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Mettler SE, Ghayouri S, Christensen GP, Forte JG. Modulatory
role of phosphoinositide 3-kinase in gastric acid secretion. Am J
Physiol Gastrointest Liver Physiol 293: G532–G543, 2007. First
published June 14, 2007; doi:10.1152/ajpgi.00138.2007.—The gastric
parietal cell is responsible for the secretion of HCl into the lumen of
the stomach mainly due to stimulation by histamine via the cAMP
pathway. However, the participation of several other receptors and
pathways have been discovered to influence both stimulation and
inhibition of acid secretion (e.g., cholinergic). Here we examine the
role of phosphoinositide 3-kinase (PI3K) in the modulation of acid
secretion. Treatment of isolated gastric glands and parietal cells with
the PI3K inhibitor, LY294002 (LY), potentiated acid secretion in
response to histamine to nearly the maximal secretion obtained with
histamine plus phosphodiesterase inhibitors. As cAMP levels were
elevated in response to histamine plus LY, but other means of
elevating cAMP (e.g., forskolin, dbcAMP) were not influenced by
LY, we posited that the effect might require activation of G-protein-
coupled histamine H2 receptors, possibly through the protein kinase B
pathway (also known as Akt). Study of downstream effectors of PI3K
showed that histaminergic stimulation increased Akt phosphorylation,
which in turn was blocked by inhibition of PI3K. Expression studies
showed that high expression of active Akt decreased acid secretion,
whereas dominant-negative Akt increased acid secretion. Taken to-
gether, these data suggest stimulation with histamine increases the
activity of PI3K leading to increased activity of Akt and decreased
levels of cAMP in the parietal cell.
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A PRIMARY PATHWAY FOR ACTIVATION of the gastric oxyntic cell is
via histamine H2-receptor stimulation, activation of a G-pro-
tein coupled receptor (GPCR), adenylyl cyclase activation,
cAMP production, and recruitment of proton pumps (H-K-
ATPase) into the apical plasma membrane through cAMP-
dependent protein kinase (PKA) and other downstream protein
kinases (8, 10–12, 14, 18). However, additional pathways for
direct activation (e.g., cholinergic) and for negative and posi-
tive modulation of the histamine/cAMP pathway are clearly
extant and appear to cooperate to relatively variable degrees
depending on the vertebrate species and on the particular
oxyntic cell preparation used to study (4, 13, 26, 31). The
overall conclusion from these published data is that the signal-
ing system for acid secretion is a complex set of interactions
with cellular vegetative functions, including energy metabo-
lism, membrane synthesis and degradation, cell growth, cell
migration, and cellular connectivity.

In this study we have used the rabbit gastric parietal cell as
the oxyntic cell model to evaluate the modulating role of an
important cellular signaling regulator, phosphoinositide 3-ki-
nase (PI3K), on the histamine-stimulated path for activation of
acid secretion. PI3K is a lipid kinase responsible for phosphor-

ylating the D-3 position of phosphatidylinositol (36). PI3K
mainly produces phosphoinositide 3,4,5-phosphate (PIP3) from
phosphoinositide 4,5-phosphate (PIP2). Activation of the class
IB PI3K is generally attributed to the G��-subunit of hetero-
trimeric G proteins (37). PI3K has been shown to be involved
in cell signaling and growth, DNA synthesis, survival, migra-
tion, and endocytosis. In addition, there is now strong evidence
that activation of PI3K in adipocytes, pancreatic � cells, and
cardiomyocytes leads to the phosphorylation of protein kinase
B (also known as Akt) and the subsequent activation of
phosphodiesterase (PDE), resulting in a decreased cAMP level
(16, 21, 41). The work here is directed toward understanding
our initial observed potentiation of the acid secretory response
to histamine when PI3K was inhibited. The data suggest that
parietal cell PI3K is activated by the G��-subunits of hista-
mine-stimulated G-protein coupled receptor. Active PI3K ac-
tivates downstream Akt, ultimately enhancing the activity of
cAMP-PDE, which limits the cellular level of cAMP, espe-
cially at limiting rates of cAMP production. We propose that
this PI3K pathway may be a physiological modulator of cel-
lular energy commitment to acid secretion at low levels of
stimulation.

MATERIALS AND METHODS

Materials. Ketamine and xylazine were from Vetus Animal
Health, Westbury, NY. Nembutal was from Premier Pharmacy
Labs. Dulbecco’s phosphate-buffered saline, Minimal essential me-
dium, and DMEM F-12 were from Gibco/Invitrogen, Grand Island,
NY. Collagenase was from Worthington Biochemical, Lakewood,
NJ. Aminopyrine (AP) was from GE Healthcare Life Sciences. Epi-
dermal growth factor (EGF) was from BD Biosciences, Bedford, MA.
Glutamine, dibutyryl-cAMP, carbachol, SITE liquid medium, hista-
mine, and novobiacin were from Sigma, St. Louis, MO. Gentamycin
was from Cellgro, Herndon, VA. MatriGel was from Collaborative
Biomedical, Bedford, MA. Forskolin was from Alexis Biochemicals,
Lausanne, Switzerland. Lupitidine was from Smith Kline and French
Laboratories, Welwyn Garden City, Herts, UK. Cimetidine was from
Abbott Laboratories, Chicago, IL. LY294002 (LY), anti-Akt isoforms
1 and 2, and anti-Akt phosphor serine-473 were from EMD/Calbio-
chem, San Diego, CA. Anti-H-K-ATPase (2G11) was obtained from
Affinity Bioreagents, Golden, CO. All reagents were dissolved in
water except for LY, wortmannin, and forskolin. These latter three
were dissolved in DMSO for addition to the biological preparations.
Electrophoresis-grade chemicals were from Bio-Rad. All electron
microscopy grade materials were from Electron Microscopy Sciences,
Fort Washington, PA. HitHunter cAMP Kit was from DiscoveRx,
Fremont, CA. All other reagents were from standard suppliers and
were of the highest purity.

Tissue collection. Tissue collection was performed as described by
Zhou et al. (42). All protocols and procedures were reviewed and
approved by the Berkeley Animal Care and Use Committee. Briefly,
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New Zealand White rabbits were used as the source of gastric glands
and isolated parietal cells. Rabbits were injected subcutaneously with
20 mg/kg of cimetidine 1 h before the procedure. High-pressure
perfusion of the stomach was performed for 5–10 min using oxygen-
ated, 37°C, Dulbecco’s phosphate-buffered saline. The gastric mucosa
was separated from the underlying muscle layer and washed, followed
by digestion for 30 min at 37°C with 25 mg collagenase type 4 (257
U/mg) in 30 ml HEPES-MEM containing 20 mg bovine serum
albumin (BSA). A 1:10 dilution of the collagenase with HEPES-MEM
stopped the digestion. Glands were allowed to settle for 15 min, and
cells remained in suspension. The settled glands were washed and
resettled three times with HEPES-MEM. A final suspension of glands
was made to 2.5% cytocrit in HEPES-MEM. The suspended cells
were used for studies on cultured parietal cells (described later).

