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Mice lacking the cholecystokinin (CCK)-B/gastrin receptor have been
generated by targeted gene disruption. The roles of this receptor in con-
trolling gastric acid secretion and gastric mucosal growth have been
assessed. The analysis of homozygous mutant mice vs. wild type
included measurement of basal gastric pH, plasma gastrin concentra-
tions as well as quantification of gastric mucosal cell types by immuno-
histochemistry. Mutant mice exhibited a marked increase in basal gas-
tric pH (from 3.2 to 5.2) and about a 10-fold elevation in circulating car-
bo;&lyamidated gastrin compared with wild-type controls. Histologic
an {sis revealed a decrease in both parietal and enterochromaffin-like
(ECL) cells, thus explaining the reduction in acid output. Consistent
with the elevation in circulating gastrin, antral gastrin cells were
increased in number while somatostatin cells were decreased. These
data support the importance of the CCK-B/gastrin receptor in maintain-
ing the normal cellular composition and function of the gastric mucosa.

INTRODUCTION

The CCK-B/gastrin receptor (CCK-BRY is a seven transmembrane domain protein
with subnanomolar affinity for two endogenous peptides, cholecystokinin (CCK) and gas-
trin. In the stomach, gastrin is considered the primary physiologic stimulus for CCK-BR
mediated functions [1]. Gastrin triggers acid secretion by parietal cells through the con-
vergence of two pathways, each regulated by CCK-B/gastrin receptors: 1) an indirect
mechanism in which gastrin stimulation of enterochromaffin-like (ECL) cell CCK-B/gas-
trin receptors results in histamine release, which in turn leads to parietal cell acid secre-
tion via H, receptors; 2) a direct mechanism in which gastrin acts on parietal cell CCK-
BRs to stimulate acid release [2]. In addition, gastrin exerts trophic effects on the mucosa
of the stomach [3-5]. The gastrin-mediated increase in parietal cell mass is generally con-
sidered the result of enhanced entry of progenitor cells into the parietal cell lineage [4, 6].
In contrast, gastrin-dependent ECL cell proliferation appears to be mediated by CCK-
B/gastrin receptors on fully differentiated ECL cells [7].

To better understand the mechanisms underlying gastrin-dependent secretory func-
tion and cellular proliferation within the gastric mucosa, we have generated mice lacking
CCK-B/gastrin receptors.
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MATERIALS AND METHODS

Generation of mutant mice

The gene targeting strategy, as well as the details pertaining to the generation of
homozygous CCK-BR deficient mice, has been described previously [8]. In brief, the
CCK-BR gene was isolated from mouse PCC4 genomic library (Stratagene). In the gene
targeting construct, part of exon 3, all of exon 4 and part of exon 5 were replaced with a
neomycin resistance gene under the control of the phosphoglycerate kinase promoter. The
construct introduced a novel Sph I site into the CCK-BR locus enabling a 3’ probe to dis-
tinguish the wild-type allele (5.8 kb) from the targeted allele (5.0 kb) in Sph I digested
genomic DNA. The linearized targeting construct was electroporated into D3 embryonic
stem cells (gift from Richard Hynes, Massachusetts Institute of Technology, Boston, MA)
[9, 10]. Embryonic stem cells were screened by genomic Southern blot analysis for the
appropriate targeting event [11]. These cells, which had undergone homologous recombi-
nation, were injected into blastocysts obtained from C57B6/J mice (Taconic Farms) [10].
Embryos were transferred to pseudopregnant CBA mice (The Jackson Laboratory). Of
four chimeric males, one gave germline transmission of the targeted allele and was used
to produce mice homozygous for the disrupted CCK-BR gene.

