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ABSTRACT

Systems biology analysis of intracellular signaling networks has tremendously expanded our understanding
of normal and diseased cell behaviors and has revealed paths to finding proper therapeutic molecular
targets. When it comes to neurons in the human brain, analysis of intraneuronal signaling networks provides
invaluable information on learning, memory, and cognition related disorders, as well as potential
therapeutic targets. However, neurons in the human brain form a highly complex neural network that,
among its many roles, is also responsible for learning, memory formation, and cognition. Given the
impairment of these processes in mental and psychiatric disorders, one can envision that analyzing
interneuronal processes, together with analyzing intraneuronal signaling networks, can result in a better
understanding of the pathology and, subsequently, more effective target discovery. In this paper, a hybrid
model is introduced, composed of the long term potentiation (LTP) interneuronal process and an
intraneuronal signaling network regulating CREB. LTP refers to an increased synaptic strength over a long
period of time among neurons, typically induced upon occurring an activity that generates high frequency
stimulations in the brain, and CREB is a transcription factor known to be highly involved in important
functions of the cognitive and executive human brain such as learning and memory. The hybrid LTP-
signaling model is analyzed using a proposed molecular fault diagnosis method. It allows to study the
importance of various signaling molecules according to how much they affect an intercellular phenomenon
when they are faulty, i.e., dysfunctional. This paper is intended to suggest another angle for understanding
the pathology and therapeutic target discovery by classifying and ranking various intraneuronal signaling
molecules based on how much their faulty behaviors affect an interneuronal process. Possible relations
between the introduced hybrid analysis and the previous purely intracellular analysis are investigated in the

paper as well.



STATEMENT OF INTEGRATION, INNOVATION, AND INSIGHT

Analysis of intracellular signaling networks using computational and systems biology approaches has
expanded our understanding of normal and pathological cell behaviors. Integrated study of intercellular
processes, together with intracellular signaling, is a promising hybrid approach that can add another
dimension to our biological understanding. Here an inter-intracellular system is analyzed using a proposed
hybrid molecular fault diagnosis method, which allows to study the importance of various signaling
molecules based on how much they affect an intercellular phenomenon when they are faulty, i.e.,
dysfunctional. The integrated approach suggests another angle to better understand the pathology and

advance therapeutic target discovery efforts.

INTRODUCTION

Signaling molecules are regulatory molecules, mostly enzymes, and receptors, involved in regulating many
aspects of neuronal and cellular functions. Their dysfunction is known to contribute to the development of
the pathology [1]. They have emerged as targets for developing new therapeutics [2], e.g., small molecules
or other chemical entities that can control their activities.

There are a number of complex mental and psychiatric disorders, however, whose underlying
molecular mechanisms are not well understood. Examples include schizophrenia, bipolar disorder,
depression, etc. While a number of molecules are observed to be involved in such disorders, their roles and
significance in the development of the pathology are not known. As a result, target discovery and drug
development for effective treatment of such complex disorders have been highly challenging.

Systems biology approaches have been developed for finding therapeutic molecular targets, by
analyzing intracellular signaling networks [3, 4]*. In such approaches, first, a signaling network relevant to
the disease of interest and regulates an important protein or transcription factor - called the output molecule
- is considered. Then, several molecules are suggested as proper therapeutic candidates by analyzing some
characteristics of the network and investigating certain functional relationships between the network output

and the network components. As an example, see [8], where the focus is on leukemia.

! Other types of systems biology network analysis approaches address other subject matters, e.g., signaling
network decision making [5], fitting a signaling network to experimental data [6], understanding gene regulatory
networks [7], etc.



When it comes to mental and psychiatric disorders, naturally, one can similarly look at
intraneuronal signaling networks. By analyzing signaling networks in neurons, one can find some possible
therapeutic targets. However, neurons in the human brain form a highly complex neural network that is also
responsible for learning, memory formation, and cognition, among its many roles. Given the impairment
of these processes in mental and psychiatric disorders, one can envision that developing methodologies and
tools to analyze interneuronal processes coupled with the intraneuronal signaling networks, can result in a
better understanding of the pathology and, subsequently, more effective target discovery.

The interneuronal process considered in this paper, to be analyzed together with intraneuronal
signaling, is the long term potentiation (LTP), discovered in 1973 [9]. LTP refers to an increased synaptic
strength over a long period of time among neurons, typically induced upon occurring an activity that
generates high frequency stimulations in the brain. Over the past few decades, extensive research has been
conducted on various aspects of LTP [10], ranging from physiological mechanisms to learning and memory
storage. Possible involvement of LTP and synaptic plasticity and their impairments in cognitive disorders
such as schizophrenia and several others are also investigated by many groups of researchers [11, 12].

This paper introduces a hybrid model composed of the LTP and an intraneuronal signaling network
regulating CREB, which is a slightly smaller copy of our previously studied CREB network [4] on which
the used model is experimentally verified via Western blot analysis of protein extracts from primary
neuronal cultures at multiple time points after treatment with different neurotransmitter ligands, and
immunofluorescence analysis of primary cortical culture. CREB is a transcription factor known to be highly
involved in essential functions of the cognitive and executive human brain, such as learning and memory.
The hybrid LTP-signaling model is analyzed in this paper using a proposed molecular fault diagnosis
method. It allows studying the importance of various signaling molecules according to how much they
affect an intercellular phenomenon when they are faulty, i.e., dysfunctional. The paper is intended to
suggest another angle for understanding the pathology and therapeutic target discovery, by classifying and
ranking various intraneuronal signaling molecules based on how much their faulty behaviors affect an
interneuronal process.

The rest of this paper is organized as follows. The first section introduces the hybrid LTP-signaling
model, and its molecular fault diagnosis concepts are explained using two examples. Afterward, all the
findings are presented and discussed in the RESULTS AND DISCUSSION section, followed by the
METHODS and CONCLUSION sections.



THE HYBRID LTP-SIGNALING MODEL AND ITS FAULT DIAGNOSIS

A. The Hybrid LTP-Signaling Model

A schematic of the introduced neuronal hybrid LTP-signaling model is shown in Figure 1, in which a neuron
generates electrical spikes in response to its input electrical spikes. Upon receiving certain high frequency
spikes, neuronal activity and synaptic weight of the neuron - both to be defined later - can increase, which
result in the long term potentiation. The magnitude of the LTP depends on the input stimulation, as well as
the activity level of the transcription factor CREB in the neuron, regulated by an intraneuronal signaling
network whose inputs are the important neurotransmitters acetylcholine, dopamine, serotonin, adenosine,
and glutamate, and whose output is CREB. CREB is a cAMP response element-binding protein, where
CcAMP stands for cyclic adenosine monophosphate. In the rest of this subsection, first the signaling and then
the LTP aspects of the hybrid model are introduced.

In general, each neuron in the human brain comprises many molecules that constantly interact with
each other. These molecules constitute complex signaling networks that receive input signals from
neurotransmitters and then generate responses that regulate some transcription factors, that can be
considered as network outputs. Details of the intraneuronal signaling network considered in the hybrid
model (Figure 1) are shown in Figure 2. The network is composed of five inputs - the neurotransmitters
acetylcholine, dopamine, serotonin, adenosine, and glutamate, 51 intermediate molecules, 136 molecular
interactions (Figure S1), and one output which is CREB (model simulation details and equations of the
signaling network are provided in METHODS B). Studies in the nervous system of many organisms, from
drosophila to vertebrate animals, have shown that a wide range of neurotransmitters, neuromodulators, and
neurotrophic factors can control the transcriptional activities of numerous different genes co-regulated
through a common cis-regulatory logic [13-19]. Such genes share a cis-regulatory motif, a DNA sequence
in a locus of variable size, to which a transcription factor binds, affecting the locus's expression. There are
hundreds of genes in neurons that have functional cis-regulatory elements (CRES). In neurons, CREB is
known as the main regulator of the gene expression of such genes. The activity of CREB is induced in
response to a variety of neurotransmitters, neuromodulators, and neurotrophic factors, which bind to their
receptors and activate or inhibit several different classes of intraneuronal signaling molecules. A number

of important physiological tasks of the central nervous system, such as memory formation, cognitive and



executive function, are regulated by changes in the expression or the activity of CRE responsive genes [13-
19].

The LTP process in the hybrid model (Figure 1) includes the spike-timing-dependent plasticity
(STDP) [20, 21] and the Bienenstock-Cooper-Munro (BCM) model of synaptic plasticity [22]. Basically,
it is a simulation of late LTP in the hippocampal dentate gyrus, where the changing synaptic modification
threshold, which specifies if the current activity of a neuron will make its input synapses stronger or weaker,
depends on two parameters: average postsynaptic spike count of the neuron, and concentration of
phosphorylated, i.e., activated CREB. Note that the activation of CREB induces gene expression that results
in maintaining the late LTP. Equations and model simulation details for the LTP are provided in
METHODS A.

The details of the hybrid LTP-signaling model, which is a combination of the STDP-BCM synaptic
plasticity and the intraneuronal CREB signaling network, are provided in METHODS C.

All findings of the hybrid LTP-signaling model fault diagnosis, which is essentially an analysis
from a pathology perspective, are presented in RESULTS AND DISCUSSION in detail. In the following

subsection, nevertheless, two of the results are discussed to present key ideas and gain insight.
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Figure 1. The introduced hybrid LTP-signaling model of a neuron that generates electrical spikes in response to its input
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electrical spikes. Upon receiving certain high frequency spikes, neuronal activity and synaptic weight of the neuron can
increase, that result in long term potentiation. The magnitude of the long term potentiation depends on the input stimulation,

as well as the activity level of the transcription factor CREB in the neuron, regulated by an intraneuronal signaling network

whose inputs are the important neurotransmitters acetylcholine, dopamine, serotonin, adenosine, and glutamate.
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Figure 2. The CREB intraneuronal signaling network. The network has a total of 57 molecules. The inputs are the
neurotransmitters acetylcholine, dopamine, serotonin, adenosine, and glutamate, and the output is the transcription factor

CREB. The normal arrows represent activatory interactions whereas the circle-headed arrows represent inhibitory interactions.

B. Molecular Fault Diagnosis of the Hybrid LTP-Signaling Model: Two Examples
A principal goal of analyzing signaling networks is to understand how a physiological state is turned into a
pathological state and what elements play critical roles in this transition. To understand why and how a
signaling network fails, one needs to find out to what extent individual molecules or groups of molecules

contribute to the breakdown of the network. This allows us to dissect out how numerous different



components of a variety of signaling pathways may contribute to the system failure when they become
faulty, i.e., dysfunctional. In turn, this will tell us how much emphasis we should put on those molecules
which are identified as major contributors in the stage of drug development.

In our prior studies, an experimentally-verified molecular fault diagnosis approach was developed
[4, 23, and 24], to determine the most vulnerable molecules in a network of molecules. A high vulnerability
for a molecule means that with high probability, the whole signaling network does not operate correctly if
the molecule is faulty. Those studies focused on understanding the amount of departure of the signaling
network response from its normal response, when there were faulty molecules in the network. This was a
purely intracellular analysis, whereas this paper studies the importance of various signaling molecules
according to how much they affect LTP - an intercellular phenomenon - when they are faulty. This study is
intended to add another angle to understanding the pathology and therapeutic target discovery for cognition
and memory-impaired complex mental disorders, by classifying and ranking various intraneuronal
signaling molecules based on how much their faulty behaviors affect an interneuronal process. Possible
relations between this hybrid approach and the previous analysis are discussed in RESULTS AND
DISCUSSION as well.

Example 1: Based on our analysis, Figure 3A shows how two different molecules affect neuronal
activity differently, when they are faulty (see METHODS for simulation details and equations). Following
[20, 21], here the neuronal activity is considered as the moving time-average of postsynaptic spike count
of a neuron, typically after receiving a high frequency stimulation (HFS). The red graph is the neuronal
activity of a wild-type neuron that has received a 95 msec HFS at 2 h [20]. The other two graphs are
simulation results of the hybrid model, when the signaling network (Figure 2) has one faulty molecule. It
appears that a faulty CAMKK does not deviate the neuronal activity from the wild-type activity, whereas a
faulty PKA considerably reduces the neuronal activity. The effects of all the molecules in the intraneuronal
signaling network (Figure 2) on the neuronal activity, when they are faulty, are presented and discussed in
RESULTS AND DISCUSSION.

Example 2: According to our analysis, Figure 3B demonstrates that if two molecules are
concurrently faulty, their damaging impact on the neuronal activity can be more profound, compared to
only one of them being faulty (see METHODS for simulation details and equations). The red graph is the
neuronal activity of a wild-type neuron that has received HFS at 2 h [20]. The other three graphs are
simulation results of the hybrid model, when the signaling network (Figure 2) has one or two faulty
molecules. In this example, we observe that when either cCAMP or CREM is faulty, the neuronal activity

reduces with respect to the wild-type activity. However, when they are both faulty together, the neuronal



activity decreases further. The effects of all pairs of molecules in the intraneuronal signaling network

(Figure 2) on the neuronal activity, when they are concurrently faulty, are presented and discussed in

RESULTS AND DISCUSSION.
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Figure 3. Examples of neuronal activity variations versus time when a high frequency stimulation is applied in 2 hours. (A)

Example 1: Red: a wild-type neuron [20]; Blue: a neuron in which a molecule called CAMKK is faulty in the CREB signaling

network; Black: a neuron in which a molecule called PKA is faulty in the CREB signaling network. (B) Example 2: Red: a

wild-type neuron [20]; Magenta: a neuron in which a molecule called cAMP is faulty in the CREB signaling network; Green:
a neuron in which a molecule called CREM is faulty in the CREB signaling network; Purple: a neuron in which the two
molecules cAMP and CREM are concurrently faulty in the CREB signaling network.




RESULTS AND DISCUSSION

In this section, results of the fault diagnosis of the hybrid LTP-signaling model are presented using two
important synaptic plasticity parameters: neuronal activity and synaptic weight. Following [20, 21], the
neuronal activity is the moving time-average of postsynaptic spike count of a neuron after receiving HFS,
whereas the synaptic weight represents the field excitatory post synaptic potential (FEPSP). The following
two subsections, A and B, are dedicated to presenting the neuronal activity and the synaptic weight fault

diagnosis results, respectively (see METHODS for simulation details and equations).

A. Neuronal Activity Results

Neuronal activity variations versus time, when a high frequency stimulation is applied to the neuron and
there is one faulty molecule in the intraneuronal CREB signaling network, are shown in Figure 4A.
Depending on the level of impact of the faulty molecule on CREB, molecules are categorized into seven
classes (Figure S2A, Table S2). We observe that some classes are close to the wild-type neuron graph,
whereas others exhibit noticeable deviations from it. To better understand this, neuronal activity averages
are computed over 6-24 h steady-state time courses of Figure 4A, for each class of faulty molecules, as well
as the wild-type neuron (Figure 4B). Averages of classes 1-3 are found to be close to the neuronal activity
average of the wild-type neuron, assuming a +/-10% range as a measure of closeness, whereas noticeable
differences are observed between the averages of classes 4-7 and the wild-type neuron average activity.

Additionally, variations in the neuronal activity are examined in the presence of two concurrently
faulty molecules in the intraneuronal CREB signaling network, when a high frequency stimulation is
applied to the neuron (Figure 5A). In this instance, pairs of molecules are categorized into twenty nine
classes (Figure S2B, Table S3.1-S3.29), based on the level of impact of the faulty pair of molecules on
CREB. While some of the classes are close to the wild-type neuron response, others exhibit noticeable
deviations. Upon computing the neuronal activity averages over the 6-24 h steady-state time courses of
Figure 5A for each class of faulty pairs of molecules, as well as the wild-type neuron, we observe that
averages of classes 1-7 are close to the neuronal activity average of the wild-type, whereas averages of
classes 8-29 are noticeably different, more than 10%, compared to the wild-type neuron average activity
(Figure 5B).

