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Abstract
We present a comprehensive mathematical model describing Helicobacter pylori interaction with the human gastric acid secretion
system. We use the model to explore host and bacterial conditions that allow persistent infection to develop and be maintained. Our
results show that upon colonization, there is a transient period (day 1–20 post-infection) prior to the establishment of persistence.
During this period, changes to host gastric physiology occur including elevations in positive effectors of acid secretion (such as
gastrin and histamine). This is promoted by reduced somatostatin levels, an inhibitor of acid release. We suggest that these changes
comprise compensatory mechanisms aimed at restoring acid to pre-infection levels. We also show that ammonia produced by
bacteria sufﬁciently buffers acid promoting bacteria survival and growth.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
Helicobacter pylori causes inﬂammation of the gastric
mucosa (gastritis) that may predispose infected individuals to develop ulcers or gastric tumors (Kitahara et al.,
1998). Most colonized individuals ðB80%Þ remain
asymptomatic, presenting with mild but diffuse inﬂammation of the stomach and show little or no atrophy
throughout their lifetimes (Kapadia, 2003; Moayyedi
et al., 2000; Prinz et al., 2003). A small percentage
(0.1–4%) of chronically infected individuals, however,
develop severe disease (gastritis) involving both corpus
and antrum regions of the stomach. This leads to a
diminished acid secretory capacity (Kapadia, 2003;
Uemura et al., 2001). Disease may eventually progress
to adenocarcinoma requiring treatment (Prinz et al.,
2003; Uemura et al., 2001). Upon infection, three
clinical outcomes are possible: (1) bacterial eradication
or clearance, usually after treatment (Takimoto et al.,
1997; Ulmer et al., 2003), (2) chronic or persistent, lowlevel, asymptomatic gastritis (Prinz et al., 2003; Uemura
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et al., 2001) during which bacterial population sizes
remain unchanged or in steady state, or (3) progression
to severe disease such as atrophy of gastric glands,
gastric ulcers or carcinomas (Kitahara et al., 1998; Prinz
et al., 2003; Uemura et al., 2001). Given the spectrum of
diseases associated with H. pylori infection, many
studies focus on characterizing host and bacterial
factors that contribute to disease progression (D’Elios
et al., 1997a, b; El-Omar et al., 2000; Ibraghimov and
Pappo, 2000; Josenhans and Suerbaum, 2002; Mahalanabis et al., 1996; Prinz et al., 2003; Rad et al., 2003).
H. pylori is a strict human pathogen (Cave et al.,
1998), and therefore understanding the pathophysiology
of H. pylori-associated diseases remains limited by
constraints of patient studies (Graham, 2000) and
animal models that do not faithfully explore the human
disease. For example, the progression from initial
colonization to disease development is complicated by
the inaccessibility of the human stomach to repeated
experiments. The limitation is also compounded by the
lack of knowledge of timing of infection. A few studies
with individuals who voluntarily ingest H. pylori or
inadvertently become infected demonstrate that after
inoculation with H. pylori early symptoms vary ranging
from asymptomatic to clinical manifestations (Cave
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et al., 1998; McGowan et al., 1996). At the beginning of
infection, patients with clinical manifestations present
with nausea accompanied by stomach pain and halitosis
due to ammonia production (induced by the bacterial
enzyme urease—Cave et al., 1998; Morris and Nicholson, 1987). Gastritis of the whole stomach (pangastritis)
usually ensues a week after ingestion followed by heavy
colonization with bacteria (Cave et al., 1998).
Several studies also report profound but transient
reductions in acid levels (hypochlorhydria) (Cave et al.,
1998; Graham et al., 1988; Ramsey et al., 1979).
Although hypochlorhydria coincides with increased
inﬂammatory inﬁltrate and colonization of the corpus
region of the stomach by H. pylori (Morris and
Nicholson, 1987), the mechanisms responsible for
hypochlorhydria in vivo still remain elusive. The
involvement of the host immune response cannot be
ruled out since several immune effectors such as
interleukin-1b (IL-1b) potently suppress acid secretion
from parietal cells (McGowan et al., 1996). IL-1b is
expressed in the gastric mucosa of infected individuals
(Hwang et al., 2002) and is 100-fold more potent in
inhibiting acid secretion than proton pump inhibitors
(PPIs) prescribed to treat H. pylori (Wolfe and
Nompleggi, 1992). Ammonia production by bacteria
may also account for reduced acid secretion. All
H. pylori strains shown to suppress acid levels in vivo
are urease-positive suggesting that ammonia production
may be important early in infection (Cave et al., 1998).
Other unidentiﬁed bacterial effectors may also function
as acid suppressors. In many infected individuals,
several months after infection (2–9 months) acid levels
return to normal by mechanisms that are not well
understood (Ramsey et al., 1979). Resumption of
normal acid levels may suggest down-regulation of
bacterial effectors or the action of host compensatory
mechanisms such as elevated gastrin levels (hypergastrinemia). If disease does not occur, a chronic infection
develops usually with no further clinical detriment to the
host.
There are no ideal animal models that completely
mimic all diseases in humans attributed to H. pylori
infection (Lee, 1998). This likely follows since human
disease associated with H. pylori infection results from
contributions from both microbe and human factors
(Eaton, 1999). Therefore, although several animal
models exist for studying various aspects of H. pyloriassociated disease, underlying pathologies and asymptomatic disease state may differ from human disease (Lee,
1999). For example, characteristics of the inﬂammatory
response differ in gnotobiotic piglets. After infection,
infected piglets generally exhibit lower neutrophil
inﬁltration of the gastric mucosa compared to adult
humans (Lee, 1998; Nedrud, 1999). Mice, which are
useful in understanding H. pylori pathogenesis, generally present with less inﬂammation (Nedrud, 1999).

While research into H. pylori pathogenesis has
beneﬁted from studying animal models, an integrated
research approach is needed to understand the complexities associated with colonization of humans. Mathematical modeling, which offers such an approach, allows
analyses of intricacies of host–microbe interactions,
improving our understanding of persistence and disease
progression. Persistence requires a delicate balance
between the interaction of host and bacterial factors
and may imply the existence of feedback mechanisms
that are not currently characterized (Blaser and Kirschner, 1999; Kirschner and Blaser, 1995). It is possible that
during H. pylori-associated diseases these feedback
mechanisms are compromised. The existence of feedback mechanisms, key factors controlling system dynamics, and events leading to disease can be identiﬁed
with the aid of mathematical models.
Previously we have proposed deterministic models
describing H. pylori colonization dynamics (Blaser and
Kirschner, 1999; Kirschner and Blaser, 1995). These
models explore dynamics from acquisition of bacteria
through development of host and bacterial populations
in equilibrium; indicative of a persistent or chronic
infection. The ﬁrst model included feedback mechanisms
in which bacteria, through monitoring host-derived
nutrients, controlled induced inﬂammatory responses
and bacterial population sizes (Kirschner and Blaser,
1995). These feedback mechanisms limit damage to the
host and were important for maintainence of bacterial
persistence. Furthermore, they demonstrated the importance of adherent bacteria in replenishing motile
bacterial populations that are lost due to mucus
shedding. The second model incorporated development
of a non-speciﬁc host response concurrent with H. pylori
persistence (Blaser and Kirschner, 1999). In this model,
initial events following inoculation with H. pylori that
lead to colonization were examined. Analysis of this
model showed that the capacity of the host to respond
accordingly to H. pylori determines the level of
colonization. There is a lower bound on the host
response capacity below which bacteria ﬂourish, and
an upper limit above which bacteria are cleared. These
results again strengthen the hypothesis that bacterial–
host co-regulatory mechanisms may be key for persistence. Although both models provide insight into
H. pylori colonization, they do not assess the effect of
host gastric physiology on bacterial colonization.
In this report, we present a model that builds on these
previous mathematical models of H. pylori colonization
dynamics by merging these ideas into our existing model
of human gastric acid secretion (Joseph et al., 2003).
Our human acid secretion model comprehensively
describes regulation of acid release by key gastric
effectors (Joseph et al., 2003). Speciﬁcally, we explored
the effects of positive regulatory networks characterized
by gastrin and histamine and a negative feedback
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mechanism comprised of somatostatin on acid secretion.
In our model, food served as the driving force
stimulating a cascade of events that leads to acid release.
Our goal here is to develop a comprehensive model of
H. pylori–host interactions that we will use in future
studies to explore the effects of host and bacterial
factors in determining colonization dynamics. As mentioned earlier, three outcomes are possible (i.e. clearance, persistence, or disease); however, we focus our
study only on persistence, and demonstrate that under
baseline conditions of normal acid secretion, persistence
is achieved. Furthermore, we demonstrate the presence
of compensatory mechanisms aimed at restoring normal
acid levels. We also show that ammonia and bicarbonate produced by bacteria during urea hydrolysis
sufﬁciently buffer acid thus creating a suitable environment for bacterial survival and growth.

2. The model
Previously we described a two-compartment model of
human gastric acid secretion that now serves as the
context for our H. pylori studies (Joseph et al., 2003). In
that model, we deﬁned two histologically distinct
regions of the stomach, the antrum and corpus. The
relevant regulatory elements responsible for maintenance of acid homeostasis occur in these compartments
and include cell populations, secreted effectors, neurotransmitters, bicarbonate, and acid (Joseph et al., 2003).
By virtue of the nature and function of the mucus lining,
there exists a chemical (i.e. pH and bicarbonate)
gradient across the mucus barrier (Engel et al., 1984;
Schreiber et al., 2000). This suggests that bacteria near
the lumen experience a different chemical environment
to those near the gastric epithelia. For example, while
antral bacteria near the epithelia experience a relatively
constant pH of 7, those at the lumen are subjected to
ﬂuctuations ranging from pH 2–5 (see Fig. 1; Chen et al.,
1997). We hypothesize that chemical gradients also exist
for nutrients, urea, and ammonia present in mucus. To
incorporate different chemical gradients encountered by
H. pylori, we update our previous model to reﬂect
spatial aspects of gastric physiology by including both
luminal and epithelial regions (see Fig. 1). Additionally,
we track bacteria in each region in the antrum and
corpus. The components of the H. pylori–host model
and assumptions are indicated below. In addition, the
mathematical details are included in Appendix A.
We build a comprehensive model of H. pylori and its
interactions with the gastric acid secretion system by
tracking bacterial populations and factors they produce
such as ammonia used in buffering acid (Sidebotham
et al., 2003) and Cag and VacA proteins involved in
enhancing host cell apoptosis (Jones et al., 1999;
Megraud, 2001; Suzuki et al., 2002). We incorporated
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Fig. 1. Model diagram of H: pylori dynamics. Model includes dynamic
changes in H: pylori populations in antrum and corpus. Each bacterial
population encounters a different chemical environment. Bacteria near
the lumen experience a pH of about 2 whereas those near epithelia are
in a pH near 7. Both antrum and corpus compartments are subdivided
into epithelia and luminal region to reﬂect these different pH levels. We
include bacterial growth ðaÞ; loss (o; o1 ; and t) and exchange (y and d)
in each compartment: (1) motile ðHpMA Þ and (2) adherent ðHpAA Þ
bacterial populations in the antrum and (3) motile ðHpMC Þ and (4)
adherent ðHpAC Þ populations in the corpus. We assume that adherent
bacteria are lost at a rate ðtÞ equivalent to epithelial cell sloughing
while motile bacteria clear at rates equivalent to mucus shedding ðoÞ:
The vertical dashed line separates antral and corpus compartments.