AP assay on gastric glands. AP assays were used as an indirect
method of evaluating acid secretion. AP assays are based on accumu-
lation of AP in acidic spaces and were carried out as described by
Berglindh et al. (5, 6). Briefly, 1 ml of a 2.5% gland suspension in
HEPES-MEM was placed in preweighed tubes containing various
stimulants and inhibitors along with 10 �l of [14C]AP (115 mCi/
mmol) containing about 5 � 103 cpm. The tubes were buzzed with
100% oxygen, capped, and incubated in a 37°C shaking water bath for
20–30 min. The glands were pelleted, and 200 �l of supernatant put
into 3 ml of scintillation fluid and counted with a Beckman LS3801
counter. The remaining supernatant was removed, and the pelleted
glands dried overnight at 80°C. The tubes were weighed to calculate
the dry weight, and 100 �l of 1 M NaOH was added to the pellet.
After incubation with NaOH for 20 min at 80°C, 100 �l of 1 M HCl
was added to neutralize the suspended pellet. All 200 �l were placed
in scintillation fluid and counted. The AP ratio was calculated using
the equation [(Pellet cpm)/((Pellet g) � C)]/(Supernatant cpm/1 �l),
where pellet weight is dry weight in grams. Berglindh and Öbrink (6)
determined the conversion factor, C, used to estimate volume from
dry weight as 2,000 �l/1 g. For reporting data here, the AP ratio was
normalized so that resting glands (500 �l lupitidine treatment) for any
given experiment was set to 1.0.

Plating cells and glands. Isolated gastric glands for culture were
diluted to 1% in medium A [DMEM/F-12 medium, 4.77 g/l HEPES,
0.2% BSA, 10 mM glucose, 50 ng/ml EGF, 5% selenite-insulin-
transferrin (SITE) liquid medium, 1 mM glutamine supplement, 50
U/ml penicillin/streptomycin, 200 �g/ml gentamycin, and 50 �g/ml
novobiacin], pH 7.4, and plated onto Matrigel-coated coverslips and
incubated at 37°C.

Isolated gastric cells taken as the supernatant from the mucosal
digestion described above were pelleted by centrifugation at 200 g,
washed three times with HEPES-MEM, and finally resuspended in
medium A. Approximately 70% of the total gastric cells suspended in
medium A were parietal cells. The cells were plated onto either
Matrigel-coated 18-mm round coverslips or onto 35-mm dishes and
incubated at 37°C.

AP assay on cultured glands. Glands were cultured on 22-mm
square coverslips for 42 h, rinsed with 37°C MEM, and placed in 1 ml
of fresh medium A. Cultures were treated with various drugs, includ-
ing 10 �l of [14C]AP, and incubated for 30 min at 37°C. Coverslips
were removed from the media, quickly dipped in warm MEM, blotted,
and placed in 2� SDS sample buffer for 1 h. [14C]AP counts were
measured for both the incubation supernatant and the SDS-solubilized
cell scrapings. Protein concentration for each sample was determined
using the filter paper assay.

Filter paper assay. Known dilutions of ovalbumin were made in
sample buffer, and 4-�l spots were placed on a number 1 filter paper
along with solubilized unknown samples (4 �l) and allowed to dry for
20 min. The filter paper was washed with methanol for 1 min. The
filter paper was allowed to dry and stained with 0.5% Coomassie blue
G250 in 7% acetic acid for 20 min. Excess stain was removed with
several changes of Destain II (19% ethanol and 7% acetic acid). The
paper was allowed to dry and scanned into a computer file. The area

and density of each spot was determined and compared with the
ovalbumin standards to obtain the protein concentration of each
sample.

Differential-interference contrast imaging. Cells were plated on
Matrigel-coated, glass-bottom microwell dishes (Mat Tek) and al-
lowed to settle overnight at 37°C. The medium A was changed after
18 h, and the cells cultured for another 24 h. The cells were main-
tained at 37°C with a stage warmer (Warner Instruments) while being
viewed with a Nikon Eclipse TE2000-U inverted microscope
equipped with an automatic XY stage positioner. Differential-inter-
ference contrast (DIC) images were acquired for eight areas per well
immediately prior to the addition of drugs (to represent resting cells)
and every 5 min after treatment with stimulants over the course of 25
min. NIH Image 1.63 software was used to determine the change in
vacuole area over the 25 min of treatment.

Adenoviral infections. Recombinant adenoviruses with incorpo-
rated constructs of hemagglutinin (HA) tagged Akt were used to get
the cells to express various forms of Akt protein in parietal cells. The
constructs were a kind gift from Dr. K. Walsh (19) and included
wild-type mouse Akt (WT-Akt), myristoylated Akt (Myr-Akt), and
Akt mutated by substitutions at Lys179Ala, Thr308Ala, and
Ser473Ala (AAA-Akt), all under the control of the CMV promoter.
Viruses were amplified according to Fujio et al. (19) except that Bosc
23 cells (a kind gift from Dr. T. Machen, Berkeley) cultured in
DMEM with 4.5 g/l glucose, sodium pyruvate, and L-glutamine, 10%
fetal calf serum, 1% penicillin and streptomycin, with 5% CO2

balanced air at 37°C, were used as opposed to HEK 293 cells, and
virus was purified by ultracentrifugation of cell lysates. Infection of
gland cultures was tested using two different concentrations of viral
supernatant followed by examination of glandular cells by immuno-
staining with an anti-HA antibody. The lower of the two doses was
found to produce protein expression in greater than 90% of the cells
and was used for further experiments. Experimental infections were
performed 3–5 h after the initial plating and cultured �18 h; at that
point the medium A was replaced and cultured for an additional 24 h.

Western blot analyses. Glands or cells solubilized in SDS sample
buffer were loaded onto 12.5% acrylamide gels for SDS-PAGE. After
developing the gel, the proteins were transferred to nitrocellulose
membranes using a wet transfer apparatus and subsequently blocked
in either 10% milk in PBST (PBS and 0.05% Tween 20) or 5% BSA
in TBST (10 mM Tris base, 150 mM NaCl, and 0.05% Tween 20).
Blots were probed with mouse antibody against Akt phosphorylated at
Ser473 (Calbiochem, diluted 1:200) in TBST with 2% BSA, followed
by secondary probing with HRP-tagged goat anti-mouse IgG (Jack-
son, diluted 1:5,000) in TBST with 2% BSA. Bands were developed
using the Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer LAS), and film was scanned and analyzed using NIH
Image to determine relative levels of phosphorylated Akt. Blots were
stripped in stripping buffer (62.5 mM Tris �HCl, 2% SDS, and 100
mM 2-mercaptoethanol) for 30 min at 50°C and used for reprobing
with rabbit anti-Akt isoforms 1 and 2 (Santa Cruz Biotechnology,
1:200) to determine total Akt, or mouse anti-H-K-ATPase �-subunit
2G11 (1:4 in PBS with 2% BSA), followed by HRP-tagged goat
anti-rabbit or HRP-tagged goat anti-mouse IgG (Jackson, diluted
1:5,000 in PBS with 2% BSA).

