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Supplementary Data
This text supplements the text in the article entitled Computational Model of Antidepressant Response Heterogeneity as Multi-pathway Neuroadaptation. It is meant to provide important details that are nevertheless inessential for understanding the main points. 

S1: Difference between imperative and declarative programming
Imperative and declarative programming languages are fundamentally different and provide complementary functionality. Specifically, imperative languages are designed for writing programs that compute efficiently along a single processing stream while declarative languages are designed for writing programs that can be used to evaluate the consequences of processing along many different streams. Imperative and declarative programs differ mainly in the nature of their statements. 

A statement in an imperative language is a command (eg, add three and three to get six) that is meant to be executed at a pre-specified point relative to the execution of other commands. A statement in a declarative language is a declaration of a fact (eg, three and three can be combined to get six) that may be executed as a command at various points relative to the execution of other declarations. A declarative program can be written so that certain declarations execute in all possible orders, thereby elaborating the entire space of possible consequences of executions of those declarations. In the Maude version of the model of the monoaminergic neurotransmitter systems, the declarations that specified receptor strength adjustments were allowed to execute in all possible orders. In this way, Maude evaluated the consequences for unit activations and monoaminergic transmitter levels of every possible combination of receptor strengths (receptor strength configurations) that were reachable given the allowed number of adjustments.

S2: Details on model structure and function
The monoaminergic units have receptors for each transmitter type they receive from themselves and from other units. The specific receptors represented in the model are those that mediate the predominant effect of each transmitter as described in the literature. The monoaminergic regions, DR, LC, and VTA, have been found to project directly to one another (Beckstead, Domesick et al. 1979, Ornstein, Milon et al. 1987, Kalen, Skagerberg et al. 1988, Guiard, El Mansari et al. 2008). DR inhibits LC and VTA through 5HT2A and 5HT2C receptors (5HT2AR, 5HT2CR), respectively (Pessia, Jiang et al. 1994, Prisco, Pagannone et al. 1994, Stanford and Lacey 1996, Gobert, Rivet et al. 2000). DR also excites VTA through postsynaptic 5HT2ARs (Nocjar, Roth et al. 2002). LC and VTA excite DR through the noradrenergic receptor 1 (AR1) and D2 receptor (D2R), respectively (Svensson, Bunney et al. 1975, Baraban and Aghajanian 1980, Clement, Gemsa et al. 1992, Ferre and Artigas 1993, Martin-Ruiz, Ugedo et al. 2001). Evidence exists supporting the claim that LC and VTA inhibit one another (Aghajanian and Bunney 1977, Elam, Clark et al. 1986, Grenhoff, North et al. 1995), while some groups have found that these regions can excite each other (Deutch, Goldstein et al. 1986, Grenhoff, Nisell et al. 1993). Our model contains both excitatory and inhibitory receptors mediating the interactions between these regions. Their respective initial strengths are assigned during the parameter optimization process (see subsection S3). DR and LC also secrete galanin onto one another (Melander, Hokfelt et al. 1986, Melander, Hokfelt et al. 1986, Xu, Zhang et al. 1998, Lu, Barr et al. 2005), which binds predominantly to inhibitory galanin receptors (galR1s) in these regions (Hawes and Picciotto 2004). There is some binding to excitatory galR2 receptors in the DR as well (Hawes and Picciotto 2004). The DR has inhibitory CRF1 and excitatory CRF2 receptors (CRF1R, CRF2R) mediating its responses to CRF innervations from the hypothalamus and the amygdala (Kirby, Freeman-Daniels et al. 2008, Spannuth, Hale et al. 2011, Wood, Zhang et al. 2013). The LC and VTA both have excitatory CRF1Rs mediating their responses to CRF released from the hypothalamus and the amygdala (Van Pett, Viau et al. 2000, Reyes, Valentino et al. 2008, Wanat, Hopf et al. 2008). 

Each non-monoaminergic unit represents all sources of its corresponding non-monoaminergic transmitter that impinge on the monoaminergic regions from other brain areas. Sources of CRF include amygdala and paraventricular nucleus CRF-producing neurons (Curtis, Bello et al. 2002, Hauger, Risbrough et al. 2006, Rodaros, Caruana et al. 2007). Widely distributed in the central nervous system (CNS), sources of galanin include the LC, DR, and the hypothalamus, among others (Melander, Hokfelt et al. 1986). Sources of glutamate are also widely distributed, and include the cortex and the DR (Johnson 1994, Bagley and Moghaddam 1997, Tassone, Madeo et al. 2011, Shikanai, Yoshida et al. 2012, Liu, Zhou et al. 2014). 

