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ORIGINAL ARTICLE

A Quantitative System Pharmacology Computer Model
for Cognitive Deficits in Schizophrenia

H Geerts'?, P Roberts'® and A Spiros'

Although the positive symptoms of schizophrenia are reasonably well-controlled by current antipsychotics, cognitive impairment
remains largely unaddressed. The Matrics initiative lays out a regulatory path forward and a number of targets have been tested
in the clinic, so far without much success. To address this translational disconnect, we have developed a mechanism-based
humanized computer model of a relevant key cortical brain network with schizophrenia pathology involved with the maintenance
aspect of working memory (WM). The model is calibrated using published clinical experiments on N-back WM tests. We further
simulate the opposite effect of y-aminobutyric acid (GABA) modulators lorazepam and flumazenil and of a published augmentation
trial of clozapine with risperidone, illustrating the introduction of new targets and the capacity of predicting the effects of
polypharmacy. This humanized approach allows for early prospective and quantitative assessment of cognitive outcome in a
central nervous system (CNS) research and development project, thereby hopefully increasing the success rate of clinical trials.
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Current antipsychotic treatment reasonably addresses
the positive symptoms in schizophrenia but not the cogni-
tive and negative symptoms hampering patients to regain
their professional status.” Therefore, the US Food and Drug
Administration, industry, and the National Institutes of Health
developed the Matrics initiative;? and a few compounds have
been tested in the TURNS initiative,® such as davunetide*
and CX516° without much success. Developing new com-
pounds for addressing cognitive impairment in schizophrenia
is a challenge given the complexity of the human brain and
the limited translationability of preclinical animal models.

Important translational issues for cognitive impairment in
schizophrenia include appropriate attention to comedica-
tions, genotypes that interfere with the primary pharmacol-
ogy, and the appropriate patient population. For instance, the
catechol-O-methyl transferase Val158Met genotype modu-
lates clearance of dopamine and norepinephrine and signifi-
cantly affects human cognition.® This genotype is not present
in rodents, although specific knockouts or knockins have
been developed.” A mechanistically based computer model
allows for the effect of this genotype on dopamine receptor
activation level in human brain to be simulated.®

There is increasing evidence that the excitatory—inhibitory
balance in cortical networks is fundamentally different between
primates and rodents,® with primate basket interneuron cells
having a higher input resistance and a lower firing threshold,
generating more spikes at near-threshold current intensities.
Different interneuron subtypes with short spike duration are
specific for the primate cortex, but not for rodents.™

To provide better guidance on clinical central nervous
system (CNS) candidate selection and development, a
more humanized model of cognitive performance such as
computer-based disease modeling could be potentially
helpful at critical junctures. Indeed, Quantitative Systems
Pharmacology has been proposed as a tool for improving

pharmaceutical research and development, especially in
complex disease situations with many interacting circuits."
Detailed computer-based biophysically realistic models of
cortical and hippocampal networks have been developed
and calibrated extensively using single-unit electrophysiol-
ogy data in preclinical models.'?> However, the absence of
neuromodulatory drug targets, such as dopamine and sero-
tonin, norepinephrine, and clinical calibration make these
computer models less useful for supporting CNS research
and development programs.

Any useful computer-based quantitative systems pharma-
cology model must be able to predict clinical scales. With lim-
ited preclinical animal data and the absence of many detailed
data for the human neurophysiology situation, we elected to
determine the relevant biological coupling parameters—within
a biologically constrained range—Dby simulating clinical experi-
ments of an N-back working memory (WM) task in human
subjects™ and optimizing the correlation between model and
clinical outcome. Within such a hybrid framework, we limited
experimental uncertainty about preclinical data and focused
on clinically relevant information. Such an approach allowed
us to blindly predict an unexpected clinical outcome in schizo-
phrenia, which was missed by traditional animal models.

We also report on the effect of y-aminobutyric acid (GABA)
modulators' in healthy controls and patients with schizo-
phrenia and the effect of risperidone augmentation therapy
on clozapine'® as independent validations.