these dynamics into our previously established gastric
acid secretion model that included host factors such as
gastrin, histamine, somatostatin, bicarbonate, and
neural effectors, all of which are involved in acid
regulation. To combine both models, we included
relevant reactions at the biochemical level such as acid
buffering by ammonia and bicarbonate ions produced
during urease-catalysed urea hydrolysis (Fig. 2). We
describe below why each of these factors is necessary
and how they are incorporated into the model.
2.1. Bacterial components
2.1.1. H. pylori
We monitor H. pylori populations in both the antrum
and corpus (Fig. 1). We simulate an inoculation of the
corpus lumen with a speciﬁed H. pylori dose of 104
bacteria, the minimum infectious dose of H. pylori J166
in rhesus monkeys (Solnick et al., 2001). To simulate
dynamical changes in H. pylori populations in the
antrum and corpus we follow bacterial growth, loss and
exchange of two different populations in each stomach
region: (1) motile ðHpMA Þ and (2) adherent ðHpAA Þ
bacterial populations in the antrum and (3) motile
ðHpMC Þ and (4) adherent ðHpAC Þ populations in the
corpus. Evidence for two bacterial subpopulations
within each region (antrum and corpus) of an infected
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Fig. 2. Schematic diagram of the biochemical interactions. H: pylori adhering to an epithelial cell is shown. Bacteria passively uptake urea in an aciddependent manner through UreI channels in bacterial membranes. Once in the cytoplasm urea is hydrolysed by urease enzymes to ammonia ðNH3 Þ
that diffuses across the periplasmic space to buffer acid. The by-product of buffering is the production of ammonium ðNHþ
4 Þ ions that diffuse into the
mucus lining. We also show the effects of VacA in enhancing urea diffusion across tight junctions of gastric epithelial cells as well as its role together
with Cag protein in inducing apoptosis.

host comes from several studies suggesting that freeswimming, ﬂagellated bacteria (HpM) comprise the
majority of bacteria in the stomach ðB95%Þ (Hessey
et al., 1990; Thomsen et al., 1990). A small proportion of
bacteria ðB5%; HpAÞ become aﬂagellated and attach to
epithelial cells via adherence pedestals formed by host
cell cytoskeletal rearrangements (Thomsen et al., 1990).
Although the ratio of HpM:HpA is high, this may not be
necessary for persistence of H. pylori within the
host (Kirschner and Blaser, 1995). The dynamics of
H. pylori populations are mathematically complex (see
Appendix). Not only are differences in growth and loss
characteristics of each population included, but we also
track population site exchanges as well. One clinical
outcome is studied in our current model: persistence;
deﬁned as bacterial population sizes in equilibrium or
steady state.
While H. pylori colonize an acidic environment, it is a
neutralophile growing over a limited pH range
(BpH 6–8) with optimal growth at pH 7 (Fig. 3) (Sachs
et al., 2000). Fig. 2 shows the result of simulating pH
dependent growth of H. pylori (line) as compared with
experimental results (bars). We include a pH-dependent
growth term and compare our simulations with experimental results (Fig. 3).
Motile H. pylori near the epithelial boundary are able
to attach to host epithelial cells provided adhesion sites
exist. Research is ongoing to identify adhesins (such as
Lewis antigens) expressed by bacteria that aid in
adhesion (e.g., Webb and Blaser, 2002). The importance
of adhesion for colonization and hence persistence is

evidenced by several experiments involving inhibition of
bacterial adhesin binding to host phospholipid and
glycosphingolipid receptors (Huesca et al., 1993; Kamisago et al., 1996). Previous mathematical models of H.
pylori colonization also demonstrate that adherence is
central to H. pylori colonization (Blaser and Kirschner,
1999; Falk et al., 2000; Kirschner and Blaser, 1995).
When parameters governing the ability of bacteria to
adhere were changed to create a ‘virtual’ mutant, the
model predicted loss of colonization. These studies show
that H. pylori colonies are signiﬁcantly reduced or
cleared during inhibition or deletion of adhesion unless
bacteria alter components to compensate for the lack of
adhesion.
Replenishment of the motile population is particularly
important, as bacteria are lost due to natural processes of
mucus shedding and epithelial sloughing (Kirschner and
Blaser, 1995). We assume motile bacteria loss occurs at a
constant rate due to mucus shedding. While adherent
bacteria are lost during natural epithelial cell sloughing
(Blaser and Kirschner, 1999; Kirschner, 1999), we assume
this is enhanced by bacterial-mediated, host cell apoptosis
(McGowan et al., 1996) (see discussion next paragraph).
We speculate that bacteria migrate from antrum to
corpus. We also allow for motile H. pylori in the antral
region to ﬂow back to the corpus region replenishing
bacterial populations at that site. This becomes necessary
because without antral to corpus bacterial exchange we
do not observe corpus bacterial proliferation experimentally observed during suppression of acid secretion
(Ohara et al., 2001; Tsutsui et al., 2000).
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Fig. 3. pH-dependent growth of H: pylori. On the left axis (bar chart) H: pylori show optimal growth at pH 7 (Sachs et al., 2000). On the right axis
we show our results of simulating pH-dependent growth (solid line) for use in the model.

Bacteria express Cag and VacA proteins that together
with ammonia have been implicated in host cell death
(Jones et al., 1999; Megraud, 2001; Suzuki et al., 2002).
Upon insertion of Cag effectors into host cells via a type
IV secretion apparatus, signal transduction cascades are
initiated that lead to the upregulation of host cell
apoptotic factors (Megraud, 2001) (Fig. 2). The role of
VacA in apoptosis was recently demonstrated in a study
involving the in vitro analysis of puriﬁed VacA on
cultured gastric epithelial cells (Cover et al., 2003).
Ammonia causes mucosal injury, reduces healing and
induces apoptosis of gastric epithelial cells by releasing
cytochrome c from mitochodria, an initial step of an
apoptotic cascade (Suzuki et al., 2002). Taken together,
bacterial loss, growth and site exchange adequately
describe H. pylori changes over the time course of
simulations. We now discuss in detail the role of each
bacterial factor in pathogenesis.
2.1.2. Ammonia and ammonium production
Bacteria use ammonia produced during hydrolysis of
urea by urease (Eq. (1.1)) to buffer external acid thereby
creating a suitable pH niche (Sachs et al., 2000). Because
H. pylori colonizes a highly acidic environment, it is not
surprising that H. pylori has one of the highest urease
activities of all known bacteria (Williams et al., 1996).
Upon bacterial uptake of urea through acid-activated
UreI channels, cytoplasmic urease enzymes hydrolyse
urea to ammonia and bicarbonate ions (Sachs et al.,
2000; Scott et al., 2000, 2002; Weeks et al., 2000; Weeks
and Sachs, 2001). Uncharged ammonia then diffuses
into the periplasmic space where it associates with
protons to produce ammonium ions (Fig. 2; Sachs et al.,

2003). Ammonia produced can potentially alkalinize
external pH to a range that can support survival and
growth of H. pylori (Sidebotham et al., 2003). Indeed,
mutants for urease activity are unable to colonize
gnotobiotic piglets indicating that urease expression,
and subsequent ammonia production, is essential (Eaton
et al., 1991; Karita et al., 1995; Tsuda et al., 1994a, b).
Whether or not bacteria infecting humans produce
sufﬁcient quantities of ammonia to allow survival and
growth has not been determined. We track ammonia
levels by simulating production via acid-dependent
mechanisms and loss through buffering acid and
diffusion
urease

þ
COðNH2 Þ2 þ Hþ þ 2H2 O ! HCO
3 þ 2NH4 :

ð1:1Þ

We also assume that ammonium and excess ammonia
are lost via natural processes including washout (when
gastric contents move into the intestines) and when ions
diffuse across the gastric mucosa into the underlying
capillary network.
VacA. VacA, an 88-kDa secreted bacterial protein, is
a major virulence and pathogenic factor linked to severe
gastric tissue damage (Tombola et al., 2001). One key
question we explore is the role of VacA in the initial
stages of colonization. VacA plays a role in apoptosis
in vitro and this activity may be important in vivo as
well. Controversy exists regarding the signiﬁcance of
VacA toxin secreted by H. pylori during in vivo
infections. Although gastric erosion is observed during
oral administration of VacA producing strains or
puriﬁed VacA (Marchetti et al., 1995; Pelicic et al.,
1999), both vacA mutant and wild type H. pylori
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similarly induce severe gastritis (Ogura et al., 2000). The
role of VacA in eliciting cell vacuolation of membranous
compartments at late stages of the endocytic pathway
has long been demonstrated (de Bernard et al., 1998).
Recently, the role of VacA in enhancing the movement
of urea, small ions and nutrient across tight junctions
between epithelial cells was revealed (Fig. 2; Papini et al.,
1998; Pelicic et al., 1999; Tombola et al., 2001). It is
possible that the importance of VacA to colonization
varies over the time course of infection.
2.1.3. CagPAI
The 40-kb cag pathogenicity island (cagPAI) expresses a type IV secretion apparatus through which
bacterial effectors are secreted directly into host
epithelial cells. Among the 30 open reading frames on
cagPAI is an immunodominant antigen, CagA, that is
now used to ensure cagPAI presence in vivo and in vitro
(Odenbreit et al., 2000). The function of each cagPAI
transcript is not fully known, except for their collective
role in affecting changes in host response. Genes within
cagPAI, exclusive of the cagA gene, transcribe products
that elicit expression of IL-8, a pro-inﬂammatory
cytokine, that activates inﬁltrating neutrophils. These
inﬁltrating neutrophils augment mucosal damage releasing cell contents into the gastric milieu (Nakazawa,
2002). We describe these proteins collectively as ‘‘Cag
protein’’ and accordingly include their dynamics.
Some researchers suggest that bacteria acquire nutrients from degraded cells although there is no
experimental evidence to support this hypothesis (Montecucco et al., 1999; Nakazawa, 2002). Studies correlating Cag protein levels to nutrient levels have not been
performed; however, we hypothesize that increased
inﬂammation due to Cag protein releases nutrients for
bacterial consumption (Fig. 2). We also assume that
release of nutrients from apoptosis likely saturates as
bacteria modulate activity to limit damage to their host
(Blaser and Kirschner, 1999). We discuss in more detail
the relation of Cag protein to nutrient acquisition in
Appendix A.
2.2. Host components
To analyse the effect of H. pylori on host gastric acid
secretion, we couple nonlinear ordinary differential
equations describing bacterial dynamics to our model
of human acid secretion (Joseph et al., 2003). To this
end, we modiﬁed our human gastric acid secretion
model (Joseph et al., 2003) by updating acid equations
to reﬂect acid buffering by ammonia and additional
bicarbonate ions secreted by bacteria, and incorporating
equations for nutrient and urea levels. More detailed
descriptions of the equations are found in Appendix A
and in our previous paper (Joseph et al., 2003), but
below we brieﬂy summarize our human acid

