.,
1985; Melander et al., 1986). Drug-induced changes in DR, LC,
and VTA firing rate would alter secretions of the monoaminergic
and some non-monoaminergic transmitters, and this would alter
the activities of neurons in the monoaminergic nuclei and also in
the other brain regions with which they interact.

Neuroadaptation experiments have shown that neurons will
adjust the strength of their inputs in order to restore normative
firing rates, specifically by increasing or decreasing the sensitivity
or expression of receptors (Turrigiano, 2012). This normalization
process can require multiple days (Turrigiano and Nelson,
2000). The concept of neuroadaptation is central to our current
understanding of the mechanism of action of antidepressant
drugs (de Montigny et al., 1990; Hensler, 2003). It is likely
that neuroadaptive processes come into play under chronic
antidepressant administration and that SSRIs become effective
only after a period of neuroadaptation.

We simulated neuroadaptation in a model in which
antidepressant administration could change the firing rates
of neurons in the monoaminergic nuclei (represented as
the activations of model units), and adjustments in receptor
strength could bring those activations back toward no-drug
baselines. We show that different adjustment pathways can reach
different receptor strength configurations that can achieve similar
levels of neuroadaptation but with different adapted levels of
production of the three monoamines. Since monoaminergic
neurotransmitter levels are related to therapeutic efficacy (Blier
and de Montigny, 1994; Rush et al., 2006), between-individual
differences in the production of the three monoamines could
explain why some individuals experience a therapeutic benefit
with a chronic antidepressant while others taking the same
drug do not. The model answers questions left open by the
current view of SSRI mechanism, provides insight into possible
pharmacological treatments for different subtypes of depression,
and makes an experimentally testable prediction of broad
potential relevance.

MATERIALS AND METHODS

The model is based on a homeostatic hypothesis, whereby the
units in a neural network representing the interactions between
the monoaminergic nuclei can modulate their input levels
by adjusting their neurotransmitter receptor strengths. These
adjustments can be neuroadaptive under chronic antidepressant
in that they can bring the activation levels of the units
back toward their normative, no-drug baselines. In order
to exploit the complementary capabilities of two different
programming modalities, we implemented the same model in
two computer programs written in two very different languages.
One programming language is imperative (MATLAB R©), while
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the other is declarative (Maude) (Supplementary Section S1). We
used MATLAB to optimize the parameters of the model and to
bring its behavior in line with observation, and we used Maude
to search the space of possible combinations of model receptor
strengths and to determine whether neuroadaptation to chronic
antidepressant could be achieved with different receptor strength
configurations.

Model Structure and Function
The model is an abstract representation of the three main
monoaminergic neurotransmitter systems, along with three
related non-monoaminergic neurotransmitter systems whose
interactions with the monoaminergic systems have been well
described. It takes the form of a recurrent network in which
the three monoaminergic brain regions (DR, LC, and VTA),
as well as three non-monoaminergic neurotransmitter systems
[corticotropin-releasing factor (CRF), galanin, and glutamate],
are each represented as single, non-linear model units. The
monoaminergic regions are represented because they have
been implicated in studies of depression and mood through
the monoamine hypothesis (Schildkraut, 1965; Coppen, 1967).
The galanin and glutamate transmitter systems are represented
because these transmitters can be co-secreted along with the
monoamines (Melander et al., 1986; Gagnon and Parent, 2014;
Liu et al., 2014). The CRF system is included because CRF
receptors have been shown to change their expression levels in
the DR in response to stress and chronic antidepressant use
(Fernandez Macedo et al., 2013).

The recurrent network model is composed of six non-
linear units that represent the three monoaminergic brain
regions (DR, LC, and VTA) and the three non-monoaminergic
neurotransmitter systems (CRF, galanin, and glutamate). Each
unit projects to every other unit including itself. The strengths of
the projections of the non-monoaminergic units onto themselves,
between each other, and from the monoaminergic units are
represented as generic weights. The non-monoaminergic units
each release only one transmitter onto the monoaminergic units,
which is the transmitter they represent in the model. While VTA
releases only DA onto the other monoaminergic units, DR and
LC release 5HT and NE, respectively, as well as other transmitters
onto the other monoaminergic units. Such release and co-release
has been described in the literature (Supplementary Section S2;
see also Table 1).

We define the predominant receptor type as that type
which mediates the main effect of a specific transmitter on
a specific neural type (e.g., the predominant receptor type
for NE on DR neurons is the α1-adrenergic receptor). The
predominant receptor types on DR, LC, and VTA neurons for
the six transmitters represented in the model have been well
described (Supplementary Section S2), and the connections onto
the monoaminergic units in the model are implemented using
the predominant receptors specific for each of the different
transmitters released onto them (Figure 1 and Table 1). Some
of these receptors are known to be adaptable with antidepressant
drugs (see below). The connections onto the non-monoaminergic
units in the model are implemented using generic connection
weights, because each non-monoaminergic unit represents a

heterogeneous set of neural types that have in common only
that they all release the corresponding non-monoaminergic
transmitter, and so the idea of a predominant receptor type
on a specific neural type does not apply. Findings on the
interactions between monoaminergic regions were compiled via
comprehensive literature search (Supplementary Section S2).
Figure 1 summarizes these interactions graphically. Table 1
shows the transmitter(s) released by each unit and the receptors
or generic connection weights each bears.

Each unit releases its transmitter(s) in an amount proportional
to its activation level. For 5HT, NE, and DA, this amount is
reduced by the transporter for that transmitter. In addition
to its receptor or generic weight strengths, each unit also has
a bias parameter. Each unit computes the sum of its inputs,
whether due to receptors (monoaminergic units) or generic
weights (non-monoaminergic units), adds its bias, and passes the
result through the sigmoidal squashing function. The squashing
function bounds the activations of the units non-linearly but
smoothly between 0 and 1 (Supplementary Section S2). To
evaluate unit activity with or without drugs, the activity of
all units is set to 0, and the units are allowed to influence
each other’s activity for 150 time steps. Due to the inhibitory
self-connections of the monoaminergic units (self-inhibition via
autoreceptors) and asymmetries in the connections between
units (Supplementary Section S2), the activities of the units
in the model are prone to alternate and oscillate (Luenberger,
1979). Following an initial transient, the running average of the
oscillations of all units settles down to a constant value within 50
time steps (see Results). The activation of any unit is taken as the
running average of its activity over the second half of the time
step range (between time steps 75 and 150 inclusive).

Setting Model Parameters
The parameters of the model are the receptor strengths, generic
weights, and the bias levels already mentioned, as well as
the efficacies of the monoaminergic transmitter transporters
and the strengths of various drugs on their targets. These
parameters were optimized using the genetic algorithm (GA) as
implemented in MATLAB (Supplementary Section S3). Rather
than maximize a fitness function, we used the GA to minimize
an error function. The error function provided a measure of
the difference between the behavior of the monoaminergic units
in the model and that of real monoaminergic neurons in their
responses to acute administration of various drugs. Data used
as the targets of optimizations were derived from the work of
Pierre Blier. The Blier lab studied acute (2-day) and chronic (14-
day) antidepressant drug effects in male Sprague-Dawley rats
using subcutaneous osmotic mini-pumps. Single-unit recordings
from presumed 5HT, NE, and DA neurons in the DR, LC,
and VTA, respectively, and others such as hippocampal CA3
neurons were made after 2 and 14 days. The error function
includes data on the eight drugs and two drug combinations
as studied by the Blier lab using this protocol. The eight drugs
and drug pairs are: Escitalopram, Nomifensine, Reboxetine,
Trazodone, Asenapine, Aripiprazole, Bupropion, Quetiapine,
Escitalopram/Aripiprazole, and Escitalopram/Quetiapine. For
consistency in the initial model, only the drugs studied by
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TABLE 1 | Transmitters, receptors, and connection weights mediating interactions between model units.

From DR LC VTA tCRF Tgal Tglu

(across) 5HT NE DA CRF gal glu

To gal gal

(down) glu

DR 5HT1AR(−) AR1(+) D2R(+) CRF1R(−) galR1(−) AMPAR(+)

galR1(−) CRF2R(+) galR2(+)

galR2(+)

LC AMPAR(+) AR2(−) D1R(−) CRF1R(+) galR1(−) AMPAR(+)

5HT2AR(−) D2R(+)

galR1(−)

VTA AMPAR(+) AR1(+) D2R(−) CRF1R(+) galR1(−) AMPAR(+)

5HT2AR(+) AR2(−)

5HT2CR(−) galR1(−)

tCRF wDR(+/−) wLC(+/−) wVTA(+/−) wCRF(+) wGal(+/−) wGlu(+/−)

Tgal wDR(+/−) wLC(+/−) wVTA(+/−) wCRF(+/−) wGal(+) wGlu(+/−)

Tglu wDR(+/−) wLC(+/−) wVTA(+/−) wCRF(+/−) wGal(+/−) wGlu(+)

Interactions between the monoaminergic units (DR, LC, and VTA) are mediated by both excitatory (+) and inhibitory (−) receptors. A given monoaminergic unit is
assigned one or at most two receptors for each transmitter it receives, which are the predominant receptors for the corresponding transmitter as determined through
a comprehensive literature search (see text for references). Each monoaminergic unit may release more than one neurotransmitter onto another unit (listed in column
headers), again as described in the literature. The non-monoaminergic units each release only one transmitter. They do not have receptors. Instead, the connections onto
non-monoaminergic units from themselves, from each other, and from the monoaminergic units have generic connection weights. These weights are denoted by the letter
“w” followed by a name associated with the sending unit (e.g., wDR is a connection weight from the DR unit while wGal is a connection weight from the Tgal unit). Note
that all receptors and weights are unit specific (e.g., wDR takes different values onto tCRF, Tgal, and Tglu). The sign in parenthesis (+ or −) denotes the fixed polarity of a
receptor or of a generic self-connection weight, while +/− means that the polarity of the corresponding connection weight is not fixed but can be set positive or negative
during the parameter optimization process.

the Blier lab under this specific protocol were included. The
acute effects of these drugs were used for model parameter
optimization. Descriptions of these drugs and their targets,
along with references to the primary literature, are provided in
Supplementary Table S1.

Through reduction of error, the GA optimized several criteria
in addition to the agreement in the percentage changes in
monoaminergic neuron activation levels due to acute drugs.
These other criteria include the activation levels of the units
in the absence of drugs, and the levels of the monoaminergic
neurotransmitters in the absence of drugs or in the presence
of the transporter blocking drugs Escitalopram and Reboxetine
(Supplementary Section S3). Of the 200 GA searches we ran,
we selected the 10 lowest-error parameter sets for further
consideration.

Selection of One of the Ten Best
Parameter Vectors
Models parameterized with the 10 best parameter vectors were
preliminarily evaluated to determine their adaptive capabilities
using MATLAB. All 10 showed the expected rises in 5HT with
acute Escitalopram (a 5HT transporter blocker) and in NE with
acute Reboxetine (an NE transporter blocker), but this was
already an error function criterion and does not involve receptor
adaptation. Additionally, in all 10, the 5HT level, which rose with
acute Escitalopram, could rise even further after adaptation to
Escitalopram following receptor strength adjustments. All units
in all of the 10 best parameterizations showed some oscillation.

In nine of the 10 cases, changes in adjustable receptors
shifted the oscillation offset (the constant value about which

the oscillation occurs). In these cases, the change in the offset
was responsible for the change in the running average of the
oscillation. In one case, receptor adjustments mainly changed the
amplitude of the oscillation and had little effect on oscillation
offset. Due to the compressive nature of the squashing function,
this amplitude change produced an apparent offset shift that
disrupted the more typical relationship between receptor strength
and actual oscillation offset (Supplementary Section S3). Because
of the complex dynamics associated with this parameterization, it
was eliminated.