The above results obtained from the analysis of the hybrid model demonstrate that depending on
what molecule or pair of molecules is faulty in the CREB signaling network, then the HFS average neuronal

activity can change slightly or considerably (Figures 4B and 5B). These results suggest different roles for
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Figure 4. Neuronal activity analysis results when there is one faulty molecule in the intraneuronal CREB signaling network.
(A) Neuronal activity variations versus time, when a high frequency stimulation is applied to the neuron. Depending on the
level of impact of the faulty molecule on CREB, molecules are categorized to seven classes, and the corresponding neuronal
activities are shown by different colors. The included wild-type neuronal activity graph (also shown in Figure 3B) is the same
as class 2 graph. (B) Neuronal activity averages computed over the steady-state time courses of panel A, for each class of faulty

molecules, as well as the wild-type neuron.

the signaling molecules, according to how much deviations from the wild-type HFS neuronal activity they
induce, when they are faulty. It is informative to additionally investigate what the impacts of faculty

molecules are, if they are studied from a pure intraneuronal signaling perspective, and not using the hybrid

11
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Figure 5. Neuronal activity analysis results when there are two concurrently faulty molecules in the intraneuronal CREB
signaling network. (A) Neuronal activity variations versus time, when a high frequency stimulation is applied to the neuron.
Depending on the level of impact of the faulty pair of molecules on CREB, pairs of molecules are categorized to twenty nine
classes, and the corresponding neuronal activities are shown by various colors. The included wild-type neuronal activity graph
(also shown in Figure 3B) is the same as the class 6 graph. (B) Neuronal activity averages computed over the steady-state time

courses of panel A, for each class of faulty pairs of molecules, as well as the wild-type neuron.

approach. In our prior studies, an intracellular fault diagnosis approach was developed [4, 23, and 24], to
find the most vulnerable molecules in a network of molecules. A high vulnerability for a molecule means

that with high probability, the whole signaling network does not operate correctly, if the molecule is faulty.

12



The focus of those studies was on analyzing the amount of deviation of the signaling network
response from its normal response, when there were faulty molecules in the network. This was a purely
intracellular analysis, whereas this paper studies the importance of various signaling molecules according
to how much they affect a combination of intercellular and intracellular processes, when the molecules are
faulty.

To compare with the results of the hybrid analysis of this paper, vulnerability levels of all the 51
individual molecules (Figure S3A, Table S4) and all the 1275 pairs of molecules (Figure S3B, Table S5.1-
S5.14) are computed for the intraneuronal CREB signaling network (Figure 2), when they are faulty (see
METHODS B for details). We note that single-fault vulnerabilities change from 0 to 0.6, whereas double-
fault vulnerabilities vary over a wider range of 0 to 0.8. This indicates that when two molecules are
concurrently faulty, they may cause more harm to the signaling network, compared to being individually faulty.

To understand the relation between the hybrid and the pure intraneuronal analyses results and the
way they rank single faulty molecules, normalized neuronal activity when there is one faulty molecule in
the intraneuronal CREB signaling network, versus the vulnerability level of the faulty molecule, is depicted
in a scatter plot (Figure 6A). Here the normalized neuronal activity for each class of molecules is obtained
via dividing the class neuronal activity of Figure 4B by the neuronal activity of the wild-type neuron,
whereas each vulnerability level is taken from Figure S3A. We observe that classes 1-3 whose normalized
neuronal activities are close to 1 (close to the wild-type neuronal activity), exhibit low vulnerability levels,
whereas classes 4-7 that have normalized neuronal activities far away from 1, demonstrate high
vulnerability levels. This is an intuitively reasonable observation, as one expects that a faulty highly
vulnerable molecule should impair the neuronal activity significantly, whereas a faulty molecule with low
vulnerability should not induce noticeable deviation from the wild-type activity.

Similarly, a scatter plot is created using the normalized neuronal activity and the intraneuronal
vulnerability levels, when there are two concurrently faulty molecules in the intraneuronal CREB signaling
network. This allows to examine the hybrid and the pure intraneuronal approaches and understand how they
rank double faulty molecules (Figure 6B, Table S6). The normalized neuronal activity for each class of
molecule pairs is obtained via dividing the class neuronal activity of Figure 5B by the neuronal activity of
the wild-type neuron, whereas each vulnerability level is taken from Figure S3B. We note that those classes
whose normalized neuronal activities are close to 1 - close to the wild-type neuronal activity - exhibit low
vulnerability levels, whereas classes that have normalized neuronal activities far away from 1, demonstrate

high vulnerability levels. Similar to the single fault analysis, this is reasonable, as one anticipates that a

13



faulty highly vulnerable pair of molecules should affect the neuronal activity more. In contrast, a faulty pair

of molecules with low vulnerability should not cause a major deviation from the wild-type activity.
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B. Synaptic Weight Results
In this subsection, results of the fault diagnosis of the hybrid LTP-signaling model are presented using the
important synaptic plasticity parameter called synaptic weight [20, 21], which represents the induced field
excitatory post synaptic potential, in response to the HFS of the perforant pathway [20] (see METHODS
for simulation details and equations).

Here we examine variations in the synaptic weight versus time and in the presence of an
individually faulty molecule (Figure S4A), or two concurrently faulty molecules (Figure S4B) in the
intraneuronal CREB signaling network. Depending on the level of impact of the molecular
dysfunctionalities on CREB, the individually faulty molecules are categorized into seven classes (Figure
S2A, Table S2), whereas the pairs of faulty molecules are categorized into twenty nine classes (Figure S2B,
Table S3.1-S3.29), where various classes can behave differently. Furthermore, using their respective 6-24
h steady-state time courses (Figure S4A and S4B), we compute the average synaptic weight for each class
of individually faulty molecules (Figure 7A), as well as the concurrently faulty pairs of molecules (Figure
7B), and compare with the wild-type neuron. For the single fault case, averages of classes 2-3 are found to
be close to the synaptic weight average of the wild-type neuron, assuming a +/-10% range as a measure of
closeness, whereas noticeable differences are observed between the averages of other classes and the wild-
type average synaptic weight. On the other hand, in the case of a concurrently faulty pair of molecules,
averages of classes 3-8 are found to be close to the synaptic weight average of the wild-type neuron, whereas
the rest of the classes exhibit more noticeable differences with respect to the wild-type average synaptic
weight.

These analyses demonstrate that the HFS average synaptic weight can alter slightly or substantially
(Figure 7), depending on what molecule or pair of molecules is faulty in the CREB signaling network.
Moreover, these results suggest different roles for the signaling molecules, according to how much
deviations from the wild-type HFS synaptic weight they induce, when they are faulty.

To understand the relation between the hybrid synaptic weight analysis and the pure intraneuronal
vulnerability analysis results explained in the previous section (Figure S3), and how they rank individual
and pairs of faulty molecules, now we generate two scatter plots. They show the normalized synaptic weight
versus the vulnerability level when there is one faulty molecule (Figure 8A) or there are two concurrently
faulty molecules (Figure 8B) in the intraneuronal CREB signaling network. The normalized synaptic weight
for each class of molecules is obtained via dividing the associated synaptic weight by the synaptic weight
of the wild-type neuron, whereas each vulnerability level is taken from Figure S3A and S3B for individual

and pairs of faulty molecules, respectively. We observe that the molecules in classes 1-3 whose normalized
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Figure 7. Synaptic weight averages computed over the steady-state time courses. (A) Synaptic weight averages computed over
the steady-state time courses of Figure S4A, for each class of faulty molecules, as well as the wild-type neuron. (B) Synaptic
weight averages computed over the steady-state time courses of Figure S4B, for each class of faulty pairs of molecules, as well
as the wild-type neuron.

synaptic weights are close to 1, i.e., close to the wild-type synaptic weight, exhibit low individual
vulnerability levels, whereas the molecules of classes 4-7 that have normalized synaptic weights distant
from 1, show high individual vulnerability levels (Figure 8A). We also observe that the normalized synaptic
weight typically decreases, as the vulnerability level increases in the presence of two concurrently faulty

molecules (Figure 8B). This is intuitively reasonable, as one expects that faulty highly vulnerable

16



A
121
c11r *Class 1
Ry
]
= *Class 3
2 R *Class 2
= Wild-type
) neuron
=09
D)
o
0]
% 08+ Class 54
g Class 7
2071 ?Class 4
Class
06 1 1 1 1 1 ]
0 0.1 0.2 0.3 04 0.5 0.6
Vulnerability Level
B
*
12
ey
21t x X% *
* * X
E o *
«% oo Wild-type 5
¥ [ neuron
& kX ¥
< 0.8
N
= 071 ¥ ¥ x *
£ *
S 06 *
pd
05
04 1 1 1 1 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Vulnerability Level
Figure 8. Normalized synaptic weight versus vulnerability levels. (A) Normalized synaptic weight when there is one faulty
molecule in the intraneuronal CREB signaling network, versus the vulnerability level of the faulty molecule. Depending on
the amount of impact of the faulty molecule on CREB, molecules are categorized to seven classes. (B) Normalized synaptic
weight when there are two concurrently faulty molecules in the intraneuronal CREB signaling network, versus the vulnerability
level of the faulty pair of molecules. Depending on the level of impact of the faulty pair of molecules on CREB, pairs of
molecules are categorized to twenty nine classes. Table S7 specifies the class labels for the data points in the figure.

molecule(s) should impair the synaptic weight significantly, whereas faulty molecule(s) with low

vulnerability should not cause substantial deviation from the wild-type synaptic weight.
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Interestingly, there are some additional lessons that we can learn from Figure 8B, which can be
useful for therapeutic target discovery. For example, the three star markers at the lower right corner of
Figure 8B represent three distinct sets of molecular pairs with the same highest vulnerability of 0.8. More
specifically and according to Table S5.1, there are the following 34 such pairs with equal vulnerability of
0.8: PKA-PP2B, PKA-CAMKIV, PKA-CREM, CALMODULIN-PP2B, CALMODULIN-CAMKIV,
CALMODULIN-CREM, PP2A-PP2B, PP2A-CAMKIV, PP2A-CREM, PP2B-GALPHAI, PP2B-
PQCaCh, PP2B-CAMKII, PP2B-CALCIUM, PP2B-AC2, PP2B-cAMP, GALPHAI-GBETAGAMMA,
GALPHAI-AC1, GALPHAI-AC5, GALPHAI-CAMKIV, GALPHAI-CREM, GBETAGAMMA-AC?2,
GBETAGAMMA-cAMP, PQCaCh-CREM, PQCaCh-CAMKIV, CAMKII-CAMKIV, CAMKII-CREM,
CALCIUM-CAMKIV, CALCIUM-CREM, AC1-AC2, AC5-AC2, AC2-CAMKIV, AC2-CREM, cAMP-
CAMKIV, cAMP-CREM.

In general, it may not be straightforward to decide what the best pair of molecules is to choose for
therapeutic targeting, given the above large number of choices with the same vulnerability level. Upon
looking at Figure 8B, however, we find out that there are three different normalized synaptic weights
associated with the above pairs, when they are faulty: 0.827, 0.703, and 0.591 (which correspond to classes
27,24, and 26, respectively, according to Table S7). Note that the pairs with the normalized synaptic weight
of 0.591 in Figure 8B exhibit the largest deviation from the wild-type synaptic weight, when they are faulty.
Subsequently, one may say that such pairs with the highest vulnerability of 0.8 are more likely to contribute
more to the development of the pathology, when they become dysfunctional. Therefore, such pairs are
probably better targets for drug development and delivery, compared to other pairs of molecules that have
the same high vulnerability of 0.8. This example demonstrates how the introduced hybrid approach can add

another dimension to intraneuronal signaling-based target discovery methods.
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METHODS

A. The Neuron Model, Spike-Timing-Dependent Plasticity (STDP), Bienenstock-Cooper-Munro
(BCM) Synaptic Plasticity Model, and CREB
Our spiking model for a hippocampal dentate granule cell has two excitatory inputs representing ipsilateral
medial and ipsilateral lateral perforant pathways, mpp and Ipp, respectively. The pathway shown in Figure
1 is the ipsilateral perforant pathway, pp, which is the mixture of mpp and Ipp [20].
The Izhikevich model used as our neuron model in Figure 1 is composed of the following two

ordinary differential equations [25]:

?ww (t) +5v(t) +140-u(t) + 1(1), .
% =a(bv(t) —u(t)), @)

where V(t), a dimensionless variable, is the neuron membrane potential, u(t) represents the membrane
recovery variable that applies a negative feedback to V(t), to incorporate the inactivation and activation of
the Na* and K* ionic currents, respectively, |(t) is the variable that delivers synaptic inputs, a =0.02 and
b =0.2. The model works as follows:

v(t) « c,

u(t) <« u(t)+d. @)

If v(t) > AP, then {

This means that when the membrane potential reaches its apex value of AP =55mV, then v(t) and u(t)
are updated following Equation (3), where ¢=-69 mV, d =2, and time step and spike width in
simulations are 1 ms. The total synaptic input of the model 1(t) due to separate input pathways is given by
[20]:

1 () = h (D)1 155 Wingp, (1) + D(E) 1, Wi, (1) (4)

where h(t)=1 or 0, whenever a presynaptic spike exists or not at the time instant t, L oo =100 are

=l

the intensities of electrical stimulation of the mpp and Ipp pathways, respectively, and w, () and w,, (t)

mpp
are the weights of the mpp and Ipp inputs, respectively. Initial weight of each pathway is considered to 0.05.

In our simulations, spontaneous input spikes are a superposition of an 8 Hz correlated component
and a 1 Hz uncorrelated component composed of Poisson random spikes [20]. To trigger late long term
potentiation (LTP), high frequency stimulation (HFS) is injected into the perforant pathway pp, following

the protocol of [20], shown in Figure S5.
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STDP is a temporally asymmetric type of Hebbian rule, induced by temporal correlation of
presynaptic and postsynaptic spikes. Both spontaneous spikes and HFS inputs are considered for
implementing STDP. Additionally, the nearest-neighbor rule is used to implement STDP, i.e., each
presynaptic spike can pair with just two postsynaptic spikes: one appearing immediately before and one
appearing immediately after the said presynaptic spike. More specifically, synaptic weight changes and

update are given by the following equations [20, 26]:

Aw, (At) = A (t)exp(-At/z,), if At>0, (5)
Aw_(At) = A (t)exp(At/z ), if At<O, (6)
w(t+ot) =w(t)1+Aw, —Aw ), @)

where At =t t ., 7,=10 msand . =100 ms are the post and presynaptic spikes time difference,

post

synaptic potentiation modification window and synaptic depression modification window, respectively, and

pre !

weight update occurs every ot=1 ms. Additionally, A, (t) and A (t) are amplitudes for the positive

(potentiation) and negative (depression) synaptic changes, respectively, defined by the following equations:
A1) =A(0)/6, (), (8)
A (t)=A(0)6,(), 9)

where A (0)=0.02 and A (0)=0.01 are initial synaptic potentiation and depression amplitudes,
respectively, and 6,, (t) is the time-varying LTP threshold coming from the BCM theory [22], and
determines the direction of synaptic plasticity and the easiness of LTP induction. It is considered to be a

function of both postsynaptic and CREB activities [20]:
Oy (1) =aR ()F,(), (10)

where « =2000 is a scaling factor and F,(t) is the time-average of postsynaptic spikes over the most recent

window of length 7, =30 s:

RO =7 ct)exp(~(t-t)/z, )dt’, (11)

where c(t") =1 or 0, if a postsynaptic spike at the time t' exists or not, respectively (Note that the time-

varying “neuronal activity” discussed and graphed in the figures of the main body of the paper is indeed
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aF,(t)). Moreover, F,(t) is the inverse of the phosphorylated CREB concentration in the postsynaptic
neuron [pCREB(t)], which is a measure of CREB activity:

F,(t) =1/[pCREB(t)]. (12)

As mentioned at the beginning of RESULTS AND DISCUSSION and used in the figures and
discussions in the main body of the paper, the term “synaptic weight” is used to represent the
experimentally-important quantity called field excitatory post synaptic potential (fEPSP). More
specifically, all the “synaptic weight” figures and results in the paper are generated using Equation (13)
below, which is the fEPSP percentage change response to the stimulation of the perforant pathway pp,
computed based on the linear summation of the percentage changes of the medial and lateral perforant

pathways mpp and Ipp weights:

AFEPSP, (1)% = Aw, . (t)% + Aw, (t)%, (13)
t) - 0
Aw,,, (1)% =100(me"( )~ Woyy )J, W, (0) =0.05, (14)
mpp (O)
Wip (£) — Wi, (0)
Aw,_ ()% =1oo[""’—""} w._(0) =0.05, (15)
Ipp W, (O) Ipp

where w_(t) and w, (t) are computed using Equation (7).
At the end, note that all the “neuronal activity” and “synaptic weight” figures and results are

obtained by generating and averaging over six realizations of aF,(t) and AfEPSP, (t)%, respectively.

