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Development of a Mouse Model of Helicobacter 
pylori Infection That Mimics Human Disease 

Marta Marchetti, Beatrice Arico, Daniela Burroni, Natale Figura, 
Rino Rappuoli,* Paolo Ghiara 

The human pathogen Helicobacterpylori is associated with gastritis, peptic ulcer disease, 
and gastric cancer. The pathogenesis of H. pyloriinfection in vivo was studied by adapting 
fresh clinical isolates of bacteria to colonize the stomachs of mice. A gastric pathology 
resembling human disease was observed in infections with cytotoxin-producing strains 
but not with noncytotoxic strains. Oral immunization with purified H. pylori antigens 
protected mice from bacterial infection. This mouse model will allow the development of 
therapeutic agents and vaccines against H. pylori infection in humans. 

Infection of the 11ulna11 stolnach hy Hrlico- 
batter pylori, a Gram-negative spiral I3acteri- 
ilm first isolated in 1982 from a patient with 
chronic active gastritis (1  ), causes nearly all 
d i ~ o d e t ~ i ~ l  ulcers and lnost gastric ulcers and is 
associated with an  increased risk of trastric 
adenocarci~lo~na (2,  3). In developing coun- 
tries, H. pylori infectloll occurs early in life 
(oftell within the first 6 to 8 months) and 
can persist chronically; 80%1 of the popula- 
tion is infected hy age 20. In developeci 
countries, the rate of infection slowly in- 
creases ~v i th  age, and 50%) of people 60  years 
old are infecteil hy the bacterium (4). HOLY- 
ever, o~ l ly  a minority of infected people de- 
velop signs and sylnptolns of gastric pathol- 
ogy. Host factors have heen proposed to he 
important for the  development of sympto- 
matic gastric disease (5). Treatment of gas- 
tric disease is usually achieved with H 2  all- 
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tagonists and represents a major expense for 
health care systems. Recently, antihiot~c 
therapy has heen introiluced to eraiiicatc H .  
pylori infection; neverthelesa, antimicrobial 
treatment lnay he limited in the future hy 
the elnereellce of antibiotic-res~stant stralna. 
Vacci~lation thus offers the hest long-term 
strategy for prevention and poasihle treat- 
lnent of disease. 

Clinical isolates of H ,  bvlori c:in he divid- ', 

ed into a t  least two major types (6). Type 1 
hacteria express a vacuolating cytc>tc>xin 
(VacA), ~vhich induces vacuole formation in 
epithelial cells, and an  i ~ ~ ~ m u n o d c ~ m i n a n t  cy- 
totoxl~~-associated antigen ((&A). Type 11 
hacteria do not express VacA or CagA. 1';i- 
tients with duode~lal ulcers are alwavs infect- 
eci hy cytotoxin-proiluci~~g type I bacteria (7, 
8); this f i~ ld i~ lg  suggests that i)nly i ~ l f e c t i o ~ ~  
with type 1 strains is associated \vith the 
ilevelonmcnt of rrastric Icsions that lnav 
evolve into severe disease. Theae cll~lic;ll 
ohscrvations recently were supported hy the 
c>haervatii)n that lysates of type I hacteria, 
hut nc>t thoac of type I1 hacteria, caust. g;istric 
da~nxge ill lnicc and that purified VacA cy- 



totoxin causes gastric injuries when admin- 
istered orally (9). 

The development of new therapies and 
vaccines requires an understanding of the 
pathogenesis of H. pylon infection. To date, 
studies of pathogenesis have been limited 
by the absence of adequate animal models 
to reproduce the various aspects of H. pylon 
disease. Laboratory strains of H. pylon do 
not infect normal laboratory rodents (10). 
Thus, experimental models currently use 
animals such as gnotobiotic piglets (1 I), 
euthymic germ-free mice (1 2), athymic 
nude mice (13), or monkeys (14), but these 
animals are difficult to handle in large num- 
bers and cannot be used to study immune 

responses or to develop vaccines. Helico- 
bacter species other than H. pylon, such as 
H. felis and H. mustelae, have been used to 
infect mice (15) and ferrets (1 6), respec- 
tively. However, these animal models do 
not mimic human H. pylon infection and 
subsequent pathology because those Heko- 
bacter strains do not exmess VacA and oth- 
er virulence factors required for the induc- 
tion of ulcers and inflammation (9). 