Of the remaining nine cases, the fit with error 9.93 was selected
for further analysis. This fit was considered representative
because its error fell at the high end of the 10-best root
mean square (RMS) error range (from 5.66 to 9.94, see
Results) but it could also produce a robust increase in 5HT
due to desensitization (reduction in strength) of the 5HT1A
autoreceptor on the DR unit under chronic Escitalopram, which
returned DR activation back toward baseline, no-drug levels.

Receptor Adjustment Approach
Simulated administration of a drug alters the activation levels
of the units in the model. Neuroadaptation was simulated
by allowing the model to adjust the strengths of a subset of
its receptors, specifically those that are known to adjust to
chronic antidepressant administration, in order to bring the
activation levels of the monoaminergic units back toward their
baseline values. The receptors that adapt in the model are both
type and neuron specific. The 11 adjustable receptors are the
three monoaminergic autoreceptors: 5HT1A on DR neurons,
α2-adrenergic receptor (AR2) on LC neurons, and dopamine
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FIGURE 1 | Schematic representation of the monoaminergic neurotransmitter
system model. Each rectangle denotes a unit in the model that represents
either a monoaminergic brain region or a set of regions that secrete a
non-monoaminergic neurotransmitter. DR, LC, and VTA (monoaminergic) refer
to the dorsal raphe nucleus, locus coeruleus, and ventral tegmental area,
respectively. tCRF, Tgal, and Tglu (non-monoaminergic) refer to corticotrophin
releasing factor (CRF), galanin, and glutamate neurotransmitter systems,
respectively. Connections between model elements can be excitatory or
inhibitory and take the form either of the strengths of neurotransmitter-specific
receptors (onto monoaminergic units) or of generic connection weights
(connections onto non-monoaminergic units). Receptors mediating the
predominant effect of each transmitter on the monoaminergic brain regions
are denoted in their respective rectangles. Adjustable receptors are
represented in red.

receptor D2 (D2R) on VTA neurons; and specific receptors
for CRF, galanin, and glutamate: galanin 1 receptors (galR1)
on DR and LC neurons, galanin 2 receptors (galR2) on DR
neurons, CRF1R on DR, LC, and VTA neurons, CRF2R on DR
neurons, and α-amino-3hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPAR) on VTA neurons. The Blier group
(and others) found that these receptors adjust under chronic
antidepressant treatment (Blier and de Montigny, 1987; Szabo
and Blier, 2001, 2002; El Mansari et al., 2008; Chernoloz et al.,
2009; Ghanbari et al., 2010; Katz et al., 2010; Madhavan et al.,
2013; El Iskandrani et al., 2015). The model is agnostic as to
whether adaptive changes in receptor strength are due to changes
in expression, sensitivity, or both.

In the model, any 1 of the 11 adjustable receptors could be
adjusted up or down by 1 on each adjustment step. The MATLAB
version was used for making receptor strength adjustments along
single sequences (i.e., pathways) in which the receptor to be
adjusted at any step was chosen at random. The adjustment
was retained only if it resulted in a homeostatic reduction in

activation error. The results of runs of 100 random adjustments
are reported in section “Results.”

In separate computer experiments, 1,000,000 randomly
ordered strictly error-reducing sequences of adjustments (any 1
of 11 receptors, adjusted either up or down by 1) were allowed to
continue until further receptor strength adjustment produced no
further reduction in activation error with chronic Escitalopram.
We found that the majority of sequences (mode of the dataset)
took 7 adjustment steps to reach complete adaptation. The
number of adjustments ranged between 2 and 26 with an average
of 7.9 (see Supplementary Figure S2). Because these experiments
continued until error could not be further reduced, they
produced terminally adapted receptor strength configurations.
We plotted 1000 configurations terminally adapted to chronic
Escitalopram in Supplementary Figure S3. This figure shows
that there is not a single, unique, terminally adapted receptor
strength configuration; in fact, there appear to be a multitude of
heterogeneous configurations.

The Maude version was used for exhaustive searches of the
entire space of receptor strength configurations reachable in
all sequences of length 3. Maude elaborated the tree of every
possible sequence of receptor adjustments where adjustments
were limited only by the lower and upper receptor-strength
bounds (0–10 in absolute value). For Maude searches, receptor
adjustments were allowed whether or not they reduced activation
error. This allowed for the possibility that certain low error
configurations could be reached only after passing through higher
error configurations. Exhaustive search in Maude was limited to
sequences of three adjustment steps (see below).

Details on Maude Searches
Maude generates the full set of possible receptor strength
configurations by making every possible sequence of receptor
strength adjustments (i.e., Maude elaborates the entire tree of
possible receptor strength adjustment sequences). Maude then
searches the space of all possible receptor strength configurations
by searching over the tree of all receptor adjustment sequences
(i.e., pathways).

Each of the 11 adjustable receptors can either increase its
absolute strength by 1, or by a fraction if its strength is greater
than 9 but less than 10 (the predetermined maximum receptor
strength). Each receptor can either decrease its absolute strength
by 1, or by a fraction if its strength is less than 1 but greater
than 0. Because each of the 11 adjustable receptors can potentially
increase or decrease its strength at any adjustment step (increase
or decrease is not allowed for receptors already at strength 10
or 0, respectively), there are potentially 22 different adjustments
that can be made at any point along any sequence (i.e., at any
level in the sequence tree). The number of possible receptor
strength configurations at any level can then be computed as
nv, where n is the number of possible adjustments and v is
the level of the tree (or position in the sequence). Specifically,
level 0 has 1 receptor strength configuration, which is the initial
configuration, level 1 has 22 configurations at most, level 2 has
222 or 484 configurations at most, and level 3 has 223 or 10,648
configurations at most, and so on. The total upper bound of
possible receptor strength configurations in any sequence tree
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is then the sum of the possible configurations at every level.
For a tree composed of sequences of length 3, for example, the
total upper bound of possible receptor strength configurations is
11,155. Due to the computational overhead of determining the
consequences of any change in receptor strength configuration
(i.e., a change in any 1 receptor) for a network of 6 units over 150
time steps, our searches of receptor strength configuration space
were limited to trees of sequence length 3 (see section “Hardware
Considerations”).

We searched the sequence tree for receptor strength
configurations that were adapted, in the sense that
monoaminergic unit activation returned close enough to
baseline to bring activation error within a specified criterion.
The amount of network activity deviation from the baseline
(no-drug) value due to acute drug administration in the model
depended on the drug or combination in question, so the amount
of reduction in activation error that qualified as “adapted” had to
be set specifically for each drug or drug combination. All error
values lower than the lowest error at level 1 were considered to
be “adapted” at levels 2 or 3.

Among the adapted receptor strength configurations, we also
searched for configurations that achieved certain levels of the
monoaminergic transmitters. “Therapeutic” monoamine levels
have not yet been determined unequivocally. We set our search
criteria conservatively on the basis of the percentage changes
in monoaminergic transmitter levels associated with reduction
in depression symptomology that we were able to find in the
literature. We were unable to find reports of studies directly
showing efficacy of SSRIs that also measure 5HT levels in
the brain. However, both preclinical and clinical evidence has
accumulated to support the hypothesis that the 5HT system is
involved in the therapeutic action of SSRIs and several other
antidepressant drugs by elevating 5HT (reviewed in Blier and
de Montigny, 1994). Specifically, one study found that chronic
Escitalopram increases 5HT levels in the prefrontal cortex to
422% of baseline (Ceglia et al., 2004). Also, it has repeatedly been
found that chronic SSRI use elevates 5HT levels to around 400%
(Romero et al., 2003; Beyer and Cremers, 2008). We considered
adapted receptor strength configurations for which 5HT was
elevated by more than 400% of normal baseline to be therapeutic.

Rodents undergoing the forced swim test (which
produces “behavioral despair”) that were given Reboxetine
[a norepinephrine reuptake inhibitor, (NERI)] and demonstrated
decreased immobility (i.e., antidepressant effect) were found
using microdialysis to increase NE levels to 212% of baseline
(Page et al., 2003; Can et al., 2012). Rats that demonstrated
alleviation of depressive symptomatology (measured through
increased locomotor activity) due to administration of St. John’s
Wort were found to increase DA levels to 140% of baseline in the
prefrontal cortex (Yoshitake et al., 2004). We considered adapted
receptor configurations for which NE or DA were elevated by
more than 200% of normal baseline to be therapeutic.

Hardware Considerations
The most computationally intensive procedures undertaken
for this analysis were GA optimizations (in MATLAB) and
state-space searches (in Maude). Both of these procedures

are immanently parallelizable. MATLAB has built-in options
for parallelizing GA optimizations. Unfortunately, options
for parallelizing Maude searches were not available. Multiple
computers were used for computational analysis. All computers
had dual-core, Intel-based processors but varied in number of
processors, memory capacity, and operating system.

All MATLAB GA optimizations were carried out on 16-
processor Intel Zeon machines with 2, 2.60 GHz cores per
processor (32 cores total) and 128GB of RAM under the
Windows 7 operating system. The machines were made available
by the Beckman Institute Visualization Lab. A single GA
optimization that evolved a population of 100, 76-element
parameter sets until the change in the fitness between generations
was less than a tolerance of 10−12 took about 3 h on those 32-core
VizLab machines.

Although parallelized Maude search was not an option, we
did run multiple, serial Maude searches simultaneously on cores
distributed over several machines. Maude searches were run on
an Intel-inside CORE i7 processor with 2, 2.69 GHz cores and
8.00 GB of RAM under the Windows 8 operating system, and on
an Intel Core 2 Duo CPU processor with 2, 2.33 GHz cores and
4.00 GB of RAM under the Windows 7 operating system. Maude
elaboration and search of a state-transition tree having up to
11,155 states (i.e., receptor strength configurations) took between
4 and 22 h on each core of those dual-core machines. Given the
large number of optimizations and searches necessary both to
establish the paradigm and then generate the actual results, these
hardware constraints largely determined the complexity of the
model that we could optimize (76 parameters per optimization)
and the depth of the state-transition tree we could exhaustively
search (to level 3 or up to 11,155 states per search).

RESULTS

Before the model can be used for analysis of adapted receptor
strength configurations, its parameters must be set so that
model behavior agrees with experimental observations on the
acute effects of antidepressants that occur before receptors have
adapted. The GA was used to obtain 200 sets of parameters
that achieve this agreement with acute data by minimizing the
RMS value of an error function (see section “Materials and
Methods”). Figure 2A is a heat map showing the parameter sets
as parameter vectors, arranged with increasing Euclidian distance
from a reference vector of all zeros. The RMS errors ranged
between 5.66 and 18.45 and did not change systematically with
distance from the reference vector. The heat map reveals no
obvious sign of clustering, suggesting that the error function does
not have multiple, widely separated minima.

Figure 2B is a heat map showing the 10 best (lowest
error) parameter vectors arranged with increasing Euclidian
distance from the reference vector. The RMS errors ranged
between 5.66 and 9.94. Again there is no obvious clustering.
Of the 10 best fits, one was eliminated due to its aberrant
adaptive behavior (see section “Materials and Methods”). The
remaining nine parameterizations produced model instances
that all had similar adaptive behavior that was also consistent
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FIGURE 2 | Heat map of optimized parameter vectors. (A) Each of 200 rows is a vector of model parameter values, optimized using the GA to produce
correspondence between model behavior and observations on actual monoaminergic neurons and neurotransmitters. Each parameter vector has 76 elements
corresponding to the 76 parameters of the model. All parameters take real number values. The 200 parameter vectors are ordered by Euclidian distance from a
vector of all zeros, which is shown in row 0. (B) The “10 best” (i.e., lowest RMS error) optimized parameter vectors are plotted separately, and ordered by Euclidian
distance from a vector of all zeros, which is shown in row 0.

with experimental observations. All elevated 5HT after acute
Escitalopram administration (de Montigny et al., 1990; El
Mansari et al., 2005), all responded to acute Escitalopram with
decreased DR unit activity (de Montigny et al., 1990), and
all elevated 5HT to an even higher level after adaptation to
Escitalopram (de Montigny et al., 1990; Invernizzi et al., 1992; El
Mansari et al., 2005). When only the DR 5HT1A autoreceptor
was allowed to adapt, all desensitized this receptor to reduce
activation error (de Montigny et al., 1990; Naudon et al., 2002).
The fit with the RMS error of 9.93 was selected for further
analysis. It was considered representative because it had an error
near the top of the error range but still displayed the required
adaptive capability. The model with the representative parameter
set was used in the generation of all subsequent results.