RESULTS

Implementation of schizophrenia pathology

We first studied the sensitivity of the network on the differ-
ent schizophrenia pathology processes. Outcome variability
(range of outcomes divided by average outcome) was great-
est for N-methyl-p-aspartate (0.63), followed by GABA (0.43),
noise (0.26), and D, receptor (D,R) activation level (0.16).
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A virtual subject trial simulation for “healthy controls,”
assuming a Gaussian distribution with a variance(s) of 10%
for N-methyl-p-aspartate-R, 5% for the GABA-R conductance,
15% for D,R activation level, and 10% for the background
noise, resulted in an average WM span of 9.18+0.66 s.

Implementing schizophrenia pathology by reducing basal
N-methyl-p-aspartate by 12.5%, gGABA by 5%, basal D,R
activity level by 6.5%, and increasing background noise level by
20% resulted in an average WM span of 8.12 s or a decrease
of 1.06/0.66 = 1.61 SD below normal performance. Although it
is difficult to derive quantitative values for the observed clinical
changes,'”?° these numbers illustrate the rather modest patho-
logical changes associated with schizophrenia, especially with
regard to other degenerative diseases such as Alzheimer’s dis-
ease,?' in which WM spans are in the range of 4-7 s.

A virtual patient trial with schizophrenia pathology and with
values drawn from Gaussian distributions around these path-
ological values shows a clear distinction between patients
with schizophrenia and controls (Figure 1a).

Calibration of the cortical model

The remaining free biological coupling parameters were
calibrated to optimize the correlation between the model out-
come and the actual clinical performance on the 2-Back WM
test for 17 different interventions. Note that each value is the
average for a group of subjects submitted to the intervention
(Supplementary Data online). We first applied a design-of-
experiment approach where the slopes in the Pareto plots
were proportional to the contribution of the processes that
were driving the optimization. After three iterations, the Pareto
plots indicated no further improvement (slopes close to zero)
and we switched to a local maximum search. Figure 1b
shows that we can get a robust correlation between model
outcome and clinical observations.

To compare this result with a more traditional regression
statistical analysis, we also performed a multivariate regres-
sion correlation analysis between the receptor occupancies
(ROs) of each drug—dose combination and their respective
WM outcomes. ROs were calculated using the formula Dose/
(Dose + K) with K, the dose for 50% of RO. Because dis-
placement data for the receptors in the model are unknown,
in a first approximation, we set K. = K, (Aff- /Aff- ), where
K, is the dose for 50% of raclopride RO; Aff- and Aff-_, are
the affinities of the drug for the receptor X (any of the non-
D,R) and D,, respectively. The correlation for this multivariate
analysis is about 0.12 (P = 0.31), much lower than for our
mechanism-based computer model (2 = 0.71, P < 0.001).

GABA modulators on cognitive performance

As an independent verification, we simulated a clinical trial
with GABA modulators,’ where in 11 treated patients and
11 controls the effect of GABA agonist lorazepam and GABA
antagonist flumazenil® in a crossover, double-blind design on
WM performance were studied. GABA-Ao1 and GABA-Ao2
receptor subunits are located on pyramidal, but only
GABA-Ao1 is on inhibitory interneurons. Postmortem corti-
cal tissue from patients with schizophrenia showed a relative
increase in GABA-A0.2 subunits in layer 2 at pyramidal cells.?®
Both drugs affect both GABA subunits; therefore, we assume
that their modulation is 25% higher on inhibitory—excitatory
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synapses. Except for lithium, we simulated the individual
patients with their full antipsychotic medication to which loraz-
epam and flumazenil was added, using the receptor com-
petition model; we assumed a 50% N-desmethylclozapine
metabolite in the clozapine active moiety.?*

In the absence of target engagement values, we first stud-
ied the dose-response for both drugs to identify a target
engagement value that gave a robust change in performance.
Figure 2a shows that control subjects are essentially unaf-
fected, whereas in schizophrenia conditions, flumazenil dose-
dependently improves and lorazepam dose-dependently
decreases outcome.