cAMP assay. Freshly isolated glands were treated with various
stimulants and inhibitors. Glands were allowed to settle, and the
supernatant was removed, and the glands were frozen in liquid
nitrogen within 2 min of removal from the incubator. Glands were
subjected to shearing in 500 �l of ice-cold 6% TCA. The protein was
pelleted via centrifugation, dried, and weighed. The TCA in the
supernatant was extracted with ether and then dried down in a speed
vac and resuspended in 40 �l of 50 mM sodium acetate, pH 4.7. The
remaining part of the immunoassay was performed as per HitHunter
cAMP Kit instructions. Briefly, the cAMP extracted from the glands
was mixed with cAMP antibody and incubated at room temperature
for 1 h. The fluorescent substrate and the enzyme donor were mixed
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together and incubated for 1 h at room temperature. The enzyme
acceptor was added and incubated for 1–3 h at room temperature. The
reaction was stopped with the addition of the stopping solution, and
the relative fluorescent units were determined using a fluorimeter.
Samples were excited at 530 nm, and an emission spectrum was
collected from 540 nm to 640 nm. The peak emission was between
586 and 587 for all samples. The relative fluorescence units for each
sample were compared with the linear range of a standard cAMP
curve to determine the approximate cAMP concentration in the
experimental samples.

Chemical fixation for TEM. Freshly isolated gastric glands stimu-
lated in the same fashion as for the AP assays were allowed to settle
and then washed with 0.1 M sodium cacodylate, pH 7.2. The glands
were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate, pH
7.2, for 24 h at 4°C and washed three times with 0.1 M sodium
cacodylate. Glands were postfixed with 1% osmium tetroxide in 0.1 M
sodium cacodylate for 1 h at room temperature followed by three 5
min sodium cacodylate washes and three 10 min distilled water
washes. En bloc staining was performed with 0.5% uranyl acetate
overnight at 4°C. Uranyl acetate was washed out with three washes
with distilled water followed by serial dehydration in graded acetone.
The samples were infiltrated with constant rotation using 2 to 1, 1 to
1, and 1 to 2 mixtures of acetone to eponate resin followed by 1 h of
pure resin, then overnight with fresh resin, all at room temperature.
Then fresh resin with accelerator was added and allowed to cure for
2 days at 60°C.

TEM imaging. Blocks were sectioned on a RMC MTX ultramic-
rotome. Approximately 20 sections were cut of the appropriate TEM
thickness of 60–70 nm yielding a silver to gold color. The thin
sections were collected on Formvar and carbon-coated 100 mesh
copper grids. Thin sections were stained with 2% uranyl acetate in
70% methanol for 10 min and washed with 5 rinses each of 70%,
50%, and 30% methanol followed by 9 rinses of distilled water. Next
the grids were stained with Reynolds lead citrate for 5 min and rinsed
9 times with distilled water. The Philips Technai 12 TEM was used to
view the thin sections at 100 kV.

Quantitative stereology. Images of well-preserved parietal cells, as
determined by examining the general morphology, containing a por-
tion of the nucleus, apical membrane, and basolateral membranes
were taken at a magnification of 9,300� on a Technai 12 TEM at 100
kV and were subjected to quantitative stereology (7, 20). Surface area
was calculated using a test screen with staggered test lines of 4 cm in
length, separated by 3 cm horizontally and 3 cm longitudinally.
Surface area (S) of microvilli, tubulovesicles, and apical and basolat-
eral membranes were derived from the number of intersections (I)
between the testlines and the membranes. For surface area determi-
nation (S) the variables were related by the equation, S � 2 � (I/L),
where L is half the number of endpoints multiplied by the length and
I is as stated above. Volume densities (V) were determined by placing
a lattice of grid-test points (0.65 cm grid) placed onto micrographs and
determining the fraction of points (P) enclosed within the specified
structure, to the total number of points Ptotal, related by the equation,
V � P/Ptotal.

RESULTS

Inhibition of PI3K increases histamine-stimulated acid
secretion. An increase of histamine-stimulated AP accumula-
tion (our index of acid secretion) was observed when a well-
known inhibitor of PI3K, LY, was included in the gland
incubation medium. A similar increase of histamine-stimulated
AP accumulation was observed previously with the use of the
PI3K inhibitor wortmannin (25). Control experiments with the
DMSO vehicle showed no changes in AP accumulation. The AP
uptake data of Fig. 1 compare the glandular secretory response
to histamine alone and when LY and the PDE inhibitor IBMX

were included along with histamine for a large number of
experiments. For each experiment shown in Fig. 1, the AP data
were normalized by setting the value of nonstimulated, lupiti-
dine-treated glands to 1.0 and by measuring the relative in-
crease with subsequent treatments. Lupitidine is a histamine H2

receptor-blocker that is reportedly ten times more active than
cimetidine at inhibiting acid secretion stimulated by histamine
in vivo (9). Lupitidine dose response assays were performed on
gland preparations treated with 200 �M histamine, and an IC50

of 104 �M was determined (data not shown). Control experi-
ments with somewhat smaller n value were also included for
the effects of LY alone and LY added in the presence of
lupitidine. Glands stimulated with 200 �M histamine (H) alone
had a mean AP accumulation index of 4.2 � 0.3-fold over
resting glands maintained in the resting state with Lup. When
IBMX was included with histamine (H�I), AP accumulation
was elevated to 9.4 � 0.8-fold over resting levels. These
conditions of H�I are essentially the maximum acid secretory
response of the isolated gastric glands (32). When the PI3K
inhibitor LY was included with histamine (H�LY), gastric
glands were stimulated 8.9 � 0.8-fold over resting glands,
more than two times the response to H alone and close to the
same level as H�I (P 	 0.01). LY did not increase AP
accumulation of resting glands, nor did it significantly alter the
maximal stimulation observed with histamine plus IBMX. A
detailed time course of AP accumulation showed that the
stimulatory response to histamine alone reached a plateau after
only 5 min of treatment, whereas glands treated with hista-
mine � IBMX or with histamine � LY continued to increase
AP accumulation with nearly identical kinetics over the 30 min
period of study (data not shown).

Fig. 1. LY294002 increases histamine-stimulated acid secretion by gastric
glands over that produced by histamine alone. The aminopyrine (AP) uptake
assay was used as an index of acid secretion and normalized for each
experiment relative to the AP uptake of freshly isolated glands held in the
nonsecreting (resting) state with 500 �M lupitidine (Lup). Addition of 200 �M
histamine (H) stimulated acid secretion, and that is greatly enhanced by
including 60 �M IBMX plus 200 �M histamine (H�I). Addition of 20 �M
LY294002 plus 200 �M histamine (H�LY) also stimulated acid secretion
more than histamine alone. LY294002 did not increase acid secretion of resting
(Lup�LY) or maximally stimulated glands (H�I�LY). Error bars represent
the standard error of the mean SE. *P 	 0.01 with respect to Lup, #P 	 0.01
with respect to H alone; n 
 10 for Lup, H, H�I, H�LY, H�I�LY; n � 3
for LY and Lup�LY.
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Increased acid output is confirmed for two independent
PI3K inhibitors. LY was reported to inhibit PI3K and not to
inhibit PI-4-kinase, EGF receptor tyrosine kinase, or PKC
when used at 50 �M (38). The dose response to LY and to that
of another well-known PI3K inhibitor, wortmannin, are com-
pared in Fig. 2. Although the potencies of the two drugs for AP
uptake were markedly different, both PI3K inhibitors caused a
biphasic response on top of the normal stimulatory response to
histamine, with a stimulatory effect at low dose and inhibition
at higher levels. For LY, the enhancement of histamine stim-
ulation began at 5 �M with maximal stimulation at 40 �M;
frank inhibition occurred above 100 �M. Wortmannin maxi-
mally enhanced histamine-stimulated AP uptake at the much
lower dose of 0.1 �M and began to inhibit acid secretion above
2.5 �M. Wortmannin is known to block both the ATP and
PI(4,5)P2 binding sites of PI3K by covalently modifying
lysine-802 of the p110 catalytic subunit, resulting in a highly
potent inhibitor (IC50, 2 nM) (40). LY, on the other hand,
simply blocks the ATP binding site, resulting in a higher
concentration required for inhibition of PI3K (IC50, 1.4 �M;
Ref. 38). However, the IC50 values for wortmannin and LY
referenced here were obtained by in vitro methods and may not
represent the exact values in vivo.