secretion model and how we include nutrient and urea
levels.
2.2.1. Host gastric acid secretion model
In our previous model, we captured the salient
features of acid regulation by including dynamics
describing food volume, effector cell populations and
key effectors (Joseph et al., 2003). Food both directly
and indirectly elicits release of positive effectors of acid
secretion from cells found in the antrum and corpus
regions of the stomach (Hersey and Sachs, 1995). We
included a dynamic feeding function based on a
standard American diet of three meals per day (at
0600, 1200, 1800 h) (Joseph et al., 2003). By comparing
various modality patterns of feeding functions, we show
that long-term dynamics of effector, bicarbonate and
acid responses are qualitatively similar to results
obtained using the more dynamic feeding function such
as that used in our previous work (Joseph et al., 2003).
Furthermore, numerical analyses suggest that effector,
bicarbonate, and acid responses resulting from a
constant feeding function (i.e. FdðtÞ ¼ 0:5 L) are an
average of simulation outcomes generated using our
dynamic feeding function. This is only true if the
trajectories of the numerical solutions of effector,
bicarbonate and acid levels are attractors (i.e. either
limit cycles or stable nodes). Given the similarity of
simulation results and the ease of visualization in the
long-term simulation, we present results using a
constant feeding function here.
Whereas positive mechanisms reinforce acid secretion,
negative mechanisms serve to return acid to basal levels
after stimulation resulting in acid homeostasis. With the
release of acid into the lumen, gastric pH decreases until
a negative feedback effector, somatostatin, is secreted
from D cells in the antrum (Shulkes and Read, 1991;
Uvnas-Wallensten et al., 1980).
2.2.2. Modifications to original gastric acid secretion
model
Nutrients. In our model of H. pylori–host interactions,
we simulate host nutrient levels available for bacterial
consumption. Given the hypothesis that H. pylori
acquire nutrients from apoptotic cells, we assume that
in a stomach devoid of H. pylori there are basal levels of
apoptosis, and hence nutrients. With infection, nutrient
levels are elevated by the activities of VacA and Cag
proteins. For simpliﬁcation, we assume that food
consumed by the host does not provide simple nutrients
such as amino acids and simple sugars for H. pylori
acquisition as is suggested in Mendz and Hazell (1995)
and Nagata et al. (2003).
Urea. We track host-derived urea that bacteria
degrade. Catabolism of proteins produces carbon
dioxide, ammonium and bicarbonate ions (see
Eq. (1.1); Atkinson and Bourke, 1987). To dispose of
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potentially toxic ammonium and bicarbonate ions,
mammals have the urea cycle through which excess
ammonia is converted to urea that is transported to
kidneys for excretion (Atkinson and Camien, 1982;
Cheema-Dhadli et al., 1987). Although the kidneys are
efﬁcient at excreting urea, a small proportion of plasma
urea diffuses across the gastric mucosa into the lumen of
the stomach where low levels ðB3 mMÞ are maintained
(Mokuolu et al., 1997). At low pH ðo4Þ bacteria take up
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urea through UreI channels for urease catalysis (Scott
et al., 2000).

3. Parameter estimation
Since the basis of this model comes from previously
published work (Joseph et al., 2003), we present details
on estimating only new parameters here. Table 1

Table 1
List of parameter values used in our H: pylori model
Initial
condition

Description

Initial values

Units

References

HpMA (0)
HpAA (0)
HpMC (0)
HpAC (0)
½NH3 ð0Þ AL
½NH3 ð0Þ AE
½NH3 ð0Þ CL
½NH3 ð0Þ CE
½NH4 ð0Þ A
½NH4 ð0Þ C
½Vcð0Þ A
½Vcð0Þ C
½Cgð0Þ A
½Cgð0Þ C
½Urð0Þ AL
½Urð0Þ AE
½Urð0Þ CL
½Urð0Þ CL
½Nutð0Þ AL
½Nutð0Þ AE
½Nutð0Þ CL
½Nutð0Þ CE

Antral motile bacteria
Antral adherent bacteria
Corpus motile bacteria
Corpus adherent bacteria
Antral luminal ammonia levels
Antral epithelial ammonia levels
Corpus luminal ammonia levels
Corpus epithelial ammonia levels
Antral ammonium levels
Corpus ammonium levels
Antral VacA levels
Corpus VacA levels
Antral Cag protein levels
Corpus Cag protein levels
Antral luminal urea levels
Antral epithelial urea levels
Corpus luminal urea levels
Corpus luminal urea levels
Initial antral luminal nutrient levels
Antral epithelial nutrient levels
Corpus luminal nutrient levels
Corpus epithelial nutrient levels

0
0
1  104
0
0
0
0
0
0
0
0
0
0
0
20.2
28.9
32.9
76.2
0.0089
0.1
0.004
54.14

Bacteria
Bacteria
Bacteria
Bacteria
M
M
M
M
M
M
M
M
M
M
mM
mM
mM
mM
pM
mM
pM
nM

y
y
(Solnick et al., 2001)
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y
y

Parameters

Description

Values

Units

References

a

Max. H: pylori growth rate

0.060–0.832 (0.532)

/h

y
kN

Growth yield constant
[nutrient] at which growth is 50%
max.
Loss rate due to normal epithelial
sloughing
Motile to adherent exchange rate
Antral carrying capacity
Corpus carrying capacity
Adherent to motile exchange rate
Bacterial-induced apoptotic rate
Cag protein scaling factor
VacA scaling factor
VacA, Cag and ammonia levels at
which apoptosis is 50% maximal
Bacterial loss rate due to mucus
shedding
Bacterial return rate to corpus
from antrum
Optimal pH for growth

1  1015
50

M/bacteria
pM

(Andersen et al., 1997)
(Mendz and Hazell, 1995)
(Rosberg et al., 1991)
y
y

0.0083–0.0139
(0.0036)
0.95
1:2  107
3:6  107
0.0678
0.023833
1  109
1  105
10

/h

(Hattori and Arizono, 1988)

/h
Unitless
Unitless
/h
/h
Unitless
Unitless
mM

y
y
y
y
(Szabo and Tarnawski, 2000)
y
y
y

0.5–0.33 (0.010)

/h

(Hattori and Arizono, 1988)

1  106

/h

y

7

Unitless

(Sachs et al., 2000)

t
y
K1
K2
d
rt
f1
f2
vf
ot
o1
Abcrit
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Table 1 (continued)
Initial
condition

Description

Initial values

Units

References

cmax
kANh

Maximal urea hydrolysis rate
Michaelis constant for urea
uptake
Michaelis constant for urease

11007200
0.01

MM/min/mg
M

(Dunn et al., 1990)
y

0.3–300

mM

Reaction rate of bicarbonate and
protons
Diffusion rate of ammonia
Clearance rate of ammonium ions
Maximal rate of VacA activation
Optimal pH of VacA
VacA protein degradation rate
Cag protein production rate
Cag protein degradation rate
Clearance rate of ammonia
Antral source of urea
Corpus source of urea
Maximal VacA-enhanced
diffusion rate of urea
Diffusion rate of urea
Transport rate of urea
Clearance rate of urea

71110

1=M h

(Dunn et al., 1990)
(Scott et al., 1998)
y

1  104
0.825
2  1020
3
0.8
2  1018
0.03
0:01 bA
2.77 (3.6)
(5.6)
6.013

/h
/h
/h bacteria
Unitless
/h
M/bacteria.h
/h
/h
mM
mM
M/hr

y
y
y
(Cover et al., 2003)
y
y
y
y
(Mokuolu et al., 1997)
(Mokuolu et al., 1997)
(Tombola et al., 2001)

39
bA
kA

mM/h
/h
/h

y
y
y

kUrNh
s
diffNH
om
e
Avcrit
rVacA
w
rcag
bNH
f1
f2
imax
diffUr
bUr
kUr

Values presented in parentheses are values used for simulations. y denotes mathematically estimated values. M—molar; h—hour.

summarizes new parameters included in our new
model, whereas Table 2 (see Appendix A) shows a
list of parameters that we previously estimated.
We give the details of estimating each parameter in
Appendix A.
We estimated rates of all the model processes from
published, human-derived experimental data whenever
possible. In the absence of human data, we use animal
data to derive order of magnitude estimates. Units of
measurement differ from one study to another, and we
must standardize our estimates. When both animal and
human data are lacking, we rely on C code based on
Latin hypercube sampling method (LHS) for order of
magnitude estimates (Iman et al., 1981a, b). LHS allows
for simultaneous random, and evenly distributed sampling of each parameter within a deﬁned range. A matrix
with m columns corresponding to the number of varied
parameters and n rows for the number of simulations is
obtained; n simulations are generated that show
uncertainty in model outcomes due to parameter
variations.
Parameter values also have an intrinsic uncertainty.
This uncertainty comes from variation in rates obtained
from studies conducted on individuals and in in vitro
experiments. For our uncertainty analyses, we run 20
simulations (18 degrees of freedom; 24 h) varying a
given parameter by a factor of 1000. This is repeated for
each parameter in the system individually. We investigate uncertainty in all parameters using LHS (Blower
and Dowlatabadi, 1994).

4. Baseline simulations
Having deﬁned the model and estimated parameters,
we solved the system of ordinary differential equations
(ODEs) using appropriate numerical methods to obtain
temporal dynamics for each model variable. Numerical
solutions were obtained for a 3-month time-frame using
MatLab’s ode15s solver for stiff systems (MathWorks,
Natick, MA) and compatible C-code based on LHS and
PRC developed in our laboratory. Lacking human data
on infectious doses, we used the minimal infectious dose
of H. pylori J166 in rhesus monkeys (Solnick et al.,
2001). Thus, we began our simulations with an initial
inoculum of 104 bacteria to the lumen of the corpus
region and compare our simulation results with experimental data whenever possible. Earlier we deﬁned
different infection outcomes, namely clearance, disease
and persistence; however, we focus primarily on the
establishment of steady-state or persistent bacterial
populations. Baseline simulations that progress toward
steady state are representative of colonization of a
healthy individual infected with wild-type H. pylori
under normal conditions. Unless otherwise speciﬁed, we
perform our experiments over a 3-month time period to
capture host and bacterial changes during the early or
acute stage of infection before the resumption of normal
acid secretion. At the end of this stage of infection, we
speculate that changes to host physiology result in a
trifurcation leading to one of three different clinical
outcomes. Understanding the conditions necessary for
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persistence may give insight into disease course. Below,
we describe in detail simulation results and comparisons
of some these results with experimental data.
Testing the model is particularly important as it
demonstrates credibility of results generated during
novel simulations. We rigorously compare our results
with experimental human data to test our model when
possible. Speciﬁcally, we use similarities in trends
between our simulation results and experimental data,
such as signiﬁcant and consistent order of magnitude
reductions or elevations in effector levels. We use
Student’s t-test to determine signiﬁcant differences
between populations or effectors of interest.