Characterizing Baseline (No-drug)
Behavior
The baseline activity of the units in the model instantiated with
the representative parameter set is shown in Figure 3A. Following
an initial transient, all units settle into a stable oscillation
about a constant offset (see section “Materials and Methods”).
Oscillation of unit activation was expected based on asymmetries
due to known interconnections and predominant receptor-
type polarities (e.g., DR inhibits LC but LC excites DR). Such
complex oscillation is in qualitative agreement with observation
(Gao et al., 2007; Fujisawa and Buzsaki, 2011). Neurons in the
monoaminergic nuclei, and in the non-monoaminergic regions
with which they interact, oscillate at multiple frequencies (ibid).
We made no attempt to match model and real oscillation
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FIGURE 3 | Model element activities in the baseline (no-drug) condition and acute (no adaptation) Escitalopram condition. (A) The blue line in each plot shows the
activity of a different model unit across 150 time steps in the normal (no-drug) baseline condition. The superimposed red line is the average activity computed over
the second half of the time series for the corresponding unit. These constant values for the normal condition are the baseline activations that define the normative
activation of the network. (B) The blue line in each plot shows the activity of a different model unit across 150 time steps in the acute (no adaptation) Escitalopram
condition. The red line represents the average activity of each unit at baseline, plotting the same constant value as in (A). Note that Escitalopram changes the
average activity level of all of the units, and especially of the DR unit.

frequencies quantitatively; the model time-step length is arbitrary
because we were interested only in average unit activations. The
value of the activation of any unit under any condition (drug or
no-drug) was taken as the average activity of the unit over the
second half of the time series. In the no-drug case, the averaged
value for each unit is the normative, baseline activation for that
unit. The average activation of the DR, LC, and VTA units along
with the efficacies of the 5HT, NE, and DA transporters and drugs
(if present) determine, respectively, the average amount of release
of 5HT, NE, and DA in the model.

The responses of this network to acute Escitalopram
administration are shown in Figure 3B. The drug administration

is acute in the sense that neuroadaptation due to receptor
strength adjustment has not yet occurred. As in all drug
conditions, the Escitalopram level is maintained over the course
of the evaluation. Administration of Escitalopram changes the
activation levels of the units including DR, LC, and VTA. This
is consistent with experimental findings showing that acute
administration of antidepressants can change the firing rates of
neurons in those nuclei (reviewed in Blier and El Mansari, 2013,
see also Supplementary Section S3).

The activations of the monoaminergic units in the model
instantiated with the representative parameter set under the
acute influence of all the drugs and combinations, expressed
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FIGURE 4 | Agreement between observed and simulated percentage activation changes following acute or chronic drug administration. (A) Each row shows the
percentage change from normal activation of the DR, LC, and VTA units, respectively, due to acute administration of the drug(s) in each column. The red bar
represents the empirical value observed by the Blier lab, while the blue bar represents the computational value produced by the model. The model is parameterized
using the representative parameterization (RMS error is 9.93, see text). (B) Each row shows the percentage change from normal activation of the DR, LC, and VTA
units, respectively, in response to chronic administration of the drug(s) in each column. The red bar represents the value observed by the Blier lab. The blue bar
represents the computational value produced by the model, each selected from among many adaptation runs for its agreement with the data (different runs
produced different activation patterns; see text). The RMS error between the observed and computational values at the chronic stage is 9.58. Abbreviations:
Escitalopram, Esc; Nomifensine, Nom; Reboxetine, Reb; Trazodone, Trz; Asenapine, Asn; Aripiprazole, Arp; Bupropion, Bup; Quetiapine, hQuet;
Escitalopram + Aripiprazole, EsArp; Escitalopram + Quetiapine, EsQuet.

as percentage changes from baseline, are shown in Figure 4A
(blue bars). The percentage changes of actual DR, LC, and
VTA units observed by the Blier lab under the acute influence
of the same drugs and combinations (red bars) are shown
for comparison. These plots demonstrate the model’s ability to
reproduce the data concerning the acute effects of antidepressant
drugs on neurons in the three monoaminergic nuclei. From the
homeostatic viewpoint, drug-induced deviations from baseline
activity can be interpreted as errors. We define the activation

error as the sum of the absolute differences of the average
monoaminergic unit activations from their baseline activations.

Verifying Agreement between the
MATLAB and Maude Versions of the
Model
In addition to being used to optimize model parameters and for
preliminary adaptation runs, the MATLAB program was used as a
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crosscheck for the Maude specification. Extensive crosschecking
assured that the Maude and MATLAB versions of the model
computed the same unit activations and transmitter levels in
the no-drug and in all acute drug conditions. This validation
step ensures that both versions of the model are consistent with
each other and with the data on the acute effects of drugs on
the activity of DR, LC, and VTA neurons. To verify agreement
between the MATLAB and Maude versions, the values of multiple
variables were compared after the same number of time steps
(150) in both programs. We found that the activity levels of
all six units (DR, LC, VTA, tCRF, Tgal, Tglu) and levels of all
of the neurotransmitters were in agreement between the two
programs after 150 iterations to four significant places in the
no-drug condition.

We also verified that the two versions agreed on the
effects of all drugs and combinations (Escitalopram,
Nomifensine, Reboxetine, Trazodone, Asenapine, Aripiprazole,
Bupropion, Quetiapine, Escitalopram/Aripiprazole, and
Escitalopram/Quetiapine). We found agreement on the activity
levels of all six units, levels of all of the neurotransmitters, and
activation errors after 150 iterations to four significant places
with acute administration (no-adaptation) of all of the drugs and
combinations. The crosscheck strengthens confidence that the
MATLAB and Maude results are uncorrupted by programming
error.

Characterizing Adaptive Behavior
To obtain a preliminary view of the adaptive capability of the
model, only the DR 5HT1A autoreceptor was allowed to make
adaptive adjustments. This preliminary evaluation was carried
out using MATLAB, in which receptor strength adjustments are
made along a single pathway (i.e., a single sequence of receptor
strength adjustments). The DR 5HT1A could be adjusted up or
down by 1 (or by a fraction, if its value was near the limits of
0 or 10), and the direction of adjustment on any adjustment
step was chosen at random. An adjustment was retained only
if it reduced activation error. These single-pathway adaptation
runs show that desensitization of the DR 5HT1A autoreceptor
decreases activation error and brings the monoaminergic unit
activations back toward baseline. Because the GA-determined
values of the autoreceptor strengths were all near 3 (3.1 for
DR 5HT1A, 3.2 for LC AR2, and 3.2 for VTA D2R in the
representative parameter set; Supplementary Section S3), DR
5HT1A autoreceptors could desensitize almost completely in
3 adjustment steps (3 adjustments down by 1) as part of
simulated neuroadaptation. This is consistent with experimental
observation on DR 5HT1AR desensitization under chronic SSRI
(Blier et al., 1998; Rainer et al., 2012). An example, short
MATLAB adaptation run, out to five adjustments steps, is shown
in Supplementary Figure S1.

In subsequent MATLAB adaptation runs, all 11 adjustable
receptors were allowed to adjust (see Figure 4B) but did so one
at a time along a single adaptive pathway. Both the receptor
and the direction of adjustment (up or down by 1, or less
to reach a receptor-strength limit) were chosen at random at
each adjustment step, and an adjustment was retained only
if it reduced activation error. The fully adjustable model was

allowed to make 100 adjustment steps (only a small number
of these actually reduced activation error). Each column in
Figure 4B shows one specific adaptation run that was chosen
for its agreement with the data. These runs show that agreement
between model (blue bars) and observation (red bars) on changes
in DR, LC, and VTA activation due to chronic antidepressant
administration can be obtained using a receptor strength
adjustment scheme based on neuroadaptation.

Exhaustive Search of Adapted States
We used exhaustive search in Maude to evaluate activation
error and monoaminergic transmitter levels over all possible
sequences (i.e., pathways) of 3 receptor strength adjustments,
including pathways over which error could increase, producing
all possible configurations of receptor strengths reachable
within 3 adjustment steps. Due to limitations in computational
resources, exhaustive searches in Maude were limited to
sequences of 3 receptor strength adjustments (see section
“Materials and Methods”). Single-sequence, random adaptation
runs in MATLAB show that terminal adaptation, in which
further receptor-strength adjustments cannot further reduce
activation error, can occur within 2 or 3 adjustment steps
but require on average about 8 adjustments of size 1
to reach terminal adaptation (Supplementary Figure S2).
Importantly, using MATLAB randomly to sample the space
of terminally adapted configurations shows that they vary
widely rather than converge to one or a few receptor-
strength configurations (Supplementary Figure S3). With 11
adjustable receptors each able to increase or decrease its
strength there would be 228, or over 54 billion, possible
configurations reachable in 8 adjustment steps. Exhaustive
search on this order in Maude was not possible but search
to level 3, which was possible, is highly instructive for three
reasons. First, it is unknown whether a state corresponding
to terminal adaptation occurs in all mice receiving chronic
antidepressant treatment for 14 days (see section “Materials
and Methods”), or in all humans over the course of a clinical
trial (typically 6–8 weeks). Second, the GA-determined value
of the DR 5HT1A autoreceptor (as well as the other two
autoreceptors) in all of the 10 best parameter vectors was
just over 3, so exhaustive search to level 3 includes the
3-step, almost-complete desensitization of the DR 5HT1A
autoreceptor (Supplementary Figure S1). Exhaustive search
to level 3 is therefore appropriate for comparison of other
adapted configurations to the configuration characterized
by almost-complete DR 5HT1A autoreceptor desensitization,
which is currently considered to be the main mechanism
of SSRI effect (Blier et al., 1998; Gray et al., 2013). Third,
exhaustive search obviates concerns over bias inherent in any
kind of sampling of the configuration space, such as the
sampling we did for illustrative purposes in MATLAB described
above.

Because the different drugs and combinations unbalanced
the network to different degrees, we considered as “adapted”
any receptor strength configuration at level 2 or 3 whose
activation error was lower than the lowest level 1 error. We
also set “therapeutic” percentage increases in monoaminergic
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TABLE 2 | Exhaustive searches of adapted receptor strength configurations.