Morphology confirms enhanced histamine stimulation with
PI3K inhibition. The AP uptake data clearly suggest that
inhibition of PI3K results in increased histamine-stimulated
acid secretion. To confirm that this was indeed a real parietal
cell secretory response, alternative means to confirm the en-
hanced secretory state were used. Thus, morphological studies
were performed at both the light and electron microscope
levels by which we visualized definitive parietal cell responses
to stimulation.

For the studies with the light microscope, parietal cells
isolated from rabbit gastric mucosa were used. Rabbit parietal
cells grown in culture take on a different morphology than
in vivo (2, 42). After a few hours in culture the apical
membrane including the secretory canaliculi becomes closed to

the outside environment, ultimately forming vacuoles that we
refer to as apical membrane vacuoles. The outside plasma
membrane is referred to as the basolateral membrane and is the
site of histamine-receptor-mediated stimulation. During stim-
ulation H-K-ATPase-rich cytoplasmic tubulovesicles are trans-
ported to and fuse with the apical membrane vacuoles, and HCl
and water are pumped into the vacuole where notable swelling
can be observed (2, 24). A time course of the morphological
changes in cultured parietal cells during 25 min of stimulation
with H, H � IBMX, or H � LY was carried out. As exem-
plified in Fig. 3, A–L, stimulation caused a progressive enlarge-
ment of apical vacuoles. In some cases multiple small apical
vacuoles would appear to fuse together and become a single
larger vacuole; in other cases vacuoles simply appeared to
swell. No change in vacuole size occurred with LY alone. To
quantify and compare the relative changes, images were re-
corded at periodic intervals and used to measure the increase in
vacuole area per cell as an index of swelling volume. The total
vacuole area per cell, measured at 0 and 25 min, and the
percent change for each stimulant are shown in Table 1.
Histamine alone induced an increase in vacuole area by
136% � 15%, significantly less than the increase of 219% �
32% caused by H � LY (P 	 0.05). The measured increase in
vacuole area for H � IBMX was 171% � 19%, not signifi-
cantly different from the increase caused by histamine � LY
(Table 1).

Light microscopy provided information on large vacuolar
expansion resulting from the addition of agonists, but trans-
mission electron microscopy is necessary to observe fine ul-
trastructural detail of parietal cells, including the tubu-
lovesicles and the apical canalicular membranes. Representa-
tive micrographs of parietal cells from glands in the resting
condition and those treated with various agonists are shown in
Fig. 4. Casual examination revealed few differences between
resting glands (Fig. 4A) and histamine-stimulated glands (Fig.
4B), both of which contained numerous tubulovesicles in the
cytoplasm and limited apical microvilli and canalicular space.
However, for glands treated with H � IBMX (Fig. 4C) or H �
LY (Fig. 4D) there were rather striking morphological trans-
formations, e.g., a large decrease in tubulovesicles and an
increase in apical microvilli and canalicular space.

The results of quantitative stereology for all glandular treat-
ments are given in Table 2. For histamine-treated glands,
parietal cells showed a small decrease in percent volume of
tubulovesicular space and correspondingly small increases in
microvillar and canalicular percent volumes compared with
resting glands, but these changes did not reach the 5% level of
significance. Parietal cells from glands stimulated with hista-
mine � IBMX demonstrated large and significant changes in
morphology and membrane transformation. Surface density of
tubulovesicles decreased about 5-fold (P 	 0.05), and there
was an equivalent 5-fold increase in apical and microvillar
membrane surface density (P 	 0.01). Parietal cells in glands
treated with histamine � LY also displayed large morpholog-
ical transformations (though not as great as histamine �
IBMX) with about 2.5-fold decrease in surface density (P 	
0.01) and 3-fold increase in combined apical and microvillar
membrane surface density (P 	 0.01). For all treatments there
was conservation of membrane within parietal cells such that
the increase in total apical surface was accounted for by the
loss of tubulovesicular membrane area. Also, the basolateral

Fig. 2. Phosphoinositide 3-kinase (PI3K) inhibitors increase histamine-stim-
ulated acid secretion. Glands were held in the resting state with 500 �M Lup,
AP ratio set at 1.0. Additional glands were stimulated with 200 �M H plus
increasing concentration of LY294002 (H�LY), or alternatively with H plus
increasing concentration of wortmannin (H�W). Both PI3-kinase inhibitors,
LY and wortmannin, have biphasic effects on histamine-stimulated acid
secretion: enhancement at low concentrations and inhibition at high concen-
trations. Stimulation with H�I resulted in 8.61 � 1.12-fold over resting levels.
Error bars represent the SE; n 
 10 for Lup and H�I, n � 4 for all LY
concentrations, and n � 3 for all wortmannin concentrations.
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membrane area and mitochondrial percent volume remained
constant during all treatments, which is the predicted result
since these compartments do not significantly change with
secretory activity (Table 2). Thus the morphological data, both
from direct visualization of parietal cell cultures and high-
resolution membrane morphometry, confirm the physiological
AP uptake results that the PI3K inhibitor LY significantly
stimulates parietal cell secretory response to histamine.

PI3K is not downstream of the EGF receptor in the parietal
cell. Short-term exposure of parietal cells to high levels of EGF
is known to cause acute inhibition of histamine-stimulated acid
secretion (15). Figure 5 shows EGF significantly inhibited

histamine stimulation of acid secretion, causing the AP accu-
mulation to go from 2.9 � 0.4 to 1.5 � 0.2 (P 	 0.01). EGF
had a similar inhibitory effect on H�LY-stimulated gastric
glands where we observed the AP ratio to decrease from 8.3 �
1.2 to 5.3 � 1.0 (P 	 0.01). EGF had no significant effect on
maximal stimulation by histamine plus IBMX. These data
suggest that LY is not blocking the EGF-mediated pathway.
EGF inhibited acid secretion when stimulation was slightly
lower and dependent solely on activation of the histamine
receptor rather than when the cells were stimulated to a higher
degree with histamine plus IBMX.