5. Results
Our simulations are conducted under baseline conditions of normal acid levels described in our previous
model (Joseph et al., 2003). While simulations described
in this work primarily test our model, we also obtain
information regarding Cag and VacA protein dynamics
and function in vivo. These results are novel in that they
lend insight into dynamics of these proteins in vivo, and
are experiments not yet performed in the wetlab. We
anticipated that nutrient levels would be highly correlated to Cag and VacA protein levels as well as ammonia
concentration. However, this is not the case as complex
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trends in nutrient dynamics evolve during simulations
that are inexplicable by mere correlations.
5.1. Bacterial dynamics
In our ﬁrst experiment we simulated H. pylori
dynamics within the stomach under baseline conditions.
Baseline simulations of bacterial colonization dynamics
are shown in Fig. 4. With an initial inoculum to the
lumen of the corpus region, this experiment shows that
bacterial persistence in the corpus and antrum is
achieved and maintained after a transient period of
observable growth lasting approximately 20 days
(Figs. 4A and B). Corpus motile bacteria initially adhere
to corpus epithelia as well as migrate to the antral
compartment. When antral bacterial populations attain
suitable levels to maintain growth towards steady-state
levels (at about 10 days post-infection) based on the
logistic growth we imposed (Fig. 4A), corpus bacteria
are replenished and rebound towards equilibrium
(Fig. 4B). Although, to our knowledge there are no
human data describing total numbers of motile and
adherent bacteria in each compartment (antrum and
corpus), we nevertheless draw informative conclusions
from our results. Both corpus and antrum support
bacterial growth; however, our results predict that a
signiﬁcant number of bacteria are conﬁned to the
antrum ðpo0:01Þ; indicative of antral-predominant

Fig. 4. Simulated changes in bacterial populations under baseline conditions. Adherent and motile bacterial population changes over time are shown
in (A) the antrum and (B) corpus. (C) The total percent change of adherent and motile bacteria in both antrum and corpus.
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gastritis in accordance with in vivo studies (Cave, 2001;
Sanduleanu et al., 2001). In these studies conducted in
patients with mild to moderate gastritis as deﬁned by
criteria described by Whitehead et al. (1972), approximately 99% of the bacteria were located in mucus and
presumed to be motile. Our model predicts that total
bacterial load (i.e. motile and adherent bacteria)
supported by the antrum is on the order of 108 bacteria
per total antrum and we assume that this may vary
depending on the carrying capacity (i.e. size) of the
antrum. Increasing the size of the antrum increases the
number of adhesion sites available (Kirschner and
Blaser, 1995); thus, bacterial load increases. Increasing
bacterial load may have signiﬁcant effects on gastric
mucosa predisposing individuals to disease (Mullins and
Steer, 1998). This is in drastic contrast to low bacterial
populations supported in the corpus (B104 bacteria per
corpus). If we increase the size of the corpus capacity

however, the number of parietal cells correspondingly
increases. This would likely increase acid levels creating
an unsuitable environment for bacterial growth.
5.2. Host effector dynamics
We compared simulated dynamics of host dynamics
with documented alterations to effectors in vivo. Our
simulated host effector dynamics generally agree with
known experimental data (Fig. 5). Immediately after
infection, plasma gastrin levels signiﬁcantly increase to a
new steady state that is nearly two-fold greater than
control levels (31.71 vs. 18:73 pM; respectively; po0:01;
Fig. 5A), a trend consistent with experimental data
(80 pg=ml for infected individuals vs. 47 pg=ml for
uninfected controls) (Fig. 5B; Park et al., 1999; Park
and Park, 1993). This rise in gastrin levels is primarily
promoted by a similar two-fold decrease in total plasma

Fig. 5. Temporal changes in host effectors during infection with wild type H: pylori. Panels A, C and E show simulated plasma gastrin, somatostatin,
and histamine, respectively. Panels B, D and F show experimental data on gastrin (Park et al., 1999; Park and Park, 1993), tissue somatostatin
(Zavros et al., 2000), and histamine (Queiroz et al., 1991, 1993), respectively. The fold (x) change in effectors are shown for both simulated and
experimental data. Single and double asterisks indicate signiﬁcant differences of baseline results (solid line) at p-values of o0:05 and o0:001;
respectively, compared to uninfected controls (dashed line) as calculated by Student’s t-test. The large fold difference between Panel C and D is
discussed in the text.
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somatostatin, an inhibitor of gastrin (0:20 nM during
infection vs. 0:37 nM during healthy conditions;
Fig. 5C). The differences between the role of antral
and corpus somatostatin-secreting (D) cells is illustrated
when we observe antral and corpus plasma somatostatin
levels individually. The activities of antral bacteria
increase antral pH, inhibiting pH-sensitive antral
somatostatin secretion. Thus, we observe a signiﬁcant
decrease (B4:7-fold) in antral somatostatin during
H. pylori infection compared to controls (0.045 vs.
0:215 nM; respectively). In contrast, since corpus D cells
are insensitive to changes in pH, somatostatin levels in
this compartment remain relatively unchanged throughout the duration of the simulation (0:152 nM during
infection vs. 0:150 nM during healthy conditions; data
not shown). Similar trends are observed in experiments
conducted in healthy and non-ulcer dyspepsia subjects
where a seven-fold decrease in antral somatostatin was
observed (310 pmol=g for H. pylori-infected individuals
vs. 2318 pmol=g for uninfected individuals) with no
change in corpus somatostatin content (220 pmol=g for
H. pylori-infected persons vs. 148 pmol=g for control
persons) (Zavros et al., 2000; Fig. 5D). In our model,
changes in the antrum, such as higher gastrin levels,
culminate in slightly increased histamine levels in the
corpus (Fig. 5E). In vivo, a reduction in tissue histamine
is observed (Fig. 5F; Queiroz et al., 1991, 1993). This
decrease is due to reduced expression of histidine
decarboxylase, the enzyme that catalyses production of
histamine (Konturek et al., 2000); however, this enzyme
and its effects are not included in our present model.
Omission of histidine decarboxylase from our model
appears to only affect histamine levels.
Deviations in effector levels are observed during the
early stages of H. pylori colonization, but our simulations suggest that these changes are not a consequence
of drastic alterations in cell population sizes that could
potentially occur early in infection. Little is known
experimentally about cell dynamics during the early
stages of colonization (i.e. up to a month postinfection). However, our results suggest that during
early-stage colonization, bacterial persistence is not a
result of alterations in host cell populations (data not
shown). For example, during simulations of early
infection, G-cell populations in the stomach remain
unchanged when compared to healthy controls
(8:4  106 G cells in the total stomach for both positive
and negative H. pylori controls; data not shown). This
agrees with experimental results from studies in which
they found that the number of G cells per gastric gland
was not affected by infection (7:173:1 in infected
patients vs. 7:373:9 in uninfected individuals (Park
et al., 1999). Similarly, we observe no signiﬁcant changes
in D, ECL and parietal cell populations (data not
shown). This implies that abnormalities in acid regulation during early colonization are due to alterations in
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the secretion of effectors rather than changes in
proliferation or death of the cell populations themselves.
5.3. Ammonia effects on acid
A key question is whether or not bacteria produce
sufﬁcient ammonia in vivo to buffer acid. We ﬁnd that
ammonia produced by bacteria does sufﬁciently buffers
host acid. In the absence of infection and during our
simulated feeding conditions, corpus gastric pH decreases to a pH range between 2 and 3 due to acid
secretion (data not shown). Similar pH decreases during
feeding are observed in the antrum where pH ranges
between 3 and 5, depending on region in the antrum
(i.e., regions near the lumen or epithelial; Fig. 6A). The
overall trend is an increase in gastric pH in infected
individuals; however, the magnitude of increase in
gastric pH varies between infected individuals and
apparently depends on the type of ulceration that
develops. In a study conducted by Furata et al. the
gastric pH of H. pylori-infected individuals diagnosed
with various types of gastric ulcers (GU) was compared
with control individuals (Furuta et al., 1998). The
median gastric pH was 6.51 in proximal GU patients,
2.77 in distal GU patients, 1.71 in duodenal ulcer
patients and 1.44 in control individuals (Furuta et al.,
1998). Our simulations show that in the presence of
H. pylori there is an almost 1.3-fold increase in antral
pH near the epithelia during bacterial persistence
(Fig. 6A). This falls within the range of similar changes
observed by Annibale et al. (2003); Fig. 6B). We also
note that although there is an increase in antral pH near
the lumen, it is not signiﬁcant. This result highlights the
importance of the location within the mucus at which
pH is sampled.
As resident bacterial populations proliferate (see
Figs. 4A and B), ammonia levels also increase
(Fig. 6C). Prior to achieving equilibrium, there is a
peak in ammonia levels that we attribute to increases in
corpus acid secretion during transiently declining corpus
bacterial populations. Increased acid levels during this
period require higher ammonia output by antral
bacteria for sufﬁcient buffering. Our simulation results
show an increase in ammonia levels consistent with
experimental data comparing ammonia levels in healthy
and infected individuals (Fig. 6D; Furuta et al., 1998).
We suggest that the observed reduction in acid levels is
primarily due to buffering by bacterial ammonia and
bicarbonate ions also produced during urea hydrolysis
(Fig. 6C). Other supporting evidence includes both pH
and ammonia achieving steady state levels at similar
times (B10 days) post-infection (Figs. 6A and C).
Although most bacteria are motile and non-adherent,
these bacteria are limited by urea availability due to an
established urea gradient. Prevailing ammonia levels
near the lumen are considerably less than those near the
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Fig. 6. Changes in acid levels corresponding to ammonia buffering. (A) Simulated antral acid levels over time during baseline and control conditions
near the lumen and epithelia. (B) Experimental change in acid levels before (Group B) and after (Group A) infection with H: pylori from (Annibale
et al., 2003). (C) Simulated dynamic changes in ammonia levels due to bacterial hydrolysis of urea. Simulated control values for luminal and
epithelial ammonia levels are zero in the absence of H: pylori and therefore are not observable on a logarithmic scale. (D) Reported ammonia levels
before (Group A) and after (Group B) infection with H: pylori (Furuta et al., 1998). The fold (x) change in pH and ammonia are shown for both
simulated and experimental data. Single and double asterisks indicate signiﬁcant differences of baseline results at p-values of o0:05 and o0:001;
respectively, compared to uninfected controls. Infected baseline results and uninfected controls are represented by (+) and ðÞ; respectively.

epithelial surface ðp50:001Þ: To account for antral
ammonia dynamics, ammonia inﬂux from the corpus
must also be considered. Whereas we show no ammonia
production in the absence of H. pylori, low levels of
ammonia can be measured experimentally (Fig. 6D)
(Furuta et al., 1998) and are derived from host
metabolism of amino acids not included in our model.
Modiﬁcation of host acid levels due to H. pylori
activity result in alterations of host effector levels.
Increasing gastric pH due to ammonia buffering
strongly inhibits somatostatin secretion and accounts
for reduced antral somatostatin levels in our infected
control scenario (see Fig. 5C). Lacking inhibition,
gastrin levels increase signiﬁcantly (see Fig. 5A). Our
simulations suggest that ammonia levels produced by
bacteria are sufﬁcient to affect host acidity both directly
and indirectly by altering host effector regulation,
including the activity of compensatory mechanisms
invoked to restore acid levels. The effects of host
compensatory mechanisms are evident in our previous

work (Joseph et al., 2003) and are typically invoked to
restore acid homeostasis during conditions of altered
acid secretion.
5.4. Dynamics of bacterial effectors
We simulate both Cag and VacA proteins expressed
by H. pylori to assess their activities on increasing
nutrient availability in vivo. Cag proteins and VacA
produced by H. pylori are expressed and may enhance
nutrients or urea availability. Generally, levels of these
proteins strongly correlate with bacterial numbers (see
Figs. 7 and 4, respectively). As bacterial populations
grow, Cag and VacA expression and secretion increase.
Because both proteins may be long-lived (T. Cover,
personal communication) and because VacA does not
require bacterial adhesion to enter host cells, we simulate
total activated VacA protein by pooling the amount
expressed by both motile and adherent bacteria in their
respective compartments. Note that subpicomolar
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Fig. 7. The effects of Cag and VacA proteins on host nutrient and urea release. Panels A and B show dynamics of antral and corpus VacA and Cag
protein levels, respectively. Panels C and D demonstrate ﬂuctuations in antral nutrients at the epithelial and luminal surfaces, respectively. Panels E
and F show changes in urea near the epithelia and luminal surfaces in the antrum and corpus, respectively. Double asterisks indicate signiﬁcant
differences of baseline results at p-values of o0:001 compared to uninfected controls. Hp+ indicates simulations with H. pylori present and Hp
suggests absence of H. pylori.

quantities of total VacA are expressed (Fig. 7A) in
contrast to subnanomolar concentrations of Cag protein
(Fig. 7B).
Because the majority of our simulated bacteria
(99.9%) are located in the antrum, we focus on antral
nutrients (Figs. 7C and D) and urea (Figs. 7E and F)
levels enhanced by VacA and Cag protein action.
Shortly post-infection (B10 days), simulated nutrient
availability in the antrum rapidly increases above
control levels (Fig. 7C). Prior to this point, sufﬁcient
infection has not been established in the antrum
(Fig. 4A) to invoke noticeable nutrient release above
basal levels (Fig. 7D) implying that an increase in
nutrients is due to bacterial action. In the corpus
approximately 103 bacteria (i.e. B10% of the inocula)
adhere to epithelial cells. This suggests a low level of
colonization in the corpus which is observed experimentally with 1–5% of bacteria adhering to epithelial cells
(Hessey et al., 1990; Thomsen et al., 1990; Kirschner,
1995, p. 162). The remaining 104 bacteria ðB90%Þ fail to
adhere comprising the motile population in the corpus.