B. The Intraneuronal CREB Signaling Network

We use the discrete modeling approach to model and simulate the intraneuronal CREB signaling network
(Figure 2) [27]. It is advantageous for signaling networks with many molecular interactions, whose
mechanistic details, kinetic parameters, rate constants, etc., are not available. This approach is used by
various groups of researchers, e.g., [3-8]. The discrete modeling approach and the CREB network were
already experimentally verified using Western blot and immunofluorescence analyses (see [4] for details).

To simulate the CREB activity level using the regulatory equations of the network molecules of
Figure 2 listed in Table S1, we follow the approach provided in [5]. To elaborate, the CREB activity level
is computed by simulating the CREB network for 1000 iterations, when one input molecule is active at a
time. The percentage of CREB being the binary 1 in the last 100 iterations - when the network reaches the

steady state - specifies the CREB activity level [5] for that specific input. We repeat this for all the input
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molecules and then average over the computed CREB activity levels, which provides the overall CREB
activity level for the five input molecules. This quantity is called CREBework, Which is a measure of the
CREB activity level induced by the CREB intraneuronal signaling network.

We compute the CREB activity level CREBnework for both normal and abnormal networks, in which
one or two molecules are considered to be faulty, i.e., dysfunctional. The faulty state of a molecule can be
defined as its failure to respond correctly to the input signals, which can ultimately induce incorrect
responses at the output of the network and change the output activity accordingly. To model a faulty
molecule, we consider that its activity state is either stuck-at-0, sa0, or stuck-at-1, sal, each with a
probability of 1/2 [4]. Similarly, when there exist two concurrently faulty molecules in the network, we
consider that each molecule in the faulty pair is equi-probably sa0 or sal. The CREB:emwork activity values
with no, one, and two faulty molecules in the signaling network are provided in Figure S2A and S2B,
respectively, after a numerical scaling explained in METHODS C (see Equation (19)). The results are also
listed in Table S2 and Table S3, respectively.

To compare the results of the hybrid analysis of this paper with a purely intracellular analysis, we
compute the vulnerability level of each molecule, and each pair of molecules, as follows [4, 23]: First, we
simulate the fault-free (normal) network for 1000 iterations for each input being active at a time and observe
the fault-free responses at the network output CREB. Then, we simulate the abnormal network for 1000
iterations, where a specific molecule or a specific pair of molecules is rendered faulty, such that each faulty
activity state is either sa0 or sal with a probability of 1/2 [4], and observe the faulty network CREB
responses for each input being active at a time. Afterward, we compare the abnormal and normal network
CREB responses in the last 100 iterations [5], to compute the probability of having incorrect network
responses. This is the vulnerability level of that specific molecule or pair of molecules. Mathematical details
of computing single and double fault vulnerability levels are given below.

Recall that the intraneuronal CREB signaling network has one output and 5 inputs, and the network
responses in the last 100 iterations [5], i.e., after reaching the steady state, are considered to compute the
vulnerability levels for single and double fault analyses. This means that in the presences of a faulty
molecule (or two concurrently faulty molecules) and for each input being active at a time, there will be 100
output responses that may be the same as or different from the 100 normal network responses. Suppose that
B, is the vector of responses of the normal network and y; is the vector of responses of the abnormal
network - in which there exists a single or a pair of faulty molecules - in the last 100 iterations, when the
input i is active, i=1,...,5. To compute the vulnerability level, one needs to compare g, with y, for each

i and in the presence of a specific faulty molecule (or a pair of concurrently faulty molecules):
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&=5-r- (16)

Here & is either a vector of all zeros represented by 0, if there is not any incorrect network response, or it
contains at least one non-zero entry, if there exists at least one incorrect network response in any of the 100
iterations.

When a single molecule x is faulty, the vulnerability level V of x is defined as the probability of

observing an ¢, with at least one non-zero entry for the i"™ input, i=1,...,5, which can be written as:

V(X)= Zsl P(e; # 0] x =sa0,input i)P(x =sa0)P(input i)
' (17)
+ Z P(g, # 0| x =sal,input i)P(x =sal)P(input i).

Note that ¢, =0 means that g, = y;, i.e., normal and abnormal networks provide different output responses
in the last 100 iterations for input i. Assuming equi-probable faults and equi-probable inputs [4], we have
computed vulnerabilities for all individual molecules in the network using Equation (17).

Similarly, when a pair of molecules x and y is faulty, the vulnerability level V of the pair (X, y)
is defined as the probability of observing an &, with at least one non-zero entry for the i" input, i=1,...,5,

which can be formulated as:

V(X y)= 25: P(e; #0](x,y) = (sa0,sa0),input i)P((x, y) = (sa0,sa0))P(input i)

+ 25: P(e, #0]|(X,y)=(sa0,sal),input i)P((X, y) = (sa0,sal))P(input i)
(18)
+ z P(s, #0]|(x,y)=(sal,sa0),input i)P((x, y) = (sal,sa0))P(input i)

5
+ Z P(e, #0]|(X,y)=(sal,sal),input i)P((X,y) = (sal,sal))P(input i).
i=1
Following the approach of [4], faults and inputs are considered to be equi-probable for the double-fault
analysis as well. We have computed vulnerabilities for all pairs of molecules in the network using Equation
(18). Note that while we assume equi-probable sa0 and sal faults in our computations, Equations (17) and

(18) can be used for other fault probabilities, if such information is available.
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C. The Hybrid LTP-Signaling Model: A Combination of the STDP-BCM Synaptic Plasticity and
the Intraneuronal CREB Signaling Network

To combine the STDP-BCM synaptic plasticity model and the intraneuronal CREB signaling network
model discussed in METHODS A and B, respectively, we compute [pCREB] in Equation (12) as follows.
The initial and steady state [pPCREB] values in [20] are 1 and 4, respectively. On the other hand, the initial
and steady state values of CREBework defined and computed in METHODS B are 0 and 0.9, respectively.
Given the different numerical ranges, we use the following equation to properly convert CREBnework Values
to [pCREB] values:

CREBnetwork _O)+1. (19)

[PCREB] =(4-1) x( =

CONCLUSION

In this paper, a hybrid model (Figure 1) is introduced to investigate how various signaling molecules in an
intraneuronal signaling network regulating CREB (Figure 2), may affect the long term potentiation (LTP)
interneuronal process. CREB, a cAMP response element-binding protein with cAMP standing for cyclic
adenosine monophosphate, is a transcription factor known to be highly involved in important functions of
the cognitive and executive human brain, such as learning and memory. Additionally, LTP refers to an
increased synaptic strength over a long period of time among neurons, usually induced by the occurrence
of an activity that generates high frequency stimulations in the brain. The hybrid LTP-signaling model is
then analyzed using a proposed molecular fault diagnosis method, to quantify the importance of various
signaling molecules according to how much they affect an intercellular phenomenon, when they are faulty,
i.e., dysfunctional. This allows to classify and rank various intraneuronal signaling molecules based on how
much their faulty behaviors affect an interneuronal process.

Fault diagnosis results of the hybrid LTP-signaling model are obtained and presented using two
important synaptic plasticity parameters: neuronal activity and synaptic weight. The neuronal activity is the
moving time-average of postsynaptic spike count of a neuron after receiving high frequency stimulation
(HFS), whereas the synaptic weight represents the field excitatory post synaptic potential (fEPSP).

With regard to the first parameter, i.e., the neuronal activity, analysis of its variations after an HFS
- when there is one faulty molecule in the intraneuronal CREB signaling network - reveals that depending
on the level of impact of the faulty molecule on CREB, molecules are categorized into several classes
(Figure 4). We observe that some classes of faulty molecules exhibit neuronal activities that are close to the

wild-type neuronal activity, whereas others exhibit noticeable deviations from it. Given the possibility of
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having more than one molecule involved in signaling failures and the development of pathological
conditions, neuronal activity variations after an HFS and when there are two concurrently faulty molecules
in the intraneuronal CREB signaling network are analyzed (Figure 5). We observe that depending on the
level of impact of the faulty pair of molecules on CREB, pairs of molecules are categorized into many more
classes, compared to the single fault scenario, and with many double fault classes being distant from the
wild-type neuronal activity. Another interesting observation is that if two molecules are concurrently faulty,
their damaging impact on the neuronal activity can be more profound, compared to only one of them being
faulty.

For the second parameter, i.e., the synaptic weight, we observe that, in general, single and double
fault behaviors are qualitatively similar to the neuronal activity parameter (Figures 7 and S4).

Possible relations between the introduced hybrid fault diagnosis and a purely intracellular fault
diagnosis are studied in the paper as well. A high intracellular vulnerability for a molecule or a molecular
pair means that with high probability, the whole signaling network does not respond correctly, if the
molecule or the molecular pair is faulty. We observe that for the considered CREB signaling network, both
the faulty neuronal activity parameter (Figure 6) and the faulty synaptic weight parameter (Figure 8) deviate
more and more from their wild-type values, as the corresponding intracellular vulnerability levels increase.
This can be intuitively reasonable, as one can expect that highly important intracellular faults can impair
the neuronal activity and synaptic weight further.

In summary, by incorporating some interneuronal parameters and adding another dimension to the
intraneuronal analysis, the introduced hybrid approach provides more information that can assist with
selecting possibly more appropriate therapeutic targets. For example, in the considered hybrid system, we
observe that there are several faults that exhibit the same high intracellular vulnerability level, whereas it
may not be straightforward to select which one for therapeutic targeting. However, using the introduced
hybrid approach, we note that in the synaptic weight additional space, those apparently similar faults
become distinguished from each other, by showing different amounts of deviation from the wild-type
synaptic weight. Subsequently, one may say that a fault with a high intracellular vulnerability level, while
causing a large deviation from the wild-type synaptic weight is perhaps more likely to contribute to the

development of the pathology and may be a better target for drug development and delivery.
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SUPPLEMENTARY MATERIALS

5-HT1AR to Galphast, 5-HT1AR to Galphaz?, 5-HT1AR to Gbetagamma?, 5-HT2AR to Gbetagamma?,
5-HT4R to Galphas?, 5-HT4R to Gbhetagamma?, A1R to Galphai®, A1R to Gbhetagamma®, A2AR to
Galphas®, A2AR to Gbetagamma®, AC1 to CAMP’, AC2 to cAMP®, AC5 to cAMP®, ACH to M1R?,
ACH to M2R™, ACH to M4R*?, Adenosine to A1R®, Adenosine to A2AR, AKT to GSK3", Ca* to
AC5%, Cazto Calmodulin'®, Caz to PKC*, Calmodulin to AC1®¢, Calmodulin to CamKI11®, Calmodulin
to CamKIV?®, Calmodulin to CamKK?, Calmodulin to mGIuR7%, Calmodulin to NMDARZ,
Calmodulin to PLCB?, Calmodulin to PP2B?°, CamKI to CREB%*, CamKIl to CREB?, CamKII to
NtypeCaCh?’, CamKII to PP2A%, CamKIV to CREB%, CamKIV to CREM®*, CamKK to AKT®,
CamKK to CamKI%, CamKK to CamKIV?®2, cAMP to PKA3?, CBP to cJUN*, cJUN to CREB®*, CREM
to CREB®, D1R to Galphai*’, D1R to Galphas®’, D1R to Gbetagamma®’, D2R to Galphai*®®, D2R to
Galphaz®, D2R to Ghetagamma®, D3R to Galphai*!, D3R to Gbetagamma*', D3R to GRB2*?, DAG to
PKCY, Dopamine to D1R*, Dopamine to D2R*, Dopamine to D3R*, Galphai to AC2%, Galphai to
AC5%, Galphas to AC1*, Galphas to AC28, Galphas to AC5*, Galphaz to AC1%, Galphaz to AC5,
Gbetagamma to AC1’, Gbetagamma to AC2%, Gbetagamma to NtypeCaCh*, Gbetagamma to
P/QCaCh*, Gbhetagamma to PI3K*®, Gbetagamma to PLCB®’, Gbetagamma to RASGAP®!, Glutamate
to mGIuR1%?, Glutamate to mGIluR7%, Glutamate to NMDAR?®, GRB2 to SAM68>*, GSK3 to cJUN%,
GSK3 to CREB®®, ILK to AKT*, ILK to GSK3*, M1R to Ghetagamma®®, M2R to Galphai*, M2R to
Gbetagamma®, M4R to Galphai'?, M4R to Gbetagamma'?, mGluR1 to Gbetagamma®’, mGIuR7 to
Galphai?2, mGIuR7 to Gbetagamma??, NMDAR to Ca»5!, NMDAR to CamKI1I?®, NMDAR to PLCy®,
NtypeCaCh to Caz%®, P/QCaCh to Ca>»®, PDK1 to AKT®, PDK1 to PKC®, PDK1 to RSK®, PI3K to
PIP2%, PI3K to PIP3%, PIP2 to AKT®, PIP3 to AKT®, PIP3 to ILK®, PIP3 to PDK1, PIP3 to PKC'™,
PKA to CamKK?!, PKA to CBP™, PKA to CREB’?, PKA to D1R", PKA to mGIuR7™4, PKA to
NMDAR, PKA to P/QCaCh’®, PKA to PLCB’’, PKA to PLCy’8, PKC to AC27°, PKC to AC5%, PKC
to GSK3®, PKC to mGIuR1%?, PKC to mGIluR7%, PKC to NMDAR?®, PKC to NtypeCaCh®, PKC to
PLCB®, PLCB to DAG®, PLCB to PIP2%, PLCy to DAG®E, PLCy to PIP2%°, PP2A to AKT®, PP2A to
CamKI®, PP2A to CamKIV®?, PP2A to CREB%, PP2A to GSK3', PP2A to NMDAR?®, PP2B to
CamKIV®, PP2B to NMDAR®, RASGAP to AKTY, RSK to CREB®%, SAM68 to CBP®, Serotonin to
5-HT1AR Serotonin to 5-HT2AR?, Serotonin to 5-HT4R*

Figure S1. Pairwise molecular interactions of the CREB intraneuronal signaling network (Figure 2). Numerical superscripts

cite the references listed under Supplementary References. Note that ACH stands for acetylcholine.
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Figure S2. CREB activity level versus faulty molecules (or pair of molecules). (A) CREB activity level when there is one

faulty molecule in the intraneuronal CREB signaling network. Depending on the faulty molecule, various activity levels are

observed. (B) CREB activity level when there are two concurrently faulty molecules in the intraneuronal CREB signaling

network. Depending on the faulty pair of molecules, various activity levels are observed. Since so many labels on the horizontal

axis - representing 1275 pairs of molecules - are inevitably unreadable, a full listing of all the labels of all the pairs are provided

in Table S3.1-S3.29.
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Figure S3. Vulnerability of the intraneuronal CREB signaling network to the dysfunction of one or a pair of faulty molecules.