For this particular trial with lorazepam, we assumed a 5%
GABA-Ao.1 agonist effect on inhibitory—inhibitory and a 6.25%
GABA agonist effect on inhibitory—excitatory synapses and
for flumazenil, a 2% GABA decrease on inhibitory—inhibitory
and a 2.5% GABA decrease on inhibitory—excitatory synapse.
Simulating the 11 healthy subjects, flumazenil improved the
WM span from 9.41+0.22 s to 9.42+0.18 s (0.11% improve-
ment) whereas lorazepam decreased WM to 9.32+0.19s
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Figure 1 Virtual subject histogram. (a) Histogram of working memory
model outcomes for a virtual patient and a virtual healthy subject
population with variances of 10, 5, 15, and 10% around the fixed
values for NMDA conductance, GABA conductance, D,R activation
level, and noise level. Although the two distributions are statistically
different, there is a large overlap; but the variability of the schizophrenia
population is larger than the variability of the healthy population. This
allows to define the SD for each population. Correlation between
model and clinical outcome. (b) Calibration between model outcomes
of 17 different interventions (antipsychotics, schizophrenia pathology,
COMT genotype, scopolamine, mecamylamine. Tolcapone, see
text for more details) and the corresponding clinically reported
effects on the 2-Back working memory test. The data suggest a
robust correlation between model outcomes and clinical effects.
New therapeutic interventions can be simulated and an anticipated
clinical response on a 2-Back working memory test can be derived,
allowing to estimate the differentiability with existing treatments.
COMT, catechol-O-methyltransferase; D,R, D, receptor; GABA,
y-aminobutyric acid; NMDA, N-Methyl-p-aspartate; SZ, schizophrenia.



(0.92% decrease). The schizophrenia subjects with their indi-
vidual comedications who switched from placebo to lorazepam
did 15.6+1.1% worse (P < 0.01), whereas the subjects who
switched to flumazenil did 3.9+2.0% better (P = 0.089), in line
with the clinical observations (Figure 2b,c). The relatively mod-
est improvement with flumazenil is likely due to the limited con-
tribution of the GABA-Ax2 subunit to the inhibitory tone (25%
of the GABA-Aa1 contribution). Figure 2d shows the simulated
effect of individual patient outcomes. For flumazenil, 8 out of
11 patients improved over their placebo values; in contrast all
lorazepam patients deteriorated as compared with placebo.

Risperidone augmentation therapy in clozapine as
independent validation

The second independent test was the simulation of a clinical
study,’® in which 68 patients with schizophrenia on clozap-
ine were randomized to augmentation therapy with placebo
or 3mg risperidone. Although there was no improvement on
positive and negative symptoms in Schizophrenia clinical
scales, risperidone-treated patients did significantly worse
on cognitive outcomes. Using our receptor competition
model, we first calculated functional brain concentration
of risperidone and clozapine from cortical D,R radiotracer
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imaging with '"C-fallypride.?®> We then calculated the post-
synaptic non-D,R receptor activations for the combination
therapy using the competition of neurotransmitter, clozap-
ine, its metabolite N-desmethylclozapine, and the 9-OH ris-
peridone metabolite, which accounts for up to 75% of the
active moiety of risperdal,?® assuming no pharmacokinetic
(PK) interaction between clozapine and risperidone.

Figure 3a shows the pharmacology of clozapine, N-des-
methylclozapine, risperidone, and 9-OH risperidone.