Row
number

Drug(s) Adapted
states

Number (percentage) of adapted states with therapeutic monoamine elevation

5HT DA NE 5HT/DA 5HT/NE DA/NE 5HT/DA/NE

1 Escitalopram 655 192 (29%) 0 0 0 0 0 0

2 Nomifensine 2463 2267 (92%) 2463 (100%) 1628 (66%) 2267 (92%) 1531 (62%) 1628 (66%) 1531 (62%)

3 Reboxetine 1185 0 0 1185 (100%) 0 0 0 0

4 Trazodone 296 0 30 (10%) 54 (18%) 0 0 6 (2%) 0

5 Asenapine 63 0 0 0 0 0 0 0

6 Aripiprazole 706 0 0 0 0 0 0 0

7 Bupropion 1972 469 (24%) 1972 (100%) 1895 (96%) 469 (24%) 469 (24%) 1895 (96%) 469 (24%)

8 Quetiapine 662 0 60 (9%) 662 (100%) 0 0 60 (9%) 0

9 Nomifensine + 2462 2265 (92%) 2462 (100%) 1628 (66%) 2265 (92%) 1531 (62%) 1628 (66%) 1531 (62%)

Escitalopram

10 Reboxetine + 1218 355 (29%) 1049 (86%) 1023 (84%) 309 (25%) 294 (24%) 889 (73%) 260 (21%)

Escitalopram

11 Trazodone + 431 0 175 (41%) 162 (38%) 0 0 73 (17%) 0

Escitalopram

12 Asenapine + 132 2 (2%) 0 74 (56%) 0 0 0 0

Escitalopram

13 Aripiprazole + 179 65 (36%) 47 (26%) 45 (25%) 31 (17%) 0 0 0

Escitalopram

14 Bupropion + 2388 2308 (97%) 2388 (100%) 1760 (74%) 2308 (97%) 1717 (72%) 1760 (74%) 1717 (72%)

Escitalopram

15 Quetiapine + 586 66 (11%) 204 (34%) 586 (100%) 0 66 (11%) 204 (34%) 0

Escitalopram

The model was subjected to chronic administration of eight drugs either alone or in combination with Escitalopram, and made every possible sequence of three allowed
receptor strength adjustments. Adapted states expresses the number of receptor strength configurations (i.e., states) at level 2 or 3 (i.e., after 2 or 3 receptor adjustments)
that have activation error lower than the lowest level 1 error. The other columns show the number of adapted receptor strength configurations (also expressed as a
percentage of the total number of adapted configurations) that are associated with therapeutic elevations in one or more of the monoaminergic neurotransmitters. The
therapeutic levels are >400,>200, and >200% of baseline for 5HT, NE, and DA, respectively.

neurotransmitter levels according to findings from the literature.
The results of the exhaustive searches in Maude are reported
in Table 2 in terms of the percentages of adapted receptor
strength configurations (i.e., states) that are also associated with
therapeutic elevation in one or more of the monoamines. The
main finding is that there are many adapted receptor strength
configurations, but not all of these configurations are also
associated with elevations in the monoamines. The percentages of
adapted configurations that are also associated with therapeutic
elevations in one or more monoamines are taken as estimates
by the model of the percentage efficacies of the corresponding
drug or combination. These percentages are considerably less
than 100% in most cases, translating clinically to unideal efficacies
and heterogeneity among individuals in patterns of monoamine
production following adaptation to the same chronic drug or
drug combination.

DISCUSSION

Our model can reproduce experimental observations based on
the hypothesis that the monoaminergic nervous system adapts
to chronic drugs by adjusting specific receptor strengths so as
to bring the collective activation of the three monoaminergic
nuclei back toward normative levels. It can reconcile findings

on the mechanism of action of SSRIs that up until now have
seemed inconsistent. Specifically, chronic SSRI treatment exposes
all 5HT receptors to chronically elevated levels of 5HT, leading
to desensitization of DR 5HT1A autoreceptors, but not to
desensitization of all other classes of 5HT receptors or even
of 5HT1A heteroreceptors such as those on CA3 neurons
(reviewed in Blier and El Mansari, 2013). Furthermore, DR
5HT1A autoreceptors sometimes fail to desensitize, while some
non-5HT receptors have been found to change their sensitivities
under chronic SSRI (Hawes et al., 2005; Kuteeva et al., 2008; Gray
et al., 2013).

The model demonstrates that DR 5HT1A autoreceptor
desensitization contributes effectively to neuroadaptation under
chronic SSRI when this receptor alone is allowed to adjust. When
all adaptable receptors are allowed to adjust, neuroadaptation
in the model can occur without desensitization of other 5HT
receptor types but with adjustments in non-5HT receptors,
and even in some cases without DR 5HT1A autoreceptor
desensitization. Maude searches reveal that only 12.5% of the
receptor strength configurations adapted to chronic Escitalopram
that are associated with therapeutically elevated 5HT levels also
downregulate the DR 5HT1A autoreceptor. This modeling result
is consistent with clinical findings that chronic SSRIs can, in
some cases, produce a therapeutic elevation in 5HT without
DR 5HT1A autoreceptor desensitization (Gray et al., 2013).
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Our model suggests that the spectrum of observed receptor
strength (sensitivity or expression) changes due to chronic SSRI
can be understood together as part of a larger neuroadaptive
process.

Neuroadaptation as an Explanation for
Antidepressant Response Heterogeneity
A key contribution of our study is a possible explanation for
the clinical finding that SSRIs are effective in less than 50%
of depressed patients. Exhaustive Maude search reveals many
different adapted receptor strength configurations under chronic
Escitalopram (see Table 2). Only 29% of them are also associated
with therapeutically elevated 5HT levels, and close to none of
them are associated with therapeutically elevated levels of any of
the other monoaminergic transmitters. This finding agrees with
the low efficacy rate of 24–55% for SSRIs that has been observed
clinically (Young et al., 2009; Li et al., 2014).

We take the monoamine hypothesis as a starting point
due to the finding that drugs that elevate the monoamines
are effective over placebo in treating depression (Turner
et al., 2008). 5HT may or may not be deficient in depressed
patients (O’Reardon et al., 2004). However, because relief
from depressive symptomatology is associated with elevated
5HT levels (Haddjeri et al., 1998), we take that finding
as a starting point for understanding the chronic effects
of SSRIs. The acute data used to parameterize the model
were derived from normal rats that were not subjected
to stressors or other manipulations designed to evoke
a depressive phenotype (Supplementary Section S3). Our
approach does not assume that monoamine levels are deficient
prior to antidepressant treatment, but it does assume that
monoamine elevation, directly or indirectly, determines
antidepressant efficacy as consistent with the monoamine
hypothesis (Schildkraut, 1965; Stone et al., 2008; Andrews et al.,
2015).

The leading alternative to the monoamine hypothesis
posits that depression is related to a decrease in the level of
hippocampal brain-derived neurotrophic factor (BDNF) leading
to decreased hippocampal neurogenesis (Duman and Monteggia,
2006). However, drugs that elevate monoamine levels also
elevate hippocampal BDNF (Duman et al., 1997; Coppell et al.,
2003; De Foubert et al., 2004; Berger et al., 2010; Castren and
Rantamaki, 2010). Other hypotheses implicate neuropeptide
transmitter systems or the relative activation of interacting
brain regions (Berton and Nestler, 2006). However, depression
relief associated with changes in the levels of neuropeptides,
or in the relative activity of brain regions, are also believed
to be closely associated with elevation in monoamine levels
(reviewed in Stone et al., 2008, see also Supplementary Section
S3). A recent alternative hypothesis suggests that depression
results from alterations in receptor activity due to formation of
homoreceptor and heteroreceptor complexes involving receptor
types including 5HT1A, 5HT7, galR1, and fibroblast growth
factor receptor 1 (FGFR1) (Borroto-Escuela et al., 2010, 2012;
Renner et al., 2012). It is also possible that adaptation to chronic
antidepressant also involves changes in receptor activation

due to receptor complex formation (Borroto-Escuela et al.,
2017). However they occur, changes in receptor strength will
most likely cause changes in transmitter levels, and we assume
that therapeutically elevated monoamines alleviate depressive
symptomatology through associations with mechanisms that
have been suggested previously, such as activation patterns
favoring cortical over limbic structures, increased hippocampal
neurogenesis, and others (Mayberg et al., 2000; Surget et al.,
2008).

Potential Clinical Relevance of Modeling
Results on Antidepressants and
Combinations
The potential clinical relevance of the modeling results is
evaluated on the basis of the idea that depression subtypes
exist and can be categorized as psychotic or melancholic
depression, or as heterogeneous, non-melancholic depressive
disorder (Parker, 2000). Patients with psychotic depression
have consistently been found to respond to antidepressant
drug combinations that chronically elevate DA levels, while
patients with melancholic depression have shown considerable
improvement with interventions that elevate NE levels (Spiker
et al., 1985; Parker et al., 1992; Guelfi et al., 1995; Kelly
and Cooper, 1997). Due to the finding that enhancing 5HT
neurotransmission has been found to alleviate depressive
symptomatology in patients with heterogeneous pathology
not classically associated with either psychotic or melancholic
depression, it has been proposed that serotonergic dysfunction
may explain heterogeneous, non-melancholic depression (Malhi
et al., 2002, 2005).

Although we focus on SSRIs (e.g., Escitalopram), our model
also provides potential insights into the clinical efficacies of some
antidepressant drugs other than Escitalopram, and combinations
of other drugs with Escitalopram. The selective NE and DA
releaser Bupropion, for example, has been shown to be at least
as effective as SSRIs in clinical studies (Thase et al., 2005;
Papakostas et al., 2007). In the model, Bupropion does not
therapeutically elevate 5HT in as high a percentage of adapted
configurations as Escitalopram (24% for Bupropion alone,
29% for Escitalopram alone), but Bupropion therapeutically
elevates both NE and DA in 96% of adapted receptor strength
configurations. Thus, our model suggests that Escitalopram
would be more effective in cases where 5HT alone is deficient
(non-melancholic depression), but that Bupropion would be
most effective in cases where NE or DA is deficient (melancholic
and psychotic depressions, respectively). The model suggests that
Escitalopram or Bupropion alone achieve their main therapeutic
effects through elevation in 5HT, or NE and DA, respectively.
This is consistent with observations that 5HT depletion, but
not NE depletion, cause relapse following chronic Escitalopram
and that NE depletion, but not 5HT depletion, cause relapse
following chronic Bupropion (Cooper et al., 1994; Evans et al.,
2002).

The therapeutic efficacy of the combination of Escitalopram
and Bupropion has not been rigorously studied with placebo
controls, but some depressed patients that did not respond to
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SSRIs showed significant improvement with this combination
(Leuchter et al., 2008). In the model, almost all receptor strength
configurations adapted to chronic Escitalopram/Bupropion
are associated with elevated levels of one or more of the
monoamines, with all three monoamines elevated in 72% of
these configurations. This finding offers the prediction that
the combination of Escitalopram and Bupropion would exhibit
high efficacy in patient populations comprising more than one
depressive subtype.

Nomifensine was found to be an effective antidepressant
before its use was discontinued due to the development of
hemolytic anemia in patients (Brogden et al., 1979; Mueller-
Eckhardt et al., 1988). Because 62% of adapted receptor
strength configurations in our model therapeutically elevate all
three monoamines with chronic Nomifensine, this drug could
be efficacious in depressed patients deficient in any of the
three monoamines. When Nomifensine and Escitalopram are
combined, the monoamine profile we obtained from the model
is very similar to Nomifensine by itself. This was expected
because Nomifensine also targets the 5HT transporter (Brogden
et al., 1979; Tatsumi et al., 1997). The model therefore suggests
that Nomifensine by itself would be an effective antidepressant,
but the use of this drug clinically has been discontinued
(Mueller-Eckhardt et al., 1988). Development of a drug with
a mechanism of action similar to Nomifensine but with fewer
side effects could be useful for a broader range of depressed
patients.

Reboxetine has previously been shown to alleviate depressive
symptomatology by elevating NE levels with chronic use, but
these findings have been contested by a meta-analysis that
includes unpublished clinical trials (Page and Lucki, 2002; Page
et al., 2003; Hajos et al., 2004; Eyding et al., 2010). When
the model was allowed to adapt to Reboxetine, NE was the
only monoamine that was significantly elevated, and reached
therapeutic levels in 100% of adaptive configurations. This is
in agreement with previous findings that chronic Reboxetine
is associated with elevated NE levels (Hajos et al., 2004).
However, antidepressants acting selectively on one monoamine,
such as Reboxetine, alleviate symptoms of depression in a
limited percentage of patients (Kornstein et al., 2009; Eyding
et al., 2010), suggesting that elevating NE alone may not
be sufficient to alleviate depressive symptomatology in most
depressed patients. The combination of Escitalopram and
Reboxetine has been studied in clinical trials with limited
placebo controls, and it was found that the combination reduced
depressive symptomatology in some SSRI non-responders (Rubio
et al., 2004). We hypothesize that this clinical outcome
could result because combining Escitalopram and Reboxetine
increases the number of adapted states in which NE as well
as 5HT levels are therapeutically elevated, providing relief
to patients whose depression involves deficient NE and/or
5HT.