Inhibition of PI3K has no effect on carbachol-mediated acid
secretion. Stimulation of acid secretion by gastric glands with
carbachol is often found to be relatively low and transient
compared with histamine; however, there is a clearly docu-
mented spike in the intracellular level of calcium followed by
a slightly lower plateau that is likely to be responsible for acid
secretory response that is observed (13, 25). Previous studies
found high doses of wortmannin (300 nM to 3 �M) inhibited
carbachol-stimulated AP accumulation (25). We wanted to
examine if the relatively low doses of LY (20 �M) found to
enhance histamine stimulation enhanced cholinergic stimula-
tion. For these studies, the effect of LY on the Ca2�/PKC
pathway was assayed using carbachol as the agonist for mus-
carinic receptors on the parietal cell. AP assays on glands
treated for 15 min with 100 �M carbachol and with carba-
chol � LY demonstrated relatively minimal stimulation of

Fig. 3. H�LY induces a greater acid secretion and swelling of apical membrane vacuoles than H alone. Cultured gastric glands were examined by
differential-interference contrast microscopy at rest and at designated times after stimulation with 200 �M H (A–D) alone, 200 �M H plus 20 �M LY (E–H),
or 200 �M H plus 60 �M IBMX (I–L). For all treatments there was an increase in vacuolar area over the 25 min; however, the relative increase was more obvious
in the cases where LY or IBMX were included along with H.

Table 1. Morphometric data on vacuolar swelling of
stimulated parietal cells

No. of Cells
Initial

Area, �m2
Final

Area, �m2
Percent
Increase

H 61 173�14 362�27 136�15
H�LY 63 155�12 402�28 219�32
H�I 49 252�27 615�71 171�19

Data are means � SE. Measurement of the increase in vacuolar area of
parietal cells treated with histamine plus LY (H�LY) shows significant
increase over histamine (H) stimulation. Cultured gastric glands were stimu-
lated for 25 min, and DIC images were acquired as described in Fig. 3. The
sum of the vacuolar area of each cell was measured using NIH Image. For all
treatments there was an increase in vacuolar area over the 25 min; however, the
relative increase was more obvious in the cases where LY294002 or IBMX
was included along with histamine.
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1.9 � 0.3-fold and 1.5 � 0.1-fold over resting, respectively.
For comparison, parallel sets of glands treated with 200 �M
histamine, 200 �M histamine � 60 �M IBMX, or 200 �M
histamine � 20 �M LY for 30 min produced the typical
stimulation of 3.5 � 0.6-fold, 9.0 � 1.3-fold, and 7.6 �
1.2-fold over resting levels, respectively (n � 3 for all exper-
iments). Collectively, these data suggest inhibition of PI3K has
little or no effect on acid secretion due to increased intracel-
lular calcium associated with carbachol treatment.

Enhanced stimulation by PI3K inhibitors requires H2 recep-
tor activation. Given that LY does not appear to alter the
actions of EGF or carbachol, the effects of LY on the PKA
pathway using agents that typically promote intracellular levels

of cyclic AMP were examined. Experiments including dose
response data for a variety of cAMP-enhancing agents are
summarized in Fig. 6, A–D. Gastric glands were treated for 30
min with forskolin to stimulate adenylyl cyclase (Fig. 6B), with
IBMX to inhibit PDE (Fig. 6C), and with dibutyryl cyclic AMP
(dbcAMP) to effect intracellular loading with the permeable
cAMP analog (Fig. 6D). The dose response for each of these
agents is compared with that for 30-min histamine (Fig. 6A)
treatment, both with and without 20 �M LY. Figure 6A shows
that as histamine concentration was increased to 100 �M, acid
secretion also increased. When LY was added to the increasing
concentrations of histamine, acid secretion was significantly
increased relative to histamine over the full dose range. LY did

Fig. 4. H�LY exhibits highly stimulated parietal
cell morphology. Glands were either held in the
resting state with 500 �M Lup (A), stimulated with
200 �M H (B), 200 �M H plus 60 �M IBMX (C),
or 200 �M H plus 20 �M LY (D) followed by
preparation for electron microscopy. These images
are typical examples of the apical and canalicular
area of parietal cells in the four conditions. Note the
decrease in cytoplasmic tubulovesicles (TV) and
increase in apical membrane surface area and can-
alicular (C) area for tissues stimulated with IBMX
or LY in addition to H. Nuclei (N) and mitochondria
(M) are also indicated.

Table 2. Morphometric data on ultrastructure of resting and stimulated gastric glands

Surface Area, m2/cm2 Percent Volume

TV MV Apical BL TV MV Canal Mito

Lup 2.5�0.2 0.3�0.1 0.4�0.1 0.1�0.02 16�1.2 1.8�0.3 3.1�0.9 28�1.0
H 2.4�0.2 0.3�0.1 0.5�0.1 0.1�0.04 13�1.0 2.0�0.5 4.0�1.4 29�1.0
H�LY 1.1�0.1 1.0�0.2 1.5�0.2 0.1�0.03 5.5�0.7 7.9�1.4 10�2.0 27�1.0
H�I 0.4�0.1 1.5�0.3 2.1�0.3 0.2�0.1 2.3�0.6 11.0�1.5 24�4.4 27�3.0

Data are means � SE. Quantitative morphometry of parietal cells shows H�LY induces a highly stimulated morphology. Gastric glands were treated for 30
min and then fixed for electron microscopy. Images of well-preserved parietal cells containing at least a portion of the nucleus, apical membrane, and basolateral
membrane were taken at a magnification of 9,300x. Surface area and percent of total parietal cell volume were measured using morphometric calculations
described in the Methods section. Histamine plus LY394004 (H�LY) significantly increased the apical membrane surface area (Apical, P 	 0.01) and canalicular
volume (Canal, P 	 0.05) and decreased the tubulovesicular volume (TV, P 	 0.01) when compared with histamine-treated tissue. Microvillar (MV) surface
area and volumes were also determined and increased with H�LY treatment. As expected, little difference was observed between resting and stimulated
basolateral membrane (BL) and mitochondria (Mito). n � 20 cells.
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not enhance the stimulatory effects of forskolin (Fig. 6B) or
dibutyryl cAMP (Fig. 6D). For acid secretion stimulated by
IBMX, instead of stimulation there was a slight inhibition of
glandular AP uptake when LY was added (Fig. 6C). These
results suggest that for LY to have an additive effect histamine
is necessary, implicating the involvement of the histamine
receptor in the pathway. To further examine this phenomenon,
histamine was included with low doses of forskolin with and
without LY. Figure 6B shows that low doses of forskolin �
histamine have an additive effect resulting in the stimulation of
acid secretion up to maximal levels and that the addition of LY

does not increase maximal acid secretion when added to
forskolin � histamine.