(A) Vulnerability of the intraneuronal CREB signaling network to the dysfunction of each of its 51 molecules. (B) Vulnerability

of the intraneuronal CREB signaling network to the dysfunction of each of its 1275 pairs of molecules. Since such a large

number of labels on the horizontal axis are inevitably unreadable, a full listing of all the labels of all the pairs and their

vulnerabilities are provided in Table S5.1-S5.14.
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Figure S4. Synaptic weight variations versus time, when a high frequency stimulation is applied to the neuron. (A) Synaptic
weight variations versus time, when there is one faulty molecule in the intraneuronal CREB signaling network. Depending on
the level of impact of the faulty molecule on CREB, molecules are categorized to seven classes, and the corresponding synaptic
weights are shown by different colors. (B) Synaptic weight variations versus time, when there are two concurrently faulty
molecules in the intraneuronal CREB signaling network. Depending on the level of impact of the faulty pair of molecules on
CREB, pairs of molecules are categorized to twenty nine classes, and the corresponding synaptic weight are shown by various
colors.
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Figure S5. The high frequency stimulation protocol used to induce late long term potentiation [20].
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Table S1. Regulatory equations for the CREB network molecules of Figure 2. In the equations, “x” is used
for the AND operation, “+” is used for the OR operation, and “~” is used for the NOT operation. In what

follows, ACH stands for acetylcholine.

Molecules Equations

5-HT1AR 5-HT1AR = Serotonin

5-HT2AR 5-HT2AR = Serotonin

5-HT4R 5-HT4R = Serotonin

AlR A1R = Adenosine

A2AR A2AR = Adenosine

AC1 AC1 = ~Galphaz x ~Gbetagamma x (Calmodulin + Galphas)

AC2 AC2 = ~Galphai x (Galphas + Ghetagamma + PKC)

AC5 ACS5 = ~Galphai x ~Galphaz x ~Ca?" x (Galphas + PKC)

AKT AKT =~PP2A x (CamKK + PIP2 + PIP3 + PDK1 + ILK + RASGAP)

Ca** Ca?* = NMDAR + P/QCaCh + NtypeCaCh

Calmodulin Calmodulin = Ca%

CamKI CamKI = ~PP2A x CamKK

CamKIlI CamKII = Calmodulin + NMDAR

CamKIV CamKI1V = ~PP2A x ~PP2B x (Calmodulin + CamKK)

CamKK CamKK = ~PKA x Calmodulin

cAMP CcAMP = AC1 + AC2 + AC5

CBP CBP = ~SAM68 x PKA

cJUN ¢JUN = ~GSK3 x CBP

CREB CREB = ~CREM x ~PP2A x (CamKI + CamKIl + CamKIV + RSK + PKA
+ GSK3 + cJUN)

CREM CREM = CamKIV

Di1R D1R = ~PKA x Dopamine

D2R D2R = Dopamine

D3R D3R = Dopamine

DAG DAG = PLCy + PLCB

Galphai Galphai = AIR + D1R + D2R + D3R + 5-HT1AR + M2R + M4R + mGIuR7
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Molecules

Equations

Galphas Galphas = A2AR + D1R + 5-HT1AR + 5-HT4R

Galphaz Galphaz = D2R + 5-HT1AR

Gbetagamma Gbetagamma = mGIuR1 + mGIluR7 + M1R + M2R + M4R + 5-HT1AR + 5-
HT2AR + 5-HT4R + D1IR + D2R + D3R + ALR + A2AR

GRB2 GRB2 = D3R

GSK3 GSK3 = ~ILK x ~AKT x ~PKC x PP2A

ILK ILK = PIP3

M1R M1R = ACH

M2R M2R = ACH

M4R M4R = ACH

mGIuR1 mGIuR1 = PKC + Glutamate

mMGIuR7 MGIuR7 = ~Calmodulin x (PKC + PKA + Glutamate)

NMDAR NMDAR = ~PKC x ~PP2A x ~Calmodulin x ~PP2B x (PKA + Glutamate)

NtypeCaCh NtypeCaCh = ~Ghetagamma x (PKC + CamKII)

P/QCaCh P/QCaCh = ~PKA x Gbetagamma

PDK1 PDK1 = PIP3

PI3K PI3K = Gbetagamma

PIP2 PIP2 = ~PLCy x ~PLCB x ~PI3K

PIP3 PIP3 = PI3K

PKA PKA = cAMP

PKC PKC =PIP3 + PDK1 + DAG + Ca*

PLCB PLCB = ~PKA x ~PKC x (Calmodulin + Gbetagamma)

PLCy PLCy = ~PKA x NMDAR

PP2A PP2A = ~CamKI|I

PP2B PP2B = Calmodulin

RASGAP RASGAP = Ghetagamma

RSK RSK = PDK1

SAMG68 SAM68 = GRB2
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Table S2. CREB activity level when there is one faulty molecule in the intraneuronal CREB signaling
network. Depending on the level of impact of the faulty molecule on CREB, molecules are categorized to

seven classes.

CREB
Activity Class No. Faulty Molecules
Level
1167 L PKC/ M2R/ M4R/ D3R/ D1R/ D2R/ NMDAR/ MGLUR1/ PI3K/ PIP3/

NTYPECA

PLCGAMMA/ A1R/ A2AR/ M1R/ 5HT1AR/ 5SHT2AR/ 5HT4R/
4 2 MGLUR7/ GALPHAS/ GRB2/ SAM68/ PLCBETA/ PIP2/ RASGAP/ ILK/
PDK1/ DAG/ GALPHAZ/ AKT/ GSK3/ CBP/ CJUN/ CAMKI/ RSK

3.917 3 CAMKK
2.833 4 GBETAGAMMA
PKA/ CALMODULIN/ PP2A/ GALPHAI/ PQCaCh/ CAMKII/
2007 ° CALCIUM/ AC2/ cAMP
2.583 6 PP2B
2.5 7 AC1/ AC5/ CAMKIV/ CREM
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Table S3.1. CREB activity level with two concurrently faulty molecules in the signaling network.

Depending on the level of impact of the faulty pair of molecules on CREB, pairs of molecules are

categorized to twenty nine classes.

M2R-PI3K/ M2R-PIP3
M2R-NTYPECA/ M4R-D3R
M4R-D1R/ M4R-D2R
M4R-NMDAR/ M4R-MGLUR1
PIP3-NTYPECA/ M4R-PI3K
M4R-PIP3/ M4R-NTYPECA

CREB
Activity Faulty Pairs of Molecules (Class 1)
Level
PKC-M2R/ PKC-M4R D3R-D1R/ D3R-D2R
PKC-D3R/ PKC-D1R D3R-NMDAR/ D3R-MGLUR1
PKC-D2R/ PKC-MGLUR1 D3R-PI3K/ D3R-PIP3
PKC-NTYPECA/ M2R-D3R D3R-NTYPECA/ D1R-D2R
M2R-D1R/ M2R-D2R D1R-NMDAR/ D1R-MGLUR1
405 M2R-NMDAR/ M2R-MGLUR1 D1R-PI3K/ D1R-PIP3

D1R-NTYPECA/ D2R-NMDAR
D2R-MGLUR1/ D2R-PI3K

D2R-PIP3/ D2R-NTYPECA
NMDAR-MGLUR1/ NMDAR-NTYPECA
MGLUR1-PI3K/ MGLUR1-PIP3
MGLUR1-NTYPECA/ PI3K-NTYPECA
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Table S3.2.

CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 2)

Level
PKC-PLCGAMMA A2AR-NMDAR NMDAR-MGLURY D1R-PDK1
PKC-ALR A2AR-PI3K NMDAR-GALPHAS D1R-DAG
PKC-A2AR A2AR-PIP3 NMDAR-GRB?2 D1R-GALPHAZ
PKC-M1R A2AR-NTYPECA | NMDAR-SAM68 D1R-AKT
PKC-5HT1AR M1R-M2R NMDAR-PLCBETA D1R-GSK3
PKC-5HT2AR M1R-M4R NMDAR-PI3K D1R-CBP
PKC-5HT4R M1R-D3R NMDAR-PIP2 D1R-CJUN
PKC-NMDAR M1R-D1R NMDAR-RASGAP D1R-CAMKI
PKC-MGLUR7 M1R-D2R NMDAR-PIP3 D1R-RSK

4.167 | PKC-GALPHAS M1R-NMDAR NMDAR-ILK D2R-MGLUR7
PKC-GRB2 M1R-PI3K NMDAR-PDK1 D2R-GALPHAS
PKC-SAMG8 M1R-PIP3 NMDAR-DAG D2R-GRB2
PKC-PLCBETA M1R-NTYPECA | NMDAR-GALPHAZ D2R-SAMG68
PKC-PI3K M2R-M4R NMDAR-AKT D2R-PLCBETA
PKC-PIP2 M2R-5HT1AR NMDAR-GSK3 D2R-PIP2
PKC-RASGAP M2R-5HT2AR NMDAR-CBP D2R-RASGAP
PKC-PIP3 M2R-5HT4R NMDAR-CJUN D2R-ILK
PKC-ILK M2R-MGLUR7 NMDAR-CAMKI D2R-PDK1
PKC-PDK1 M2R-GALPHAS | NMDAR-RSK D2R-DAG
PKC-DAG M2R-GRB2 MGLUR1-MGLURY? D2R-GALPHAZ
PKC-GALPHAZ M2R-SAMG68 MGLUR1-GALPHAS D2R-AKT
PKC-AKT M2R-PLCBETA MGLUR1-GRB2 D2R-GSK3
PKC-GSK3 M2R-PIP2 MGLUR1-SAM68 D2R-CBP
PKC-CBP M2R-RASGAP MGLUR1-PLCBETA D2R-CJUN
PKC-CJUN M2R-ILK MGLUR1-PIP2 D2R-CAMKI
PKC-CAMKI M2R-PDK1 MGLUR1-ILK D2R-RSK
PKC-RSK M2R-DAG MGLUR1-RASGAP 5HT1AR-PI3K
PLCGAMMA-M2R M2R-GALPHAZ | MGLUR1-PDK1 5HT1AR-PIP3
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4.167

PLCGAMMA-M4R
PLCGAMMA-D3R
PLCGAMMA-D1R
PLCGAMMA-D2R
PLCGAMMA-NMDAR
PLCGAMMA-MGLUR1
PLCGAMMA-NTYPECA
Al1R-M2R

AlR-M4R

A1R-D3R

AlR-DI1R

AlR-D2R
A1R-NMDAR
A1R-PI3K

Al1R-PIP3
A1R-NTYPECA
A2AR-M2R
A2AR-M4R
A2AR-D3R
A2AR-D1R
A2AR-D2R

D3R-RSK
D1R-MGLURY?
D1R-GALPHAS
D1R-GRB2
D1R-SAMG68
D1R-PLCBETA
D1R-PIP2
D1R-RASGAP

M2R-AKT
M2R-GSK3
M2R-CBP
M2R-CJUN
M2R-CAMKI
M2R-RSK
M4R-5HT1AR
M4R-5HT2AR
M4R-5HT4R
M4R-MGLUR7
M4R-GALPHAS
M4R-GRB2
M4R-SAM68
M4R-PLCBETA
M4R-PIP2
MA4R-RASGAP
M4R-ILK
M4R-PDK1
M4R-DAG
M4R-GALPHAZ
M4R-AKT
M4R-GSK3
M4R-CBP
M4R-CJUN
M4R-CAMKI
M4R-RSK
5HT1AR-D3R
S5HT1AR-D1R
5HT1AR-D2R

MGLUR1-DAG
MGLUR1-GALPHAZ
MGLUR1-AKT
MGLUR1-GSK3
MGLUR1-CBP
MGLUR1-CJUN
MGLUR1-CAMKI
MGLUR1-RSK
MGLUR7-NTYPECA
GALPHAS-PI3K
GALPHAS-PIP3
GALPHAS-NTYPECA
GRB2-PI3K
GRB2-PIP3
GRB2-NTYPECA
SAMG68-PI3K
SAM68-PIP3
SAMG68-NTYPECA
PLCBETA-NTYPECA
PI3K-PIP2
PI3K-RASGAP
PI3K-PIP3

PI3K-ILK
PI3K-GALPHAZ
PI3K-AKT
PI3K-GSK3
PI3K-CBP
PI13K-CJUN
PI3K-CAMKI

S5HT1AR-
NTYPECA
SHT2AR-D3R
5HT2AR-D1R
SHT2AR-D2R
SHT2AR-NMDAR
SHT2AR-PI3K
SHT2AR-PIP3
SHT2AR-
NTYPECA
S5HT4R-D3R
S5HT4R-D1R
5HT4R-D2R
SHT4R-NMDAR
SHT4R-PI3K
SHT4R-PIP3
SHT4R-NTYPECA
D3R-MGLURY
D3R-GALPHAS
D3R-GRB2
D3R-SAMG68
D3R-PLCBETA
D3R-PIP2
D3R-RASGAP
D3R-ILK
D3R-PDK1
D3R-DAG
D3R-GALPHAZ
D3R-AKT
D3R-GSK3
D3R-CBP
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Table S3.3. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 3)

Level

M2R-CAMK/ M4R-CAMKK/ D3R-CAMKK/ D1R-CAMKK
4.125 | D2R-CAMKK/ NMDAR-CAMKK/ MGLUR1-CAMKK/ CAMKK-NTYPECA

Table S3.4. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 4)

Level

PLCGAMMA-PI3K/ PLCGAMMA-PIP3/ A1R-5HT1AR/ A1R-MGLUR1
4.085 | A2AR-MGLUR1/ M1R-MGLUR1/ 5HT1AR-MGLUR1/ 5HT2AR-MGLUR1
5HT4R-MGLURY/ PLCBETA-PI3K/ PLCBETA-PIP3

PI3K-PDK1/ PI3K-DAG/ PIP3-PDK1/ PIP3-DAG

Table S3.5. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 5)
Level

4.068 | PKC-CAMKK/ PI3K-CAMKK/ PIP3-CAMKK
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Table S3.6. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity

Level

Faulty Pairs of Molecules (Class 6)

PLCGAMMA-A1R
PLCGAMMA-A2AR
PLCGAMMA-M1R
PLCGAMMA-5HT1AR
PLCGAMMA-5HT2AR
PLCGAMMA-5HT4R
PLCGAMMA-MGLUR7
PLCGAMMA-GALPHAS
PLCGAMMA-GRB2
PLCGAMMA-SAM68
PLCGAMMA-PLCBETA
PLCGAMMA-PIP2
PLCGAMMA-RASGAP
PLCGAMMA-ILK
PLCGAMMA-PDK1
PLCGAMMA-DAG
PLCGAMMA-GALPHAZ
PLCGAMMA-AKT
PLCGAMMA-GSK3
PLCGAMMA-CBP
PLCGAMMA-CJUN
PLCGAMMA-CAMKI
PLCGAMMA-RSK
AlR-M1R

A1R-5HT2AR
A1R-5HT4R
A1R-MGLUR7
A1R-GALPHAS
A1R-GRB2

M1R-GRB2
M1R-SAMG68
M1R-PLCBETA
M1R-PIP2
M1R-RASGAP
M1R-ILK
M1R-PDK1
M1R-DAG
M1R-GALPHAZ
M1R-AKT
M1R-GSK3
M1R-CBP
M1R-CJUN
M1R-CAMKI
M1R-RSK
SHT1AR-5HT2AR
SHT1AR-5HT4R
SHT1AR-MGLUR?
SHT1AR-GALPHAS
SHT1AR-GRB2
SHT1AR-SAMG68
SHT1AR-PLCBETA
SHT1AR-PIP2
SHT1AR-RASGAP
5HT1AR-ILK
5HT1AR-PDK1
SHT1AR-DAG
5HT2AR-GALPHAZ
5HT2AR-AKT

MGLUR7-RSK
GALPHAS-GRB2
GALPHAS-SAMG68
GALPHAS-PLCBETA
GALPHAS-PIP2
GALPHAS-RASGAP
GALPHAS-ILK
GALPHAS-PDK1
GALPHAS-DAG
GALPHAS-GALPHAZ
GALPHAS-AKT
GALPHAS-GSK3
GALPHAS-CBP
GALPHAS-CJUN
GALPHAS-CAMKI
GALPHAS-RSK
GRB2-SAM68
GRB2-PLCBETA
GRB2-PIP2
GRB2-RASGAP
GRB2-ILK
GRB2-PDK1
GRB2-DAG
GRB2-GALPHAZ
GRB2-AKT
GRB2-GSK3
GRB2-CBP
GRB2-CJUN
GRB2-CAMKI