We tested the ability of fresh clinical 
isolates and laboratory strains of H. pylori to 
infect specific pathogen-free (SPF) CD1 
mice as well as conventional BALB/c and 
CD1 mice. Mice were inoculated orallv 
three times at 2-day intervals with saline or 
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different H. pylon strains [lo9 colony-form- 
ing units (CFUs)]. An established labora- 
tory strain (NCTC11637) was unable to 
establish infection, whereas fresh clinical 
isolates of both type I and type I1 strains 
colonized the stomachs of the mice (Table 
1). Infection was detectable in some of the 
mice within 1 week and in all mice within 
4 to 8 weeks after the last bacterial inocu- 
lum. Bacteria isolated from mice after 2 
weeks of infection were then used to infect 
new mice according to the same schedule. 
After the first week of infection with the 
passaged organisms, we recovered 5 x lo3 
to 2 X lo4 CFUs per 100 mg of gastric 
mucus in all mice. This result demonstrates 
that bacteria passaged in vivo are more 
efficient than clinical isolates in establish- 
ing a detectable infection, possibly because 
selection of good colonizers occurs in vivo 
(Table 2). Therefore, strains that had been 
isolated after a 2-week passage in mice were 
expanded in vitro and used in subsequent 
studies. 

During the infection study (Table I) ,  
mice were assessed weekly for the presence 
of gastric damage and immune response to 
the colonizing strain. The histology of the 
gastric mucosa is shown for a representative 
control mouse (Fie. 1A) and for mice in- 
fected for 8 weeiakith ; type I strain (Fig. 
1B) or a type I1 strain (Fig. 1C). Infection 
with type I strains caused gastric pathology 
resembling that observed in humans infect- 
ed by H. pylon (1 7); this pathology includes 
loss of gastric gland architecture, erosions 
and uIcerations of the gastric epithelium, 
and infiltration of inflammatory cells with- 
in the lamina propria. These lesions ap- 
peared in the stomachs of some mice after 2 
weeks and were evident in all mice after 8 
weeks of infection. The histopathology ob- 
served in the mice infected with noncyto- 
toxic type I1 strains consisted only of a mild 

FQ. 2 Systemic immune response of a represen- 
tative mouse colonized bv tvDe I strain SPM326 
for 8 weeks (Table 1). &m&able results were 
obtained with type II strains. The immune re- 
sponse was assessed in the immunoblot as the 
total immunoglobulin response of the sera (diluted 
1 : 1 50) obtained before infection (lanes 1 and 2) 
and 8 weeks after infection (lanes 3 and 4) against 
either a whole-dl preparation (10 pg) of the in- 
fecting strain (lanes 1 and 3) or against purified 
urease (1.5 pg) (lanes 2 and 4). Lane 5 shows the 
react i i  of a hyperimmune rabbit serum (diluted 
1 : 3000) specific for the purified H. pgon urease 
(subunits UreA and UreB). Protein sizes are indi- 
cated in kilodaltons. 



inflammatory infiltration. The induction of 
erosive lesions in the mouse eastric mucosa 
by infection w ~ t h  the type I strain IS in 
agreement with our previous study demon- 
strating that lysates of type I strains, but not 
those of type 11 strains, cause acute gastric 
lesions \\hen given orally to mice (9). One  
ditference between the pathology observed 
in mice and that observed in humans in an 
early stage of infection is the lower degree 
o t  intiltration of the lamina propria of mice 
hy p(>ly~n(orph(>n~~clear leukocytes. This dif- 
terence mipht he a result of variations in 
host reactivity to infection. 