We simulated the clinical trial conditions using a virtual
patient trial with the same number of subjects (35) in each
group with parameters sampled from Gaussian probability dis-
tributions of schizophrenia pathology-related changes, in addi-
tion to receptor activation levels changes that are likely due to
PK variability and specific genotypes. For the latter, we started
from published PK studies®® that suggested ranges of 50 and
30% around the average plasma levels for clozapine and ris-
peridone, respectively. In addition, human genotypes such as
catechol-O-methyltransferase (COMT)?” and the 5-HTTLPR
promotor isoform® determine the dynamics of dopamine,
norepinephrine, and serotonin. With the receptor competition
model, a range of receptor activations from which to sample
individual subjects from a Gaussian distribution was defined.
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Figure 2 Effect on healthy and Schizophrenia pathology. (a) Dose—response of increasing target engagement for lorazepam and flumazenil
in healthy controls and in patients with schizophrenia. Although there is not much effect for the healthy controls with regard to both treatments,
lorazepam in patients with schizophrenia dose-dependently worsens, whereas flumazenil dose-dependently improves cognitive outcome. Virtual
trial model outcome and clinical outcome. (b,c) Effect of lorazepam and flumazenil on network performance in a healthy control environment and
in schizophrenics. In healthy subjects, none of the compounds had a significant effect on the working memory span outcome for the computer
model, in line with the clinical observations, whereas in schizophrenia, lorazepam induces a statistically significant decrease and flumazenil
induces a statistically significant improvement in working memory performance. This same differential effect is indeed observed in the clinical
outcome. Individual patient simulation. (d) Simulation of switching individual patients in a crossover study from placebo to each of the two GABA
modulators. The schizophrenia subjects who switched from placebo to lorazepam did 15.6+1.1% worse (P < 0.01), whereas the subjects who
switched to flumazenil did 3.9+2.0 % better (P = 0.089). FLU, flumazenil; GABA, y-aminobutyric acid; LOR, lorazepam; SZ, schizophrenia; WM,

working memory.
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Figure 3 Pharmacology of clozapine and risperidone. (a) Radar plot of affinities for clozapine, N-desmethyclozapine, risperidone, and 9-OH
risperidone in pKA values. High-affinity values are located at the periphery; i.e., 9-OH risperidone has the highest affinity for the D,R. As
expected, the affinities of clozapine and its major metabolite are very similar as are the risperidone and 9-OH risperidone pharmacology. Note
that N-desmethylclozapine is a partial agonist at the DR (E, = 32%), D,R (E_,, = 50%), 5-HT,, (E__ =69%), and various mAChR (E__ ranging
between 32% and 100%),). Virtual patient outcome. (b) Individual results from a virtual patient trial of 35 subjects taking clozapine and 35 subjects
taking clozapine and risperidone. Adding risperidone clearly impairs working memory. The same effect is observed in the actual clinical trial,
suggesting that the model captures the complex nonlinear pharmacodynamic interaction between the two compounds. CLO, clozapine; D,R, D,

receptor; £, maximum effect; mAChR, muscarinic acetylcholine receptor; pKA, logarithmic value for dissociation constant; RIS, risperidone.
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Figure 4 Receptor neurophysiology in network model. (a) Schematic diagram of the connectivity and receptors in the prefrontal cortex network.
The localization of different types of cholinergic, dopaminergic, serotonergic, noadrenergic, glutamate, and GABA receptors is shown according
to their preclinical data. The memory stimulus “M” is given at 2,000 ms into the simulation and represents a sensory or conceptual stimulus that
is introduced into the network. “B” is a background stimulus that represents the interaction of this particular network with the rest of the cortex
and the brain and is described as a Poisson process. State diagram of network. (b) State diagram of the working model output. Each line of
dots represents the activity of a single neuron, with each dot indicating an action potential occurring at that time for the neuron. For simplicity
we only show 10 excited pyramidal neurons, 10 bystander pyramidal cells, and 10 GABA interneurons. At time 2,000 ms, a current (equivalent
to a “memory” stimulus) is injected into the attractor neurons (lowest 10 lines); these neurons then fire in synchrony for a certain period until the
stochastic noise starts to deteriorate. From bottom to top: 10 pyramidal neurons that are stimulated with the memory stimulus, 10 nonstimulated
pyramidal cells, and 10 interneurons. The time period over which the 10 stimulated pyramidal cells fire action potential independently is defined
as the working memory span. GABA, y-aminobutyric acid.