When the model adapted to chronic Trazodone, 10% of
adapted configurations had elevated DA and 18% had elevated
NE, suggesting that this drug should ameliorate depression in
some cases. Trazodone has previously been shown to significantly
improve depressive symptomatology over placebo in depressed

patients (Cunningham et al., 1994; Weisler et al., 1994). Some
authors posit this occurs by improving sleep quality (Weisler
et al., 1994), suggesting that its antidepressant effect may be
secondary to its anti-insomnia effect and may not directly involve
monoamine elevation. The anti-insomnia effect is thought
to be mediated by the effects of Trazodone on histamine
receptors (Stahl, 2009). Histamine was excluded from the model
because it is not co-released by any monoaminergic neurons
and because we found no evidence that histamine receptors
adjust their levels with chronic antidepressant administration.
Trazodone itself was included in our drug corpus because,
as a multi-target drug, it affects the 5HT1A, AR1, and AR2
receptors as well as the serotonin reuptake transporter (SERT)
(Krege et al., 2000; Stahl, 2009), which are represented in
the initial model. Data on trazodone was included mainly
to expand the dataset that was used to parameterize the
model.

Asenapine and Aripiprazole are antipsychotic drugs that
have not been studied by themselves in clinical studies of
unipolar depression. Chronic administration of these drugs
produce very few adapted configurations that are associated
with therapeutically elevated levels of any of the monoamines
in the model, suggesting that Asenapine or Aripiprazole,
administered by themselves, would not be clinically effective
for depressed patients. In the model, 56% of receptor strength
configurations adapted to chronic, combined Escitalopram and
Asenapine were associated with therapeutically elevated NE
levels. The clinical efficacy of the combination of Escitalopram
and Asenapine in depression has not yet been studied, and
our model suggests that this combination may have significant
therapeutic efficacy in patients whose depression involves
deficiencies in NE. The combination of Escitalopram and
Aripiprazole therapeutically elevated 5HT levels in 36% of
adapted receptor strength configurations in the model, which
is somewhat higher than the 29% found with Escitalopram
by itself. The model also found that 17% of configurations
adapted to the combination of Escitalopram and Aripiprazole
elevate both 5HT and DA, whereas no configurations adapted
to Escitalopram alone elevate DA. This modeling result suggests
that the combination of Escitalopram and Aripiprazole may
help alleviate depressive symptomatology in patients whose
depression involves deficiencies in either 5HT or DA, and
agrees with findings that this combination is effective in some
depressed patients who do not respond to SSRIs (Marcus et al.,
2008; Matthews et al., 2009; Boulton et al., 2010; Han et al.,
2013).

Quetiapine (an antipsychotic) by itself has recently been
shown to ameliorate depressive symptomatology in some patients
in its extended release form (Cutler et al., 2009). In our
model, Quetiapine does not therapeutically elevate 5HT in
any configuration, but it does therapeutically elevate NE in all
adapted configurations. Importantly, one of the observed effects
of Quetiapine is to elevate DA levels (Werkman et al., 2004). Only
9% of the receptor configurations adapted to Quetiapine by itself
elevated DA to therapeutic levels in the model, suggesting that
Quetiapine by itself can ameliorate depressive symptomatology
in cases where NE is deficient and in some cases where DA
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is deficient. Although studies to date have not had adequate
controls, the combination of an SSRI and Quetiapine appears
to afford some improvement in patients that did not respond to
SSRIs (Adson et al., 2004; Baune et al., 2007). When the model
adapted to chronic Escitalopram/Quetiapine, 100% of adapted
configurations elevate NE to therapeutic levels, 34% elevate
DA to therapeutic levels, and 11% elevate 5HT to therapeutic
levels. The model found that 34% of adapted receptor strength
configurations had therapeutic elevations in both DA and NE.
This combination could be effective in depressive subtypes that
involve a deficiency of DA and NE, and in some cases where 5HT
is deficient.

Broader Implications
In that it represents all three monoaminergic regions (and
some related systems), our model offers a more complete
representation than other models (Supplementary Section S4).
Our model is the first to represent and integrate factors including
neural activities, neurotransmitter levels, receptor activations,
transporter actions, and the effects of drugs on receptors
and/or transporters. It introduces declarative programming and
exhaustive search methods to the neuropharmacology field, and
shows how the clinical efficacy rates of chronic antidepressant
drugs could be related to the percentages of adapted receptor
strength configurations that are associated with high levels of
production of one or more monoaminergic neurotransmitters in
a computational model.

The most interesting properties of the model are that the
units representing the monoaminergic nuclei have many options
available for adapting to chronic antidepressants, and that
adapted networks vary in their patterns of release of the three
monoaminergic neurotransmitters. It is crucial to point out that
the activities of real neurons in the three monoaminergic brain
regions do not all return to their individual, normative baselines
under chronic administration of most antidepressant drugs or
drug combinations. This is apparent from the experimental
data summarized in Figure 4B, where the red bars show
the percentage change from baseline in the activities of real
DR, LC, and VTA neurons due to chronic antidepressant.
These findings suggest that the three monoaminergic nuclei
adapt collectively, rather than individually, and reach a
“compromise” among the three in terms of their activations
and transmitter release levels. The model demonstrates how
the monoaminergic systems of different humans could follow
different neuroadaptive pathways and may not all reach the
same compromise under chronic administration of the same
antidepressant, especially if they differ realistically in genetic
makeup, prior experience, living conditions, and in other ways,
thus accounting for the clinical heterogeneity in the response to
antidepressants.

The model makes the general prediction that the
monoaminergic systems of individuals of the same species,
especially if they differ genetically or in previous experience or
in environmental conditions or in other relevant ways, should
differ in the patterns of activation of the three monoaminergic
nuclei (DR, LC, and VTA) and of release of the three

monoaminergic neurotransmitters (5HT, NE, and DA) under
chronic administration of the same antidepressant drug or drug
combination. Although genetic and environmental associations
between monoamine levels, depression susceptibility, and
antidepressant response have been explored (Rogers et al.,
2004; Walf and Frye, 2010), experiments designed directly
to test this general prediction have not been undertaken
but would be needed to validate our modeling approach.
The null hypothesis is that the monoaminergic systems of
individuals of the same species will all attain the same
patterns of activation of the three monoaminergic nuclei and
release of the three monoaminergic neurotransmitters under
chronic administration of the same antidepressant drug or
drug combination, regardless of differences in strain or prior
experience or environmental conditions or in other relevant
factors. Verification of this null hypothesis would be of immense
value in itself.

AUTHOR CONTRIBUTIONS

MC performed the literature searches, wrote the computer
programs, performed all computer optimizations, simulations,
and analysis, collected all the data, and wrote the manuscript.
TA designed the study, developed the methodology, wrote the
initial computer programs, directed the research, and co-wrote
the manuscript.

FUNDING

We thank the Beckman Institute for Advanced Science
and Technology at the University of Illinois at Urbana-
Champaign for providing funds for accessing the high-
performance workstations in the Beckman Institute Visualization
Laboratory.

ACKNOWLEDGMENTS

We thank Ignacia Caviedes, Haven Comeaux, Kate Hamblen,
Emily Hamm, Neena Joshi, Mahak Lalani, Diana Masolak,
Cassandra Mora, and Katherine Zitello for their help in
compiling the database of experimental facts on which the
monoaminergic nervous system model is based. We also thank
Travis Ross at the Beckman Institute for Advanced Science
and Technology for his help in accessing and using the high-
performance workstations in the Beckman Institute Visualization
Laboratory.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2017.00925/full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org 14 December 2017 | Volume 8 | Article 925

https://www.frontiersin.org/articles/10.3389/fphar.2017.00925/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2017.00925/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-08-00925 December 19, 2017 Time: 16:59 # 15

Camacho and Anastasio Modeling Antidepressant Response Heterogeneity

REFERENCES
Adson, D. E., Kushner, M. G., Eiben, K. M., and Schulz, S. C. (2004). Preliminary

experience with adjunctive quetiapine in patients receiving selective
serotonin reuptake inhibitors. Depress. Anxiety 19, 121–126. doi: 10.1002/
da.10137

Andrews, P. W., Bharwani, A., Lee, K. R., Fox, M., and Thomson, J. A. Jr. (2015). Is
serotonin an upper or a downer? The evolution of the serotonergic system and
its role in depression and the antidepressant response. Neurosci. Biobehav. Rev.
51, 164–188. doi: 10.1016/j.neubiorev.2015.01.018

Artigas, F., Perez, V., and Alvarez, E. (1994). Pindolol induces a rapid
improvement of depressed patients treated with serotonin reuptake inhibitors.
Arch. Gen. Psychiatry 51, 248–251. doi: 10.1001/archpsyc.1994.03950030
084009

Artigas, F., Romero, L., de Montigny, C., and Blier, P. (1996). Acceleration
of the effect of selected antidepressant drugs in major depression by
5-HT1A antagonists. Trends Neurosci. 19, 378–383. doi: 10.1016/S0166-
2236(96)10037-0

Baune, B. T., Caliskan, S., and Todder, D. (2007). Effects of adjunctive
antidepressant therapy with quetiapine on clinical outcome, quality of sleep and
daytime motor activity in patients with treatment-resistant depression. Hum.
Psychopharmacol. 22, 1–9. doi: 10.1002/hup.817

Berger, W., Mehra, A., Lenoci, M., Metzler, T. J., Otte, C., Tarasovsky, G.,
et al. (2010). Serum brain-derived neurotrophic factor predicts
responses to escitalopram in chronic posttraumatic stress disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 34, 1279–1284. doi: 10.1016/j.pnpbp.
2010.07.008

Berney, A., Nishikawa, M., Benkelfat, C., Debonnel, G., Gobbi, G., and Diksic, M.
(2008). An index of 5-HT synthesis changes during early antidepressant
treatment: alpha-[11C]methyl-L-tryptophan PET study. Neurochem. Int. 52,
701–708. doi: 10.1016/j.neuint.2007.08.021

Berton, O., and Nestler, E. J. (2006). New approaches to antidepressant drug
discovery: beyond monoamines. Nat. Rev. Neurosci. 7, 137–151. doi: 10.1038/
nrn1846

Beyer, C. E., and Cremers, T. I. (2008). Do selective serotonin reuptake inhibitors
acutely increase frontal cortex levels of serotonin? Eur. J. Pharmacol. 580,
350–354. doi: 10.1016/j.ejphar.2007.11.028

Blier, P., and de Montigny, C. (1987). Modification of 5-HT neuron properties by
sustained administration of the 5-HT1A agonist gepirone: electrophysiological
studies in the rat brain. Synapse 1, 470–480. doi: 10.1002/syn.890010511

Blier, P., and de Montigny, C. (1994). Current advances and trends in the treatment
of depression. Trends Pharmacol. Sci. 15, 220–226. doi: 10.1016/0165-6147(94)
90315-8

Blier, P., and El Mansari, M. (2013). Serotonin and beyond: therapeutics for major
depression. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368:20120536. doi: 10.1098/
rstb.2012.0536

Blier, P., Pineyro, G., el Mansari, M., Bergeron, R., and de Montigny, C.
(1998). Role of somatodendritic 5-HT autoreceptors in modulating 5-HT
neurotransmission. Ann. N. Y. Acad. Sci. 861, 204–216. doi: 10.1111/j.1749-
6632.1998.tb10192.x

Borroto-Escuela, D. O., Carlsson, J., Ambrogini, P., Narvaez, M., Wydra, K.,
Tarakanov, A. O., et al. (2017). Understanding the role of GPCR heteroreceptor
complexes in modulating the brain networks in health and disease. Front. Cell.
Neurosci. 11:37. doi: 10.3389/fncel.2017.00037

Borroto-Escuela, D. O., Narvaez, M., Marcellino, D., Parrado, C., Narvaez,
J. A., Tarakanov, A. O., et al. (2010). Galanin receptor-1 modulates
5-hydroxtryptamine-1A signaling via heterodimerization. Biochem. Biophys.
Res. Commun. 393, 767–772. doi: 10.1016/j.bbrc.2010.02.078

Borroto-Escuela, D. O., Romero-Fernandez, W., Mudo, G., Perez-Alea, M.,
Ciruela, F., Tarakanov, A. O., et al. (2012). Fibroblast growth factor receptor 1-
5-hydroxytryptamine 1A heteroreceptor complexes and their enhancement of
hippocampal plasticity. Biol. Psychiatry 71, 84–91. doi: 10.1016/j.biopsych.2011.
09.012

Boulton, D. W., Balch, A. H., Royzman, K., Patel, C. G., Berman, R. M.,
Mallikaarjun, S., et al. (2010). The pharmacokinetics of standard
antidepressants with aripiprazole as adjunctive therapy: studies in healthy
subjects and in patients with major depressive disorder. J. Psychopharmacol. 24,
537–546. doi: 10.1177/0269881108096522

Brogden, R. N., Heel, R. C., Speight, T. M., and Avery, G. S. (1979). Nomifensine: a
review of its pharmacological properties and therapeutic efficacy in depressive
illness. Drugs 18, 1–24. doi: 10.2165/00003495-197918010-00001

Bymaster, F. P., Zhang, W., Carter, P. A., Shaw, J., Chernet, E., Phebus, L.,
et al. (2002). Fluoxetine, but not other selective serotonin uptake inhibitors,
increases norepinephrine and dopamine extracellular levels in prefrontal
cortex. Psychopharmacology 160, 353–361. doi: 10.1007/s00213-001-0986-x

Can, A., Dao, D. T., Arad, M., Terrillion, C. E., Piantadosi, S. C., and Gould, T. D.
(2012). The mouse forced swim test. J. Vis. Exp. 59:e3638.

