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Abstract 
 

One of the important goals of bioinformatics is the supply of biological knowledge in a 
way that gives access to virtual analysis of cellular and organism function. In order to 
approach system-level analysis the relational platform PheGe has been generated. PheGe 
provides static and dynamic views on the establishment and maintenance of functional units 
of an organism and targets the construction of a virtual organism by linking intricate systems 
of cellular communication to an overall response. Hereby, an implemented virtual cell studio 
serves as a building block for the establishment of a virtual organism where regulatory, 
metabolic and neuronal circuits can be analyzed and artificially induced knockouts or 
malfunctions can be simulated on a cellular and systemic level. By means of visualization of 
the dynamics of genotype-phenotype relations, pathological conditions can now be simulated 
and the underlying molecular defects identified. 
 
 
Introduction 
 

Multi-cellular organisms are balanced by the concerted action of different cell types, each 
providing its particular signal to the overall response of the individual life form. The 
revelation of the molecular cues underlying the intrinsic wiring that define genotype-
phenotype relations is one of the major topics of modern biology. Although huge amounts of 
data has been accumulated during the last decades, we presently are still far away from the 
detailed understanding of how the various cellular systems interact with each other to 
orchestrate their functions to an overall response. Intelligent systems are needed to organize, 
evaluate and visualize the hardly manageable amount of steadily increasing knowledge within 
this field. 

With the steadily emerging number of interaction data gained by genome-wide methods 
such as the chip technology, mass spectrometric analysis and two-hybrid technique, 
interaction databases becomes more and more important for the classification of the 
individual components into the network of regulatory systems. Several computational 
approaches have been presented addressing the problem of signal interaction and signal 
transduction (Takai-Igarashi and Kaminuma, 1999; Bader et al., 2001; Schacherer et al., 2001; 
Xenarios et al., 2002). One common feature of all these systems is to approach the 
understanding of how the individual network components interact with each other in order to 
balance regulatory circuits. Yet, another common denominator of these databases is the lack 
of physically incorporated spatial and temporal expression-links, which are of crucial 
importance when attacking the problem of automated analysis of morphogenetic events or of 
organism function. It becomes obvious, that we need novel evaluation tools, which can 
elaborate the role of a single network component not only on a cellular but also on a systemic 
level by linkage of the individual interactions to their respective cell systems and the 
appropriate stage of the organism.  
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Nowadays, at times when biological data has accumulated at levels, that exceed the 
analytical capacity of our brains by far, bioinformatics becomes more and more important for 
the organization, analysis and visualization of biological meanings. Seizing the idea of 
system-level thinking and attacking visions such as virtual organisms, it seems to be of high 
importance to look from the right angle towards that mass of data and to find answers to the 
crucial questions of how to combine static and dynamic arrangements of molecules and their 
interactions in order to gain insights into the functions of the individual system parts and to 
learn how the individual units interact with each other to establish the whole organism. 
Presently, there are some doubts that we are able to build up a systemic view from the 
currently available puzzle of detailed information. The reason is still the lack of data that fill 
up the gaps between the individual network components. One of the challenges in modern 
bioinformatics is to provide novel concepts and tools that account for incomplete or 
fragmented signaling pathways and provide the appropriate knowledge necessary for 
successful simulations and predictions of cellular events. 

Recently, PheGe has been introduced as such a concept, which organizes biological data in 
a way that encompasses missing actors and thus ensures the appropriate connectivity needed 
for bridging cellular circuits to an overall response (Seidl, 2002). The PheGe-system 
organizes data-driven interaction in a way that attack the problem of digital recording and 
simulation of cell-overlapping signal cascades and cellular differentiation programs and 
enables tracing of signals through the cell, the organism and even through morphogenesis in a 
qualitative automated manner. Thereby, PheGe covers important areas essential for analysis 
of genotype-phenotype relations. The hitherto version of PheGe comprises a step-wise 
tracking of intra- and intercellular signaling routes. While this tool offers a first computational 
insight into biological strategies, it lacks essential views on the dynamics of the interplay of 
cellular actions towards an overall response. In the following, a new operational and dynamic 
part of PheGe will be presented, which includes a virtual cell studio as a basic unit for the 
establishment of a virtual organism. Within this virtual cell studio regulatory, metabolic and 
neuronal circuits can be analyzed and artificially induced knockouts (KOs) or malfunctions 
can be simulated on a cellular and systemic level. The regulation of energy control of the 
organism with special focus on glucose homeostasis will be the main topic of the present 
paper. 
 