PI3K inhibition increases histamine-stimulated cAMP lev-
els. Collectively, the above experiments clearly show that
inhibition of PI3K in the presence of histamine results in an
increased level of stimulation and suggests the H2 receptor and
associated G-coupled protein must be activated for LY to have
an effect. Histamine stimulation of the parietal cell increases
levels of intracellular cAMP, which peak after 10 min followed
by a slightly lower plateau likely due to the activity of PDE (1,
14, 23, 32). Knowing that histamine is required, the morphol-
ogy of, kinetics of, and maximum level of acid secretion
induced by histamine plus LY and by histamine � IBMX are
almost identical, we reasoned that the inhibition of PI3K by LY
could be causing an increase in cAMP concentration within the
parietal cell. To test this hypothesis, the level of cAMP was
measured in gastric glands during resting and various stimu-
lated conditions. Although the gastric gland includes cells
other than the parietal cell, at least 60% of the total cell volume
is parietal cell. The responses to histamine are considered by
most investigators to be predominantly those of parietal cells,
and it is these secretagogue-induced changes that we have
examined here with respect to cAMP and later with respect to
Akt phosphorylation. Resting gastric glands have an average of
1.8 � 0.2 pmol cAMP/mg dry tissue (Table 3). There was a
slight but not significant increase in cAMP level, 1.9 � 0.3
pmol cAMP/mg dry tissue, for histamine-stimulated glands.
However, cAMP levels were significantly enhanced when LY
was included along with histamine to 3.0 � 0.3 pmol/mg dry
tissue (P 	 0.01), and cAMP levels were even further elevated
by histamine � IBMX to 4.3 � 0.7 pmol cAMP/mg dry tissue.

Akt is present in gastric glands. A common downstream
effector of PI3K is Akt (also referred to as protein kinase B or
PKB). Several investigators have shown that PI3K can modu-
late the activity of PDE and influence the cAMP concentration
via Akt, a well-known serine/threonine-specific kinase, by
increasing the activity of PDE, possibly via its phosphorylation
(16, 21, 28, 29, 39, 41). Accordingly, the activity of endoge-
nous Akt was monitored under various secretory conditions.
Cultured gastric glands were held in the resting state or
stimulated with histamine, histamine plus IBMX, or hista-
mine � LY as typically performed in earlier experiments. The
gland cultures were subsequently solubilized, separated by
SDS-PAGE, and blotted to nitrocellulose. Western blots with
antibodies against total Akt and H-K-ATPase demonstrate

Table 3. cAMP levels in resting and stimulated
gastric glands

cAMP Content, pmol/mg Dry Tissue

Lup 1.8�0.2
H 1.9�0.3
H�LY 3.0�0.3*
H�I 4.3�0.7*

Data are means � SE. cAMP levels are significantly higher in glands treated
with histamine plus LY294002. Freshly isolated glands were held in the resting
state with 500 �M lupitidine (Lup) or stimulated with 200 �M histamine (H),
histamine plus 60 �M IBMX (H�I), or histamine plus 20 �M LY294002
(H�LY). cAMP levels were assayed as described in Methods. H�LY and
H�I stimulated glands have significantly higher levels of cAMP than glands
stimulated with histamine alone (* � P 	 0.01). Error bars represent the
SE; n � 5.

Fig. 5. Epidermal growth factor (EGF) decreases acid secretion stimulated by
H�LY. Glands were held in the resting state with 500 �M Lup, AP ratio set
at 1.0. Glands were stimulated for 30 min with 200 �M H, 200 �M histamine
plus 60 �M IBMX (H�I), or 200 �M histamine plus 20 �M LY294002
(H�LY). EGF, 150 ng/ml (E), was added to half the glands along with the
agonists. The addition of EGF significantly inhibited stimulation induced both
by H and H�LY, but did not inhibit H�I (*P 	 0.01). Error bars represent the
SE; n � 10.

Fig. 6. LY enhances acid secretion stimulated by H but not by forskolin,
IBMX, or dbcAMP. Glands were held in the resting state with 500 �M Lup,
AP ratio set at 1.0. A: glands stimulated for 30 min with H alone and in
conjunction with LY. B: glands stimulated with forskolin, and in conjunction
with LY, H, or H�LY. C: Glands stimulated with IBMX and in conjunction
with LY. D: Glands stimulated with dbcAMP and in conjunction with LY.
Error bars represent the SE. n � 3 for H, H�LY, IBMX, IBMX�LY,
dbcAMP, and dbcAMP�LY; n � 5 for forskolin and forskolin�LY.
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adequate expression of Akt in the system and relatively even
levels of both proteins under all treatments as expected
(Fig. 7A). On the other hand, Western blots of phosphorylated
Akt at serine-473, referred to here as pAkt, demonstrated a
great deal of variation depending on treatment. An increase in
pAkt occurred when cultured glands were stimulated with
histamine and histamine � IBMX. Moreover, there was a
dramatic decrease in phosphorylation when PI3K was inhibited
with LY during histamine stimulation, indicating that the
conditions for LY treatment were having a maximum effect on
its target enzyme.

Akt phosphorylation is dependent on histamine and time. To
determine whether, and to what extent, Akt was phosphory-
lated over the normal course of stimulation, Western blot
analyses of total Akt and pAkt were performed on freshly
isolated gastric glands at 5, 10, 20, and 35 min after treatment
with various stimulants. The freely suspended gland prepara-
tion was the more typical of those used for many of these
experiments and conveniently manipulated for assay of relative
pAkt levels. Figure 7B shows that within 5 min of treatment
with histamine or histamine � IBMX the phosphorylation of
Ser473 was increased over resting (Lup) levels. Density analy-
ses from four separate experiments indicated that after 10 min
of stimulation with either histamine or histamine plus IBMX
the phosphorylation of Akt at Ser473 was at its maximum,
1.6 � 0.2 and 1.7 � 0.1, respectively, and significantly more
abundant than resting glands normalized to 1.0 (P 	 0.05).
Interestingly, after 35 min of stimulation a significant decrease

in pAkt was observed (P 	 0.05, Fig. 7B). From these data we
conclude that 10 min of stimulation was an adequate time of
treatment for evaluating the levels of pAkt. The elevated levels
of pAkt tended to dissipate or even be reduced below resting
with stimulation times of 30 min or greater. Significantly,
inhibition of PI3K by LY caused pAkt to greatly decrease
within 5 min to 0.3 � 0.2 and further decreased over the course
of stimulation with only trace amounts of pAkt detectable after
35 min. The significant decrease in pAkt after only 5 min of
treatment with histamine � LY indicated turnover of phos-
phate on Ser473 was rapid in the gastric glands.