Infected mice sho\ved a systemic anti- 
hody response to the colonizing strain that 
could be detected by an immunoblot of 
mice sera from the fourth week of infection. 
Serum reactivity against the infecting bac- 
teria was evident in all lnlce atter 8 weeks of 
intection. The  whole immunoglobulin se- 
r m l  re;lcti(on ot a renresentative mouse ill- 

fected fix 8 weeks with a type I strain is 
sho~vn in Fit. 2. Serum was reacted against 
a total protein extract of the infecting strain 
(lanes 1 and 3). Preinfection serum (lane I )  
did not recognize any H.  pylori antigens, 
whereas the serum taken 8 weeks after in- 
fection sho\ved reactivity against several 
hacterial proteins (lane 3). A strong reac- 
tion was ohserved against a 55-kD protein 
(lane 3) that probahly represents a heat 
shock protein, homolog to Hsp60, [vhich is 
also highly i~nmunogenic in intected hu- 
mans (18). Another major hand, of about 
26 kD (lane 3) ,  colnigrated w ~ t h  the UreA 
subunit of urease (lane 4), an antipen that is 
also immunogenic in infected humans. The  
observed immune response was some\vhat 
difterent from that detected in humans be- 
cause the 128-kD CagA antigen was not 
recognized (7). This finding may be because 
in this model, the immune response is stud- 
ied at an early stage of inkction. Indeed, it , L, 

has heen reported that in a human accide~l- 
tally infected by H.  pylori, the systemic 
immune response against CagA beca~ne de- 
tectable only l l  weeks after infection ( 19). 

Because our lnouse model of intection 
reproduces many of the teatures observed in 
humans intected with H.  pylori, \ye investi- 
gated whether the model could be used for 
vaccine develoament. Therefc~re. mice were 
orally immunized with antigens that had 
heen reported to be protective against in- 
fection \\it11 H.  felis (20-22). Total hacte- 
rial lysates or purified urease were given 
orally to mice, wit11 heat-labile toxin of 
enterotoxigenic Escherichia coli (LT) used as 
an adjuvant (23). Mice were then exposed 
to a type 11 strain of H. pylori. Colnplete 
protection was achieved in eight mice im- 
munized \\it11 the hacterial lysate, and al- 
most complete protection (in seven of eight 
mice) \\as ohtained with purified urease 
(Tahle 3). In marked contrast, all mice that 

received saline, and six of the eight mice 
treated wit11 adjuvant alone, were infected. 
The  pro~nising results ohtained with the 
total hacterial lysate and the urease prompt- 
ed us to check whether the same model 
could be used to develop vaccines against 
the hacteria that are responsihle fix severe 
disease. Therefcore, antigens peculiar to type 
I bacteria were used to immunize mice that 
were then exposed to cytotoxic strains. 
These antlgens could not he tested in the 
existing H.  fells model (213-22) hecause 
they are not expressed by this organism (6). 
The results (Tahle 3) demonstrate that im- 
munization with purified VacA protected 
mice from infection with a type I strain. As 
expected, this immunization did not protect 

mice from infection with type I1 strains 
, A  

(24). Protection from infection was also 
induced by urease. Histopathological anal- 
yses of protected mice showed a mild mono- 
nuclear cell infiltration (24) that may he a 
result of the immune resaonse. The  etkc- 
tiveness o t  our vaccination model has been 
cont~rmed in 13 separate experiments in- 
volving more than 300 mice. In all, 7990 (of 
vaccinated Inice \\ere nrotected, whereas all 
control Inice were infected. In mice treated 
with adjuvant alone, nonspecific protection 
\vas observed in 17.8% of the cases. This 
findi~lg may he a result of the nonspecific 
immunostimulatory activity of LT (24). 

W e  have described a mouse model of H.  
pylori infection that reproduces the most 

Table 1. Infection of SPF CDl mice with H. pylori. At Intervals of 1, 2. 4, and 8 weeks after the beginning 
of treatment, four mice per group were k led to assess stomach colonzation (25). 