Together, the monoaminergic units in the model possess 23 total receptors (of 11 distinct receptor types) to represent their actions on themselves (via autoreceptors), their interactions with each other, and their responses to the non-monoaminergic transmitter units impinging on them. In addition to receptors (monoaminergic units) or generic weights (non-monoaminergic units), each unit also has a bias parameter representing intrinsic influence on its activity. The net input to any unit is then the sum of its inputs from other units, its input from itself, and its own intrinsic bias. For a monoaminergic unit, which has a cognate receptor for each specific transmitter it receives, the amount of released transmitter is multiplied by the strength of the cognate receptor for that transmitter. The net input is the sum of all the receptor-times-transmitter products. For a non-monoaminergic unit, which only has a generic weight for each connection it receives, the activation level of the sending unit is multiplied by the strength of the weight of its connection to the receiving unit. The net input is the sum of the weight-times-activation products (as in a conventional neural network). For any unit, monoaminergic or non-monoaminergic, its intrinsic bias is added to its net input from other units. The activation level of any unit is then computed according to the sigmoidal squashing function as y = 1/(1+exp(-x)), where y is the activation level and x is the net input. As such, the activation levels of all units are bounded from 0 to 1. 

On each time step, each unit updates its activation level by computing its net input and its resulting output according to the sigmoidal squashing function. Because the amount of released transmitter is equal to the activation level of the releasing unit, the squashing function ensures that no transmitter level falls below zero in the model. The monoaminergic transmitters are the exception, because their levels are reduced by their corresponding transporters by subtracting the numerical value representing the level of the transporter from the amount of released transmitter. Because this could cause the levels to fall below zero, the levels of the monoaminergic transmitters are actively bounded from below at zero (hard limit of zero). Any changes in receptor strength due to drugs are made prior to the unit updates, and any modifications in transmitter levels due to transporters or drugs are made after the updates. The activation levels of all units are set to zero at time step zero, and the units then influence each other’s activation for 150 time steps (see text).

S3: Details on model parameter optimization
The parameters of the model were optimized using the genetic algorithm (GA) as implemented in the MATLAB Global Optimization Toolbox. A robust optimization procedure, such as the GA, is appropriate because the model is both nonlinear (sigmoidal squashing function for unit activations) and discontinuous (hard limit of zero for monoaminergic transmitter levels). The 76 real-valued parameters were 23 receptor strengths (on monoaminergic units), 18 connection weights (onto and between non-monoaminergic units), 3 monoaminergic transporters, 29 drug effects (most of the drugs have multiple targets; see Supplementary Table S1), and 6 biases (one for each monoaminergic and non-monoaminergic unit). The 76 parameters form a parameter set that was organized as a vector of 76 elements, where each element is a different parameter. Each run of the GA maintained a population of 100 parameter sets (parameter vectors) and was allowed to “evolve” through simulated mutation and recombination over many generations until the change in fitness between generations was less than a tolerance set to 10-12. 

We minimized an inverse fitness function (error function) that was based mainly on 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 targeting the monoaminergic neurotransmitter systems in rats (Dong and Blier 2001, Szabo and Blier 2001, Chernoloz, El Mansari et al. 2009, Katz, Guiard et al. 2010, Ghanbari, El Mansari et al. 2012, El Mansari, Manta et al. 2015, Oosterhof, El Mansari et al. 2015). The rats in these studies were normal, and were not subjected to stressors or other manipulations designed to evoke a depressive phenotype (ibid). The drugs and drug combinations included in the error function constitute the set of drugs that target the monoaminergic neurotransmitter systems studied by Pierre Blier and his lab, with the exceptions of GBR12909 (GBR) and Pramipexole (PPX). 

GBR is a high-affinity DA reuptake inhibitor, with 500-fold higher affinity for the dopamine transporter (DAT) than for the other monoaminergic transporters (Andersen 1989). It does not have significant affinity for any other receptors (TOCRIS , Andersen 1989, Rothman, Mele et al. 1991). The Blier group found a 26% decrease in VTA DA neuron firing in response to acute GBR, with no change in the firing parameters of LC NE neurons or DR 5HT neurons (Katz, Guiard et al. 2010). This is inconsistent with the behavior of the other reuptake blockers, Escitalopram, Nomifensine, and Reboxetine, which all produce changes in neuronal firing rate in more than one monoaminergic region (Katz, Guiard et al. 2010, Chernoloz, El Mansari et al. 2012). During GA searches, the strength of GBR was repeatedly pushed to zero by the algorithm. Due to inconsistency of GBR data with the behavior of the other reuptake inhibitors, as well as consistent GA assignment of zero strength for GBR in the model, data obtained from GBR experiments was removed from the error function and was not considered further in model analysis. 