Cag and VacA proteins expressed by these bacteria
together with VacA protein secreted by motile bacteria
promote epithelial cell apoptosis, releasing nutrients.
Immediately post-infection, antral nutrient levels rapidly increase due to nutrient outﬂux from the corpus,
the site of inoculation. However, with the decrease in
corpus bacteria immediately after infection, VacA and
Cag proteins also decrease resulting in the apparent,
transient reduction in nutrient levels until day 10. In
Fig 4B, the transient decrease in corpus bacteria and
subsequent increase in antral population is due to
migration of bacteria. As infection progresses, simulated
nutrients levels attain a steady state level that is
signiﬁcantly elevated over control levels (Figs. 7C and
D, 80:5 mM vs. 67:7 nM and 0:26 pM vs. 0:09 pM;
respectively near the antral epithelia and lumen respectively, po0:001 for both). These nutrient levels are
sufﬁcient to support bacterial populations in the corpus
and antrum. Bacterial products near the epithelia and
lumen signiﬁcantly decrease urea to levels below those of
healthy controls (po0:001 for both; Figs. 7E and F).
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Given that the ratio of motile bacteria to adherent
bacteria is large, it is not surprising that antral motile
bacteria hydrolyse more urea than adherent bacteria
(Figs. 7E and F). In addition, antral motile bacteria
experience lower pH levels thus requiring higher
ammonia levels for buffering. In the antrum (Figs. 7E
and F) and corpus (data not shown), a transient period
occurs prior to day 10 during which urea levels appear
to return to near pre-infection control levels. This is due
to increased urea inﬂux into the antrum from the corpus
where bacterial populations initially decline thereby
decreasing urea hydrolysis prior to day 10. However,
after this transient period, urea near the epithelia and
lumen attains steady state levels that are signiﬁcantly
lower than those in healthy controls (Figs. 7E and F, 13
vs. 33 mM and 0:18 nM vs. 76:1 mM near the antral
epithelia and lumen, respectively, po0:001 for both).
Our results described above of baseline and healthy
controls adequately capture known host and bacterial
dynamics. The simulated data of early stage infection
are supported by experimental evidence and suggest that
H. pylori affect changes in the host gastric system to
allow for their colonization and persistence.

6. Discussion
We have developed a novel mathematical model of
H. pylori interactions with its host describing bacterial
and host effector dynamics from the start of infection
to persistence. We accomplish this by incorporating
H. pylori into our previous model of gastric acid
secretion and its regulation by various gastric effectors
(Joseph et al., 2003). Our primary goal for this article is
to demonstrate model consistency with appropriate
experimental data.
Our simulations show that although corpus and
antrum are colonized (Fig. 4), the majority of bacteria
are found in the antrum indicative of antral-predominant gastritis described in literature. Antral-predominant gastritis readily occurs no matter the site of
inoculation. In simulations we inoculated the antral
lumen with bacteria and allowed the system to evolve
(data not shown). Although a greater bacterial load
(> 106 bacteria) was required to establish colonization,
bacteria mainly colonized the antrum. Two important
ﬁndings come from these results. First, acid, and not
host immunity, is the primary force responsible for the
development of antral-predominant gastritis. At the site
of acid secretion, pH often attains levels not conducive
to bacterial growth. Corpus bacteria produce insufﬁcient quantities of ammonia to allow H. pylori to
ﬂourish in the corpus. Second, the number of bacteria
used to inoculate different sites within the stomach (i.e.
antrum vs. corpus) may vary. While acid plays an
important role in our second ﬁnding, we cannot exclude

the inﬂuence of washout of stomach contents in
determining colonization. Studies of transit times of
different meals in the stomach show that emptying of a
liquid meal was more rapid than gastric emptying of a
solid meal (Achour et al., 2001). We predict that as
washout increases the likelihood of infection decreases
(data not shown). Future experiments correlating the
probability of infections with the type of contaminated
foods consumed may yield additional insightful results
regarding transmission of H. pylori infection.
We also demonstrated the effects of H. pylori activity
on host effectors involved in regulation of acid homeostasis (Fig. 5). As bacteria alkalinize the surrounding
environment, our simulations show an inhibition of
somatostatin release that promotes release of gastrin.
These two gastric effectors together with histamine act
in an antagonistic manner to regulate acid secretion. In
our previous model of gastric acid secretion, we
demonstrated that gastrin plays an important compensatory role in restoration of normal acid levels. In
particular, we showed that gastrin levels, and not that of
other gastric effectors, was altered consistently during
various deletion scenarios.
In the presence of elevated gastrin levels during
infection, an increase in acid levels is anticipated, but
not observed. This is in part due to buffering of secreted
acid by ammonia produced by corpus bacteria. However, in vivo activity of other host and bacterial factors
not included in our model may augment inhibition of
acid secretion. For example, the host pro-inﬂammatory
cytokine, interleukin-1b (IL-1b), has been shown to
potently inhibit acid secretion from parietal cells
(McGowan et al., 1996). These direct and indirect
effects on acid secretion may represent adaptive
mechanisms to allow colonization and persistence. We
hypothesize that if these adaptive mechanisms function
properly by allowing the establishment of colonization
with little damage to the host, then persistence is
achieved. Under certain circumstances, interactions of
host and bacterial factors alter the system to such an
extent that a new disease equilibrium is achieved. From
experimental evidence, this disease state is not stable as
clearance of bacteria through treatment can reverse
H. pylori associated disease.
The role of VacA and Cag proteins cannot be ignored,
as these proteins may be paramount to nutrient
acquisition for H. pylori. However, these proteins
appear not to be as important in events prior to
persistence as their levels do not drastically alter
outcome (Fig. 7). We speculate that these proteins
assume greater importance by supporting higher bacterial levels during persistence. Recent discoveries of the
role of VacA in enhancing urea diffusion across tight
junction of the gastric epithelia have been included in
our model (Tombola et al., 1999, 2001). However, no
effect of VacA in this role was observed. Further study
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would be required to elaborate this observation. Indeed,
given the absence of evidence to suggest otherwise, it
may be possible that bacteria may regulate expression of
these proteins. Density-dependence may be an important factor in the regulation of these proteins in vivo.
We present a tested model that may be used as a basis
of future studies into the development of persistence as
well as clearance and disease. A key question is what
role does acid play in the other states (clearance and
disease) not addressed in this work. Bacteria devote
many resources (e.g. urease) to overcome the acid
barrier to colonization and this model may provide
insight into the contribution of each resource. Another
key question is what role the host immune response
plays in the progression to disease. Our research
demonstrates that an immune response is not necessary
for the development of persistence. From our preliminary uncertainty and sensitivity analyses, we suggest that
the early transient period is the time during which
distinctions between different infection outcomes occur.
This time frame is too short for an adaptive immune
response, but may suggest a role for innate immunity.
Therefore, dynamics occurring during this period may
be critical in determining infection outcome. Future
studies will explore these and other questions.
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Appendix A
A.1. Bacteria and bacterial factor dynamics
Bacterial equations: We present a two-compartmental
model comprising two histologically distinct stomach
regions: antrum (subscript A) and corpus (subscript C).
We further subdivide each compartment into the
luminal (subscript L) and epithelial (subscript E)
boundaries to describe events occurring in each region
of the antrum and corpus. In each compartment we
describe two bacterial phenotypes. Adherent bacteria
ðHpAÞ are conﬁned to the epithelial boundary and
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contribute to events occurring there whereas motile
bacteria ðHpMÞ are found near the luminal boundary.
We begin with the description of the rates of changes of
HpA and HpM populations in the antrum and corpus
compartments (Eqs. (A.1)–(A.4)).


dHpAA ðtÞ
½NutðtÞ AE
¼ a2 ð½pHAAE ðtÞ Þ HpAA ðtÞ
dt
½NutðtÞ AE þ kN
 t HpAA ðtÞ þ W HpMA ðtÞ
 ð1  HpAA ðtÞ=K1 Þ  d HpAA ðtÞ  rt
f1 ½CgðtÞ A þ f2 ½VcðtÞ A þ ½NH3 ðtÞ AE

f1 ½CgðtÞ A þ f2 ½VcðtÞ A þ ½NH3 ðtÞ AE þ vf
 HpAA ðtÞ;
ðA:1Þ


dHpMA ðtÞ
½NutðtÞ AL
¼ a1 ð½pHAAL ðtÞ Þ HpMA ðtÞ
dt
½NutðtÞ AL þ kN

 $ 1 HpMA ðtÞ  W HpMA ðtÞ
 ð1  HpAA ðtÞ=K1 Þ þ d HpAA ðtÞ
 $ 1 HpMA ðtÞ þ $ HpMc ðtÞ;

ðA:2Þ



dHpAC ðtÞ
½NutðtÞ CE
¼ a3 ð½pHACE ðtÞ Þ HpAC ðtÞ
dt
½NutðtÞ CE þ kN
 t HpAC ðtÞ þ W HpMC ðtÞ
 ð1  HpAC ðtÞ=K2 Þ  d HpAC ðtÞ  rt
f1 ½CgðtÞ C þ f2 ½VcðtÞ A þ ½NH3 ðtÞ CE

f1 ½CgðtÞ C þ f2 ½VcðtÞ A þ ½NH3 ðtÞ CE þ vf
 HpAC ðtÞ;

ðA:3Þ



dHpMC ðtÞ
½NutðtÞ CL
¼ a4 ð½pHACL ðtÞ Þ HpMC ðtÞ
dt
½NutðtÞ CL þ kN

 $ HpAC ðtÞ  W HpMC ðtÞ
 ð1  HpAC ðtÞ=K2 Þ þ d HpAC ðtÞ
þ $ 1 HpMA ðtÞ:

ðA:4Þ

Bacterial population changes are governed similarly by
pH- and nutrient-dependent growth, loss, exchange and
transfer between luminal and epithelial regions of the
antrum and corpus. Appreciable H. pylori growth occurs
over a narrow pH range (pH 6–8) with an optimal pH of 7
(see Fig. 2). We deﬁne a term that reproduces H. pylori
growth
characteristics,
a ð½pHA ðtÞ Þ ¼ að1  ðtanh
ð½pHA ðtÞ  Abrit ÞÞ2 Þ; depending on external pH. In this
term a represents the maximal growth rate of H. pylori,
pHA ðtÞ denotes the antral pH at a speciﬁc boundary, and
Abcrit is the optimal pH for growth. We include the
following pH-dependent growth terms:
a1 ð½pHAAL ðtÞ Þ
¼ að1  ðtanhð½pHAAL ðtÞ  Abrit ÞÞ2 Þ;