The average WM for the clozapine placebo group was but increasing 5-HT, and 5-HT, activity reduces cognitive
8.27+1.60 s (n = 35), while adding risperdal resulted in a performance.
19% lower WM of 6.93+1.55 s (P = 0.001). Close inspec-
tion of the underlying processes in the model suggest that DISCUSSION
this is likely due to a greater D,R inhibition (by the 9-OH
risperidone metabolite) and greater presynaptic 5-HT R This report documents a computer-based mechanistic and
inhibition that tend to increase free 5-HT and activate 5-HT, biophysically realistic disease model of a cortical network
5-HT,, and 5-HTR. Increasing 5-HT, works procognitively, involved in the maintenance of cognitive WM tasks. The output
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is the time over which a memory trace can be stabilized and
introduction of the schizophrenia pathology is shown to reduce
this readout. The effect of clinical interventions, such as spe-
cific antipsychotics in the presence of specific COMT geno-
types in schizophrenics and the effect of anticholinergics and
COMT inhibitors in healthy volunteers is calculated based on
the corresponding changes in activation levels of all receptors,
affected by the drugs. Optimizing the correlation found between
the model outcome of the different interventions and the cor-
responding clinical results on the 2-back WM test allows for the
calibration of the remaining biological parameters using a set
of 17 published clinical experiments. When more publications
with drug effects on the N-back WM test become available, we
can use them for additional validation.

The best validation for such a platform would be to blindly
and prospectively test the clinical outcome based on the pri-
mary pharmacology and target engagement data in humans,
as we did successfully for a phase Il outcome in schizophre-
nia'* and for a symptomatic Alzheimer’s drug in a Ph | scopol-
amine-induced deficit.?® This, however, would necessitate a
long-term collaboration with a pharmaceutical company over
several years and so far we were unable to identify a project
on cognitive impairment in schizophrenia. The next best test
is to predict the outcome of retrospective data that have not
been used for the calibration.

The first such test is the correct prediction of GABA modu-
lators, suggesting that new targets can be introduced in a
physiologically realistic way leading to reasonably good pre-
dictions. Indeed, flumazenil has been associated with an
improvement in cognitive symptoms in humans,® whereas
first-generation and nonselective GABA allosteric poten-
tiators like lorazepam have consistently shown a reduced
cognitive performance even at subanesthetic doses.’' We
believe our approach is successful because we have embed-
ded these new targets in the model using preclinical and clini-
cal neurophysiology information.

The second example includes the combination therapy of
clozapine and risperidone. Many drugs have been tested in
combination with clozapine for improving the performance of
treatment-resistant schizophrenia. Although not significantly
improving clinical efficacy, augmentation therapy leads to the
introduction of serious side effects such as extra-pyramidal
symptoms and cognitive deficits. Many of the existing anti-
psychotics do have a complex pharmacology that affects
many receptor systems; in the case of risperidone and its
active metabolite 9-OH risperidone, the additional effect on
5-HT, and 5-HT, receptor activation through its indirect block
of the 5-HT, ; presynaptic autoreceptor in addition to its higher
D,R block can significantly impair the cognitive outcome. In
addition, 9-OH risperidone’s additional block of the 5-HT,,R
is likely to be reduced by the increased free 5-HT level as a
consequence of the presynaptic 5-HT,, autoreceptor block.
The clinical result' is recapitulated correctly by the model,
suggesting that these anticognitive effects likely more than
compensate for the procognitive effect of increased 5-HT, R
and 5-HT R activation level.

A similar computational biophysical model has been
proposed recently,® in which schizophrenia pathology
was introduced as a combination of glutamate and GABA
changes. In our model, we have additionally implemented
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the neurophysiology of diverse neuromodulatory membrane-
bound receptors, added the hypodopaminergic pathology
and increased background noise, and finally calibrated the
model with actual human clinical data on 17 therapeutic inter-
ventions so the model output can be related to clinical scales.