 
System, methods, algorithm and biology 

 
PheGe, a platform for  system-level analysis 

Visualization of signaling in PheGe is performed by directed graph technology using visual 
basic for application. The architecture of the PheGe-platform fulfills all criteria needed for the 
coordination of normal and altered biological interactions to their corresponding anatomical 
units and the stage of the life form (Fig. 1). Furthermore, PheGe’s Multi-Level Organizer 
(MLO) hierarchically sorts and coordinates the various interactions to their particular sig-
naling systems and thereby guarantees the downstream chase on a system-level even when 
signaling pathways are incomplete or fragmented. Interactions are sorted by the MLO 
according to their mode of action within a compartment. While the ‘Master Organizer’-table 
registers interactions at the transition point between two adjacent compartments, the ‘Sub 
Organizer’-table contains interaction shortcut-profiles that supervise intracellular pathway 
components defined in the ‘Cellular Circuit’-table. Activation of a certain gene product in 
consequence of agonist receptor binding, transcription factor dependent gene activation as 
well as firing of a distinct nerve as a result of mechanic or cellular stimuli can now be 
integrated into the signaling route, although intra- and intercellular network components are 
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missing, obscure or just not known. Due to this physiological potential of the MLO, 
information can be used in a defined way to secure continuation of signaling. 

Currently, PheGe comprises a static and an operational part. While the static part has been 
documented in detail (Seidl, 2002), the operational part resembles a new sophisticated feature, 
which assists dynamical representation and analysis of PheGe’s metabolic, regulatory and 
neuronal circuits. The data being delivered to the operational part has been pre-evaluated in 
the PheGe-platform. In short, all information concerning molecules, biological terms and their 
interaction profiles were exclusively extracted from primary literature taking advantage of the 
PubMed (National Library of medicine) -service, and together with their reference-links 
stored in the PheGe-database. After temporal and spatial coordination the interactions were 
sorted in a multi-level organizer (MLO) according to their capability to ensure connectivity 
(for details see Seidl, 2002). The implemented ‘Patho-Unit’ , ‘Link’ - and ‘Reference’ -System 
provide additional and helpful information for the understanding of the molecular cues of 
genotype-phenotype relations. From the PheGe-knowledge base someone can easily elaborate 
the route of signaling and mark the relevant set of components to be delivered to the opera-
tional module of the platform. Within the ‘Virtual Cell Studio’  all transferred components and 
their interactions are then automatically processed in order to provide cellular and systemic 
views on functional aspects of the organism and its subunits. Thereby, the data-driven inter-
actions are evaluated by a compartment-specific management system (CSMS; see below). 
 
The Vir tual Cell Studio 

The heart of the operational part is the virtual cell studio where cellular dynamics can be 
modulated and cellular phenotypes as well as functions can be simulated by the implemented 
potential of artificially induced KOs or malfunctions of individual network components. 
Moreover, the virtual cell studio enables bridging of the individual cellular circuits to an 
overall response. Accordingly, someone can visualize and evaluate either a cell-specific or a 
systemic malfunction on an organism level. The tool allows the generation of a variety of 
artificially induced KOs at the same time, the possibility to rescue the activity of specific 

Fig. 1. Architecture of the relational PheGe-platform 
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network components and even the elimination of specific cell types from the organism. In the 
following, establishment and potentials of the virtual cell studio are described sticking closely 
to the biological problem of insulin regulation and its action on glucose homeostasis. 