Analysis of CCK-BR mutant mice

The animals used for study were between two and 9 months of age. Plasma and tis-
sue from pairs of age/sex matched wild type and CCK-BR deficient mice were analyzed.
Specific radioimmunoassays using antiserum 2604 and 7270 were utilized to measure car-
boxyamidated and glycine-extended gastrins, respectively [12]. Fasting gastric pH was
assessed as described by Takagi et al. [13]. Gastric tissues were embedded in paraffin.
Serial sections (3-5 pm) were stained with (i) hematoxylin and eosin for conventional
analysis and (ii) PAS/Alcian blue to assess mucins. Immunohistochemical tests were per-
formed using the avidin-biotin-peroxidase complex (SPA, Milano, Italy) method [14]. The
following antisera were used: rabbit anti-C-terminal alpha subunit (HKaC?2) of pig gastric
H/K-ATPase (1:1000, A.J. Smolka, Charleston, S.C., USA) [15] for identification of pari-
etal cells; rabbit anti-rat chromogranin A (CgA) (1:2000, H. Winkler, Innsbruck, Austria)
[16] for identification of enterochromaffin-like (ECL) cells; rabbit anti-N-terminus of gas-
trin 34 (1:2000, AC90, Cambridge Research Biochemicals, Cambridge, UK) for gastrin
(G) cells; rabbit anti-somatostatin 28 [1-14] (1:5000, CA-08-330, Cambridge Research
Biochemicals, Cambridge, UK) for somatostatin (D) cells. Quantitation of immunoreac-
tive (IR) cells was performed in samples where mucosal glands were oriented perpendic-
ular to the gastric lumen as previously described [17]. For H/K-ATPase-IR cells, counts
were performed only in oxyntic glands showing the lumen throughout their entire thick-
ness. Quantification of parietal cells was expressed as number of H/K-ATPase positive
cells per gland unit. Gland units were counted in the zymogenic region of the gastric
mucosa, paying particular attention to avoid the mucosa of the oxyntic/antral junction
where parietal cells tend to be more scattered. Ten gland units were counted per mouse
sample. Data were expressed as mean + standard error of the mean (SEM) and compared by
non-parametric statistical analysis (Mann-Whitney). p < .05 was considered statistically
significant. For ultrastructural analysis, samples of stomach wall from wild type and mutant
mice were processed into Araldite. Semithin sections (0.5-1 pm) were stained with tolui-
dine blue and areas of interest were sectioned (60-100 nm) with a Sorvall ultramicrotome.
Ultra-thin sections were observed in a Zeiss 10 CR transmission electron microscope.
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RESULTS

Homozygous CCK-BR deficient mice are viable and fertile. No obvious physical or
behavioral attributes distinguish the knock-out mice from their wild-type littermates.
Histologic analysis of the stomach reveals that the oxyntic glands of mutant animals are,
to a variable extent, distinguished from corresponding wild-type mice by an increased
number of hematoxylin/eosin amphophylic, PAS/AB negative, H/K-ATPase negative
cells (Figure 1a and 1b). A concomitant irregular distribution of parietal and intervening
cells is also evident. Preliminary electron microscopic observations (Figure 1c) suggest
that this expanded population of intervening cells is made up by epithelial cell precursors
as defined by the classification system of Karam and LeBlonde [18].

Basal acid production, circulating gastrin concentrations and the densities of gastric
H/K-ATPase-IR parietal cells, CgA-IR ECL cells, somatostatin-IR and gastrin-IR cells are
summarized in Table 1. In brief, the fasting gastric pH in mutant mice is significantly
higher than in the wild-type controls 5.2 + 0.4 versus 3.2 + 0.4, respectively, (p < .01).
This is associated with a marked decrease in the densities of H/K-ATPase-IR parietal cells

Figure 1. Wild type (a) versus CCK-BR deficient mouse (b) gastric oxyntic mucosa. In CCK-
BR deficient mice there is an elvated number of hematoxylin/eosin amphophylic cells located in the
middle third and upper portion of the oxyntic glands (b). Rare scattered parietal cells can be appre-
ciated and have an altered distribution (compare with a, see also pictures 2a and 2b). Hematoxylin
and eosin x190. ¢) Ultrastructure of CCK-BR deficient mouse oxyntic mucosa. Detail of cells of
the middle portion of the gland showing an incomplete development of exocrine secretory granules,
suggesting an immature ultrastructural fenotype consistent with a prescursor cell type. Uranyl
acetate, lead citrate, bar = 2.5 pm.
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Table 1. Comparison of gastric pH, circulating gastrins and mucosal cell populations in wild type
and CCK-BR deficient mice.

Gastrins? D-Cells®
pH Amidated Gly-extended Parietal® ECLS Oxyntic Antral G-cells® G/D

Wild type 3. 59 129 19 49 24 14 74 53
Knock-out 52" 612" 136 13* 24™ 26 8" 113" 158"

2 pmol/L; ? cells/gland unit; ¢ IR-cells/mm length of mucosa; *p < .01; **p < .05.

(Figure 2a-d) and CgA-IR ECL cells (Figure 2e and 2f). Circulating bioactive car-
boxyamidated gastrins are elevated in CCK-BR deficient mice (612 pmol/l) versus con-
trols (59 pmol/l) (p < .0001). In contrast, the mean concentrations of circulating glycine-
extended gastrin in plasma were unchanged in CCK-BR null mice (128.9 pmol/l versus
136.4 pmol/l in controls).

The antral mucosa of CCK-BR deficient mice shows a decrease in the number of
antral somatostatin-IR cells and increased gastrin-IR cells (Figure 3). The resulting G/D
cell ratio was significantly elevated in mutant mice (Table 1). Notably, no change in the
number of oxyntic somatostatin-IR cells is observed in CCK-BR deficient mice when
compared with controls (Table 1).