ðA:5Þ

a2 ð½pHAAE ðtÞ Þ
¼ að1  ðtanhð½pHAAE ðtÞ  Abcrit ÞÞ2 Þ;

ðA:6Þ
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a3 ð½pHACE ðtÞ Þ
¼ að1  ðtanhð½pHACL ðtÞ  Abcrit ÞÞ2 Þ;

ðA:7Þ

a4 ð½pHACL ðtÞ Þ
¼ að1  ðtanhð½pHACE ðtÞ  Abcrit ÞÞ2 Þ:

ðA:8Þ

Growth is also dependent on nutrients that are limited in
the stomach. To simulate nutrient-dependent growth we
rely on the mathematically well-deﬁned Monod kinetics,
HpðtÞ ð½NutðtÞ =ð½NutðtÞ þ kN ÞÞ: These kinetics are similar to Michaelis–Menten kinetics used to describe enzyme
catalysis of a substrate. After an initial stage of
exponential bacterial growth, nutrients become limiting
reducing bacterial growth until an equilibrium is achieved.
As in (Blaser and Kirschner, 1999; Kirschner and
Blaser, 1995), we include migration of bacteria between
luminal and epithelial boundaries as well as bacterial
loss. Motility and the spiral geometry of bacteria allow
bacteria to burrow into the mucus lining that protects
underlying stomach epithelial cells from the corrosive
effects of acid (Ferrero and Lee, 1988). Once near the
epithelia, bacteria encounter optimal pH conditions for
growth. Also, bacteria near the epithelia are able to
speciﬁcally adhere to stomach epithelial cells by inducing the formation of adhesion pedestals (Hessey et al.,
1990). The acquisition of suitable adhesion sites limits
the number of bacteria that are able to adhere to
epithelial cells. Evidence in support of a ‘‘carrying
capacity’’ comes from a morphometric study that
determined that approximately 95% of H. pylori in the
stomach were motile whereas only 5% adhered to
epithelia (Thomsen et al., 1990). We deﬁne this exchange
between adherent and motile bacteria using the term,
W HpMA ðtÞðK1  HpAA ðtÞÞ: Bacteria are lost from the
stomach via mucus shedding and epithelia sloughing.
We assume that these biological processes occur at a
steady rate in the stomach and bacterial loss rates are
proportional to these processes, (o and o1 ; respectively).
A small percentage of bacteria are able to migrate from
the antrum to the corpus against mucus ﬂow and we
include this ð$ 1 HpMA ðtÞÞ: We also include increased
adherent bacterial loss due to apoptosis invoked by
cytotoxic Cag and VacA protein and ammonia. We
describe this enhanced apoptosis as follows:
rt

f1 ½CgðtÞ þ f2 ½VcðtÞ þ ½NH3 ðtÞ
HpðtÞ;
f1 ½CgðtÞ þ f2 ½VcðtÞ þ ½NH3 ðtÞ þ vf

ðA:9Þ

where f1 and f2 are scaling factors and rt the maximal
bacterial loss rate due to apoptosis.
Ammonia and ammonium equations. To overcome the
acid barrier to colonization, bacteria hydrolyse free urea
to produce ammonia and bicarbonate ions (see Fig. 2
and Eq. (A.1)). We use the following differential
equations (Eqs. (A.10)–(A.13)) to describe the rates of
change of ammonia in each region (i.e. near the lumen

and epithelia) in the antrum and corpus:
d½NH3 ðtÞ AL
dt




½UrðtÞ AL
¼ c1 ð½pHAAL ðtÞ Þ
HpMA ðtÞ
½UrðtÞ AL þ kUrNh
 s½NH3 ðtÞ AL ½AAL ðtÞ  k½NH3 ðtÞ AL
þ b½NH3 ðtÞ CL  diffNH ½NH3 ðtÞ AL
þ p1 diffNH ½NH3 ðtÞ CL ;
d½NH3 ðtÞ AE
dt

¼

ðA:10Þ



½UrðtÞ AE
c2 ð½pHAAE ðtÞ Þ
HpAA ðtÞ
½UrðtÞ AE þ kUrNh


 s½NH3 ðtÞ AE ½AAE ðtÞ  k½NH3 ðtÞ AE
þ b½NH3 ðtÞ CE þ diffNH ½NH3 ðtÞ CE
þ diffNH ½NH3 ðtÞ AL ;
d½NH3 ðtÞ CL
dt

¼

c3 ð½pHACL ðtÞ Þ



ðA:11Þ



½UrðtÞ CL
HpMC ðtÞ
½UrðtÞ CL þ kUrNh

 s½NH3 ðtÞ CL ½ACL ðtÞ
 diffNH ½NH3 ðtÞ CL  b½NH3 ðtÞ CL ;
d½NH3 ðtÞ CE
dt

¼

ðA:12Þ



½UrðtÞ CE
c4 ð½pHACE ðtÞ Þ
HpAC ðtÞ
½UrðtÞ CE þ kUrNh


 s½NH3 ðtÞ CE ½ACE ðtÞ  b½NH3 ðtÞ CE
þ p2 diffNH ½NH3 ðtÞ CL  diffNH ½NH3 ðtÞ CE ;


½pHAAL ðtÞ
c1 ð½pHAAL ðtÞ Þ ¼ cmax
;
½pHAAL ðtÞ þ kANh


½pHAAE ðtÞ
c2 ð½pHAAE ðtÞ Þ ¼ cmax
;
½pHAAE ðtÞ þ kANh


½pHACL ðtÞ
c3 ð½pHACL ðtÞ Þ ¼ cmax
;
½pHACL ðtÞ þ kANh


½pHACE ðtÞ
c4 ð½pHACE ðtÞ Þ ¼ cmax
:
½pHACE ðtÞ þ kANh

ðA:13Þ
ðA:14Þ
ðA:15Þ
ðA:16Þ
ðA:17Þ

Ammonia production is a complex, dynamic process
optimized through regulatory mechanisms to efﬁciently
buffer acid. In keeping with H. pylori physiology, we
include
pH-dependent
urea
hydrolysis
terms
(Eqs. (A.14)–(A.17)). Bacteria are shown to express a
pH-sensitive, urea transport channel (UreI) that allows
urea inﬂux into the cytoplasm at low pHs (MollenhauerRektorschek et al., 2002; Rektorschek et al., 2000;
Weeks et al., 2000). At pH below 4, UreI channels in
bacterial membranes adopt an open-conformation that
permits the uptake of urea (Rektorschek et al., 2000). In
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the cytoplasm, urea is hydrolysed by urease under
Michaelis–Menten kinetics ½UrðtÞ =ð½UrðtÞ þ kUrNh Þ to
liberate ammonia and bicarbonate ions used for acid
buffering. Together these mechanisms comprise the
acid-adaptive strategies employed by H. pylori to evade
acid. Ammonia and bicarbonate ions readily diffuse into
the periplasmic space of the bacterial membrane where
they react with protons ðHþ Þ thus buffering acid. We
assume that the milieu of the periplasmic space is wellmixed and therefore use a mass action term to describe
this buffering reaction. This reaction yields ammonium
ions that diffuse into the external environment
(Eqs. (A.18) and (A.19)). We assume excess unreacted
ammonia together with ammonium are released into the
external environment where they are lost by diffusion
and mucus transport to other regions of the stomach
and intestines
d½NH4
dt

A

¼ s½NH3 ðtÞ AL ½AAL ðtÞ þ s½NH3 ðtÞ AE ½AAE ðtÞ
 om½NH4 A ;

d½NH4
dt

C

ðA:18Þ

¼ s½NH3 ðtÞ CL ½ACL ðtÞ þ s½NH3 ðtÞ CE ½ACE ðtÞ
 om½NH4 C :

ðA:19Þ

VacA equations. The function of VacA in increasing
urea permeability across the mucosa has been determined (Tombola et al., 2001), however whether or not it
plays a role during the early stages of infection is less
clear. Under acidic conditions VacA becomes active and
functions in apoptosis and urea diffusion (Tombola
et al., 2001). To assess this question and the potential
role played by VacA in infection outcome, we simulate
total extracellular levels of acid-activated VacA in the
antrum and corpus (see Eqs. (A.21) and (A.22)).
Lacking experimental evidence to suggest otherwise,
we simulate constitutive expression of VacA in vivo at
low levels and that this expression occurs at a constant
rate. Under acidic conditions (pH below 2), secreted
VacA is activated (Eqs. (A.22)–(A.25)) and functions as
a permease (in nanomolar quantities) and a vacuolating
agent (Szabo et al., 1999). We use the estimated half-life
of VacA to determine the loss rate of VacA from the
system using formula A.20 where k represents the loss
rate,
k ¼ ln 2=Half-life;

ðA:20Þ

d½VcðtÞ A
¼ e1 ð½pHAAL ðtÞ ÞHpMA ðtÞ þ e2 ð½pHAAE ðtÞ Þ
dt
ðA:21Þ
 HpAA ðtÞ  rVacA ½VcðtÞ A ;
d½VcðtÞ C
¼ e3 ð½pHACL ðtÞ ÞHpMC ðtÞ þ e4 ð½pHAAE ðtÞ Þ
dt
ðA:22Þ
 HpAC ðtÞ  rVacA ½VcðtÞ C ;
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where
e1 ð½pHAAL ðtÞ Þ ¼ emax HpAAL ðtÞð1  ðtanhð½pHAAL ðtÞ
 ½Avcrit ÞÞ2 Þ;

ðA:23Þ

e2 ð½pHAAE ðtÞ Þ ¼ emax HpAAE ðtÞð1  ðtanhð½pHAAE ðtÞ
 ½Avcrit ÞÞ2 Þ;

ðA:24Þ

e3 ð½pHACL ðtÞ Þ ¼ emax HpACL ðtÞð1  ðtanhð½pHACL ðtÞ
 ½Avcrit ÞÞ2 Þ;

ðA:25Þ

e4 ð½pHACE ðtÞ Þ ¼ emax HpACE ðtÞð1  ðtanhð½pHACE ðtÞ
 ½Avcrit ÞÞ2 Þ:

ðA:26Þ

Cag protein equations. We express Cag protein
dynamics in terms of production and loss
(Eqs. (A.27)–(A.28)) and assume that proximity of
adherent bacteria to host cells ensures that these
bacteria are able to insert Cag-related effectors directly
into host cells. Also, because Cag protein kinetics have
not been studied, we propose that production of Cag
protein is directly proportional to the number of
adherent bacteria in the corpus and antrum thereby
suggesting that each adherent bacterium expresses a
type IV secretion apparatus. These assumptions are
reasonable since type IV secretion apparati require
proximity to host epithelial cells to function (Eaton et al.,
2001). We use the estimated half-life of Cag protein to
deﬁne the rate of loss of Cag protein. Therefore, a
balance between production and loss of Cag protein
must be maintained to establish relatively constant levels
of Cag proteins. To achieve this equilibrium or steady
state we assume constitutive Cag protein expression.
The following deﬁne the total levels of Cag protein in
the antrum and corpus:
d½CgðtÞ A
¼ w HpAA ðtÞ  rCag ½CgðtÞ A ;
ðA:27Þ
dt
d½CgðtÞ C
¼ w HpAC ðtÞ  rCag ½CgðtÞ C :
dt