 
Establishment of the model 

After elaboration of the particular signaling routes within the PheGe-knowledge base the 
relevant data has been automatically transferred to the ‘Signaling Module’ of the operational 
part. The ‘Signaling Module’ comprises 7 tables which organize intra- and interspecific up- 
and downstream signaling (Fig. 2a). The compartment specificity is performed by linking 
members of the ‘Biol_Term’-table or of the ‘Interaction’-table to the respective compartment 
via the link-tables ‘BT2C’ or ‘I2C’, respectively. In the operational part of PheGe a 
compartment may be defined as a cell type, the vascular system, yet also as a distinct neuronal 
regulation unit. Evaluation of virtual downstream signaling is achieved by linking the 
outcome of an interaction to the income component of the next one (‘Interaction’ -> 
‘BT_out_Reac’ -> ‘Biol_Term’ -> ‘BT_in_Reac’ ->  ‘Interaction’; see Fig. 2a). Accordingly, 
upstream signaling is performed by connecting the income of an interaction to the outcome 
element of the upstream one (‘Interaction’ -> ‘BT_in_Reac’ -> ‘Biol_Term’ -> 
‘BT_out_Reac’ ->  ‘Interaction’). Attributes such as actual level (L) as well as maximum 
level (Mx) are included into the ‘BT2C’-table. This feature is an essential prerequisite for 
calculations of availability and turnover of signaling components within a compartment and 
allows visualization of cellular dynamics during simulation of cellular and systemic circuits. 
The ‘KO’ field within the ‘BT2C’- and the ‘Compartment’-table resembles the on/off-switch 
of a component’s or cellular function, which on the one hand enables the creation of a 
knockout on cellular and systemic levels and on the other allows ablation of a total cell type 

Fig. 2. Structural design of the Virtual Cell Studio. The Signaling Module (a) organizes intra- and interspecific 
up- and downstream signaling and constitutes the basic platform for cycling (c) which is controlled by the CSMS 
(b). For details see text. 
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while analyzing the virtual network. Furthermore, the amount of components taking part in a 
given interaction as well as the numbers of molecules being produces by it are described in 
the ‘x_in’ and the ‘x_out’ fields of the ‘Interaction’-table. Moreover, the ‘mode’-field 
supports the ‘Mode Control Switch’ of the CSMS channeling signaling into the catabolic or 
anabolic path or just forces downstream signaling. Finally, estimations of total numbers of 
particular cell types in an organism can be stored into the ‘total_no’-field of the 
‘Compartment’-table and can be used as a correction factor for whole body simulation. After 
assigning the dataset to the visualization platform and adjusting the attributes of the 
components manually the model is ready for virtual analysis and cycling. 

 
Cycling 

The basic principle of the generation of dynamic cellular views is the round-wise analysis 
of metabolic and regulatory pathways (Fig. 2c). At each cycle, the information flow starts at 
the level of energy consumption and need of ATP from the ATP-pool. The check of cellular 
energy status is followed by the adjustment of metabolic needs according to the physiological 
state, thereby moving further upstream towards fuel uptake by the cell. In detail, the amount 
of cellular ATP-level relative to total capacity determines the degree of ATP-formation from 
the responsible metabolic reactions. Following the metabolic flow within the artificial cell, the 
amount of pyruvate and the level of the cellular ATP-pool as well as glucose 6-phosphate 
level will determine the anabolic or catabolic fate of metabolic signaling within the cell. 
Accordingly, the amount of glucose 6-phosphate and the degree of glycolytic activity will 
balance processes such as glycogen synthesis, glycogenolysis and glucose capture within the 
cell. In each of the cycles, the metabolic flow will be terminated by the entrance of glucose 
into the cell and the calculation of the available glucose level in the vascular system. At this 
stage of signaling, the compartment-specific management system will switch to regulatory 
cycling, search for cell-specific regulatory pathway components and proceed the regulatory 
information flow up to its end. Completion of a cellular cycle is determined by the failure of 
the CSMS to detect additional regulatory units. According to the particular situation in the 
cell, the regulatory run might result in a capacity or activity change of molecules or enzymes, 
which in turn might modulate metabolic conditions in the following cycle. 

In the cellular mode of view a new cycle will be initiated within the same cell, while in the 
systemic approach the CSMS will start over again with the next cell type. Systemic cycling is 
controlled by the ‘Compartment Switch’ which is activated at the end of each round of 
cellular cycling and shifts the start of the following cycle towards the next cell type. One 
round of systemic cycling will be terminated after all chosen compartments have been 
calculated. For the purpose of systemic analysis of glucose homeostasis, energy uptake by the 
virtual organism is supervised by the ‘Satiety Regulation System at the initial step of systemic 
cycling. The ‘Satiety Regulation System’ integrates peripheral and central energy states of the 
virtual organism and controls fuel uptake (see below). 