DISCUSSION

This study illustrates the profound functional and morphologic effects resulting from
the ablation of CCK-B/gastrin receptor gene. Gastric acid production is severely impaired
in CCK-BR deficient mice. This is consequent to the reduced number of both H/K-
ATPase-IR parietal cells, and CgA-IR enterochromaffin-like (ECL) cells. The increase in
pH leads to high concentrations of bioactive carboxyamidated gastrin in plasma. Other
animal models of hypochlorhydria also show hypergastrinemia [3, 7, 19, 20]. However, in
mutant mice, (due to the absence of CCK-B/gastrin receptors) gastrin is ineffective in
restoring parietal cell acid production. This contrasts with what is normally observed in the
setting of hypergastrinemia where parietal cell mass and ECL cell density are invariably
increased [3-5]. Therefore, our data suggest that a minimum level of CCK-BR mediated
stimulation is required to maintain these cell populations at normal densities. In addition, the
oxyntic mucosa of CCK-BR deficient mice shows a qualitative increase of putative pre-
cursor cells and a normal number of somatostatin-producing D cells. We speculate that the
absence of CCK-B/gastrin receptors may lead to a developmental arrest or slowdown in the
parietal and endocrine cell lineages resulting in a redirection of cellular differentiation into
alternative pathways, which in turn may lead to the observed increase in precursor cells.

It is of note that in mutant mice the plasma concentrations of glycine-extended gastrin
are comparable to those of controls. Glycine-extended gastrins are the immediate precursors
of bioactive, carboxyamidated gastrin-17 and gastrin-34 [21]. The normal concentrations
of circulating glycine-extended gastrin and high concentrations of carboxyamidated
bioactive gastrin observed in mutant mice may reflect an elevated rate of posttranslational
processing of gastrin without limitations in the G-cell capacity for amidation. Such pat-
tern is rarely seen by increased biosynthesis of gastrin [22].
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An abnormal distribution of endocrine cells is observed in the antral mucosa of CCK-
BR mutant mice. In addition to the hyperplasia of antral gastrin cells, mutant mice show
a reduction in antral D cells. Together these abnormalities lead to a markedly increased
G/D cell ratio. The elevated G/D ratio is a normal physiologic response to long term ele-
vation of gastric pH and occurs in rodents after partial fundectomy, or as a result of chronic
application of acid-inhibitory drugs [19, 20, 23].

Figure 2. Wild type (a, c, ) versus CCK-BR deficient mouse (b, d, f). Altered gastric mucosal
cell populations in CCK-BR deficient mice. Comparison of immunohistochemical findings in the
gastric mucosa from age/sex-matched pairs of wild-type (left) and knockout animals (right). The
gastric oxyntic mucosa of CCK-BR deficient mice show a reduced number of H/K-ATPase-
immunoreactive cells, which are also irregularly distributed along the gland unity (b), see (a) for
comparison). At high power (c, d) H/K-ATPase-immunoreactive cells in CCK-BR deficient mice (d)
are less regularly distributed and all show variable dilatation of the canaliculi as compared to wild
type (c). Marked reduction of chromogranin-A immunoreactive cells in CCK-BR knockout mice
oxyntic mucosa (f, arrows) as compared with a wild-type control (e). Immunoperoxidase, light
hematoxylin counterstain, a, b: x160; c, d: x1000; e, f: x480.
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Figure 3. The gastric antral mucosa of CCK-BR deficient mice show a marked increase of gas-
trin immunoreactive G-cells which extend further from the base of the gland (b). Compare with
the corresponding cells in a wild-type control (a). Immunoperoxidase, light hematoxylin counter-
stain, x400.

Our data on CCK-BR deficient mice support that antral D cell density is truly a function
of gastric pH, independent of circulating gastrin concentrations and CCK-BR activity [19,
20, 23, 24]. Of note, despite the significant changes in antral D-cells densities, the number
of D cells in the oxyntic mucosa of CCK-BR knock-out mice was similar to the number
in wild type animals. The observation that an increase in gastric pH and circulating gastrin
levels has no apparent effect on oxyntic D-cell densities suggests that the mechanisms
which regulate the latter cell population are substantially different from those which control
D-cells in the antrum.

SUMMARY

In conclusion, the CCK-BR deficient mouse model illustrates how removal of this
gene product can disrupt the delicate balance that determines the distribution of endocrine
and acid producing cells in the stomach. The changes observed in the stomach of CCK-
BR deficient mice support the current theories on gastrin’s role as acid secretagogue and
growth factor. Moreover, our results establish the relative physiologic importance of the
CCK-BR in maintaining mucosal cytoarchitecture and function of the stomach. The fact
that parietal and ECL cells persist in absence of the CCK-BR indicates that some degree
of functional redundancy may exist and may significantly contribute to the control of the
gastric acid output and cell differentiation.
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