Another computational model®® describes the effect of GABA
pathology on network activity and y power oscillations. Although
we do not model y oscillations in this article, our result suggest
a similar outcome. Reducing GABA tone by decreased syn-
thesis through a deficit in GAD67, a key finding in schizophre-
nia,® has the capacity to reduce network activity because of an
asymmetric effect between inhibitory tone on interneurons and
pyramidal cells. The conclusion that reducing GABA tone will
always increase firing has to be interpreted with caution; using
a biophysically realistic computer-based approach enables us
to identify the underlying biological rationale.

In general, the WM task consists of sequential encoding,
maintenance, and retrieval processes. A major limitation of
the actual model is that it accounts only for the maintenance
part of WM and therefore, we assume that the cognitive def-
icit is driven to a substantial degree by the decline in the
maintenance process. A recent study®® suggests that cog-
nitive deficits in schizophrenia are driven by dysfunctional
context maintenance processes in an N-back test, whereas
semantic inhibition was the major driver in a dysfunctional
Stroop test. Alternatively, we can see this computational
model as a representation of the stability of a memory trace
in a brain region, the stability of which is essential for encod-
ing or retrieval or processing. The fact that we can get such
a robust correlation between this computational model and
clinical data suggests that either the maintenance phase or
the representation of the trace stability is fundamental to the
different stages of the WM task to the extent that it drives a
large part of the functional clinical outcome.

The sensitivity analysis suggests a major role for gluta-
matergic and GABAergic and to a lesser extent dopamine
modulation in driving the schizophrenia pathology. The small
changes in these parameters for our model is driven most
importantly by the performance reduction of 1.5 SD below
normal controls and is determined also by the excitatory—
inhibitory balance of the network. Of note, clinical studies
with glutamatergic modulators such as mGIluR2 agonist or
Glycine modulators in schizophrenia®® also suggest that
this balance is tightly regulated.

More complex mathematical models for cognition, involving
the interaction between different cortical regions and basal gan-
glia have been recently proposed.® These models (Prefrontal
cortex, Basal Ganglia WM, or PGWM model) make it possible
to consider multiple cognitive representations to be accounted
for and are “calibrated” using actual neuropsychological experi-
ments with well-defined cognitive tasks, such as the AX-Con-
tinuous Performance Task. However, the level of detail of the
biophysical representations does not allow for the pharmaco-
logical effects of drugs to be simulated. We plan, however, to
include aspects of this more complete computer model for cog-
nitive control in a future version, where we will explicitly bring
in the neurophysiology of the direct and indirect pathway of
the basal ganglia in addition to other subcortical brain regions.
Another major limitation of our current model is the lack of dif-
ferentiation between neocortex and hippocampus;* the model
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is a generic version of a cortical or hippocampal recurrent net-
work and certainly does not address the complex division of
labor between these two brain regions.

Not all receptors supposed to have an effect on cogni-
tion are currently implemented—for example -adrenergic
receptors.“® The current model also has only two GABA-A
subunit types and no GABA-B subunits*' that can have clin-
ical benefit. Furthermore, as not many clinical trials using
the Matrics scale have been published, it is not possible
to calibrate the outcome in terms of this Food and Drug
Administration-approved clinical scale. However, when
these are published, we will be able to provide a better
quantitative prediction of actual clinical scales using cor-
relation with these clinical data.

Being aware of the differences in absolute affinities of
drugs for human receptors reported in different labs, we
derive these numbers mostly from the standardized human
Psychoactive Drug Screening Program database. In this
way, differences between individual drugs and neurotrans-
mitters are consistent; in addition, we use normalization to
calculate the effect of changed receptor activation levels on
neurophysiological processes. Another problem is that target
engagement of scopolamine, tolcapone, and mecamylamine
in the human trials is not reported; usually these are titrated
to yield a clinically relevant deficit.