RASGAP-
GALPHAZ
RASGAP-AKT
RASGAP-GSK3
RASGAP-CBP
RASGAP-CJUN
RASGAP-CAMKI
RASGAP-RSK
ILK-PDK1
ILK-DAG
ILK-GALPHAZ
ILK-AKT
ILK-GSK3
ILK-CBP
ILK-CJUN
ILK-CAMKI
ILK-RSK
PDK1-DAG
PDK1-GALPHAZ
PDK1-AKT
PDK1-GSK3
PDK1-CBP
PDK1-CJUN
PDK1-CAMKI
PDK1-RSK
DAG-GALPHAZ
DAG-AKT
DAG-GSK3
DAG-CBP
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AlR-SAMG68
Al1R-PLCBETA
Al1R-PIP2
A1R-RASGAP
AlR-ILK
AlR-PDK1
A1R-DAG
Al1R-GALPHAZ
AlR-AKT
AlR-GSK3
A1R-CBP
A1R-CJUN
AlR-CAMKI
A1R-RSK
A2AR-M1R
A2AR-5HT1AR
A2AR-5HT2AR
A2AR-5HT4R
A2AR-MGLUR7
A2AR-GALPHAS
A2AR-GRB2
A2AR-SAM68
A2AR-PLCBETA
A2AR-PIP2
A2AR-RASGAP
A2AR-ILK
A2AR-PDK1
A2AR-DAG
A2AR-GALPHAZ
A2AR-AKT
A2AR-GSK3
A2AR-CBP

SHT2AR-GSK3
SHT2AR-CBP
SHT2AR-CJUN
SHT2AR-CAMKI
SHT2AR-RSK
SHT4R-MGLUR?
SHT4R-GALPHAS
SHT4R-GRB2
SHT4R-SAMG68
5HT4R-PLCBETA
SHT4R-PIP2
SHT4R-RASGAP
5HT4R-ILK
SHT4R-PDK1
SHT4R-DAG
5HT4R-GALPHAZ
SHT4R-AKT
SHT4R-GSK3
SHT4R-CBP
SHT4R-CJUN
SHT4R-CAMKI
SHT4R-RSK
MGLUR7-GALPHAS
MGLUR7-GRB2
MGLUR7-SAM68
MGLUR7-PLCBETA
MGLUR7-PI3K
MGLUR7-PIP2
MGLUR7-RASGAP
MGLUR7-PIP3
MGLUR7-ILK
MGLUR7-PDK1

GRB2-RSK
SAMG68-PLCBETA
SAMG68-PIP2
SAM68-RASGAP
SAMG68-ILK
SAM68-PDK1
SAM68-DAG
SAM68-GALPHAZ
SAMG68-AKT
SAM68-GSK3
SAM68-CBP
SAMG68-CIJUN
SAM68-CAMKI
SAM68-RSK
PLCBETA-PIP2
PLCBETA-RASGAP
PLCBETA-ILK
PLCBETA-PDK1
PLCBETA-DAG
PLCBETA-GALPHAZ
PLCBETA-AKT
PLCBETA-GSK3
PLCBETA-CBP
PLCBETA-CJUN
PLCBETA-CAMKI
PLCBETA-RSK
PIP2-RASGAP
PIP2-ILK
PIP2-PDK1
PIP2-DAG
PIP2-GALPHAZ
PIP2-AKT

DAG-CJUN
DAG-CAMKI
DAG-RSK
GALPHAZ-AKT
GALPHAZ-GSK3
GALPHAZ-CBP
GALPHAZ-CJUN
GALPHAZ-CAMKI
GALPHAZ-RSK
AKT-GSK3
AKT-CBP
AKT-CJUN
AKT-CAMKI
AKT-RSK
GSK3-CBP
GSK3-CJUN
GSK3-CAMKI
GSK3-RSK
CBP-CJUN
CBP-CAMKI
CBP-RSK
CJUN-CAMKI
CJUN-RSK
CAMKI-RSK
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A2AR-CJUN MGLUR7-DAG PIP2-GSK3
A2AR-CAMKI MGLUR7-GALPHAZ | PIP2-CBP
A2AR-RSK MGLUR7-CAMKK PIP2-CJUN
M1R-5HT1AR MGLUR7-AKT PIP2-CAMKI

4 M1R-5HT2AR MGLUR7-GSK3 PIP2-RSK
M1R-5HT4R MGLUR7-CBP RASGAP-ILK
M1R-MGLUR7 MGLUR7-CJUN RASGAP-PDK1
M1R-GALPHAS MGLUR7-CAMKI RASGAP-DAG

Table S3.7. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 7)

Level

PLCGAMMA-CAMKK/ A1R-A2AR/ A1R-CAMKK/ A2AR-CAMKK/ M1R-CAMKK
5HT1AR-CAMKK/ 5HT2AR-CAMKK/ 5HT4R-CAMKK/ GALPHAS-CAMKK

3.917 | GRB2-CAMKK/ SAM68-CAMKK/ PLCBETA-CAMKK/ PIP2-CAMKK/ RASGAP-CAMKK
ILK-CAMKK/ PDK1-CAMKK/ DAG-CAMKK/ GALPHAZ-CAMKK/ CAMKK-AKT
CAMKK-GSK3/ CAMKK-CBP/ CAMKK-CJUN/ CAMKK-CAMKI/ CAMKK-RSK

Table S3.8. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 8)

Level

3.583 | PKC-GBETAGAMMA/ GBETAGAMMA-PI3K/ GBETAGAMMA-PIP3
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Table S3.9. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB

Activity Faulty Pairs of Molecules (Class 9)

Level
PKC-PKA/ PKC-GALPHAI/ PKC-AC2/ PKC-cCAMP/ PKA-NMDAR
PKA-PI3K/ PKA-PIP3/ PKA-NTYPECA/ CALMODULIN-NMDAR

35 PLCGAMMA-GBETAGAMMA/ NMDAR-GALPHAI/ NMDAR-PQCaCh
NMDAR-CALCIUM/ NMDAR-AC2/ NMDAR-cAMP/ GALPHAI-NTYPECA
GBETAGAMMA-PLCBETA/ GBETAGAMMA-PDK1/ GBETAGAMMA-DAG
PQCaCh-NTYPECA/ NTYPECA-AC2/ NTYPECA-cCAMP
Table S3.10. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB

Activity Faulty Pairs of Molecules (Class 10)

Level
PKC-AC1/ PKC-AC5/ NMDAR-GBETAGAMMA

3.417 NMDAR-AC1/ NMDAR-AC5/ GBETAGAMMA-NTYPECA
NTYPECA-ACL1/ NTYPECA-AC5
Table S3.11. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB

Activity Faulty Pairs of Molecules (Class 11)

Level

3.333 GALPHAI-PI3K/ GALPHAI-PIP3/ PI3K-AC2

PI3K-cAMP/ PIP3-AC2/ PIP3-cAMP
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Table S3.12. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 12)
Level
3.25 PI3K-ACL1/ PI3K-AC5/ PIP3-AC1/ PIP3-AC5
Table S3.13. CREB activity level with two concurrently faulty molecules in the signaling network.
CREB
Activity Faulty Pairs of Molecules (Class 13)
Level
2917 M2R-GBETAGAMMA/ M4R-GBETAGAMMA/ D3R-GBETAGAMMA
D1R-GBETAGAMMA/ D2R-GBETAGAMMA
Table S3.14. CREB activity level with two concurrently faulty molecules in the signaling network.
CREB
Activity Faulty Pairs of Molecules (Class 14)
Level
PKC-CALMODULIN MGLUR1-GALPHAI GBETAGAMMA-RASGAP
PKC-PQCaCh MGLUR1-GBETAGAMMA GBETAGAMMA-ILK
PKC-CALCIUM MGLUR1-PQCaCh GBETAGAMMA-GALPHAZ
PKA-MGLUR1 MGLUR1-AC2 GBETAGAMMA-AKT
PKA-GBETAGAMMA MGLUR1-cAMP GBETAGAMMA-GSK3
2.833 Al1R-GBETAGAMMA MGLUR7-GBETAGAMMA GBETAGAMMA-CBP

A2AR-GBETAGAMMA
M1R-GBETAGAMMA
5HT1AR-GBETAGAMMA
5HT2AR-GBETAGAMMA
5HT4R-GBETAGAMMA

GALPHAS-GBETAGAMMA
GBETAGAMMA-PQCaCh
GBETAGAMMA-GRB2
GBETAGAMMA-SAM68
GBETAGAMMA-PIP2

GBETAGAMMA-CJUN
GBETAGAMMA-CAMKI
GBETAGAMMA-RSK
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Table S3.15. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 15)
Level

2.7192 | GBETAGAMMA-CAMKK

Table S3.16. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 16)
Level

2.75 MGLUR1-AC1/ MGLUR1-AC5
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Table S3.17. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB

Activity Faulty Pairs of Molecules (Class 17)

Level
PKC-PP2A CALMODULIN- M1R-GALPHAI
PKC-CAMKII GALPHAZ M1R-PQCaCh
PKA-CALMODULIN CALMODULIN- M1R-CAMKII
PKA-PP2A CAMKII M1R-CALCIUM
PKA-PLCGAMMA CALMODULIN- M1R-AC2
PKA-A1R CAMKK M1R-cAMP
PKA-A2AR CALMODULIN- M2R-GALPHAI
PKA-M1R NTYPECA M2R-PQCaCh
PKA-M2R CALMODULIN-AKT M2R-CAMKII
PKA-M4R CALMODULIN- M2R-CALCIUM
PKA-5HT1AR CALCIUM M2R-AC2

2.67 PKA-5HT2AR CALMODULIN-AC1 M2R-cAMP

PKA-5HT4R CALMODULIN-ACS M4R-GALPHAI
PKA-D3R CALMODULIN-AC2 M4R-PQCaCh
PKA-D1R CALMODULIN-cAMP | M4R-CAMKII
PKA-D2R CALMODULIN-GSK3 | M4R-CALCIUM
PKA-MGLURY CALMODULIN-CBP M4R-AC2
PKA-GALPHAI CALMODULIN-CJUN | M4R-cAMP
PKA-GALPHAS CALMODULIN- 5HT1AR-GALPHAI
PKA-PQCaCh CAMKI 5HT1AR-PQCaCh
PKA-GRB2 CALMODULIN-RSK SHT1AR-CAMKII
PKA-SAM68 PP2A-PLCGAMMA 5HT1AR-CALCIUM
PKA-PLCBETA PP2A-ALR 5HT1AR-AC2
PKA-PIP2 PP2A-A2AR SHT1AR-cAMP
PKA-RASGAP PP2A-M1R 5HT2AR-GALPHAI
PKA-ILK PP2A-M2R 5HT2AR-PQCaCh
PKA-PDK1 PP2A-M4R SHT2AR-CAMKII
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2.67

PKA-DAG
PKA-GALPHAZ
PKA-CAMKII
PKA-CAMKK

PKA-AKT
PKA-CALCIUM
PKA-AC1

PKA-AC5

PKA-AC2

PKA-cAMP

PKA-GSK3

PKA-CBP

PKA-CJUN

PKA-CAMKI

PKA-RSK
CALMODULIN-PP2A
CALMODULIN-PLCGAMMA
CALMODULIN-A1IR
CALMODULIN-A2AR
CALMODULIN-M1R
CALMODULIN-M2R
CALMODULIN-M4R
CALMODULIN-5HT1AR
CALMODULIN-5HT2AR
CALMODULIN-5HT4R
CALMODULIN-D3R
CALMODULIN-D1R
CALMODULIN-D2R
CALMODULIN-MGLUR1
CALMODULIN-MGLUR7
CALMODULIN-GALPHAI
CALMODULIN-GALPHAS

PP2A-5HT1AR
PP2A-5HT2AR
PP2A-5HT4R
PP2A-D3R
PP2A-D1R
PP2A-D2R
PP2A-NMDAR
PP2A-MGLURL1
PP2A-MGLUR7
PP2A-GALPHAI
PP2A-GALPHAS
PP2A-PQCaCh
PP2A-GRB2
PP2A-SAMG68
PP2A-PLCBETA
PP2A-PI3K
PP2A-PIP2
PP2A-RASGAP
PP2A-PIP3
PP2A-ILK
PP2A-DAG
PP2A-GALPHAZ
PP2A-CAMKII
PP2A-NTYPECA
PP2A-AKT
PP2A-CALCIUM
PP2A-AC1
PP2A-AC5
PP2A-AC2
PP2A-cAMP
PP2A-GSK3
PP2A-CBP

SHT2AR-CALCIUM
5HT2AR-AC2
5HT2AR-CAMP
SHT4R-GALPHAI
5HT4R-PQCaCh
5HT4R-CAMKII
5HT4R-CALCIUM
5HT4R-AC2
5HT4R-CAMP
D3R-GALPHAI
D3R-PQCaCh
D3R-CAMKII
D3R-CALCIUM
D3R-AC2
D3R-CAMP
D1R-GALPHAI
D1R-PQCaCh
D1R-CAMKII
D1R-CALCIUM
D1R-AC2
D1R-CAMP
D2R-GALPHAI
D2R-PQCaCh
D2R-CAMKII
D2R-CALCIUM
D2R-AC2
D2R-CAMP
NMDAR-CAMKI|
MGLUR1-CAMKII
MGLUR1-CALCIUM
MGLUR7-GALPHAI
MGLUR7-PQCaCh
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2.67

CALMODULIN-GBETAGAMMA
CALMODULIN-PQCaCh
CALMODULIN-GRB2
CALMODULIN-SAM68
CALMODULIN-PLCBETA
CALMODULIN-PI3K
CALMODULIN-PIP2
CALMODULIN-RASGAP
CALMODULIN-PIP3
CALMODULIN-ILK
CALMODULIN-PDK1
CALMODULIN-DAG
GALPHAI-GALPHAZ
GALPHAI-CAMKII
GALPHAI-CAMKK
GALPHAI-AKT
GALPHAI-CALCIUM
GALPHAI-AC2
GALPHAI-CAMP
GALPHAI-GSK3
GALPHAI-CBP
GALPHAI-CJUN
GALPHAI-CAMKI
GALPHAI-RSK
GALPHAS-PQCaCh
GALPHAS-CAMKII
GALPHAS-CALCIUM
GALPHAS-AC2
GALPHAS-CAMP
GBETAGAMMA-CAMKII
GBETAGAMMA-CALCIUM

PP2A-CJUN
PP2A-CAMKI
PLCGAMMA-
GALPHAI
PLCGAMMA-PQCaCh
PLCGAMMA-CAMKII
PLCGAMMA-
CALCIUM
PLCGAMMA-AC2
PLCGAMMA-CAMP
A1R-GALPHAI
A1R-PQCaCh
ALR-CAMKII
A1R-CALCIUM
A1R-AC2
A1R-CAMP
A2AR-GALPHAI
A2AR-PQCaCh
A2AR-CAMKII
A2AR-CALCIUM
A2AR-AC2
A2AR-CAMP
PQCaCh-GRB2
PQCaCh-SAM68
PQCaCh-PLCBETA
PQCaCh-PI3K
PQCaCh-PIP2
PQCaCh-RASGAP
PQCaCh-PIP3
PQCaCh-1LK
PQCaCh-PDK1

MGLUR7-CAMKII
MGLUR7-CALCIUM
MGLUR7-AC2
MGLUR7-CAMP
GALPHAI-GALPHAS
GALPHAI-PQCaCh
GALPHAI-GRB2
GALPHAI-SAM68
GALPHAI-PLCBETA
GALPHAI-PIP2
GALPHAI-RASGAP
GALPHAI-ILK
GALPHAI-PDK1
GALPHAI-DAG
PQCaCh-DAG
PQCaCh-CAMKII
PQCaCh-CAMKK
PQCaCh-AKT
PQCaCh-CALCIUM
PQCaCh-AC1
PQCaCh-AC5
PQCaCh-AC2
PQCaCh-cAMP
PQCaCh-GALPHAZ
PQCaCh-GSK3
PQCaCh-CBP
PQCaCh-CJUN
PQCaCh-CAMKI
PQCaCh-RSK
GRB2-CAMKII
GRB2-CALCIUM
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2.67