PPX primarily targets D3 receptors (D3R) (Mierau, Schneider et al. 1995). PPX has been found to be 8 times more potent as a D3 receptor agonist than as a D2 receptor agonist through functional measurements of receptor activation (Mierau, Schneider et al. 1995). The dissociation constant (Ki) of PPX is 0.5 nM at D3R and 3.9 nM at D2R, demonstrating that the binding affinity of PPX at D3R is almost 8 times higher than that of PPX at D2R (Newman-Tancredi, Cussac et al. 2002). D3Rs are mainly expressed in the nucleus accumbens, hypothalamus, and prefrontal cortex, but are not present in significant levels in the monoaminergic regions (Levesque, Diaz et al. 1992). In this initial model, receptors are represented explicitly only on monoaminergic units, so D3Rs are not represented. PPX data was not included in the error function nor was it considered in model analysis because its primary target, D3R, is not represented in the model.

Interpretations of data by different groups ascribe to Bupropion a mechanism of action that elevates NE and DA through either a releasing (Dong and Blier 2001) or reuptake blocking (NDRI) mechanism (Cooper, Wang et al. 1994). The Blier lab adheres to the releasing mechanism interpretation, which is the mechanism that is implemented in the model. To study the effects of Quetiapine, the Blier lab used a compound combination they called Human Quetiapine. Because humans metabolize Quetiapine to N-Desalkyl quetiapine (Nquet) but rodents do not, rodents were given a mixture of Nquet and Quetiapine in the ratio present in humans during the metabolism of quetiapine to produce what the Blier group calls “human Quetiapine” (Chernoloz, El Mansari et al. 2012). We simulated the effects of “human Quetiapine” in the model by giving Quetiapine all the targets of both Quetiapine and Nquet (see Supplementary Table S1).

The error function that was minimized by the GA computed a modified root mean square (RMS) error. The heart of the error function is the differences between the observed percentage changes and the percentage changes in the average activation levels of the monoaminergic units in the model due to acute drug administration, as described above. Acute drug data were obtained from the experimental findings of the Blier group. Through reduction of error, the GA had to optimize several criteria in addition to the agreement in the percentage changes in monoaminergic activation levels due to acute drugs. The baseline (no-drug) activity levels of the 6 units were required to be near 0.5, which is the midpoint of the unit activity range as governed by the squashing function. This gave the units maximal freedom to increase or decrease their activations with drug administrations or receptor strength adjustments. Monoaminergic baseline (no-drug) neurotransmitter levels had to be 0.1 or greater. This ensured that pre-drug transmitter levels were high enough for all drugs to have a substantial effect. The rise in 5HT following acute Escitalopram had to be 0.2 or greater, and the rise in NE following acute Reboxetine had to be 0.2 or greater. This ensured that levels of 5HT and NE due to acute blockade of their respective transporters agreed with experimental findings (Kreiss and Lucki 1995, Malagie, Trillat et al. 1995, Bymaster, Zhang et al. 2002, Page, Brown et al. 2003, Romero, Celada et al. 2003). 

For programming convenience, parameters whose values could be positive or negative (ie, strengths of receptors, transporters, and drugs) were set as absolute values and their signs were fixed in program code. Other parameters (ie, generic weights and unit biases) were signed by the optimization procedure. Lower and upper bounds for the parameter values in the GA were set by hand. Lower and upper bounds for the generic weights of the connections onto non-monoaminergic transmitter units, and for all unit biases, were set at -10 and +10. Lower and upper autoreceptor bounds were set at 3 and 10, respectively. The GA-determined levels for all autoreceptors (DR 5HT1A, LC AR2, and VTA D2R) were near 3 in almost all 200 parameterizations and in all of the “ten-best” parameterizations (see below). All other receptor bounds were set at 1 and 10. Transporter bounds were set at 0.3 and 0.9. Bounds for the strengths of the drugs were set at 0 and 1. The bounds on the strengths of drugs provided consistency in effects for drugs of different classes in the model.