ðA:28Þ

A.2. Parameter estimation for H. pylori Model
We outline the parameters used in our H. pylori
Model in Table 1. These parameters include reaction,
transport, decay, growth and loss rates all of which are
standardized using appropriate units of measurement to
allow us to perform our simulations. For estimates of all
parameter values, we rely on values reported in
literature and convert these values to estimates suitable
for use in our model. In the cases where an appropriate
parameter cannot be obtained from literature, we use
mathematical estimates obtained through LHS for
simulations. Mathematical estimates are also included
and highlighted in Tables 1 and 2. Below we outline how
we estimated parameter values.
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Bacterial parameters. We consider the total bacterial
population in speciﬁc regions of interest (near the lumen
and epithelia in the antrum and corpus). The growth
rate of H. pylori varies with estimates ranging from
doubling times of 50 min (Andersen et al., 1997) to
11:5 h (Mendz and Hazell, 1995) depending on experimental growth conditions. For estimates of in vivo
growth rates, we assume that the stomach is the optimal
environment for H. pylori growth and thus we choose a
value closer to 50 min: For bacterial loss rates, we
assume that bacteria are lost at rates equivalent to
epithelial sloughing for adherent bacteria (0:0139 h1 ;
Kirschner and Blaser, 1995) or mucus shedding for
motile bacteria (0.5–0:33 h1 ; Hattori and Arizono,
1988). There is an approximate 600% increase in host
apoptosis (Szabo and Tarnawski, 2000), thus we assume
it increases bacterial loss during infection as well.
The kinetics associated with ammonia production by
urea hydrolysis have been well documented for H. pylori
(Dunn et al., 1990; Scott et al., 1998). We obtained order
of magnitude estimates from (Dunn et al., 1990; Scott
et al., 1998). We converted mmol/l values of ammonia
levels to our standard M/h units and for rates of
reaction we use per hour units. Urease hydrolysis is
efﬁcient and this is reﬂected in literature values of the
maximal rate of urea degradation (11007200 mM=
min=mg; Dunn et al., 1990). Given urea degradation
rate, we assume an equivalent rate of ammonia
production. For clearance of ammonia from the
stomach, we rely on our uncertainty analyses.
Bacteria express VacA and Cag proteins at rates that
are difﬁcult to deﬁne experimentally. Therefore, we
estimate these using uncertainty analyses. Degradation
rates of both these proteins are also lacking; however,
these proteins are believed to be long-lived (T. Cover,
personal communication). Our sensitivity analyses show
that during early stages of infection variation of
parameters associated with these proteins does not have
a strong inﬂuence on outcome.
A.3. Host factor dynamics
Urea equations. Urea dynamics in our model are
deﬁned by a balance between availability from an
extragastric source and loss due to bacterial consumption and transport out of the stomach (Eqs. (A.28)–
(A.31)). Urea, a by-product of protein digestion, diffuses
into the stomach from underlying blood vessel in the
gastric mucosa maintaining millimolar levels of urea in
the stomach (Mokuolu et al., 1997; Tombola et al.,
2001). To include this, we assume that there is a constant
source of urea ðF ¼ 2:77 mM in the whole stomach).
From our uncertainty analyses, we predict that variations within the millimolar range can be achieved
without adverse effects. Therefore, we use values of 5.6
and 3:6 mM in the corpus and antrum, respectively. The

difference between corpus and antral urea source levels
reﬂects the difference in surface areas of the two
compartments (i.e. the corpus has a larger surface area
than the antrum). Urea availability may also be
enhanced by VacA activity in a dose-dependent manner
(Tombola et al., 2001). Their results show that VacA
functions as a urea permease in nanomolar quantities
with a Michaelis constant of about 20 nM: During
simulations, we use Michaelis–Menten kinetics to
approximate the dose-dependent nature of VacA
activity for mathematical simplicity (Eqs. (A.32) and
(A.33)). A gradient is established from the boundaries
near the epithelial surfaces to that near the lumen with
higher urea levels near epithelial cells. Loss of urea
occurs when both adherent and motile bacteria consume
urea via Michaelis–Menten kinetics described earlier.
Further loss from a given region occurs either by
diffusion or transport to other regions


d½UrðtÞ AL
½UrðtÞ AL
¼ c1 ð½pHAAL ðtÞ Þ
dt
½UrðtÞ AL þ kUrNh
 HpMA ðtÞ þ diffUR ½UrðtÞ AE
 kp ½UrðtÞ AL þ bp ½UrðtÞ CL ;

ðA:29Þ

d½UrðtÞ AE
¼ F1 þ i1 ð½VcðtÞ A Þ  c2 ð½pHAAE ðtÞ Þ
dt


½UrðtÞ AE

HpAA ðtÞ
½UrðtÞ AE þ kUrNh
 kp ½UrðtÞ AE þ bp ½UrðtÞ CE
 diffUr½UrðtÞ AE ;

ðA:30Þ

d½UrðtÞ CL
¼ diffUR½UrðtÞ CE  c3 ð½pHACL ðtÞ Þ
dt


½UrðtÞ CL

HpMC ðtÞ;
½UrðtÞ CL þ kUrNh
 bp ½UrðtÞ CL þ diffUR ½UrðtÞ CE ;

ðA:31Þ

d½UrðtÞ CE
¼ F2 þ i2 ð½VcðtÞ Þ  c4 ð½pHACE ðtÞ Þ
dt


½UrðtÞ CE

HpAC ðtÞ
½UrðtÞ CE þ kUrNh
 bp ½UrðtÞ CE ;
where


½VcðtÞ A
;
½VcðtÞ A þ kVcUr


½VcðtÞ C
i2 ð½VcðtÞ C Þ ¼ imax
:
½VcðtÞ C þ kVcUr

i1 ð½VcðtÞ A Þ ¼ imax

ðA:32Þ



ðA:33Þ
ðA:34Þ

Host nutrient equations. For sustained survival and
continued growth, H. pylori requires nutrients derived
from its host. Nutrients consumed by H. pylori are
complex and diverse including simple sugars, amino
acids, and ions (Mendz and Hazell, 1995; Nakazawa,
2002). To simplify this, we track a ‘generic’ nutrient. We
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assume that the majority of these nutrients are derived
from cells undergoing natural cell death or bacterialinduced apoptosis via action of VacA and Cag proteins.
Although, food may be rich in nutrients, we assume that
these nutrients are too complex requiring further
processing before consumption by H. pylori. Bacteria
consumption of nutrients is governed by Monod kinetics
with bacterial growth saturating at high nutrient levels.
We account for the yield increase in bacterial population
from food consumption by multiplying the Monod term
ð½NutðtÞ =ð½NutðtÞ þ kN ÞÞ by y ðy ¼ 1  1015 M per
bacteria) estimated mathematically. In addition, we
assume that excess nutrients that are not consumed by
bacteria are lost from the antrum and corpus at rates
directly proportional to nutrient levels during mucus
shedding
d½NutðtÞ AL
dt
¼ diffNut ½NutðtÞ AE  a1 yð½pHAAL ðtÞ Þ


½NutðtÞ AL
HpMA ðtÞ  kA ½NutðtÞ AL

½NutðtÞ AL þ kN
þ bA ½NutðtÞ CL ;

ðA:35Þ

½NutðtÞ AE
HpAA ðtÞ  kp ½NutðtÞ A
½NutðtÞ AE þ kN

þ bp ½NutðtÞ C  diffNut ½NutðtÞ AE ;

ðA:36Þ

d½NutðtÞ CL
¼ diffNut ½NutðtÞ CE  a3 yð½pHACL ðtÞ Þ
dt


½NutðtÞ CL

HpMC ðtÞ
½NutðtÞ CL þ kN
 bp ½NutðtÞ C ;

d½NutðtÞ CE
¼ F þ z2 ð½VcðtÞ C ; ½CgðtÞ Þ  a4 yð½pHACE ðtÞ Þ
dt





½NutðtÞ CE
HpAC ðtÞ
½NutðtÞ CE þ kN

 bp ½NutðtÞ C  diffNut ½NutðtÞ AC ;

ðA:38Þ

where



½VcðtÞ A
z1 ð½VcðtÞ A ; ½CgðtÞ A Þ ¼ zmax
½VcðtÞ A þ kVNu


½CgðtÞ A
þ
;
½CgðtÞ A þ kCNu

½VcðtÞ C
z2 ð½VcðtÞ C ; ½CgðtÞ C Þ ¼ zmax
½VcðtÞ C þ kVNu


½CgðtÞ C
þ
:
½CgðtÞ C þ kCNu

ðA:39Þ



ðA:40Þ

A.4. Gastric acid secretion and its regulation

d½NutðtÞ AE
¼ F þ z1 ð½VcðtÞ A ; ½CgðtÞ A Þ  a2 y ð½pHAAE ðtÞ Þ
dt
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ðA:37Þ

Previously, we deﬁned a system of ordinary differential equations (ODE) describing gastric acid secretion
and its regulation by gastric effectors. This system is
comprehensive in that we account for acid secretion and
its regulation and also monitor changes to cells
responsible for this complex physiology. Below we
outline the differential equations describing the gastric
acid secretion model. For a full explanation of all terms
see (Joseph et al., 2003). All parameters are deﬁned in
Tables 1 and 2.
Antral stem cells:
dAsc ðtÞ
¼ ðgAsc ÞðAsc ðtÞÞðCAsc  Asc ðtÞÞ
dt
 ðpG ðtÞ þ pDA ðtÞÞðZAsc ÞðAsc ðtÞÞ:

ðA:41Þ

Table 2
List of the parameters included in our gastric acid secretion model (Joseph et al., 2003)
Parameter

Description

Values
17

References

Unit
M/h/cell

KNG1

Maximal secretion rate of gastrin
due to ENS stimulation per cell

6:28  10

KNG2

Maximal secretion rate of gastrin
due to CNS stimulation per cell
Maximal secretion rate of gastrin
due to ENS stimulation per cell
Level of ENS stimulant at which
rate of gastrin secretion is 50%
Intensity of the regulator at which
rate of gastrin secretion is 50%
Dissociation constant of
somatostatin from gastrin receptors
Clearance rate of gastrin
Transport rate of gastrin from
antrum to Corpus region
Maximal rate of secretion of

8:75  1017

(Holst et al., 1987)
(Nishi et al., 1985)
(Campos et al., 1990)
(Matsuno et al., 1997)

9:39  1018

LHS

M/h/cell

1:0  1010

(Holst et al., 1987)

M

1:0  1010

(Holst et al., 1987)

M

9:0  1011

(Rocheville et al., 2000)

M

11.88
1.5

(Hansen et al., 1996)
y

hr1
hr1

8:04  1015

y

M/h/cell

KFG
aNG1
aNG2
kSG
kG
bG
KAS

M/h/cell
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Table 2 (continued)
Parameter