Castren, E., and Rantamaki, T. (2010). The role of BDNF and its receptors
in depression and antidepressant drug action: reactivation of developmental
plasticity. Dev. Neurobiol. 70, 289–297. doi: 10.1002/dneu.20758

Ceglia, I., Acconcia, S., Fracasso, C., Colovic, M., Caccia, S., and Invernizzi,
R. W. (2004). Effects of chronic treatment with escitalopram or citalopram on
extracellular 5-HT in the prefrontal cortex of rats: role of 5-HT1A receptors. Br.
J. Pharmacol. 142, 469–478. doi: 10.1038/sj.bjp.0705800

Celada, P., Puig, M., Amargos-Bosch, M., Adell, A., and Artigas, F. (2004). The
therapeutic role of 5-HT1A and 5-HT2A receptors in depression. J. Psychiatry
Neurosci. 29, 252–265.

Chernoloz, O., El Mansari, M., and Blier, P. (2009). Electrophysiological studies
in the rat brain on the basis for aripiprazole augmentation of antidepressants
in major depressive disorder. Psychopharmacology 206, 335–344. doi: 10.1007/
s00213-009-1611-7

Cooper, B. R., Wang, C. M., Cox, R. F., Norton, R., Shea, V., and Ferris,
R. M. (1994). Evidence that the acute behavioral and electrophysiological
effects of bupropion (Wellbutrin) are mediated by a noradrenergic mechanism.
Neuropsychopharmacology 11, 133–141. doi: 10.1038/npp.1994.43

Coppell, A. L., Pei, Q., and Zetterstrom, T. S. (2003). Bi-phasic change in BDNF
gene expression following antidepressant drug treatment. Neuropharmacology
44, 903–910. doi: 10.1016/S0028-3908(03)00077-7

Coppen, A. (1967). The biochemistry of affective disorders. Br. J. Psychiatry 113,
1237–1264. doi: 10.1192/bjp.113.504.1237

Cunningham, L. A., Borison, R. L., Carman, J. S., Chouinard, G., Crowder, J. E.,
Diamond, B. I., et al. (1994). A comparison of venlafaxine, trazodone, and
placebo in major depression. J. Clin. Psychopharmacol. 14, 99–106. doi: 10.1097/
00004714-199404000-00003

Cutler, A. J., Montgomery, S. A., Feifel, D., Lazarus, A., Astrom, M., and Brecher, M.
(2009). Extended release quetiapine fumarate monotherapy in major depressive
disorder: a placebo- and duloxetine-controlled study. J. Clin. Psychiatry 70,
526–539. doi: 10.4088/JCP.08m04592

De Foubert, G., Carney, S. L., Robinson, C. S., Destexhe, E. J., Tomlinson, R.,
Hicks, C. A., et al. (2004). Fluoxetine-induced change in rat brain expression
of brain-derived neurotrophic factor varies depending on length of treatment.
Neuroscience 128, 597–604. doi: 10.1016/j.neuroscience.2004.06.054

de Montigny, C., Chaput, Y., and Blier, P. (1990). Modification of serotonergic
neuron properties by long-term treatment with serotonin reuptake blockers.
J. Clin. Psychiatry 51(Suppl. B), 4–8.

Dulawa, S. C., and Hen, R. (2005). Recent advances in animal models of chronic
antidepressant effects: the novelty-induced hypophagia test. Neurosci. Biobehav.
Rev. 29, 771–783. doi: 10.1016/j.neubiorev.2005.03.017

Duman, R. S., Heninger, G. R., and Nestler, E. J. (1997). A molecular and cellular
theory of depression. Arch. Gen. Psychiatry 54, 597–606. doi: 10.1001/archpsyc.
1997.01830190015002

Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-
related mood disorders. Biol. Psychiatry 59, 1116–1127. doi: 10.1016/j.biopsych.
2006.02.013

El Iskandrani, K. S., Oosterhof, C. A., El Mansari, M., and Blier, P. (2015). Impact
of subanesthetic doses of ketamine on AMPA-mediated responses in rats:
an in vivo electrophysiological study on monoaminergic and glutamatergic
neurons. J. Psychopharmacol. 29, 792–801. doi: 10.1177/0269881115573809

El Mansari, M., Ghanbari, R., Janssen, S., and Blier, P. (2008). Sustained
administration of bupropion alters the neuronal activity of serotonin,
norepinephrine but not dopamine neurons in the rat brain. Neuropharmacology
55, 1191–1198. doi: 10.1016/j.neuropharm.2008.07.028

El Mansari, M., Manta, S., Oosterhof, C., El Iskandrani, K. S., Chenu, F., Shim, S.,
et al. (2015). Restoration of serotonin neuronal firing following long-term
administration of bupropion but not paroxetine in olfactory bulbectomized
rats. Int. J. Neuropsychopharmacol. 18:pyu050. doi: 10.1093/ijnp/pyu050

Frontiers in Pharmacology | www.frontiersin.org 15 December 2017 | Volume 8 | Article 925

https://doi.org/10.1002/da.10137
https://doi.org/10.1002/da.10137
https://doi.org/10.1016/j.neubiorev.2015.01.018
https://doi.org/10.1001/archpsyc.1994.03950030084009
https://doi.org/10.1001/archpsyc.1994.03950030084009
https://doi.org/10.1016/S0166-2236(96)10037-0
https://doi.org/10.1016/S0166-2236(96)10037-0
https://doi.org/10.1002/hup.817
https://doi.org/10.1016/j.pnpbp.2010.07.008
https://doi.org/10.1016/j.pnpbp.2010.07.008
https://doi.org/10.1016/j.neuint.2007.08.021
https://doi.org/10.1038/nrn1846
https://doi.org/10.1038/nrn1846
https://doi.org/10.1016/j.ejphar.2007.11.028
https://doi.org/10.1002/syn.890010511
https://doi.org/10.1016/0165-6147(94)90315-8
https://doi.org/10.1016/0165-6147(94)90315-8
https://doi.org/10.1098/rstb.2012.0536
https://doi.org/10.1098/rstb.2012.0536
https://doi.org/10.1111/j.1749-6632.1998.tb10192.x
https://doi.org/10.1111/j.1749-6632.1998.tb10192.x
https://doi.org/10.3389/fncel.2017.00037
https://doi.org/10.1016/j.bbrc.2010.02.078
https://doi.org/10.1016/j.biopsych.2011.09.012
https://doi.org/10.1016/j.biopsych.2011.09.012
https://doi.org/10.1177/0269881108096522
https://doi.org/10.2165/00003495-197918010-00001
https://doi.org/10.1007/s00213-001-0986-x
https://doi.org/10.1002/dneu.20758
https://doi.org/10.1038/sj.bjp.0705800
https://doi.org/10.1007/s00213-009-1611-7
https://doi.org/10.1007/s00213-009-1611-7
https://doi.org/10.1038/npp.1994.43
https://doi.org/10.1016/S0028-3908(03)00077-7
https://doi.org/10.1192/bjp.113.504.1237
https://doi.org/10.1097/00004714-199404000-00003
https://doi.org/10.1097/00004714-199404000-00003
https://doi.org/10.4088/JCP.08m04592
https://doi.org/10.1016/j.neuroscience.2004.06.054
https://doi.org/10.1016/j.neubiorev.2005.03.017
https://doi.org/10.1001/archpsyc.1997.01830190015002
https://doi.org/10.1001/archpsyc.1997.01830190015002
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1177/0269881115573809
https://doi.org/10.1016/j.neuropharm.2008.07.028
https://doi.org/10.1093/ijnp/pyu050
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-08-00925 December 19, 2017 Time: 16:59 # 16

Camacho and Anastasio Modeling Antidepressant Response Heterogeneity

El Mansari, M., Sanchez, C., Chouvet, G., Renaud, B., and Haddjeri, N. (2005).
Effects of acute and long-term administration of escitalopram and citalopram
on serotonin neurotransmission: an in vivo electrophysiological study in rat
brain. Neuropsychopharmacology 30, 1269–1277. doi: 10.1038/sj.npp.1300686

Evans, L., Golshan, S., Kelsoe, J., Rapaport, M., Resovsky, K., Sutton, L., et al.
(2002). Effects of rapid tryptophan depletion on sleep electroencephalogram
and mood in subjects with partially remitted depression on bupropion.
Neuropsychopharmacology 27, 1016–1026. doi: 10.1016/S0893-133X(02)
00362-7

Eyding, D., Lelgemann, M., Grouven, U., Harter, M., Kromp, M., Kaiser, T.,
et al. (2010). Reboxetine for acute treatment of major depression: systematic
review and meta-analysis of published and unpublished placebo and selective
serotonin reuptake inhibitor controlled trials. BMJ 341:c4737. doi: 10.1136/bmj.
c4737

Fernandez Macedo, G. V., Cladouchos, M. L., Sifonios, L., Cassanelli, P. M., and
Wikinski, S. (2013). Effects of fluoxetine on CRF and CRF1 expression in
rats exposed to the learned helplessness paradigm. Psychopharmacology 225,
647–659. doi: 10.1007/s00213-012-2859-x

Fujisawa, S., and Buzsaki, G. (2011). A 4 Hz oscillation adaptively synchronizes
prefrontal, VTA, and hippocampal activities. Neuron 72, 153–165. doi: 10.1016/
j.neuron.2011.08.018

Gagnon, D., and Parent, M. (2014). Distribution of VGLUT3 in highly
collateralized axons from the rat dorsal raphe nucleus as revealed by single-
neuron reconstructions. PLOS ONE 9:e87709. doi: 10.1371/journal.pone.
0087709

Gao, M., Liu, C. L., Yang, S., Jin, G. Z., Bunney, B. S., and Shi, W. X. (2007).
Functional coupling between the prefrontal cortex and dopamine neurons
in the ventral tegmental area. J. Neurosci. 27, 5414–5421. doi: 10.1523/
JNEUROSCI.5347-06.2007

Ghanbari, R., El Mansari, M., and Blier, P. (2010). Sustained administration
of trazodone enhances serotonergic neurotransmission: in vivo
electrophysiological study in the rat brain. J. Pharmacol. Exp. Ther. 335,
197–206. doi: 10.1124/jpet.110.169417

Ghanbari, R., El Mansari, M., and Blier, P. (2012). Electrophysiological impact
of trazodone on the dopamine and norepinephrine systems in the rat
brain. Eur. Neuropsychopharmacol. 22, 518–526. doi: 10.1016/j.euroneuro.2011.
11.005

Gray, N. A., Milak, M. S., DeLorenzo, C., Ogden, R. T., Huang, Y. Y., Mann,
J. J., et al. (2013). Antidepressant treatment reduces serotonin-1A autoreceptor
binding in major depressive disorder. Biol. Psychiatry 74, 26–31. doi: 10.1016/j.
biopsych.2012.11.012

Guelfi, J. D., White, C., Hackett, D., Guichoux, J. Y., and Magni, G. (1995).
Effectiveness of venlafaxine in patients hospitalized for major depression and
melancholia. J. Clin. Psychiatry 56, 450–458.