All receptors contributed a component to net input equal to the product of their strength and the level of their cognate transmitter, regardless of whether or not a drug that affects them was present. Agonist drugs add a contribution from a receptor equal to the product of the receptor strength and the drug strength. Antagonist drugs subtract a component equal to the product of the receptor strength, the drug strength, and the level of the cognate transmitter. Because transmitters and drugs are bounded between 0 and 1, this scheme ensures that an agonist drug can increase the receptor contribution at most by one full receptor strength, while an antagonist can decrease the receptor contribution at most to zero. Transporter blocking drugs worked similarly, reducing the level of a transporter by an amount equal to the product of the transporter strength and the drug strength. Therefore, a blocker could reduce the strength of a transporter at most to zero. Transmitter releasing drugs add a contribution of neurotransmitter to the unit activation level equal to the product of the amount of released transmitter (which is equal to the unit activation) and the drug strength. Because the releasing drug strengths (like all drug strengths) are bounded between 0 and 1, this ensures that a releasing drug can at most double the amount of released transmitter. 

In the error function, differences in the no-drug monoaminergic unit activations from 0.5, and differences between the observed and simulated monoaminergic activation percentage changes due to acute drug, were expressed as actual RMS differences (ie, RMS errors). However, each no-drug monoaminergic transmitter level below 0.1, and each 5HT or NE level below 0.2 with acute Escitalopram or Reboxetine, respectively, conditionally contributed a value of 100 to the error term for the offending parameter set. Because discrepancies between desired and simulated transmitter levels were expressed as conditionals, our error function computed a modified RMS error measure. 

The 10 lowest-error parameter sets of the 200 GA searches were separated out for further consideration. For all of these “ten best” parameterizations, the transmitter levels achieved their required levels. Therefore, the conditional contributions to the error functions were zero, leaving only the actual RMS differences in desired and actual monoaminergic unit activities. Note that the purpose of the GA optimization was to set baseline parameter values according to the data on the acute effects of drugs. Data on chronic drug effects, which involve adjustments in baseline receptor values, were therefore not represented in the fitness function.

S4: Comparison with other models of the monoaminergic neurotransmitter systems
A mathematical model of serotonin synthesis, release, and reuptake in axon terminals was developed by one group to better understand the effects of autoreceptor activation on DA and 5HT neuron firing patterns (Best, Nijhout et al. 2010, Best, Reed et al. 2010, Best, Nijhout et al. 2011). The same group used mathematical models of DR neurons with normal and low vesicular 5HT to study the adaptation of DR neurons to chronic SSRI. Through the use of differential equations that represent the concentrations and activity levels of different proteins involved in 5HT metabolism and release, the authors demonstrated that acute doses of SSRIs do not bring the burst firing of DR neurons back to normal, but chronic use of SSRIs do return the burst response to normative levels. Although many models of DA-producing neurons exist, one group notably produced a neuro-computational model of VTA afferents to better understand temporal learning rules, designing an architecture that is similar to ours in that it includes multiple units representing non-monoaminergic neurons that interact with a unit representing a monoaminergic (specifically a VTA) neuron (Vitay and Hamker 2014). 

Our model has features in common with these models, namely that they all represent neuron activity levels and average concentrations of transmitters. Our computational model can be distinguished from the others in that it is the first of its kind to represent interactions between all three monoaminergic brain regions and regions producing non-monoaminergic transmitters. Among the potentially important factors left out of our initial model are presynaptic receptors, but they can be included in subsequent model versions. In the initial model, only the activity levels of the monoaminergic units are included in the activation error term. The non-monoaminergic transmitter units (tCRF, Tgal, and Tglu) are not included in the activation error calculation because they group together neurons from various brain regions that most likely do not all undergo drug-dependent changes of the same magnitude and direction. The non-monoaminergic units could be differentiated into units representing discrete brain regions in subsequent, expanded versions of the model. Other neurotransmitter, neuropeptide, and neurohormone systems, and their associated neural source and target regions, could also be added.


Supplementary Figures and Tables
Supplementary Table S1
Summary of drugs and drug combinations considered in the analysis
Each row contains the name of a drug, its class, current uses, its effects as represented in the model, and supporting references. These drugs and drug combinations were used in the experiments by the Blier lab that determined the percent changes from baseline in the firing rates of neurons in the monoaminergic nuclei after acute (2-day) and chronic (14-day) drug administration. The drug types include transporter blockers, receptor agonists, receptor antagonists, and neurotransmitter releasers. The strengths of each of these drugs at their targets were determined using the GA implemented in MATLAB.  
	Drug name
	Drug class
	Drug uses
	Drug effects at targets
	References

	Escitalopram
	2nd generation antidepressant
	Depression
	5HT transporter blocker
	(Sanchez, Bergqvist et al. 2003, Chen, Larsen et al. 2005)