 
Compartment-specific management system (CSMS) 

The route of signaling within the ‘Virtual Cell Studio’ is organized by 5 control-relays of 
the CSMS: the a) ‘Compartment Switch’, b) ‘Mode Control (Switch)’, c) ‘Proof of Cell 
Specificity’, d) ‘Proof of Function’, and e) ‘Calculation’ (Fig. 2b).  By means of the 
‘Compartment’-table (Fig. 2a), the ‘Compartment Switch’ defines the location, where 
signaling takes place. It also recognizes an artificially induced ablation of a particular cell 
type (as marked in the ‘KO’-field of the ‘Compartment’-table) and blocks signaling within the 
respective compartment. The ‘Mode Control’ together with the ‘Mode Control Switch’ 
retrieve information from the ‘Interaction’-table of the ‘Signaling Module’ and trigger the fate 
of signaling. They decide whether to channel signaling upstream or downstream into a 
catabolic, anabolic, regulatory or neuronal path and control the search for interaction partners 
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and coproducts. Proof of cell specificity is performed at any step the CSMS identifies an 
interaction and its associated components. A molecule which has been virtually knocked out 
on a cellular or systemic level (as marked in the ‘KO’-field of the ‘BT2C’-table) will be 
detected by the ‘Proof of Function’-relay and excluded from the signal path. Calculations are 
performed according to the procedure given in Fig. 2b. Thereby, levels and capacities 
(activities for enzymes) are temporary stored until the needs and availabilities of all partners 
and products of the particular interaction have been ascertained and corrected in a final 
calculation. 
 
Biology of the System 
 
Establishment of the individual system parts - cellular view 

To visualize a malfunction of a transcription factor such as PDX1 on a systemic level, 
knowledge must be available of the distribution of PDX1 within the organism. It is clear now, 
that the PDX1 gene is almost exclusively expressed in the pancreatic beta-cell, well known 
for its potential to control glucose homeostasis in the organism. Thereby, PDX1 contributes to 
the regulation of at least three genes encoding glucokinase, glucose transporter 2 (GLUT-2) 
and most importantly insulin (Hui  and Perfetti, 2002). Glucokinase is responsible for the 
capture of glucose inside the cell and for its supply either for storage or for the glycolytic and 
citric acid cycle-dependent breakdown and generation of ATP. The second gene product 
being controlled by PDX1 is GLUT-2, which enables fast and facilitated transport of glucose 
from the circulation into the cell. Inside the cell glucose levels are measured by a glucose 
sensor mediating regulatory signals to PDX1, which respond at high intracellular glucose 
levels with the activation of its target genes, among others also insulin. Insulin again will be 
delivered to the extra cellular space and circulation under the control of the glucose sensor, 
which opens the door for insulin secretion at high intracellular glucose levels. Consequently, 
insulin reaches its target cells via the blood stream and mediates its effects by binding to its 

Fig. 3. The Virtual Cell Studio: Cellular view on the beta-cell 
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receptor. In an autocrine loop insulin also contributes to beta-cell-specific reinforcement 
mechanisms such as activating GLUT-2 transport to the cell surface, enhancement of nuclear 
uptake of PDX1, and upregulation of glycogen synthesis, thereby adapting beta-cell functions 
to the appropriate homeostatic conditions. 

The ‘Virtual Cell Studio’  enables the visualization of all this information by selecting the 
beta-cell type from the start menu (Fig. 3). Once the cell-specific metabolic and regulatory 
pathways have been built up, the Attr.- (attribute-) button can be used to organize working 
and maximum levels (activities for enzymes) for each of the molecules or biological terms. 
Activation of the GO-button will then start the simulation, which can be followed step- or 
round-wise. While choosing the cellular mode of view someone can regulate the amount of 
glucose supply to the vascular system manually and pressing the ‘Statistics’  button will 
deliver additional insight into the turnover rates of the individual network components within 
the cell. This is of special interest, when comparing an artificially induced malfunction or KO 
(performed by double-click on the biological term field) with the normal situation. 
 