Statistical data analysis or pharmacodynamic modeling of the
drug effects on clinical outcomes has been used before,*? espe-
cially in those cases in which the outcome is dominated by one
process, such as the D, occupancy in schizophrenia psychosis.
To our knowledge, this type of PK/pharmacodynamic modeling
for predicting the effect of procognitive drugs in patients with
schizophrenia has not been used in cognitive trials.

This Quantitative Systems Pharmacology platform can be
used in CNS research and development to assess the quanti-
tative clinical dose—response of multitarget drugs on cognitive
outcome in WM paradigms long before a clinical trial is initi-
ated. It also helps define the exclusion criteria for comedica-
tion in clinical trials. Alternatively, this approach can be used to
estimate the cognitive impairment of off-target pharmacology
of other types of medications targeted at positive and negative
symptoms in Schizophrenia total.

Alternative approaches include systems biology analyses
where large data sets are mined for statistical analysis and
pattern recognition. We showed here that studying the cor-
relation between RO of the same drugs and using the same
clinical data set, the correlation is more than fivefold lower
than with our quantitative systems pharmacology model,
even when including the COMT genotype as an independent
discrete variable. Although the traditional regression analysis
approach assumes independent variables and linear inter-
actions, the computer model takes into account many more
nonlinear interactions, embedded in the neurophysiology
(the threshold for an action potential) or the indirect effect
between two neurotransmitter systems (i.e., one system
influencing the release and dynamics of another neurotrans-
mitter system).

In summary, this article presents a computer model that
can be useful in supporting drug discovery and development
for cognitive impairment in schizophrenia and in the rational
management of polypharmacy.
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METHODS

Pharmacology of psychoactive compounds. The affinity
parameters for each drug and neurotransmitter for human
receptors were derived from the standardized Psychoactive
Drug Screening Program database (http://pdsp.med.unc.
edu/indexR.html). We implemented the active moiety of anti-
psychotics, taking into account the activity of metabolites. For
instance N-desmethylclozapine, the major clozapine metab-
olite, accounts for 50% of the active moiety*® and has partial
agonism at different receptors, such as 5-HT,, (maximum
effect (E, ) 69%; EC,;, = 501 nmol/l), and M, mAChR (E__
67%; EC,, = 42 nmol/).*

The receptor competition model. To calculate the functional
free concentration of the drug, we use the receptor competi-
tion model (see Supplementary Data online), ordinary dif-
ferential equations that describe the competition between
neurotransmitter, drug, metabolite, and a radiotracer with
time-dependent changes in pre- and postsynaptic receptor
activations, neurotransmitter, and drug levels in the synap-
tic cleft.*> Presynaptic neurotransmitter physiology is imple-
mented using a phenomenological approach and calibrated
with preclinical experiments using rapid-cyclic fast voltamme-
try, constrained by human imaging data.

The functional free intrasynaptic concentration of the drugs
is determined by simulating the competition between total
active moiety and tracer at the postsynaptic DR in a posi-
tron emission tomography radiotracer displacement study
with clinical data of various antipsychotics.?® This value for
the active moiety is the functional intrasynaptic concentra-
tion that is dependent upon the PK properties of the drug
(assuming steady-state plasma values), which can be used
to calculate the postsynaptic receptor activation in other
nondopaminergic D, synapses (such as 5-HT or Ach). This
change in the postsynaptic receptor activation drives the con-
ductance change in voltage-mediated ion channels that drive
the excitability of the network.

The effect of the COMTVal158Met genotype on dopamine
and norepinephrine half-life in the cortex is simulated® using
human imaging data from the displacement of the D, -specific
radiotracer NNC-112 in healthy subjects with different COMT
genotypes.?”