	Nomifensine
	2nd generation antidepressant
	Depression
	DA, NE and 5HT transporter blocker
	(Brogden, Heel et al. 1979, Tatsumi, Groshan et al. 1997)

	Reboxetine
	2nd generation antidepressant
	Depression, panic disorder, attention deficit hyperactivity disorder (ADHD)
	NE transporter blocker
	(Page, Brown et al. 2003, Hajos, Fleishaker et al. 2004)

	Trazodone
	Tetracyclic antidepressant
	Depression, post-traumatic stress disorder (PTSD), insomnia
	5HT transporter blocker, agonist at 5HT1AR, antagonist at 5HT2AR, 5HT2CR, AR1, AR2, and D2R
	(Cusack, Nelson et al. 1994, Nierenberg, Adler et al. 1994, Krege, Goepel et al. 2000, Balsara, Jadhav et al. 2005, Odagaki, Toyoshima et al. 2005, Stahl 2009, Stahl 2009)

	Asenapine
	Atypical antipsychotic
	Bipolar disorder, schizophrenia
	Agonist at 5HT1AR, antagonist at 5HT2AR, AR2, and D2R
	(Ghanbari, El Mansari et al. 2009, Bjorkholm, Franberg et al. 2015)

	Aripiprazole
	Atypical antipsychotic
	Bipolar disorder, schizophrenia
	Agonist at 5HT1AR and D2R, antagonist at 5HT2AR and 5HT2CR
	(Shapiro, Renock et al. 2003, Li, Ichikawa et al. 2004, Han, Wang et al. 2013)

	Bupropion
	Atypical antidepressant
	Depression, seasonal affective disorder
	Releaser of NE and DA
	(Cooper, Wang et al. 1994, Cusack, Nelson et al. 1994, Dong and Blier 2001, El Mansari, Ghanbari et al. 2008)

	Quetiapine
	Atypical antipsychotic
	Bipolar disorder, schizophrenia, depression
	NE transporter blocker, agonist at 5HT1AR, antagonist at 5HT2AR, AR1, AR2, D1R, and D2R
	(DeVane and Nemeroff 2001, Jensen, Rodriguiz et al. 2008, Han, Wang et al. 2013)


Supplementary Figure S1
Desensitization of the 5HT1A autoreceptor on the DR unit
a) Neuroadaptation to chronic Escitalopram decreases activation error in the model, thereby bringing the activations of the monoaminergic units back towards their normative levels. b) In this single-sequence adaptation run, only the 5HT1A receptor on the DR unit (the 5HT1A autoreceptor) was allowed to adapt. It could adjust its strength up or down by 1 on each of five adjustments, but the adjustment is retained only if it results in a decrease in activation error. The receptor decrements to 0 over adjustment steps 2, 3, and 4. No change occurs on adjustment step 1 because the randomly chosen adjustment was an increment, but that adjustment was rejected because it did not decrease activation error. Similarly, no change occurs on the last step because no further error-reducing adjustment can be made.
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Supplementary Figure S2
Frequency of MATLAB Receptor Adjustment Sequence Lengths
The MATLAB version of the model was used for making receptor strength adjustments along single sequences in which adjustment of a randomly chosen receptor was retained only if it resulted in a homeostatic reduction in activation error. Here, 1,000,000 randomly-ordered sequences of strictly error-reducing adjustments were allowed to continue until the model achieved complete adaptation, in which further adjustments no longer reduced activation error with chronic Escitalopram. The histogram plots the number of sequences achieving complete adaptation as a function of the number of adjustments. The mean number of adjustments is 7.9, the mode is 7, the median is 8, and the range is from 2 to 26. 
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Supplementary Figure S3
Heat map of 1000 terminal receptor strength configurations with chronic Escitalopram 
The MATLAB version of the model was used to make 1000 randomly-ordered, strictly error-reducing sequences of adjustments until further adjustments no longer reduced the activation error with chronic Escitalopram. This approach produced 1000 completely adapted receptor state configurations, which we plotted using a heat map. Each of 1000 rows is a vector of final receptor values for all 11 adjustable receptors. The 1000 completely adapted configurations were ordered by Euclidian distance from a reference vector of all zeros, which is shown in row 0. The 11 adjustable receptors can adjust by 1 to any level between 0 and 10 for a total of 1111 or more than 285 billion possible receptor strength configurations. This very small sample of 1000 completely adapted configurations reveals considerable heterogeneity, and clearly shows that there are very many configurations that are completely adapted in the sense that further receptor strength adjustment will not further decrease activation error.
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