Implementation of the satiety regulation system 

Before starting to bridge the cellular arrangements to an artificial organism special 
attention must be drawn to the regulation and supply of nutrition to the whole system. The 
question has to be answered of how to integrate food uptake, nutrition disposal and even 
behavior patterns such as eat motivation and hunger into the virtual cell studio in order to 
achieve automated simulation of energy homeostasis on a system-level. To attack this 
problem all necessary information about regulation of food intake and supply of nutrition was 
retrieved from the literature and stored into the platform by means of PheGe’s reductive 
philosophy. Figure 4 offers a survey of PheGe’s regulatory and neuronal interactions that 
balance eat motivation in the organism. In short, glucose supply to the circulation starts with 
food intake, followed by nutrition disposal within the gastrointestinal tract (GI-tract) and 
uptake of the carbohydrates into the vascular system, where they finally trigger the energy 

Fig. 4. The Satiety Regulation System. Numbers represent compartments: 1) gastrointestinal tract, 2) entero-
endocrine I-cell, 3) vagal neuron, 4) satiety neuron of the nucleus tractus solitarii, 5) dorsomotor nucleus neuron 
of the vagus, 6) vascular system, 7) beta-cell, 8) adiposity neuron of the arcuate nucleus, 9) adiposity neuron of 
the paraventricular nucleus (lateral hypothalamic area). 
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homeostasis in the various cells. As a result, insulin is delivered from the pancreatic beta-cell 
to the blood and reaches its target cells where it supports homeostatic processes via the 
InsulinR. Three main regulatory circuits perform the regulation of food intake at least. The 
first one is initiated by the transformation of meal size information into a meal termination 
signal within the GI-tract. The resulting activation of chemo- and mechanoreceptors in the 
intestinal wall induces the release of cholecystokinin (CCK) from endocrine I-cells of the 
duodenum and the jejunum (Hui  and Perfetti, 2002). Anorexigenic signaling is forwarded by 
the secretion of CCK, which now mediates satiety signaling through receptor activation in 
ascending vagal afferents (Bray, 2000). The vagal signal is transduced to the satiety-neurons 
within the nucleus tractus solitarii of the caudal brainstem where it mediates satiety signaling 
to the neighboring neurons of the dorsomotor nucleus of the vagus (DMV) within the dorsal 
vagal complex (Powley, 2000). The concerted action of neural, endocrine and nutrient signals 
that converge on the dorsal vagal complex in the caudal brainstem triggers anorexigenic 
signaling through repression of the eat signal. 

The second regulatory circuit of the food intake control is a satiety modulation cycle that 
origins in the DMV-neuron under the trigger of the vagal output which activates a satiety 
modulating signal (presumably norepinephrine (NE) being evaluated by higher CNS circuits 
to integrate energy homeostasis and other information). The satiety modulating signal causes 
anorexigenic signaling (by NE via α1-adrenoceptors through rostral protections of A5-, A7- 
and A1-cell groups within the caudal brainstem) that reach the adiposity-neurons in the lateral 
hypothalamic area (LHA) and the paraventricular nucleus (PVN) of the hypothalamus and 
represses an appetite signal via α1-adrenoceptors, thereby overriding feeding-inducing α2-
adrenoceptors downstream signaling (Palkovits, 1999). The suppression of orexigenic appetite 
signaling and the subsequent inactivation of the appetite signal acceptor (being activated via 
NE, oxytocin, corticotropin-releasing hormone and other brain circuits under orexigenic 
conditions) results in a reinforcement of the dorsal vagal complex-derived satiety signaling, 
which finally terminates food intake motivation. 

The third circuit involved in the control of food intake connects peripheral energetic 
information of the organism to the central energy uptake motivation status. The point of 
entrance into the central regulatory pathway are the neuropeptide Y- (NPY-) positive 
adiposity neurons within the arcuate nucleus of the hypothalamus which project to the PVN- 
and the LHA-adiposity neurons, where NPY is released to the synaptic cleft in order to reach 
its receptor NPY YR supporting appetite signaling (Baskin et al., 1999). High blood insulin 
levels origin from elevated glucose concentrations after a meal and resemble a high energetic 
status of the organism. Binding of insulin to its receptor in the arcuate nucleus will repress 
NPY, which consequently blocks the NPY-mediated activation of the appetite signal via the 
NPY YR (Baskin et al., 1999). Choosing the Satiety Regulation System from the 
Cell/Compartment/System-menu of the virtual cell studio activates the visualization of the 
interplay of these three food intake-regulating systems (Figure 5). 