Haddjeri, N., Blier, P., and de Montigny, C. (1998). Long-term antidepressant
treatments result in a tonic activation of forebrain 5-HT1A receptors.
J. Neurosci. 18, 10150–10156.

Hajos, M., Fleishaker, J. C., Filipiak-Reisner, J. K., Brown, M. T., and Wong,
E. H. F. (2004). The selective norepinephrine reuptake inhibitor antidepressant
reboxetine: pharmacological and clinical profile. CNS Drug Rev. 10, 23–44.
doi: 10.1111/j.1527-3458.2004.tb00002.x

Han, C., Wang, S. M., Kato, M., Lee, S. J., Patkar, A. A., Masand, P. S., et al.
(2013). Second-generation antipsychotics in the treatment of major depressive
disorder: current evidence. Expert Rev. Neurother. 13, 851–870. doi: 10.1586/
14737175.2013.811901

Hawes, J. J., Brunzell, D. H., Wynick, D., Zachariou, V., and Picciotto, M. R. (2005).
GalR1, but not GalR2 or GalR3, levels are regulated by galanin signaling in the
locus coeruleus through a cyclic AMP-dependent mechanism. J. Neurochem. 93,
1168–1176. doi: 10.1111/j.1471-4159.2005.03105.x

Hensler, J. G. (2003). Regulation of 5-HT1A receptor function in brain following
agonist or antidepressant administration. Life Sci. 72, 1665–1682. doi: 10.1016/
S0024-3205(02)02482-7

Invernizzi, R., Belli, S., and Samanin, R. (1992). Citalopram’s ability to increase the
extracellular concentrations of serotonin in the dorsal raphe prevents the drug’s
effect in the frontal cortex. Brain Res. 584, 322–324. doi: 10.1016/0006-8993(92)
90914-U

Katz, N. S., Guiard, B. P., El Mansari, M., and Blier, P. (2010). Effects of acute and
sustained administration of the catecholamine reuptake inhibitor nomifensine

on the firing activity of monoaminergic neurons. J. Psychopharmacol. 24,
1223–1235. doi: 10.1177/0269881109348178

Kelly, C. B., and Cooper, S. J. (1997). Plasma noradrenaline response to
electroconvulsive therapy in depressive illness. Br. J. Psychiatry 171, 182–186.
doi: 10.1192/bjp.171.2.182

Koenig, A. M., and Thase, M. E. (2009). First-line pharmacotherapies for
depression - what is the best choice? Pol. Arch. Med. Wewn. 119,
478–486.

Kornstein, S. G., Li, D., Mao, Y., Larsson, S., Andersen, H. F., and Papakostas,
G. I. (2009). Escitalopram versus SNRI antidepressants in the acute
treatment of major depressive disorder: integrative analysis of four double-
blind, randomized clinical trials. CNS Spectr. 14, 326–333. doi: 10.1017/
S1092852900020320

Krege, S., Goepel, M., Sperling, H., and Michel, M. C. (2000). Affinity of trazodone
for human penile alpha1- andalpha2-adrenoceptors. BJU Int. 85, 959–961.
doi: 10.1046/j.1464-410x.2000.00601.x

Kuteeva, E., Wardi, T., Lundstrom, L., Sollenberg, U., Langel, U., Hokfelt, T.,
et al. (2008). Differential role of galanin receptors in the regulation of
depression-like behavior and monoamine/stress-related genes at the cell
body level. Neuropsychopharmacology 33, 2573–2585. doi: 10.1038/sj.npp.
1301660

Leuchter, A. F., Lesser, I. M., Trivedi, M. H., Rush, A. J., Morris, D. W., Warden, D.,
et al. (2008). An open pilot study of the combination of escitalopram and
bupropion-SR for outpatients with major depressive disorder. J. Psychiatr.
Pract. 14, 271–280. doi: 10.1097/01.pra.0000336754.19566.65

Li, H., Li, T., Li, G., and Luo, J. (2014). Citalopram and escitalopram in the
treatment of major depressive disorder: a pooled analysis of 3 clinical trials.
Ann. Clin. Psychiatry 26, 281–287.

Liu, Z., Zhou, J., Li, Y., Hu, F., Lu, Y., Ma, M., et al. (2014). Dorsal raphe
neurons signal reward through 5-HT and glutamate. Neuron 81, 1360–1374.
doi: 10.1016/j.neuron.2014.02.010

Luenberger, D. (1979). Introduction to Dynamic Systems: Theory, Models, and
Applications. Hoboken, NJ: John Wiley & Sons.

Madhavan, A., Argilli, E., Bonci, A., and Whistler, J. L. (2013). Loss of D2
dopamine receptor function modulates cocaine-induced glutamatergic synaptic
potentiation in the ventral tegmental area. J. Neurosci. 33, 12329–12336.
doi: 10.1523/JNEUROSCI.0809-13.2013

Malhi, G. S., Parker, G. B., Gladstone, G., Wilhelm, K., and Mitchell, P. B. (2002).
Recognizing the anxious face of depression. J. Nerv. Ment. Dis. 190, 366–373.
doi: 10.1097/00005053-200206000-00004

Malhi, G. S., Parker, G. B., and Greenwood, J. (2005). Structural and functional
models of depression: from sub-types to substrates. Acta Psychiatr. Scand. 111,
94–105. doi: 10.1111/j.1600-0447.2004.00475.x

Marcus, R. N., McQuade, R. D., Carson, W. H., Hennicken, D., Fava, M., Simon,
J. S., et al. (2008). The efficacy and safety of aripiprazole as adjunctive therapy
in major depressive disorder: a second multicenter, randomized, double-blind,
placebo-controlled study. J. Clin. Psychopharmacol. 28, 156–165. doi: 10.1097/
JCP.0b013e31816774f9

Matthews, J. D., Siefert, C., Dording, C., Denninger, J. W., Park, L., van
Nieuwenhuizen, A. O., et al. (2009). An open study of aripiprazole and
escitalopram for psychotic major depressive disorder. J. Clin. Psychopharmacol.
29, 73–76. doi: 10.1097/JCP.0b013e318193dfb4

Mayberg, H. S., Brannan, S. K., Tekell, J. L., Silva, J. A., Mahurin, R. K.,
McGinnis, S., et al. (2000). Regional metabolic effects of fluoxetine in major
depression: serial changes and relationship to clinical response. Biol. Psychiatry
48, 830–843. doi: 10.1016/S0006-3223(00)01036-2

Melander, T., Hokfelt, T., Rokaeus, A., Cuello, A. C., Oertel, W. H.,
Verhofstad, A., et al. (1986). Coexistence of galanin-like immunoreactivity
with catecholamines, 5-hydroxytryptamine, GABA and neuropeptides in the rat
CNS. J. Neurosci. 6, 3640–3654.

Mueller-Eckhardt, G., Giers, G., Salama, A., Schendel, D. J., Fass, G., and Mueller-
Eckhardt, C. (1988). Major histocompatibility complex markers in patients
with nomifensine-induced immune hemolytic anemia. Vox Sang. 54, 59–61.
doi: 10.1111/j.1423-0410.1988.tb01615.x

Naudon, L., El Yacoubi, M., Vaugeois, J. M., Leroux-Nicollet, I., and Costentin, J.
(2002). A chronic treatment with fluoxetine decreases 5-HT(1A) receptors
labeling in mice selected as a genetic model of helplessness. Brain Res. 936,
68–75. doi: 10.1016/S0006-8993(02)02548-9

Frontiers in Pharmacology | www.frontiersin.org 16 December 2017 | Volume 8 | Article 925

https://doi.org/10.1038/sj.npp.1300686
https://doi.org/10.1016/S0893-133X(02)00362-7
https://doi.org/10.1016/S0893-133X(02)00362-7
https://doi.org/10.1136/bmj.c4737
https://doi.org/10.1136/bmj.c4737
https://doi.org/10.1007/s00213-012-2859-x
https://doi.org/10.1016/j.neuron.2011.08.018
https://doi.org/10.1016/j.neuron.2011.08.018
https://doi.org/10.1371/journal.pone.0087709
https://doi.org/10.1371/journal.pone.0087709
https://doi.org/10.1523/JNEUROSCI.5347-06.2007
https://doi.org/10.1523/JNEUROSCI.5347-06.2007
https://doi.org/10.1124/jpet.110.169417
https://doi.org/10.1016/j.euroneuro.2011.11.005
https://doi.org/10.1016/j.euroneuro.2011.11.005
https://doi.org/10.1016/j.biopsych.2012.11.012
https://doi.org/10.1016/j.biopsych.2012.11.012
https://doi.org/10.1111/j.1527-3458.2004.tb00002.x
https://doi.org/10.1586/14737175.2013.811901
https://doi.org/10.1586/14737175.2013.811901
https://doi.org/10.1111/j.1471-4159.2005.03105.x
https://doi.org/10.1016/S0024-3205(02)02482-7
https://doi.org/10.1016/S0024-3205(02)02482-7
https://doi.org/10.1016/0006-8993(92)90914-U
https://doi.org/10.1016/0006-8993(92)90914-U
https://doi.org/10.1177/0269881109348178
https://doi.org/10.1192/bjp.171.2.182
https://doi.org/10.1017/S1092852900020320
https://doi.org/10.1017/S1092852900020320
https://doi.org/10.1046/j.1464-410x.2000.00601.x
https://doi.org/10.1038/sj.npp.1301660
https://doi.org/10.1038/sj.npp.1301660
https://doi.org/10.1097/01.pra.0000336754.19566.65
https://doi.org/10.1016/j.neuron.2014.02.010
https://doi.org/10.1523/JNEUROSCI.0809-13.2013
https://doi.org/10.1097/00005053-200206000-00004
https://doi.org/10.1111/j.1600-0447.2004.00475.x
https://doi.org/10.1097/JCP.0b013e31816774f9
https://doi.org/10.1097/JCP.0b013e31816774f9
https://doi.org/10.1097/JCP.0b013e318193dfb4
https://doi.org/10.1016/S0006-3223(00)01036-2
https://doi.org/10.1111/j.1423-0410.1988.tb01615.x
https://doi.org/10.1016/S0006-8993(02)02548-9
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-08-00925 December 19, 2017 Time: 16:59 # 17

Camacho and Anastasio Modeling Antidepressant Response Heterogeneity

Oosterhof, C. A., El Mansari, M., and Blier, P. (2015). Asenapine alters
the activity of monoaminergic systems following its subacute and long-
term administration: an in vivo electrophysiological characterization. Eur.
Neuropsychopharmacol. 25, 531–543. doi: 10.1016/j.euroneuro.2015.01.006

O’Reardon, J. P., Chopra, M. P., Bergan, A., Gallop, R., DeRubeis, R. J., and Crits-
Christoph, P. (2004). Response to tryptophan depletion in major depression
treated with either cognitive therapy or selective serotonin reuptake inhibitor
antidepressants. Biol. Psychiatry 55, 957–959. doi: 10.1016/j.biopsych.2003.
12.020

Page, M. E., Brown, K., and Lucki, I. (2003). Simultaneous analyses of the
neurochemical and behavioral effects of the norepinephrine reuptake inhibitor
reboxetine in a rat model of antidepressant action. Psychopharmacology 165,
194–201. doi: 10.1007/s00213-002-1269-x

Page, M. E., and Lucki, I. (2002). Effects of acute and chronic reboxetine
treatment on stress-induced monoamine efflux in the rat frontal cortex.
Neuropsychopharmacology 27, 237–247. doi: 10.1016/S0893-133X(02)00301-9