GRB2-AC2
GRB2-cAMP
SAM68-CAMKII
SAM68-CALCIUM
SAM68-AC2
SAM68-cAMP
PLCBETA-CAMKII
PLCBETA-CALCIUM
PLCBETA-AC2
PLCBETA-cAMP
PI3K-CAMKII
PI3K-CALCIUM
PIP2-CAMKII
PIP2-CALCIUM
PIP2-AC2
PIP2-cAMP
RASGAP-CAMKII
RASGAP-CALCIUM
RASGAP-AC2
RASGAP-cAMP
PIP3-CAMKII
PIP3-CALCIUM
ILK-CAMKII
ILK-CALCIUM
ILK-AC2
ILK-cCAMP
PDK1-CAMKII
PDK1-CALCIUM
PDK1-AC2
PDK1-cAMP
DAG-CAMKII
DAG-CALCIUM

DAG-AC2
DAG-cAMP
GALPHAZ-CAMKII
GALPHAZ-CALCIUM
GALPHAZ-AC2
GALPHAZ-cAMP
CAMKII-NTYPECA
CAMKII-AKT
CAMKII-CALCIUM
CAMKII-AC1
CAMKII-ACS5
CAMKII-AC2
CAMKII-cCAMP
CAMKII-GSK3
CAMKII-CBP
CAMKII-CJUN
CAMKII-CAMKI
CAMKII-RSK
CAMKK-CALCIUM
CAMKK-AC2
CAMKK-cAMP
NTYPECA-CALCIUM
AKT-CALCIUM
AKT-AC2
AKT-cAMP
CALCIUM-AC1
CALCIUM-ACS5
CALCIUM-AC2
CALCIUM-cAMP
CALCIUM-GSK3
CALCIUM-CBP
CALCIUM-CJUN

CALCIUM-CAMKI
CALCIUM-RSK
AC1-cAMP
AC5-cAMP
AC2-cAMP
AC2-GSK3
AC2-CBP
AC2-CJUN
AC2-CAMKI
AC2-RSK
CAMP-GSK3
CAMP-CBP
cAMP-CJUN
CAMP-CAMKI
CAMP-RSK
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Table S3.18. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 18)
Level
2625 | PP2A-PDK1/ PP2A-RSK/ M2R-PP2B/ M4R-PP2B/ D3R-PP2B/ D1R-PP2B
D2R-PP2B/ PP2B-NMDAR/ PP2B-MGLUR1/ PP2B-NTYPECA
Table S3.19. CREB activity level with two concurrently faulty molecules in the signaling network.
CREB
Activity Faulty Pairs of Molecules (Class 19)
Level
2.598 | PKC-PP2B/ PP2B-PI3K/PP2B-PIP3
Table S3.20. CREB activity level with two concurrently faulty molecules in the signaling network.
CREB
Activity Faulty Pairs of Molecules (Class 20)
Level
PKC-CAMKIV M4R-CREM D2R-AC1 PP2B-CBP
PKC-CREM 5HT1AR-PP2B D2R-AC5 PP2B-CJUN
PP2A-CAMKK SHT2AR-PP2B D2R-CAMKIV PP2B-CAMKI
PLCGAMMA-PP2B | 5SHT4R-PP2B PP2B-GRB2 PP2B-RSK
A1R-PP2B D2R-CREM PP2B-SAM68 NMDAR-CAMKIV
A2AR-PP2B PP2B-GALPHAS | PP2B-PLCBETA NMDAR-CREM
M1R-PP2B D3R-AC1 PP2B-PIP2 MGLUR1-CAMKIV
2583 | M2R-AC1 D3R-AC5 PP2B-RASGAP MGLUR1-CREM
M2R-AC5 D3R-CAMKIV PP2B-ILK PI3K-CAMKIV
M2R-CAMKIV D3R-CREM PP2B-PDK1 PI3K-CREM
M2R-CREM D1R-AC1 PP2B-DAG PIP3-CAMKIV
M4R-AC1 D1R-AC5 PP2B-GALPHAZ PIP3-CREM
M4R-AC5 D1R-CAMKIV PP2B-AKT CAMKII-CAMKK
M4R-CAMKIV D1R-CREM PP2B-GSK3 NTYPECA-CAMKIV

NTYPECA-CREM




Table S3.21. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activit Faulty Pairs of Molecules (Class 21)
y Level

2.542 | PP2B-CAMKK
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Table S3.22. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB

Activity Faulty Pairs of Molecules (Class 22)

Level
PLCGAMMA-AC1 5HT4R-AC5 PIP2-AC1 AKT-AC1
PLCGAMMA-AC5 5HT4R-CAMKIV PIP2-AC5 AKT-AC5
PLCGAMMA-CAMKIV | 5BHT4R-CREM PIP2-CAMKIV AKT-CAMKIV
PLCGAMMA-CREM PP2B-MGLURY7 PIP2-CREM AKT-CREM
Al1R-AC1 PP2B-CAMKIV RASGAP-AC1 AC1-GSK3
A1R-AC5 PP2B-CREM RASGAP-ACS AC1-CBP
Al1R-CAMKIV MGLUR7-AC1 RASGAP-CAMKIV AC1-CJUN
Al1R-CREM MGLUR7-AC5 RASGAP-CREM AC1-CAMKI
A2AR-AC1 MGLUR7-CAMKIV ILK-AC1 AC1-RSK

2.5 A2AR-AC5 MGLUR7-CREM ILK-AC5 AC5H-GSK3

A2AR-CAMKIV GALPHAS-AC1 ILK-CAMKIV AC5-CBP
A2AR-CREM GALPHAS-ACS5 ILK-CREM AC5-CJUN
M1R-AC1 GALPHAS-CAMKIV PDK1-AC1 AC5-CAMKI
M1R-AC5 GALPHAS-CREM PDK1-AC5 AC5-RSK
M1R-CAMKIV GRB2-AC1 PDK1-CAMKIV GSK3-CAMKIV
M1R-CREM GRB2-AC5 PDK1-CREM GSK3-CREM
5HT1AR-AC1 GRB2-CAMKIV DAG-AC1 CBP-CAMKIV
SHT1AR-ACS GRB2-CREM DAG-AC5 CBP-CREM
5HT1AR-CAMKIV SAMG68-ACL DAG-CAMKIV CJUN-CAMKIV
5HT1AR-CREM SAMG68-ACS DAG-CREM CJUN-CREM
SHT2AR-AC1 SAM68-CAMKIV GALPHAZ-AC1 CAMKI-CAMKIV
5HT2AR-AC5 SAM68-CREM GALPHAZ-AC5 CAMKI-CREM
5HT2AR-CAMKIV PLCBETA-AC1 GALPHAZ-CAMKIV CAMKIV-RSK
SHT2AR-CREM PLCBETA-ACS5 GALPHAZ-CREM CAMKIV-CREM
5HT4R-AC1 PLCBETA-CAMKIV CAMKK-CAMKIV RSK-CREM

PLCBETA-CREM

CAMKK-CREM

53




Table S3.23. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 23)
Level

2458 | CAMKK-AC1/ CAMKK-AC5

Table S3.24. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 24)
Level
2.167 | PP2A-GBETAGAMMA/ GALPHAI-GBETAGAMMA
GBETAGAMMA-AC2/ GBETAGAMMA-cAMP

Table S3.25. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB

Activity Faulty Pairs of Molecules (Class 25)
Level

2.083 | GBETAGAMMA-AC1/ GBETAGAMMA-AC5

Table S3.26. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 26)

Level

PP2A-PP2B/ PP2B-CAMKII/ GBETAGAMMA-CAMKIV
1917 | GBETAGAMMA-CREM
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Table S3.27. CREB activity level with two concurrently faulty molecules in the signaling network.

PP2B-GALPHAI
PP2B-PQCaCh
PP2B-CALCIUM
PP2B-AC2
PP2B-cCAMP
GALPHAI-AC1
GALPHAI-AC5

CREB

Activity Faulty Pairs of Molecules (Class 27)

Level
PKA-PP2B GALPHAI-CAMKIV
PKA-CAMKIV GALPHAI-CREM
PKA-CREM PQCaCh-CAMKIV
CALMODULIN-PP2B PQCaCh-CREM
CALMODULIN-CAMKIV CAMKII-CAMKIV
CALMODULIN-CREM CAMKII-CREM

1.833 | PP2A-CAMKIV CALCIUM-CAMKIV

PP2A-CREM CALCIUM-CREM

AC1-AC2
AC5-AC2
AC2-CAMKIV
AC2-CREM
CAMP-CAMKIV
cAMP-CREM

Table S3.28. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 28)
Level

1.792 | PP2B-GBETAGAMMA/ PP2B-AC1/ PP2B-AC5

Table S3.29. CREB activity level with two concurrently faulty molecules in the signaling network.

CREB
Activity Faulty Pairs of Molecules (Class 29)
Level
1.75 AC1-AC5/ AC1-CAMKIV/ AC1-CREM/ AC5-CAMKIV/ AC5-CREM
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Table S4. Vulnerability levels of all the individually faulty molecules of the CREB network.

Vulnerability Level

Faulty Molecules

PKA/ CALMODULIN/ PP2A/ GALPHAI/ PQCaCh/ CAMKII

0.6 CALCIUM/ AC2/ cCAMP
05 PP2B/ GBETAGAMMA/ ACL/ AC5/ CAMKIV/ CREM
0.2 AR/ 5HT1AR/ MGLUR?
PKC/ M2R/ M4R/ D3R/ DR/ D2R/ NMDAR/ MGLUR1
0.1 PI3K/ PIP3/ NTYPECA/ CAMKK
PLCGAMMA/ A2AR/ M1R/ SHT2AR/ SHT4R/ GALPHAS
0 GRB2/ SAM68/ PLCBETA/ PIP2/ RASGAP/ ILK/ PDK1

DAG/ GALPHAZ/ AKT/ GSK3/ CBP/ CJUN/ CAMKI/ RSK
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Table S5.1. All faulty pairs of molecules of the CREB network with vulnerability level of 0.8.

PP2B-PQCaCh
PP2B-CAMKII

PQCaCh-CREM
PQCaCh-CAMKIV

Vulnerability Faulty Pairs of Molecules
Level

PKA-PP2B PP2B-CALCIUM CAMKII-CAMKIV
PKA-CAMKIV PP2B-AC2 CAMKII-CREM
PKA-CREM PP2B-cAMP CALCIUM-CAMKIV
CALMODULIN-PP2B GALPHAI-GBETAGAMMA | CALCIUM-CREM

0.8 CALMODULIN-CAMKIV GALPHAI-AC1 AC1-AC2
CALMODULIN-CREM GALPHAI-AC5 AC5-AC2
PP2A-PP2B GALPHAI-CAMKIV AC2-CAMKIV
PP2A-CAMKIV GALPHAI-CREM AC2-CREM
PP2A-CREM GBETAGAMMA-AC2 CAMP-CAMKIV
PP2B-GALPHAI GBETAGAMMA-cAMP CcAMP-CREM

Table S5.2. All faulty pairs of molecules of the CREB network with vulnerability level of 0.75.

Vulnerability Faulty Pairs of Molecules
Level
PP2A-GBETAGAMMA/ PP2B-GBETAGAMMA/ PP2B-AC1
0.75 PP2B-AC5/ GBETAGAMMA-AC1/ GBETAGAMMA-AC5

GBETAGAMMA-CAMKIV/ GBETAGAMMA-CREM

AC1-AC5/ AC1-CAMKIV/ AC1-CREM/ AC5-CAMKIV/ AC5-CREM
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Table S5.3. All faulty pairs of molecules of the CREB network with vulnerability level of 0.6.

Vulnerability Faulty Pairs of Molecules
Level
PKC-CALMODULIN CALMODULIN-CJUN CALMODULIN-CBP
PKC-PP2A CALMODULIN-CAMKI 5HT1AR-CALCIUM
PKC-PQCaCh CALMODULIN-RSK 5HT1AR-AC1
PKC-CAMKII PP2A-PLCGAMMA 5HT1AR-AC5
PKC-CALCIUM PP2A-A1R 5HT1AR-AC2
PKA-CALMODULIN PP2A-A2AR 5HT1AR-cAMP
PKA-PP2A PP2A-M1R 5HT1AR-CAMKIV
PKA-PLCGAMMA PP2A-M2R 5HT1AR-CREM
PKA-A1R PP2A-M4R 5HT2AR-GALPHAI
PKA-A2AR PP2A-5HT1AR 5HT2AR-PQCaCh
PKA-M1R PP2A-5HT2AR 5HT2AR-CAMKII
PKA-M2R PP2A-5HT4R 5HT2AR-CALCIUM
PKA-M4R PP2A-D3R 5HT2AR-AC2
PKA-5HT1AR PP2A-D1R 5HT2AR-cAMP
PKA-5HT2AR PP2A-D2R 5HT4R-GALPHAI
PKA-5HT4R PP2A-NMDAR 5HT4R-PQCaCh
PKA-D3R PP2A-MGLUR1 5HT4R-CAMKII
PKA-D1R PP2A-MGLUR?7 5HT4R-CALCIUM
0.6 PKA-D2R PP2A-GALPHAI 5HT4R-AC2
PKA-MGLUR1 PP2A-GALPHAS 5HT4R-cAMP
PKA-MGLUR?7 PP2A-PQCaCh D3R-GALPHAI
PKA-GALPHAI PP2A-GRB2 D3R-PQCaCh
PKA-GALPHAS PP2A-SAM68 D3R-CAMKII
PKA-GBETAGAMMA PP2A-PLCBETA D3R-CALCIUM
PKA-PQCaCh PP2A-PI3K D3R-AC2
PKA-GRB2 PP2A-PIP2 D3R-cAMP
PKA-SAM68 PP2A-RASGAP D1R-GALPHAI
PKA-PLCBETA PP2A-PIP3 D1R-PQCaCh
PKA-PIP2 PP2A-ILK D1R-CAMKII
PKA-RASGAP PP2A-PDK1 D1R-CALCIUM
PKA-ILK PP2A-DAG D1R-AC2
PKA-PDK1 PP2A-GALPHAZ D1R-cAMP
PKA-DAG PP2A-CAMKII D2R-GALPHAI
PKA-GALPHAZ PP2A-CAMKK D2R-PQCaCh
PKA-CAMKII PP2A-NTYPECA D2R-CAMKII
PKA-CAMKK PP2A-AKT D2R-CALCIUM
PKA-AKT PP2A-CALCIUM D2R-AC2
PKA-CALCIUM PP2A-AC1 D2R-cAMP
PKA-AC1 PP2A-AC5 PP2B-MGLURY
PKA-AC5 PP2A-AC2 NMDAR-CAMKII
PKA-AC2 PP2A-cAMP MGLUR1-GALPHAI
PKA-cAMP PP2A-GSK3 MGLUR1-PQCaCh
PKA-GSK3 PP2A-CBP MGLUR1-CAMKII
PKA-CBP PP2A-CJUN MGLUR1-CALCIUM
PKA-CJUN PP2A-CAMKI MGLUR1-AC2
PKA-CAMKI PP2A-RSK MGLUR1-cAMP
PKA-RSK PLCGAMMA-GALPHAI MGLUR7-GALPHAI