The cortical network. We extended a biophysically realistic
model of a network of 20 four-compartment pyramidal cells and
10 two-compartment GABA interneurons' with the receptor
physiology of 18 different dopaminergic, serotonergic, norad-
renergic, and cholinergic receptors?' and adjusted the relative
fraction of inhibitory synapses* (Figure 4a). This model has
been calibrated from in vivo single-unit recordings in primates
during a WM task and as such reduces some of the species—
specific problems associated with a difference in inhibitory tone.

Synchronous firing of the target pyramidal cells is initiated
by injecting a transient current at { = 2,000ms. The network
then fires in a synchronized pattern before it gets degraded
by the background noise and the interference of the distrac-
tor neurons. This WM span (see Supplementary Data online
and Figure 4b), is usually in the range of 4-10 s and corre-
sponds to the time a certain pattern is held in WM.#”



Implementation of receptor pharmacology. We assume a
linear normalized relationship between receptor activa-
tion and biological effect on physiological responses such
as xg" = Xp - XS/ XS where X;‘ and XYc are the actual
activation levels of receptor X, (for instance D,) in placebo
(C) and after treatment (A). The modified conductances for
ion-channel Z downstream of a specific receptor are given by

A_yC
9,=9, x(1+ParamZY XM)
XY

where Param " is an adjustable parameter (see below).

The model includes the physiology of the dopamine D,, D,,
and D, receptors, the serotonin 5-HT,, 5-HT,,, 5-HT,, 5-HT,,
and 5-HT, receptors, the adrenergic o,,AR and the choliner-
gic M,, M, mAChR, the 0.7 and 042 nAChR in a quantitative
way from published preclinical studies (see Supplementary
Data online).

Calibrating the model. Schizophrenia pathology is imple-
mented using a hypodopaminergic cortical D,R tone,*
N-methyl-p-aspartate hypofunction,”™ documented by a
hypocortical-hyperstriatal imbalance in metabolic imaging,'®
a GABA deficit?® applied here to the network interneurons,
and a noisier background signal,' resulting in a clinical cog-
nitive deficit that is dependent upon the clinical readout, but
on average is 1.5 SDs lower than healthy controls.*°

We will simulate 100 different virtual “normal subjects” with
variable parameters for the four processes, allowing us to
determine a value of 1.5 SDs and the corresponding minimal
change.

In a second step, all remaining 11 free biological coupling
factors Param X (two for 5-HT, three for Ach, two for DA, two
for glutamate, and two for GABA) are calibrated using clinical
data (Supplementary Data online) on the N-back WM test
in schizophrenia patients and healthy controls with anticho-
linergics or COMT inhibitors, and stratified according to the
COMT genotype.

The calibration is performed using “design-of-experiment”
statistical techniques.®® A good robust approach uses only
2n simulations, where n is the number of free parameters, as
compared with 2" for a one-factor-at-a-time design.

The Pareto-effect, Par]. (j = 1-n), is the difference
Average+j.— Average—}. and indicates both the strength and
thgnsign of the gradient toward the optimum. Here, Average+/
= > Outcome[i]xPos; where Pos, = 1if e,="“P”and Pos, =

i=1
0if e, = “M” and an opposite definition for Average—j, with e,a
[2nxn] matrix of “P” and “M””
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WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

v/ There are no published studies on computer
simulation of pharmacological effects on
cognitive deficits in schizophrenia, and clinical
failures suggest that current animal models are
not predictive.

WHAT QUESTION DID THIS STUDY ADDRESS?

v/ This study explores the possibility of develop-
ing a humanized computer simulation of a cru-
cial part of the human cognitive processes, can
be calibrated using clinical experiments and
can deal with polypharmacy and new targets.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

v’ The study suggests that quantitative systems
pharmacology can be used in an early stage of
CNS cognitive enhancer projects to guide drug
discovery and development by simulating the
drug effects in a calibrated humanized environ-
ment.

HOW THIS MIGHT CHANGE CLINICAL
PHARMACOLOGY AND THERAPEUTICS

v/ With increasing validation, this approach might
bring clinical pharmacology and therapeutics
into the drug discovery process much earlier,
likely even at the stage of target validation.
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