Papakostas, G. I., Montgomery, S. A., Thase, M. E., Katz, J. R., Krishen, A., and
Tucker, V. L. (2007). Comparing the rapidity of response during treatment of
major depressive disorder with bupropion and the SSRIs: a pooled survival
analysis of 7 double-blind, randomized clinical trials. J. Clin. Psychiatry 68,
1907–1912. doi: 10.4088/JCP.v68n1211

Parker, G. (2000). Classifying depression: should paradigms lost be regained? Am.
J. Psychiatry 157, 1195–1203. doi: 10.1176/appi.ajp.157.8.1195

Parker, G., Roy, K., Hadzi-Pavlovic, D., and Pedic, F. (1992). Psychotic (delusional)
depression: a meta-analysis of physical treatments. J. Affect. Disord. 24, 17–24.
doi: 10.1016/0165-0327(92)90056-C

Rainer, Q., Nguyen, H. T., Quesseveur, G., Gardier, A. M., David, D. J., and
Guiard, B. P. (2012). Functional status of somatodendritic serotonin 1A
autoreceptor after long-term treatment with fluoxetine in a mouse model
of anxiety/depression based on repeated corticosterone administration. Mol.
Pharmacol. 81, 106–112. doi: 10.1124/mol.111.075796

Renner, U., Zeug, A., Woehler, A., Niebert, M., Dityatev, A., Dityateva, G.,
et al. (2012). Heterodimerization of serotonin receptors 5-HT1A and 5-HT7
differentially regulates receptor signalling and trafficking. J. Cell Sci. 125(Pt 10),
2486–2499. doi: 10.1242/jcs.101337

Rogers, J., Martin, L. J., Comuzzie, A. G., Mann, J. J., Manuck, S. B., Leland, M.,
et al. (2004). Genetics of monoamine metabolites in baboons: overlapping
sets of genes influence levels of 5-hydroxyindolacetic acid, 3-hydroxy-4-
methoxyphenylglycol, and homovanillic acid. Biol. Psychiatry 55, 739–744.
doi: 10.1016/j.biopsych.2003.12.017

Romero, L., Celada, P., Martin-Ruiz, R., Diaz-Mataix, L., Mourelle, M.,
Delgadillo, J., et al. (2003). Modulation of serotonergic function in rat brain
by VN2222, a serotonin reuptake inhibitor and 5-HT1A receptor agonist.
Neuropsychopharmacology 28, 445–456. doi: 10.1038/sj.npp.1300062

Rubio, G., San, L., Lopez-Munoz, F., and Alamo, C. (2004). Reboxetine adjunct
for partial or nonresponders to antidepressant treatment. J. Affect. Disord. 81,
67–72. doi: 10.1016/j.jad.2003.08.001

Rush, A. J., Trivedi, M. H., Wisniewski, S. R., Nierenberg, A. A., Stewart, J. W.,
Warden, D., et al. (2006). Acute and longer-term outcomes in depressed
outpatients requiring one or several treatment steps: a STAR∗D report. Am. J.
Psychiatry 163, 1905–1917. doi: 10.1176/ajp.2006.163.11.1905

Schildkraut, J. J. (1965). The catecholamine hypothesis of affective disorders: a
review of supporting evidence. Am. J. Psychiatry 122, 509–522. doi: 10.1176/
ajp.122.5.509

Spiker, D. G., Weiss, J. C., Dealy, R. S., Griffin, S. J., Hanin, I., Neil, J. F., et al. (1985).
The pharmacological treatment of delusional depression. Am. J. Psychiatry 142,
430–436. doi: 10.1176/ajp.142.4.430

Stahl, S. M. (2009). Mechanism of action of trazodone: a multifunctional drug. CNS
Spectr. 14, 536–546. doi: 10.1017/S1092852900024020

Stewart, J. W., McGrath, P. J., Blondeau, C., Deliyannides, D. A., Hellerstein, D.,
Norris, S., et al. (2014). Combination antidepressant therapy for major
depressive disorder: speed and probability of remission. J. Psychiatr. Res. 52,
7–14. doi: 10.1016/j.jpsychires.2013.12.001

Stone, E. A., Lin, Y., and Quartermain, D. (2008). A final common pathway
for depression? Progress toward a general conceptual framework. Neurosci.
Biobehav. Rev. 32, 508–524. doi: 10.1016/j.neubiorev.2007.08.007

Studler, J. M., Reibaud, M., Tramu, G., Blanc, G., Glowinski, J., and
Tassin, J. P. (1985). Distinct properties of cholecystokinin-8 and mixed
dopamine-cholecystokinin-8 neurons innervating the nucleus accumbens.
Ann. N. Y. Acad. Sci. 448, 306–314. doi: 10.1111/j.1749-6632.1985.tb
29926.x

Surget, A., Saxe, M., Leman, S., Ibarguen-Vargas, Y., Chalon, S., Griebel, G.,
et al. (2008). Drug-dependent requirement of hippocampal neurogenesis in a
model of depression and of antidepressant reversal. Biol. Psychiatry 64, 293–301.
doi: 10.1016/j.biopsych.2008.02.022

Szabo, S. T., and Blier, P. (2001). Effect of the selective noradrenergic reuptake
inhibitor reboxetine on the firing activity of noradrenaline and serotonin
neurons. Eur. J. Neurosci. 13, 2077–2087. doi: 10.1046/j.0953-816x.2001.
01583.x

Szabo, S. T., and Blier, P. (2002). Effects of serotonin
(5-hydroxytryptamine, 5-HT) reuptake inhibition plus 5-HT(2A) receptor
antagonism on the firing activity of norepinephrine neurons. J. Pharmacol.
Exp. Ther. 302, 983–991. doi: 10.1124/jpet.102.033282

Tatsumi, M., Groshan, K., Blakely, R. D., and Richelson, E. (1997). Pharmacological
profile of antidepressants and related compounds at human monoamine
transporters. Eur. J. Pharmacol. 340, 249–258. doi: 10.1016/S0014-2999(97)
01393-9

Thase, M. E., Haight, B. R., Richard, N., Rockett, C. B., Mitton, M., Modell, J. G.,
et al. (2005). Remission rates following antidepressant therapy with bupropion
or selective serotonin reuptake inhibitors: a meta-analysis of original data from
7 randomized controlled trials. J. Clin. Psychiatry 66, 974–981. doi: 10.4088/JCP.
v66n0803

Turner, E. H., Matthews, A. M., Linardatos, E., Tell, R. A., and Rosenthal, R.
(2008). Selective publication of antidepressant trials and its influence on
apparent efficacy. N. Engl. J. Med. 358, 252–260. doi: 10.1056/NEJMsa
065779

Turrigiano, G. (2012). Homeostatic synaptic plasticity: local and global
mechanisms for stabilizing neuronal function. Cold Spring Harb. Perspect. Biol.
4:a005736. doi: 10.1101/cshperspect.a005736

Turrigiano, G. G., and Nelson, S. B. (2000). Hebb and homeostasis in neuronal
plasticity. Curr. Opin. Neurobiol. 10, 358–364. doi: 10.1016/S0959-4388(00)
00091-X

Walf, A. A., and Frye, C. A. (2010). Estradiol reduces anxiety- and depression-
like behavior of aged female mice. Physiol. Behav. 99, 169–174. doi: 10.1016/
j.physbeh.2009.09.017

Weisler, R. H., Johnston, J. A., Lineberry, C. G., Samara, B., Branconnier, R. J.,
and Billow, A. A. (1994). Comparison of bupropion and trazodone for
the treatment of major depression. J. Clin. Psychopharmacol. 14, 170–179.
doi: 10.1097/00004714-199406000-00004

Werkman, T. R., Olijslagers, J. E., Perlstein, B., Jansen, A. H., McCreary, A. C.,
Kruse, C. G., et al. (2004). Quetiapine increases the firing rate of rat substantia
nigra and ventral tegmental area dopamine neurons in vitro. Eur. J. Pharmacol.
506, 47–53. doi: 10.1016/j.ejphar.2004.10.053

Yoshitake, T., Iizuka, R., Yoshitake, S., Weikop, P., Muller, W. E., Ogren, S. O.,
et al. (2004). Hypericum perforatum L (St John’s wort) preferentially increases
extracellular dopamine levels in the rat prefrontal cortex. Br. J. Pharmacol. 142,
414–418. doi: 10.1038/sj.bjp.0705822

Young, E. A., Kornstein, S. G., Marcus, S. M., Harvey, A. T., Warden, D.,
Wisniewski, S. R., et al. (2009). Sex differences in response to citalopram: a
STAR∗D report. J. Psychiatr. Res. 43, 503–511. doi: 10.1016/j.jpsychires.2008.
07.002

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Camacho and Anastasio. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 17 December 2017 | Volume 8 | Article 925

https://doi.org/10.1016/j.euroneuro.2015.01.006
https://doi.org/10.1016/j.biopsych.2003.12.020
https://doi.org/10.1016/j.biopsych.2003.12.020
https://doi.org/10.1007/s00213-002-1269-x
https://doi.org/10.1016/S0893-133X(02)00301-9
https://doi.org/10.4088/JCP.v68n1211
https://doi.org/10.1176/appi.ajp.157.8.1195
https://doi.org/10.1016/0165-0327(92)90056-C
https://doi.org/10.1124/mol.111.075796
https://doi.org/10.1242/jcs.101337
https://doi.org/10.1016/j.biopsych.2003.12.017
https://doi.org/10.1038/sj.npp.1300062
https://doi.org/10.1016/j.jad.2003.08.001
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.1176/ajp.122.5.509
https://doi.org/10.1176/ajp.122.5.509
https://doi.org/10.1176/ajp.142.4.430
https://doi.org/10.1017/S1092852900024020
https://doi.org/10.1016/j.jpsychires.2013.12.001
https://doi.org/10.1016/j.neubiorev.2007.08.007
https://doi.org/10.1111/j.1749-6632.1985.tb29926.x
https://doi.org/10.1111/j.1749-6632.1985.tb29926.x
https://doi.org/10.1016/j.biopsych.2008.02.022
https://doi.org/10.1046/j.0953-816x.2001.01583.x
https://doi.org/10.1046/j.0953-816x.2001.01583.x
https://doi.org/10.1124/jpet.102.033282
https://doi.org/10.1016/S0014-2999(97)01393-9
https://doi.org/10.1016/S0014-2999(97)01393-9
https://doi.org/10.4088/JCP.v66n0803
https://doi.org/10.4088/JCP.v66n0803
https://doi.org/10.1056/NEJMsa065779
https://doi.org/10.1056/NEJMsa065779
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1016/S0959-4388(00)00091-X
https://doi.org/10.1016/S0959-4388(00)00091-X
https://doi.org/10.1016/j.physbeh.2009.09.017
https://doi.org/10.1016/j.physbeh.2009.09.017
https://doi.org/10.1097/00004714-199406000-00004
https://doi.org/10.1016/j.ejphar.2004.10.053
https://doi.org/10.1038/sj.bjp.0705822
https://doi.org/10.1016/j.jpsychires.2008.07.002
https://doi.org/10.1016/j.jpsychires.2008.07.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Computational Model of Antidepressant Response Heterogeneity as Multi-pathway Neuroadaptation
	Introduction
	Materials And Methods
	Model Structure and Function
	Setting Model Parameters
	Selection of One of the Ten Best Parameter Vectors
	Receptor Adjustment Approach
	Details on Maude Searches
	Hardware Considerations

	Results
	Characterizing Baseline (No-drug) Behavior
	Verifying Agreement between the MATLAB and Maude Versions of the Model
	Characterizing Adaptive Behavior
	Exhaustive Search of Adapted States

	Discussion
	Neuroadaptation as an Explanation for Antidepressant Response Heterogeneity
	Potential Clinical Relevance of Modeling Results on Antidepressants and Combinations
	Broader Implications

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