CALMODULIN-PP2A

PLCGAMMA-PQCaCh
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0.6

CALMODULIN-PLCGAMMA
CALMODULIN-AIR
CALMODULIN-A2AR
CALMODULIN-M1R
CALMODULIN-M2R
CALMODULIN-M4R
CALMODULIN-5HT1AR
CALMODULIN-5HT2AR
CALMODULIN-5HT4R
CALMODULIN-D3R
CALMODULIN-D1R
CALMODULIN-D2R
CALMODULIN-MGLUR1
CALMODULIN-MGLUR?
CALMODULIN-GALPHAI
CALMODULIN-GALPHAS
CALMODULIN-
GBETAGAMMA
CALMODULIN-PQCaCh
CALMODULIN-GRB2
CALMODULIN-SAM68
CALMODULIN-PLCBETA
CALMODULIN-PI3K
CALMODULIN-PIP2
CALMODULIN-RASGAP
CALMODULIN-PIP3
CALMODULIN-ILK
CALMODULIN-PDK1
CALMODULIN-DAG
CALMODULIN-GALPHAZ
CALMODULIN-CAMKII
CALMODULIN-CAMKK
CALMODULIN-NTYPECA
CALMODULIN-AKT
CALMODULIN-CALCIUM
CALMODULIN-AC1
CALMODULIN-AC5
CALMODULIN-AC2
CALMODULIN-cAMP
CALMODULIN-GSK3
PQCaCh-PIP3
PQCaCh-ILK
PQCaCh-PDK1
PQCaCh-DAG
PQCaCh-GALPHAZ
PQCaCh-CAMKII
PQCaCh-CAMKK
PQCaCh-AKT
PQCaCh-CALCIUM
PQCaCh-AC1
PQCaCh-AC5

PLCGAMMA-CAMKII
PLCGAMMA-CALCIUM
PLCGAMMA-AC2
PLCGAMMA-CAMP
A1R-PP2B
A1R-GALPHAI
A1R-GBETAGAMMA
A1R-PQCaCh
A1R-CAMKII
A1R-CALCIUM
A1R-AC1
A1R-AC5
A1R-AC2
A1R-CAMP
A1R-CAMKIV
A1R-CREM
A2AR-GALPHAI
A2AR-PQCaCh
A2AR-CAMKII
A2AR-CALCIUM
A2AR-AC2
A2AR-CAMP
M1R-GALPHAI
M1R-PQCaCh
M1R-CAMKII
M1R-CALCIUM
M1R-AC2
M1R-CAMP
M2R-GALPHAI
M2R-PQCaCh
M2R-CAMKII
M2R-CALCIUM
M2R-AC2
M2R-CAMP
M4R-GALPHAI
M4R-PQCaCh
M4R-CAMKII
M4R-CALCIUM
M4R-AC2
M4R-cAM
RASGAP-CALCIUM
RASGAP-AC2
RASGAP-CAMP
PIP3-CAMKII
PIP3-CALCIUM
ILK-CAMKII
ILK-CALCIUM
ILK-AC2
ILK-cAMP
PDK1-CAMKII
PDK1-CALCIUM

MGLURT-
GBETAGAMMA
MGLUR7-PQCaCh
MGLUR7-CAMKII
MGLUR7-CALCIUM
MGLUR7-AC1
MGLUR7-AC5
MGLUR7-AC2
MGLUR7-CAMP
MGLUR7-CAMKIV
MGLUR7-CREM
GALPHAI-GALPHAS
GALPHAI-PQCaCh
GALPHAI-GRB2
GALPHAI-SAM68
GALPHAI-PLCBETA
GALPHAI-PIP2
GALPHAI-RASGAP
GALPHAI-ILK
GALPHAI-PDK1
GALPHAI-DAG
GALPHAI-GALPHAZ
GALPHAI-CAMKII
GALPHAI-CAMKK
GALPHAI-AKT
GALPHAI-CALCIUM
GALPHAI-AC2
GALPHAI-CAMP
GALPHAI-GSK3
GALPHAI-CBP
GALPHAI-CJUN
GALPHAI-CAMKI
GALPHAI-RSK
GALPHAS-PQCaCh
GALPHAS-CAMKII
GALPHAS-CALCIUM
GALPHAS-AC2
GALPHAS-CAMP
GBETAGAMMA-
PQCaCh
GBETAGAMMA-
CAMKII
GBETAGAMMA-
CALCIUM
PQCaCh-GRB2
AKT-CAMP
CALCIUM-AC1
CALCIUM-AC5
CALCIUM-AC2
CALCIUM-cCAMP
CALCIUM-GSK3
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0.6

PQCaCh-AC2
PQCaCh-cAMP
PQCaCh-GSK3
PQCaCh-CBP
PQCaCh-CJUN
PQCaCh-CAMKI
PQCaCh-RSK
GRB2-CAMKII
GRB2-CALCIUM
GRB2-AC2
GRB2-cAMP
SAM68-CAMKII
SAM68-CALCIUM
SAM68-AC2
SAM68-cAMP
PLCBETA-CAMKII
PLCBETA-CALCIUM
PLCBETA-AC2
PLCBETA-cAMP
PI3K-CAMKII
PI3K-CALCIUM
PIP2-CAMKII
PIP2-CALCIUM
PIP2-AC2
PIP2-cAMP
RASGAP-CAMKII

PDK1-AC2
PDK1-cAMP
DAG-CAMKII
DAG-CALCIUM
DAG-AC2
DAG-cAMP
GALPHAZ-CAMKII
GALPHAZ-CALCIUM
GALPHAZ-AC2
GALPHAZ-cAMP
CAMKII-CAMKK
CAMKII-NTYPECA
CAMKII-AKT
CAMKII-CALCIUM
CAMKII-AC1
CAMKII-ACS5
CAMKII-AC2
CAMKII-cAMP
CAMKII-GSK3
CAMKII-CBP
CAMKII-CJUN
CAMKII-CAMKI
CAMKII-RSK
CAMKK-CALCIUM
CAMKK-AC2
CAMKK-cAMP
NTYPECA-CALCIUM
AKT-CALCIUM
AKT-AC2

CALCIUM-CBP
CALCIUM-CJUN
AC2-CAMKI
AC2-RSK
cAMP-GSK3
cAMP-CBP
cAMP-CJUN
cAMP-CAMKI
cAMP-RSK
5HT1AR-PP2B
5HT1AR-GALPHAI
5HT1AR-
GBETAGAMMA
5HT1AR-PQCaCh
5HT1AR-CAMKII
PQCaCh-SAM68
PQCaCh-PLCBETA
PQCaCh-PI3K
PQCaCh-PIP2
PQCaCh-RASGAP
CALCIUM-CAMKI
CALCIUM-RSK
AC1-cAMP
AC5-cAMP
AC2-cCAMP
AC2-GSK3
AC2-CBP
AC2-CJUN
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Table S5.4. All faulty pairs of molecules of the CREB network with vulnerability level of 0.55.

Vulnerability Faulty Pairs of Molecules

Level
PKC-CAMKIV D3R-AC5 PP2B-NTYPECA
PKC-CREM D3R-CAMKIV NMDAR-CAMKIV
M2R-PP2B D3R-CREM NMDAR-CREM
M2R-GBETAGAMMA | D1R-PP2B MGLUR1-AC1
M2R-AC1 D1R-GBETAGAMMA MGLUR1-AC5
M2R-AC5 D1R-AC1 MGLUR1-CAMKIV
M2R-CAMKIV D1R-AC5 MGLUR1-CREM

0.55 M2R-CREM D1R-CAMKIV GBETAGAMMA-CAMKK
M4R-PP2B D1R-CREM PI3K-CAMKIV
M4R-GBETAGAMMA | D2R-PP2B PI3K-CREM
M4R-AC1 D2R-GBETAGAMMA PIP3-CAMKIV
M4R-AC5 D2R-AC1 PIP3-CREM
M4R-CAMKIV D2R-AC5 CAMKK-AC1
M4R-CREM D2R-CAMKIV CAMKK-ACS
D3R-PP2B D2R-CREM NTYPECA-CAMKIV
D3R-GBETAGAMMA | PP2B-NMDAR NTYPECA-CREM

D3R-AC1

PP2B-MGLUR1
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Table S5.5. All faulty pairs of molecules of the CREB network with vulnerability level of 0.5.

SHT4R-CAMKIV

RASGAP-CAMKIV

Vulnerability Faulty Pairs of Molecules
Level

PKC-PP2B GBETAGAMMA-RASGAP | CAMKK-CAMKIV
PLCGAMMA-PP2B GBETAGAMMA-ILK CAMKK-CREM
PLCGAMMA-AC1 GBETAGAMMA- AKT-AC1
PLCGAMMA-AC5 GALPHAZ AKT-AC5
PLCGAMMA-CAMKIV GBETAGAMMA-AKT AKT-CAMKIV
PLCGAMMA-CREM GBETAGAMMA-GSK3 AKT-CREM
A2AR-PP2B GBETAGAMMA-CBP AC1-GSK3
A2AR-GBETAGAMMA GBETAGAMMA-CJUN AC1-CBP
A2AR-AC1 GBETAGAMMA-CAMKI AC1-CJUN
A2AR-AC5 GBETAGAMMA-RSK AC1-CAMKI
A2AR-CAMKIV GRB2-AC1 AC1-RSK
A2AR-CREM GRB2-ACS5 AC5-GSK3
M1R-PP2B GRB2-CAMKIV AC5-CBP
M1R-GBETAGAMMA GRB2-CREM AC5-CJUN
M1R-AC1 SAMG68-AC1 AC5-CAMKI

0.5 M1R-AC5 SAMG68-ACS AC5-RSK
M1R-CAMKIV SAM68-CAMKIV GSK3-CAMKIV
M1R-CREM SAM68-CREM GSK3-CREM
5HT2AR-PP2B PLCBETA-AC1 CBP-CAMKIV
SHT2AR-GBETAGAMMA | PLCBETA-ACS CBP-CREM
SHT2AR-AC1 PLCBETA-CAMKIV CJUN-CAMKIV
5HT2AR-AC5 PLCBETA-CREM CJUN-CREM
SHT2AR-CAMKIV PIP2-AC1 CAMKI-CAMKIV
SHT2AR-CREM PIP2-AC5 CAMKI-CREM
5HT4R-PP2B PIP2-CAMKIV CAMKIV-RSK
SHT4R-GBETAGAMMA PIP2-CREM CAMKIV-CREM
S5HT4R-AC1 RASGAP-ACL1 RSK-CREM
5HT4R-AC5 RASGAP-AC5 RASGAP-CREM

ILK-AC1
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SHT4R-CREM
PP2B-GALPHAS
PP2B-GRB2
PP2B-SAM68
PP2B-PLCBETA
PP2B-PI3K
PP2B-PIP2
PP2B-RASGAP
PP2B-PIP3
PP2B-ILK
PP2B-PDK1
PP2B-DAG
PP2B-GALPHAZ
PP2B-CAMKK
PP2B-AKT
PP2B-GSK3
PP2B-CBP

PP2B-CJUN
PP2B-CAMKI
PP2B-CAMKIV
PP2B-RSK

PP2B-CREM
MGLUR1-GBETAGAMMA
GALPHAS-
GBETAGAMMA
GALPHAS-AC1
GALPHAS-AC5
GALPHAS-CAMKIV
GALPHAS-CREM
GBETAGAMMA-GRB2
GBETAGAMMA-SAM68
GBETAGAMMA-PIP2
ILK-ACS

ILK-CAMKIV

ILK-CREM
PDK1-AC1
PDK1-AC5
PDK1-CAMKIV
PDK1-CREM
DAG-AC1
DAG-AC5
DAG-CAMKIV
DAG-CREM
GALPHAZ-AC1
GALPHAZ-ACS5
GALPHAZ-CAMKIV
GALPHAZ-CREM

Table S5.6. All faulty pairs of molecules of the CREB network with vulnerability level of 0.4.

PKA-NTYPECA
CALMODULIN-NMDAR

GALPHAI-NTYPECA

Vulnerability Faulty Pairs of Molecules
Level

PKC-PKA NMDAR-GALPHAI PQCaCh-NTYPECA
PKC-GALPHAI NMDAR-PQCaCh PI3K-AC2
PKC-AC2 NMDAR-CALCIUM PI3K-cAMP
PKC-cAMP NMDAR-AC2 PIP3-AC2

0.4 PKA-NMDAR NMDAR-cAMP PIP3-cAMP
PKA-PI3K GALPHAI-PI3K NTYPECA-AC2
PKA-PIP3 GALPHAI-PIP3 NTYPECA-cAMP
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Table S5.7. All faulty pairs of molecules of the CREB network with vulnerability level of 0.35.

Vulnerability Faulty Pairs of Molecules

Level
PKC-GBETAGAMMA PI3K-AC1
PKC-AC1 PI3K-AC5
PKC-AC5 PIP3-AC1
NMDAR-GBETAGAMMA PIP3-AC5

0.35 NMDAR-AC1 NTYPECA-AC1
NMDAR-AC5 NTYPECA-AC5
GBETAGAMMA-PI3K
GBETAGAMMA-PIP3
GBETAGAMMA-NTYPECA

Table S5.8. All faulty pairs of molecules of the CREB network with vulnerability level of 0.3.

Vulnerability Faulty Pairs of Molecules

Level

PLCGAMMA-GBETAGAMMA/ GBETAGAMMA-PLCBETA
0.3 GBETAGAMMA-PDK1/ GBETAGAMMA-DAG

Table S5.9. All faulty pairs of molecules of the CREB network with vulnerability level of 0.25.

Vulnerability Faulty Pairs of Molecules

Level

Al1R-5HT1AR/ A1R-MGLUR1/ A1IR-MGLUR7/ A1R-CAMKK
0.25 5HT1AR-MGLUR1/ 5HT1AR-MGLUR7/ 5HT1AR-CAMKK
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Table S5.10. All faulty pairs of molecules of the CREB network with vulnerability level of 0.2.

Vulnerability Faulty Pairs of Molecules
Level

PKC-A1R A1R-DAG MGLUR7-ILK
PKC-5HT1AR AlR-GALPHAZ MGLUR7-PDK1
PKC-MGLURY7 M1R-5HT1AR MGLUR7-DAG
PLCGAMMA-ALR M1R-MGLUR7 MGLUR7-GALPHAZ
PLCGAMMA-5HT1AR M2R-M4R 5HT1AR-PLCBETA
PLCGAMMA-MGLUR7 M2R-5HT1AR 5HT1AR-PI3K
Al1R-A2AR M2R-MGLUR7 5HT1AR-PIP2
Al1R-M1R M4R-5HT1AR 5HT1AR-RASGAP
Al1R-M2R M4R-MGLUR7 5HT1AR-PIP3
Al1R-M4R MGLUR7-CAMKK 5HT1AR-ILK
A1R-5HT2AR MGLUR7-NTYPECA 5HT1AR-PDK1
A1R-5HT4R MGLUR7-AKT 5HT1AR-DAG

0.2 A1R-D3R MGLUR7-GSK3 5HT1AR-GALPHAZ
Al1R-D1R MGLUR7-CBP S5HT1AR-NTYPECA
Al1R-D2R MGLUR7-CJUN S5HT1AR-AKT
A1R-NMDAR MGLUR7-CAMKI 5HT1AR-GSK3
A1R-GALPHAS MGLUR7-RSK 5HT1AR-CBP
A1R-GRB2 MGLUR1-MGLURY7 5HT1AR-CJUN
A1R-SAMG68 MGLUR7-GALPHAS 5HT1AR-CAMKI
A1R-PLCBETA MGLUR7-GRB2 5HT1AR-RSK
A1R-PI3K MGLUR7-SAM68 5HT2AR-MGLURY
Al1R-PIP2 MGLUR7-PLCBETA 5HT4R-MGLURY
A1R-RASGAP MGLUR7-PI3K D3R-MGLUR7
A1R-PIP3 MGLUR7-PIP2 D1R-MGLUR7
AlR-ILK MGLUR7-RASGAP D2R-MGLUR7
A1R-PDK1 MGLUR7-PIP3 NMDAR-MGLURY
A1R-NTYPECA 5HT1AR-5HT2AR 5HT1AR-GALPHAS
Al1R-AKT S5HT1AR-5HT4R 5HT1AR-GRB2
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Al1R-GSK3

0.2 Al1R-CBP

Al1R-CJUN
A2AR-5HT1AR

A2AR-MGLUR7
Al1R-CAMKI
Al1R-RSK
SHT1AR-D3R

5HT1AR-D1R
SHT1AR-D2R
SHT1AR-NMDAR
SHT1AR-SAMG8

Table S5.11. All faulty pairs of molecules of the CREB network with vulnerability level of 0.15.