Akt inhibition increases histamine-stimulated acid secretion.
To further evaluate Akt as a potential modulator of acid
secretion, cultured gastric glands were infected with adenoviral
vectors engineered with DNA constructs of wild type Akt
(WT-Akt), constitutively active myristoylated Akt (Myr-Akt),
or dominant-negative Akt (AAA-Akt) (19), and the response to
treatments was evaluated by the immunostaining and AP ac-
cumulation assay and by Western blot analyses. Immunostain-
ing of infected glands for HA revealed infection efficiency was
greater than 90%, and the morphology was similar to unin-
fected glands (data not shown). Cultured glands were either
held in a resting state or stimulated to secrete acid by hista-
mine. We found that WT- and Myr-Akt effected small but
insignificant increases in basal AP accumulation, 5% and 41%,
respectively, and AAA-Akt caused a small but insignificant
decrease in AP accumulation, 29%. This limited change in the
basal level of AP accumulation for infected rabbit glands is in
contrast to the large increase (4-fold) in basal AP accumulation
reported for Myr-Akt-infected canine parietal cells (34). As a
separate control, uninfected cells were stimulated with hista-
mine and showed a 5.7 � 0.6-fold increase in AP uptake over
resting levels, as shown in Fig. 8. Also shown in Fig. 8 are the
data for cultured cells that had been infected with the various
adenoviral constructs of Akt for 42 h. When the cultured cells
were infected with WT- or Myr-Akt, histamine-stimulated acid
secretion increased to 4.2 � 0.7 and 4.8 � 0.7-fold over
resting, respectively. Trends revealed that both WT- and Myr-
Akt infected cells stimulated to a lesser degree than uninfected
glands. More interestingly, when the cultured cells were in-
fected with the dominant-negative Akt virus AAA-Akt, the AP
ratios were greater than uninfected cells and increased signif-
icantly over WT- and Myr-Akt infections to 7.5 � 1.2-fold
over resting values (P 	 0.05, Fig. 8). Western blot analysis of
three similar experiments revealed cultured glands infected
with any of the three viral constructs resulted in increased
expression of total Akt relative to uninfected cultured glands
(Fig. 9). Due to the increased expression of total Akt by
infected cultured glands, somewhat less sample was loaded
relative to uninfected cultured glands. Total Akt and H-K-
ATPase expression was not altered with any of the drug
treatments, but pAkt varied dramatically. Infection with WT-
Akt had high levels of pAkt that were significantly reduced
from 6.9 � 1.24 to 1.8 � 0.63 when treated with histamine �
LY (Fig. 9B, P 	 0.05), whereas Myr-Akt-infected cells did
not show a decrease in pAkt with the addition of LY (Fig. 9C).
The total amount of WT-Akt and Myr-Akt that was phosphor-
ylated at Ser473 was markedly greater than uninfected glands,
6.9 � 1.24, 11.4 � 1.94, and 1.0, respectively. In cells infected
with the AAA-Akt mutant, a low level of pAkt was detected,
and this was further diminished in the presence of LY (Fig.

Fig. 7. Akt is present and phosphorylated in a histamine and time dependent
manner. Western blot analysis of uninfected cultured gastric glands (A, n � 3).
Time course analysis of pAkt in uninfected glands (B, n � 4). Cultured gastric
glands were held in the resting state with 500 �M Lup or stimulated with 200
�M H, histamine plus 60 �M IBMX (H�I), or histamine � 20 �M LY294002
(H�LY). Western blots were probed for phospho Akt Ser473 (pAkt), total Akt
(Akt), and H-K-ATPase �-subunit (HK�), and NIH Image 1.63 was used to
determine the area and density of phopho Akt Ser473 (pAkt) and total Akt
(Akt). Lup set to 1.0. * � P 	 0.05.
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9D). This observed low level of phosphorylation in the AAA-
Akt-infected glands may be due to either a few cells that were
not infected, or the AAA-Akt construct may not be completely
dominant negative in the gland preparations (e.g., it could be
more of a competitive inhibitor). Considering all the above
data, we draw the following conclusions: 1) PI3K inhibition
with LY increases acid secretion and prevents Akt phosphor-
ylation; 2) Overexpression of either WT-Akt or Myr-Akt
decreases acid secretion and increases the total amount of
pAkt; and 3) Overexpression of the inactive AAA-Akt mutant
results in increased acid secretion and decreased relative phos-
phorylation. It is clear that PI3K activity is required for Akt
phosphorylation and that pAkt results in decreased acid secre-
tion by the gastric parietal cell.

DISCUSSION

The gastric parietal cell is well characterized and is known
to perform the important role of HCl secretion into the lumen
of the stomach. Multiple cell-signaling pathways carefully
regulate this process. Preliminary studies revealed that inhibi-
tors of PI3K had an enhancing effect on acid secretion by
isolated gastric glands; we sought to find the basis of this
effect.

PI3K inhibition increases histamine-stimulated acid secre-
tion. After our initial observation that LY potentiated AP
uptake produced by histamine, we compared this with another
commonly used PI3K inhibitor, wortmannin. Interestingly,
both inhibitors caused biphasic response in histamine-stimu-
lated acid secretion. Inhibition of acid secretion by wortmannin
has been observed previously where high doses inhibited both
PKA and myosin light chain kinase (MLCK) resulting in the
inhibitory effects (35). It is possible that high doses of LY act
in a similar manner, but this has not been addressed here.

To validate that the PI3K inhibitor, LY, was not introducing
an artifact into the AP assay, the increased parietal cell acti-
vation was verified by two separate morphological approaches.
Light microscopy of parietal cells in culture and high-resolu-
tion electron microscopy on gastric glands confirmed that LY
potentiated the secretory response to histamine.

Enhanced stimulation by PI3K inhibition requires H2 recep-
tor activation. It was only when the H2 receptor was occupied
by an agonist that the enhancing secretory effect was seen. For
example, the PI3K inhibitor had no potentiating effect when
cAMP was elevated by forskolin, dbcAMP, or IBMX without
histamine. (In fact, in the latter case LY tended to reduce acid
output.) Inhibition of PI3K has no effect on resting glands or
glands maximally stimulated with histamine plus IBMX. It is
now commonly accepted that histamine is the main stimulant
of the gastric parietal cell (8, 10). Stimulation begins with the
agonist, histamine, binding to the G coupled-protein H2 recep-
tor, dissociating the G��� complex, and causing the G�
subunit to activate adenylyl cyclase, thus increasing the intra-
cellular cAMP level, the activation of PKA, and the phosphor-
ylation of numerous proteins responsible for the trafficking and
recruitment of H-K-ATPase-rich tubulovesicles to the apical
membrane (14, 17). Interestingly, when parietal cells from
either rabbit or newborn pig are stimulated with histamine,
cAMP levels peak after �10 min followed by a lower level
steady state that lasts �30 min (1, 14, 23). The lower steady
state level has been proposed to be due to the activity of PDE
because the addition of IBMX, a PDE inhibitor, results in
higher levels of cAMP and prevents the lower steady state (23,
32). We propose a link between histamine activation of the
PI3K/Akt pathway and the activity of PDE leading to de-
creased cAMP levels during histamine stimulation. The phos-
phorylation and thus activation of Akt via PI3K correlates with
cAMP levels. The data gathered in this study clearly demon-
strate PI3K plays an important regulatory role of cAMP levels
during histamine stimulation.

PI3K activity does not alter acute effects of EGF. Signaling
in the parietal cell is complicated by the acute inhibition by
agents such as somatostatin (22) and EGF (15). Somatostatin
works directly on parietal cells by binding the somatostatin 2

Fig. 8. Inhibition of Akt leads to increased histamine-stimulated acid secre-
tion. AP assays performed on cultured uninfected parietal cells and cells
infected with WT-Akt, Myr-Akt, and AAA-Akt adenoviral constructs. Cells
were either held in the resting state with 500 �M Lup (white bars), set to 1.0,
or stimulated with 200 �M H (gray bars) for 30 min. n � 5. * � P 	 0.05.