 
Bridging cellular circuits to an overall response - systemic view 
After establishment of the cellular views within the virtual cell studio the individual system 
parts were series connected and allowed to act automatically. To run the systemic simulation 
click on the ‘Systemic View’ button in the start menu, decide whether the virtual system may 
use food ad libitum or not and activate the ‘GO’ button. Each of the system parts will evaluate 
its own metabolic, regulatory and energetic status, compare it with the condition of the 
organism via the vascular system and respond according to the particular situation. The 
information flow within each cell system is recorded per time scale and the turnover of the 
individual network components can be retrieved after the session has terminated (Fig. 6). The 
user may choose to run the simulation tool with either cell-specific or systemic KOs of 
network components of his choice. The visualization of the systemic consequences of an 
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artificial generation of a PDX1-KO within the beta-cell is shown in Figure 6. Hyperglycemia 
appeared as a consequence of PDX1-malfunction on insulin production, glucokinase activity 
and glucose uptake into the cell. In the liver cell maximum glucose uptake is only 1/5 in the 
PDX1-KO simulation as compared to the control and consequently, glycogen stores are 
depleted for the maintenance of the ATP-pool (Fig. 6). 
 
 
Discussion 
 

To the knowledge of the author, the Virtual Cell Studio is the first simulation tool which 
gives insights into the dynamics of genotype-phenotype relations. While bridging cellular 
circuits to an overall response, metabolic, regulatory and neuronal signaling as well as the 
impact of a virtually induced malfunction can be viewed on a molecular level. Inactivation of 
the individual circuits by artificially induced KOs or the elimination of a particular cell type 
will improve our understanding of how the individual units interact with each other to sustain 
proper organism functions. Moreover, pathological conditions can now be simulated and the 
underlying molecular defects identified. As an example, persons with type II diabetes usually 
have an obese body habitus. Obesity has also been documented in brain-specific InsulinR 
knockout (NIRKO) mice and it was suggested that insulin signaling in the brain might 
regulate food intake behavior (Bruning et al., 2000). By means of the virtual cell studio it 
becomes obvious that artificially induced InsulinR-KO of the arcuate nucleus neurons will 
stimulate frequency and amount of nutrition uptake. Thus, the simulation indicates that 
increased food intake motivations might be one of the reasons to develop obesity in patients 
suffering from insulin-resistant diabetes mellitus. 

Fig. 5. Central regulation of food intake motivation. Note the three interacting circuits finally balancing energy 
homeostasis and eat motivation according to the organism demand. For details see text 
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It is worthwhile to mention that the systemic feature of the virtual cell studio is an 
excellent tool to analyze the role of a single molecule for organism function even then when a 
naturally occurring malfunction of this particular component causes a failure to channel cell 
or organ fates during development, as it was shown for PDX1. Targeted disruption of PDX1 
in mice results in a collapse of pancreatic morphogenesis (Jonsson et al., 1994). Newborn 
homozygous mice selectively lack a pancreas and die within a few days after birth, while in 
heterozygous individuals the disturbed regulation of insulin gene expression contributes to the 
beta-cell dysfunction that characterizes diabetes mellitus with its typical symptom of 
hypergylycemia as seen from the statistic feature of the Virtual Cell Studio (Fig. 6). 

Based on the reductive philosophy of PheGe, the Virtual Cell Studio serves as 
sophisticated approach to bridge intricate cellular systems to an overall response. It is a pilot 
project, that rather targets the visualization of signaling and its systemic consequences on a 
crude level than to account for the exact stoichiometric conditions within a living cell which 
certainly remains a speculative urge for the future. General limitations of such knowledge 
base approaches comprise information input and data integrity checking. High expertise and 
persistence are essential prerequisites to expand virtual biology systems such as PheGe. 
Therefore, the author highly encourages experts in the particular biological fields to 
participate in this approach. Together with its simulation tool, PheGe is freely available as a 
Microsoft Access workbench upon request from the author and can be distributed within the 
scientific community. While the PheGe-technology will assists anyone who is interested in 
virtual biology, the consolidation activities of the experts will enforce the further 
reconstruction of a virtual organism on a high quality standard. Although a long way to go, 
efforts are underway to implement PheGe’s virtual circuits into a more-dimensional mouse 

Fig. 6. Change of component levels during a period of 10 rounds of systemic cycling under normal (left) and 
PDX1-KO (right) conditions. Note the lack of blood insulin levels and the increase in blood glucose levels 
following virtual PDX1-gene deletion. For the intracellular view the hepatocyte is shown. The cell type can be 
changed by choosing the compartment from the control menu. Bars represent molecule numbers. 
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model (Plischke et al., 2002), thereby closing up to the vision of time-space voyages through 
an organism. 
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