Vulnerability Faulty Pairs of Molecules

Level
PKC-M2R D1R-NMDAR M4R-D2R
PKC-M4R D1R-MGLUR1 M4R-NMDAR
PKC-D3R D1R-PI3K M4R-MGLUR1
PKC-D1R D1R-PIP3 M4R-PI3K
PKC-D2R D1R-CAMKK M4R-PIP3
PKC-MGLUR1 D1R-NTYPECA M4R-CAMKK
PKC-CAMKK D2R-NMDAR M4R-NTYPECA
PKC-NTYPECA D2R-MGLUR1 D3R-D1R
M2R-D3R D2R-PI3K D3R-D2R
M2R-D1R D2R-PIP3 D3R-NMDAR

0.15 M2R-D2R D2R-CAMKK D3R-MGLUR1
M2R-NMDAR D2R-NTYPECA D3R-PI3K
M2R-MGLUR1 NMDAR-MGLUR1 D3R-PIP3
M2R-PI3K NMDAR-CAMKK D3R-CAMKK
M2R-PIP3 NMDAR-NTYPECA D3R-NTYPECA
M2R-CAMKK MGLUR1-PI3K PIBK-NTYPECA
M2R-NTYPECA MGLUR1-PIP3 PIP3-CAMKK
M4R-D3R MGLUR1-CAMKK PIP3-NTYPECA
M4R-D1R MGLUR1-NTYPECA CAMKK-NTYPECA
D1R-D2R PI3K-CAMKK
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Table S5.12. All faulty pairs of molecules of the CREB network with vulnerability level of 0.1.

Vulnerability Faulty Pairs of Molecules
Level

PKC-PLCGAMMA M4R-AKT NMDAR-GSK3
PKC-A2AR M4R-GSK3 NMDAR-CBP
PKC-M1R M4R-CBP NMDAR-CJUN
PKC-5HT2AR M4R-CJUN NMDAR-CAMKI
PKC-5HT4R M4R-CAM NMDAR-RSK
PKC-NMDAR M4R-RSK MGLUR1-GALPHAS
PKC-GALPHAS 5HT2AR-D3R MGLUR1-GRB2
PKC-GRB2 SHT2AR-D1R MGLUR1-SAM68
PKC-SAMG8 SHT2AR-D2R MGLUR1-PLCBETA
PKC-PLCBETA 5HT2AR-NMDAR MGLUR1-PIP2
PKC-PI3K SHT2AR-PI3K MGLUR1-AKT
PKC-PIP2 SHT2AR-PIP3 MGLUR1-GSK3
PKC-RASGAP 5HT2AR-CAMKK MGLUR1-CBP
PKC-PIP3 SHT2AR-NTYPECA MGLUR1-CJUN

0.1 PKC-ILK SHT4R-D3R MGLUR1-CAMKI
PKC-PDK1 SHT4R-D1R MGLUR1-RSK
PKC-DAG SHT4R-D2R GALPHAS-PI3K
PKC-GALPHAZ SHT4R-NMDAR GALPHAS-PIP3
PKC-AKT 5HT4R-PI3K GALPHAS-CAMKK
PKC-GSK3 SHT4R-PIP3 GALPHAS-NTYPECA
PKC-CBP SHT4R-CAMKK GRB2-PI3K
PKC-CJUN S5HT4R-NTYPECA GRB2-PIP3
PKC-CAMKI D3R-GALPHAS GRB2-CAMKK
PKC-RSK D3R-GRB2 GRB2-NTYPECA
PLCGAMMA-M2R D3R-SAM68 SAMG68-PI3K
PLCGAMMA-M4R D3R-PLCBETA SAMG68-PIP3
PLCGAMMA-D3R D3R-PIP2 SAM68-CAMKK
PLCGAMMA-DI1R D3R-RASGAP SAMG68-NTYPECA
PLCGAMMA-D2R D3R-ILK PLCBETA-CAMKK
PLCGAMMA-NMDAR D3R-PDK1 PLCBETA-NTYPECA
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0.1

PLCGAMMA-MGLUR1
PLCGAMMA-CAMKK
PLCGAMMA-NTYPECA
A2AR-M2R
A2AR-M4R
A2AR-D3R
A2AR-D1R
A2AR-D2R
A2AR-NMDAR
A2AR-PI3K
A2AR-PIP3
A2AR-CAMKK
A2AR-NTYPECA
M1R-M2R
M1R-M4R
M1R-D3R
M1R-D1R
M1R-D2R
M1R-NMDAR
M1R-PI3K
M1R-PIP3
M1R-CAMKK
M1R-NTYPECA
M2R-5HT2AR
M2R-5HT4R
M2R-GALPHAS
M2R-GRB2
M2R-SAMG68
M2R-PLCBETA
M2R-PIP2
M2R-RASGAP
M2R-ILK

D3R-DAG
D3R-GALPHAZ
D3R-AKT
D3R-GSK3
D3R-CBP
D3R-CJUN
D3R-CAMKI
D3R-RSK
D1R-GALPHAS
D1R-GRB2
D1R-SAMG68
D1R-PLCBETA
D1R-PIP2
D1R-RASGAP
D1R-ILK
D1R-PDK1
D1R-DAG
D1R-GALPHAZ
D1R-AKT
D1R-GSK3
D1R-CBP
D1R-CJUN
D1R-CAMKI
D1R-RSK
D2R-GALPHAS
D2R-GRB2
D2R-SAMG68
D2R-PLCBETA
D2R-PIP2
D2R-RASGAP
D2R-ILK
D2R-PDK1

PI3K-PIP2
PI3K-RASGAP
PI3K-PIP3
PI3K-ILK
PI3K-GALPHAZ
PI3K-AKT
PI3K-GSK3
PI3K-CBP
PI3K-CJUN
PISK-CAMKI
PI3K-RSK
PIP2-PIP3
PIP2-CAMKK
PIP2-NTYPECA
RASGAP-PIP3
RASGAP-CAMKK
RASGAP-NTYPECA
PIP3-ILK
PIP3-GALPHAZ
PIP3-AKT
PIP3-GSK3
PIP3-CBP
PIP3-CJUN
PIP3-CAMKI
PIP3-RSK
ILK-CAMKK
ILK-NTYPECA
PDK1-CAMKK
PDK1-NTYPECA
DAG-CAMKK
DAG-NTYPECA
GALPHAZ-CAMKK
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0.1

M2R-PDK1
M2R-DAG
M2R-GALPHAZ
M2R-AKT
M2R-GSK3
M2R-CBP
M2R-CJUN
M2R-CAMKI
M2R-RSK
M4R-5HT2AR
M4R-5HT4R
M4R-GALPHAS
M4R-GRB2
M4R-SAM68
M4R-PLCBETA
M4R-PIP2
M4R-RASGAP
M4R-ILK
M4R-PDK1
M4R-DAG
M4R-GALPHAZ

D2R-DAG
D2R-GALPHAZ
D2R-AKT
D2R-GSK3
D2R-CBP
D2R-CJUN
D2R-CAMKI
D2R-RSK
NMDAR-GALPHAS
NMDAR-GRB2
NMDAR-SAMG68
NMDAR-PLCBETA
NMDAR-PI3K
NMDAR-PIP2
NMDAR-RASGAP
NMDAR-PIP3
NMDAR-ILK
NMDAR-PDK1
NMDAR-DAG
NMDAR-GALPHAZ
NMDAR-AKT

GALPHAZ-NTYPECA
CAMKK-AKT
CAMKK-GSK3
CAMKK-CBP
CAMKK-CJUN
CAMKK-CAMKI
CAMKK-RSK
NTYPECA-AKT
NTYPECA-GSK3
NTYPECA-CBP
NTYPECA-CJUN
NTYPECA-CAMKI
NTYPECA-RSK
MGLUR1-RASGAP
MGLUR1-ILK
MGLUR1-PDK1
MGLUR1-DAG
MGLUR1-GALPHAZ

Table S5.13. All faulty pairs of molecules of the CREB network with vulnerability level of 0.05.

PLCBETA-PI3K/ PLCBETA-PIP3/ PI3K-PDK1
PI3K-DAG/ PIP3-PDK1/ PIP3-DAG

Vulnerability Faulty Pairs of Molecules
Level
PLCGAMMA-PI3K/ PLCGAMMA-PIP3/ A2AR-MGLUR1
0.05 M1R-MGLUR1/ 5HT2AR-MGLUR1/ 5HT4R-MGLUR1
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Table S5.14. All faulty pairs of molecules of the CREB network with vulnerability level of 0.

A2AR-M1R
A2AR-5HT2AR
A2AR-5HT4R
A2AR-GALPHAS
A2AR-GRB2
A2AR-SAMG68
A2AR-PLCBETA
A2AR-PIP2

GALPHAS-GRB2
GALPHAS-SAMG68
GALPHAS-PLCBETA
GALPHAS-PIP2
GALPHAS-RASGAP
GALPHAS-ILK
GALPHAS-PDK1
GALPHAS-DAG

Vulnerability Faulty Pairs of Molecules
Level

PLCGAMMA-A2AR 5HT2AR-CBP PIP2-RASGAP
PLCGAMMA-M1R 5HT2AR-CJUN PIP2-ILK
PLCGAMMA-5HT2AR 5HT2AR-CAMKI PIP2-PDK1
PLCGAMMA-5HT4R S5HT2AR-RSK PIP2-DAG
PLCGAMMA-GALPHAS 5HT4R-GALPHAS PIP2-GALPHAZ
PLCGAMMA-GRB2 5HT4R-GRB2 PIP2-AKT
PLCGAMMA-SAMG68 SHT4R-SAMG68 PIP2-GSK3
PLCGAMMA-PLCBETA SHT4R-PLCBETA PIP2-CBP
PLCGAMMA-PIP2 5HT4R-PIP2 PIP2-CJUN
PLCGAMMA-RASGAP SHT4R-RASGAP PIP2-CAMKI
PLCGAMMA-ILK SHT4R-ILK PIP2-RSK
PLCGAMMA-PDK1 5HT4R-PDK1 RASGAP-ILK
PLCGAMMA-DAG SHT4R-DAG RASGAP-PDK1
PLCGAMMA-GALPHAZ SHT4R-GALPHAZ RASGAP-DAG
PLCGAMMA-AKT SHT4R-AKT RASGAP-GALPHAZ

0 PLCGAMMA-GSK3 SHT4R-GSK3 RASGAP-AKT
PLCGAMMA-CBP SHT4R-CBP RASGAP-GSK3
PLCGAMMA-CJUN 5HT4R-CJUN RASGAP-CBP
PLCGAMMA-CAMKI SHT4R-CAMKI RASGAP-CJUN
PLCGAMMA-RSK SHT4R-RSK RASGAP-CAMKI

RASGAP-RSK
ILK-PDK1
ILK-DAG
ILK-GALPHAZ
ILK-AKT
ILK-GSK3
ILK-CBP
ILK-CJUN
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A2AR-RASGAP
A2AR-ILK
A2AR-PDK1
A2AR-DAG
A2AR-GALPHAZ
A2AR-AKT
A2AR-GSK3
A2AR-CBP
A2AR-CJUN
A2AR-CAMKI
A2AR-RSK
M1R-5HT2AR
M1R-5HT4R
M1R-GALPHAS
M1R-GRB2
M1R-SAMG68
M1R-PLCBETA
M1R-PIP2
M1R-RASGAP
MI1R-ILK
M1R-PDK1
M1R-DAG
M1R-GALPHAZ
M1R-AKT
M1R-GSK3
M1R-CBP
M1R-CJUN
M1R-CAMKI
M1R-RSK
SHT2AR-5HT4R
SHT2AR-GALPHAS
SHT2AR-GRB2

GALPHAS-GALPHAZ
GALPHAS-AKT
GALPHAS-GSK3
GALPHAS-CBP
GALPHAS-CJUN
GALPHAS-CAMKI
GALPHAS-RSK
GRB2-SAM68
GRB2-PLCBETA
GRB2-PIP2
GRB2-RASGAP
GRB2-ILK
GRB2-PDK1
GRB2-DAG
GRB2-GALPHAZ
GRB2-AKT
GRB2-GSK3
GRB2-CBP
GRB2-CJUN
GRB2-CAMKI
GRB2-RSK
SAMG8-PLCBETA
SAM68-PIP2
SAM68-RASGAP
SAMGE8-ILK
SAM68-PDK1
SAM68-DAG
SAMG68-GALPHAZ
SAMG68-AKT
SAM68-GSK3
SAMG68-CBP
SAM68-CJUN

ILK-CAMKI
ILK-RSK
PDK1-DAG
PDK1-GALPHAZ
PDK1-AKT
PDK1-GSK3
PDK1-CBP
PDK1-CJUN
PDK1-CAMKI
PDK1-RSK
DAG-GALPHAZ
DAG-AKT
DAG-GSK3
DAG-CBP
DAG-CJUN
DAG-CAMKI
DAG-RSK
GALPHAZ-AKT
GALPHAZ-GSK3
GALPHAZ-CBP
GALPHAZ-CJUN
GALPHAZ-CAMKI
GALPHAZ-RSK
AKT-GSK3
AKT-CBP
AKT-CJUN
AKT-CAMKI
AKT-RSK
GSK3-CBP
GSK3-CJUN
GSK3-CAMKI
GSK3-RSK
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SHT2AR-SAMG68
SHT2AR-PLCBETA
SHT2AR-PIP2
SHT2AR-RASGAP
SHT2AR-ILK
S5HT2AR-PDK1
SHT2AR-DAG
SHT2AR-GALPHAZ
SHT2AR-AKT
SHT2AR-GSK3

SAM68-CAMKI
SAMG68-RSK
PLCBETA-PIP2
PLCBETA-RASGAP
PLCBETA-ILK
PLCBETA-PDK1
PLCBETA-DAG
PLCBETA-GALPHAZ
PLCBETA-AKT
PLCBETA-GSK3

CBP-CJUN
CBP-CAMKI
CBP-RSK
CJUN-CAMKI
CJUN-RSK
CAMKI-RSK
PLCBETA-CBP
PLCBETA-CJUN
PLCBETA-CAMKI
PLCBETA-RSK
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Table S6. Numerical values and molecular class labels for the data points of Figure 6B.

Vulnerability Normalized Neuronal
o Class No.
Level Activity
0.554 24
0.8 0.498 26
0.481 27
0.554 24
0.534 25
0.75 0.498 26
0.471 28
0.461 29
0.702 14
0.662 17
0.6 0.653 18
0.645 20
0.630 22
0.715 13
0.690 15
0.680 16
0.55
0.653 18
0.645 20
0.616 23
0.702 14
0.647 19
0.5
0.634 21
0.630 22
0.864 9
0.4
0.822 11
0.879 8
0.35
0.841 10
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0.802 12
0.3 0.864 9
1.021 4
0.25 1 6
0.982 7
1.051 2
0.2 1 6
0.982 7
1.073 1
0.15 1.035 3
1.025 5
1.051 2

0.1
0.982 7
0.05 1.021 4
0 1 6
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Table S7. Numerical values and molecular class labels for the data points of Figure 8B.

Vulnerability Normalized Synaptic
) Class No.
Level Weight
0.827 27
0.8 0.703 24
0.591 26
0.858 28
0.843 29
0.75 0.703 24
0.654 25
0.591 26
0.707 22
0.6 0.705 17,14
0.688 18
0.726 15
0.723 13
0.704 23
0.55
0.702 16
0.688 18
0.687 20
0.707 22
0.705 14
0.5 0.700 21
0.687 20
0.678 19
0.873 9
0.4
0.863 11
0.928 8
0.35
0.898 10
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0.852 12
0.3 0.873 9
1.082 4
0.25 1.034 7
1 6
1.114 2
0.2 1.034 7
1 6
1.298 1
0.15 1.096 5
1.083 3
1.114 2

0.1
1.034 7
0.05 1.082 4
0 1 6
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