Fig. 9. H�LY drastically decreases phosphorylation in all treatments except
the constitutively active Myr-Akt. WT-Akt and Myr-Akt are highly phosphor-
ylated, whereas AAA-Akt has limited phosphorylation. Infected cells express
higher levels of total Akt than uninfected cells. All are cultured gastric glands
shown as (A) Uninfected, (B) WT-Akt infected, (C) Myr-Akt infected, and (D)
AAA-Akt infected. The cultured glands were held in the resting state with 500
�M Lup or stimulated with 200 �M H, histamine plus 60 �M IBMX (H�I),
or histamine � 20 �M LY294002 (H�LY) for 10 min. Western blots were
probed for phosphorylated Akt at serine-473 (pAkt), total Akt (Akt), and
H-K-ATPase �-subunit(HK�). n � 3.
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receptor inhibiting adenylyl cyclase via the GPCR �i-subunit
(3, 27, 30). EGF reduces acid output via EGF receptors and
downstream protein tyrosine kinase, not PI3K (15, 25). PI3K is
also often found associated with, and operating downstream of,
the EGF receptor. Data here do not directly address that
continuity, but they are generally consistent with the hypoth-
esis that the inhibitory effects of EGF are manifest at relatively
low levels of cAMP and become diminished or totally abro-
gated as cellular cAMP is enhanced (15). Consistent with this
idea, we observed no effect of EGF at maximal cAMP levels
generated by H � I, a relatively smaller percent inhibition at
somewhat lower levels of cAMP generated by H � LY, and
almost complete inhibition of acid secretion at the low level of
cAMP associated with stimulation by histamine alone. In
addition to such acute inhibition, EGF has also been reported to
have a chronic enhancing effect on acid secretion (15). EGF
appears to have complex influences on the development of
parietal cells, regulating expression of the proton pump via an
Akt-mediated pathway during later stages of EGF exposure
(33, 34). It appears as though the acute early inhibition of
histamine-stimulated acid secretion by EGF is not dependent
on PI3K/Akt stimulation of H-K-ATPase gene expression (25),
but rather competition between the housekeeping chores per-
formed by growth factor stimulation and the acid secretion
stimulated by histamine.

PI3K inhibition of histamine-stimulated acid secretion
requires Akt. The data presented here indicate: 1) Histamine
stimulation increases Akt phosphorylation; 2) PI3K inhibition
with LY increases histamine-stimulated acid secretion, intra-
cellular cAMP levels, and prevents Akt phosphorylation; and
3) Overexpression of WT-Akt or Myr-Akt decreases acid
secretion and increases the total amount of pAkt, whereas
overexpression of the inactive AAA-Akt mutant results in
increased histamine-stimulated acid secretion and decreased
relative phosphorylation. Taken together, the following con-
clusions can be drawn: PI3K activation by histamine leads to
the phosphorylation of Akt, which in turn lowers the cAMP
levels in the cell, reducing acid secretion. PDE is responsible
for the breakdown of cAMP into AMP and is known to play a
role in regulating levels of cAMP in the gastric parietal cell
(17). We propose that PI3K activity leads to Akt phosphory-
lation during histamine stimulation and that Akt activation
alters the activity of PDE, thereby lowering the level of cAMP.
In other tissues PI3K has been observed to alter cAMP levels
through Akt and PDE. Activation of PI3K� by the �-adrener-
gic receptor 2 GPCR leads to decreased levels of cAMP in
cardiomyocytes (16). Studies on heart contractility suggest that
PI3K� increases PDE activity via p87PIKAP and lowers the
level of cAMP (28, 39). The interplay between PI3K and PDE
has also been observed in both adipocytes and pancreatic
�-cells, where respective agonist binding to receptor tyrosine
kinase activates PI3K leading to an increase in PDE phosphor-
ylation and activation (21, 41). Kitamura et al. (21) further
showed that Akt is responsible for the phosphorylation of PDE
in a PI3K-dependent manner (21). From data in this study and
what can be inferred from the role of PI3K in insulin signaling
and cardiac contraction, it is likely that activation of the H2

receptor leads to stimulation of PI3K via the GPCR and that
PI3K activation results in phosphorylation of Akt. Once acti-
vated, Akt can stimulate the activity of PDE and thereby lower
the level of cAMP in the gastric parietal cell.

PI3K, a negative regulator of histamine-stimulated acid
secretion. The role of PI3K in the gastric parietal cell is still
under investigation, but evidence presented here demonstrates
that PI3K is involved in the regulation of intracellular cAMP
levels and in turn the degree of acid secretion. We offer Fig. 10
as a schematic model to account for interactions between the
PI3K and the histamine/protein kinase A pathway regulating
acid secretion. A summary of support for the model is as
follows: 1) Inhibition of PI3K (LY) potentiates histamine-
mediated acid secretion, as validated here by several methods.
2) Potentiation of secretion by LY is also associated with
elevated levels of cAMP, and 3) it appears to require the H2

G-protein coupled receptor since other means to elevate cAMP
do not give rise to the potentiation. 4) Akt is a downstream
target of PI3K, and 5) others have shown that PDE activation
is a targeted process of Akt (16, 21, 28, 39, 41). From data on
the incorporation of Akt constructs into parietal cells, we
demonstrate that 6) histamine stimulates phosphorylation of
Akt and that 7) this process is virtually completely abolished
by LY. 8) A form of Akt that acts as a negative influence on
Akt function significantly elevates histamine-stimulated AP
uptake. Furthermore, we propose that when histamine binds to
the H2 receptor the G�- and G��-subunits dissociate and that
the G��-subunit activates PI3K (Fig. 10). PI3K phosphorylates
PIP2 producing PIP3, which in turn recruits Akt to the mem-
brane where it is activated (Fig. 10). Once phosphorylated, Akt
can return to the cytosol and activate PDE and decrease cAMP
levels. There is still little understanding of the cross talk
between all the pathways and how the parietal cell coordinates
them to perform vital housekeeping chores as well as the
secretory response. Some of these important regulatory mech-
anisms are slowly percolating to an understanding as the tools
for evaluating the pathways are expanding. Nonetheless, the

Fig. 10. Proposed scheme for stimulation of phosphodiesterase (PDE) by
histamine receptor activation of PI3K. H binds the H2 receptor (H2R) activat-
ing the trimeric G��� coupled protein (GCP). Dissociated G�� subunits
activate PI3K, increasing the concentration of phosphoinositide 3,4,5-phos-
phate (PIP3) and recruiting inactive Akt (iAkt) to the membrane. Akt is
phosphorylated by PDK1 and TORC2 (latter not shown). Phosphorylated Akt
(aAkt) returns to the cytosol and activates PDE. PDE decreases the cAMP level
in the cell, decreasing parietal cell stimulation. In addition to the proposed
PI3K/Akt pathway, the standard histaminergic pathway is shown, including
adenylyl cyclase (AC) and cAMP activation of PKA. Thus inhibition of PI3K
by LY relaxes the negative modulation of cAMP levels.
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present studies indicate a role for PI3K as a negative modulator
of histamine-stimulated acid secretion in the parietal cell.
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