KGS

aAS

aGS

kNS
kS
KNS1

KNS2

aNS1

aNS2

kSS

KNH
KGH

aNH

aGH

kSH

kH
KNA

KGA
KHA
aNA
aGA
aHA
kSA

Description
somatostatin due to stimulation
with antrum acid
Maximal rate of secretion of corpal
somatostatin due to stimulation
with antral gastrin
Acid concentration at which
somatostatin secretion rate is half
maximal
Gastrin concentration at which
somatostatin secretion rate is half
maximal
Dissociation constant of GRP from
receptors on D cells
Clearance rate of somatostatin
Maximal rate of secretion of antral
somatostatin due enteric nervous
stimulus
Maximal rate of secretion of corpal
somatostatin due enteric nervous
stimulus
ENS levels at which antral
somatostatin secretion rate is half
maximal
ENS levels at which corpal
somatostatin secretion rate is half
maximal
Dissociation constant of
somatostatin from receptors on D
cells
Maximal rate of histamine
secretion due ENS stimulation
Maximal rate of histamine
secretion stimulated by gastrin
transported to corpus
Intensity of regulator at which
histamine secretion rate is half
maximal
Gastrin levels at which histamine
secretion rate is half maximal

Dissociation constant of
somatostatin from receptors on
ECL cells
Clearance rate of histamine
Maximal rate of acid secretion due
to nervous stimulation mediated
through acetylcholine
Maximal acid secretion rate due to
gastrin mediated stimulation
Maximal acid secretion rate due to
histamine mediated stimulation
CNS levels at which acid output
rate is half maximal
Gastrin levels at which acid output
rate is half maximal
Histamine levels at which acid
output rate is half maximal
Dissociation constant of
somatostatin from receptors on
parietal cells

Values

References

Unit

2:54  1018

(Schubert et al., 1987)

M/h/cell

0.05

(Makhlouf and Schubert, 1990)

M

5:20  1012

(Schubert et al., 1987)

M

1:0  109

(Schaffer et al., 1997)

M

13.86
1:14  1015

y
(Schaffer et al., 1997)
(Holst et al., 1987)

hr1
M/h/cell

1:54  1017

(Schaffer et al., 1997)

M/h/cell

6:28  107

y

M

8:98  1011

y

M

9:0  1011

(Rocheville et al., 2000)

M

7:59  1016

(Pisegna et al., 2000)

M/h/cell

7:77  1016

(Andersson et al., 1999)

M/h/cell

3:25  108

(Pisegna et al., 2000)

M

3:0  1010

M

9:0  1010

(Mardh et al., 1985)
(Roche et al., 1991b)
(Prinz et al., 1994)
(Lawton et al., 1995)
(Andersson et al., 1999)
(Lindstrom and Hakanson, 2001)
(Rocheville et al., 2000)

11.89
2:33  1011

(Belic et al., 1999)
(Cantor et al., 1990)

hr1
M/h/cell

4:98  1011

(Kleveland et al., 1987)

M/h/cell

7:96  1010

(Kleveland et al., 1987)
(Norberg et al., 1986)
(Mardh et al., 1985;
Norberg et al., 1986)
(Roche et al., 1991a,c)

M/h/cell

(Mardh et al., 1985)
(Norberg et al., 1986)
(Rocheville et al., 2000)

M

5:0  106
1:8  1010
2:0  108
9:0  1010

M

M
M
M

M
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Table 2 (continued)
Parameter

Description

Values

References

Unit

bA

Transfer rate of acid from the
corpus to antrum
Wash out rate of acid

2.72

y

hr1

2.72

(Kreiss et al., 1998)
(Van Duijn et al., 1989)

hr1

kA

y denotes mathematically estimated values. M—molar; h—hour.

Corpus stem cells:

A.5. Feeding function

dCsc ðtÞ
¼ ðgCsc ÞðCsc ðtÞÞðCCsc  Csc ðtÞÞ
dt
!
gmax ½GtnC ðtÞ 2
þ
Csc ðtÞ  ðpE ðtÞ
½GtnC ðtÞ 2 þ a2csc

FdðtÞ ¼ 8ð1 þ tanhðp½t  ð24qrs þ 19Þ ÞÞ
 eð1=2Þð1þ3:5½tð24qrsþ19Þ Þ
þ 5ð1 þ tanhðp½t  ð24qrs þ 13Þ ÞÞ

þ pDC ðtÞ þ pP ðtÞÞðZCsc ÞðCsc ðtÞÞ:

 eð1=2Þð1þ3:5½tð24qrsþ13Þ Þ
þ 2ð1 þ tanhðp½t  ð24qrs þ 7Þ ÞÞ

ðA:42Þ

Antral G cells:
2

dGðtÞ
½Ac ðtÞ
¼ pG ðtÞ ZAsc Asc ðtÞ þ kg max 1 
dt
½Ac ðtÞ 2 þ a2HA
!
ðFdðtÞÞ2
 GðtÞ  lfd max 1 
ðFdðtÞÞ2 þ a2fd

ðA:43Þ

 GðtÞ  lGc GðtÞ:

kd max ½AC ðtÞ 2
½AC ðtÞ 2 þ a2HA

 DðtÞ  lDA DA ðtÞ þ lfd max
!
ðFdðtÞÞ2
 1
DA ðtÞ:
ðFdðtÞÞ2 þ a2fd

ðA:48Þ

where
qrs ¼ floor

t
:
24

ðA:49Þ

CNS neural effectors:
0

1

d½Nc ðtÞ B
Nmax1 FdðtÞ

¼@
dt
ðFdðtÞ þ k1fd Þ 1 þ

Antral D cells:
dDA ðtÞ
¼ pDA ðtÞ ZAsc Asc ðtÞ þ
dt

 eð1=2Þð1þ3:5½tð24qrsþ7Þ Þ ;

!

!

½Ac ðtÞ 2
2
½Ac ðtÞ 2 þkAN1

 kNC ½NC ðtÞ þ Bas1 :

ðA:44Þ

ðA:50Þ

ENS neural effectors:
0
d½NE ðtÞ B
¼B
@
dt

1

C
Nmax2 FdðtÞ

C
A
2
½Ac ðtÞ
ðFdðtÞ þ k2fd Þ 1 þ ½A ðtÞ
2
þk2
c

Corpus D cells:
dDC ðtÞ
¼ pDC ðtÞ ZAsc Csc ðtÞ  lDC DC ðtÞ:
dt

ðA:45Þ

ðA:51Þ

Antral gastrin:
d½GtnA ðtÞ
dt
0
B
¼ GðtÞ@

ðA:46Þ

Corpus parietal cells:

KNG1 ½NE ðtÞ



2
c ðtÞ
ð½NE ðtÞ þ aNG1 Þ 1 þ ½SkASGðtÞ 1 þ ½A ½A
ðtÞ 2 þk2
c

K ½FdðtÞ
 FG

C
A
2
c ðtÞ
ð½FdðtÞ þ aFG Þ 1 þ ½SkASGðtÞ 1 þ ½A ½A
ðtÞ 2 þk2
c

ðA:47Þ

AG

KNG2 ½NC ðtÞ



þ
2
c ðtÞ
ð½NC ðtÞ þ aNG2 Þ 1 þ ½SkASGðtÞ 1 þ ½A ½A
2
2
ðtÞ
þk
c
AG
1
þ

dPðtÞ
¼ pP ðtÞ ZCsc Csc ðtÞ  lP PðtÞ:
dt

AN2

 kNE ½NE ðtÞ þ Bas2 :

Corpus ECL cells:
dEðtÞ
¼ pE ðtÞ ZCsc Csc ðtÞ  lE EðtÞ
dt
!
ke max ½Gtnc ðtÞ 2
þ
EðtÞ:
½Gtnc ðtÞ 2 þ a2E

C
A

 ðkG þ bG Þ½GtnA ðtÞ :

AG

ðA:52Þ
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0

Corpus gastrin:
d½GtnC ðtÞ
¼ bG ½GtnA ðtÞ  kG ½GtnC ðtÞ :
dt

ðA:53Þ

11
K
½H
ðtÞ
HA
C

AA
þ@
ð½HC ðtÞ þ aHA Þ 1 þ ½SkCSAðtÞ
kf max FdðtÞ
½ACE ðtÞ
FdðtÞ þ aFA
 s½NH3 ðtÞ CE ½ACE ðtÞ  b½ACE ðtÞ
 hb½ACE ½BCE 

Antral somatostatin:
d½SA ðtÞ
dt
00

 diffH þ ½ACE ðtÞ :

1
K
½A
ðtÞ
AS
A


A
¼ DA ðtÞ@@
ð½AA ðtÞ þ aAS Þ 1 þ ½SkASSðtÞ 1 þ ½NKCNSðtÞ
0
11
K
½N
ðtÞ
GS
E


AA
þ@
ð½NE ðtÞ þ aNS Þ 1 þ ½SkASSðtÞ 1 þ ½NkCNSðtÞ
 ks ½SA ðtÞ :

ðA:54Þ

Corpus somatostatin:
d½SC ðtÞ
dt
00

1

Luminal:
d½ACL ðtÞ
¼ diffH þ ½ACE ðtÞ  bA ½ACL ðtÞ
dt
 s½NH3 ðtÞ AL ½AAL ðtÞ
 hb½ACL ½BCL :

ðA:57Þ

ðA:58Þ

Antral gastric acid:
Epithelial:
d½AAE ðtÞ
¼ bA ½ACE ðtÞ  s½NH3 ðtÞ AE ½AAE ðtÞ
dt
 hb½ACE ½BCE  kA ½AAE ðtÞ
þ diffH þ ½AAL ðtÞ :

ðA:59Þ

KNS ½NE ðtÞ


A
ð½NE ðtÞ þ aNS Þ 1 þ ½SkCSSðtÞ 1 þ ½NKCNSðtÞ
0
11
K
½Gtn
ðtÞ
GS
C


AA
þ@
ð½GtnC ðtÞ þ aGS Þ 1 þ ½SkCSSðtÞ 1 þ ½NkCNSðtÞ

Luminal:
d½AAL ðtÞ
¼ bA ½ACL ðtÞ  s½NH3 ðtÞ AL ½AAL ðtÞ
dt
 hb½ACL ½BCL  kA ½AAL ðtÞ
 diffH þ ½AAL ðtÞ :

ðA:60Þ

 kS ½SC ðtÞ :

Corpus bicarbonate:
d½Bc ðtÞ
kbc max ½Nc ðtÞ
¼
 hb½Ac ðtÞ ½Bc ðtÞ
dt
½Nc ðtÞ þ aNB
 bb ½Bc ðtÞ :

ðA:61Þ

Antral bicarbonate:
d½BA ðtÞ kbA max ½Nc ðtÞ
¼
 hb½AA ðtÞ ½BA ðtÞ
dt
½Nc ðtÞ þ aNB
 kb ½BA ðtÞ :

ðA:62Þ

¼ DC ðtÞ@@

ðA:55Þ

Corpus histamine:
00

1

d½HC ðtÞ
KNH ½NE ðtÞ

A
¼ EðtÞ@@
dt
ð½NE ðtÞ þ aNH Þ 1 þ ½SkCSHðtÞ
0
11
KGH ½GtnC ðtÞ

 AA
þ@
ð½GtnC ðtÞ þ aGH Þ 1 þ ½SkCSHðtÞ
 kH ½HC ðtÞ :

ðA:56Þ
References

Corpus gastric acid:
Epithelial:
d½ACE ðtÞ
dt 00

1
K
½N
ðtÞ
NA
C

A
¼ P@@
½SC ðtÞ
ð½NC ðtÞ þ aNA Þ 1 þ kSA


½HC ðtÞ
þ
½HC ðtÞ þ aH
0
1
K
½Gtn
ðtÞ
GA
C

A
@
ð½GtnC ðtÞ þ aGA Þ 1 þ ½SkCSAðtÞ
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