Number of Infected mice per group 
Strain Phenotype 

Week 1 Week 2 Week 4 Week 8 

None 0 0 0 0 
NCTCI 1637 Type 1 0 0 0 0 
SPM326 Type 1 2 4 4 4 
s ~ ~ 3 4 2 f  Type 1 4 4 4 4 
SPM292 Type I 1  1 2 4 4 
SPM314 Type I 1  1 2 4 4 

Table 2. Infection of SPF CDI mice wlth H. pylorjSPM292-2 or SPM326-2. These strains were isolated 
from the stomachs of mce 2 weeks after the prmary colonizat~on cycle wlth strains SPM292 and 
SPM326, respectively, and reinoculated to new mice (25). Groups of four mice were assessed for 
colon~zat~on after 1. 2, and 4 weeks. Simar results were obtained with conventional BALB/c and CDl 
mice (24). 

Number of Infected mce per group 
Strain Phenotype 

Week 1 Week 2 Week 4 

SPM326-2 Type 1 4 4 4 
SPM292-2 Type I 4 4 4 

Table 3. Protection from H. pylori~nfect~on by oral immunzation. At days 0, 7. and 14, groups of SPF 
CDl mice received an oral ~noculum of 0 5 ml of sane  alone or containing 10 pg of LT with or wthout 
antigens. For the mce  exposed to type II  bacteria, the SPM292 ysate was obtaned from 10" 
bacterla. and then an aliquot of 10" bacter~a was administered to the mce. Urease (100 pg per 
treatment) was purifed as described (26). For the mice exposed to type I bacteria, VacA (1 00 k g  per 
treatment) was purified from H. pylorj NCTCI 1637 as described (9). At days 21, 23. and 25, all the 
groups received an oral ~noculum of 0.1 5 m of sterle salne contanng 1 Oq CFUs of stran SPM292-2 
(for mce exposed to type II  bactera) or SPM326-2 (for mice exposed to type I bacteria). and the 
colonizat~on of gastrc mucosa was assessed at day 35 (27). 

Oral inoculum Number of mice Number Percent Number of colonies 
n group nfected protected per nfected mouse 

Type I1 (noncytotoxic) bacteria 
Salne 8 8 0 
LT 8 6 25 
SPM292 ysate + LT 8 0 100 
Urease + LT 8 1 87.5 

Type I (cytotoxic) bacteria 
Saline 14 14 0 
LT 14 13 7.1 
VacA + LT 14 3 78.6 
Urease + LT 13 2 84.6 

>I 00 
>I00 
None 

3 
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relevant features of human H. py lori infec- 
tion and pathology. Using this model, we 
have shown that gastric disease is induced 
only by infection with type I hacteria. This 
result is in agreement with serological data 
showing that most people with duodenal 
ulcers have antibodies specific for type I 
bacteria, and it confirms our previous find- 
ings with bacterial lysates or purified cyto- 
toxin (9). Finally, we have shown that in- 
fection by 130th type I and type I1 hacteria 
can he prevented by oral immunization. 
This finding suggests that vaccines against 
H. pylori are feasihle and provides the ratio- 
nale to proceed with human clinical trials. 
The mouse model described here will allow 
the study of the pathogenesis of H. pylori 
infection and the development of therapeu- 
tic agents and vaccines. 

REFERENCES AND NOTES 

1. J. R. Warren and B. J. Marshall, Lancet ii, 1273 
(I 983). 

2. NIH Consensus Deveo~ment Panel on Hehcobacter 
pylori In Peptc Ulcer disease, J. Am. Med. Assoc. 
272, 65 (1 994). 

3. J. Parsonnet et a/., N. Engl. J. Med. 330, 1267 
(1 994). 

4. F. Megraud, Gastroenteroi. Ciin. Nonh Am. 22, 73 
(I 993). 

5. A. Lee, Lancet 341, 280 (1993). 
6. Z. Xiang et a/., lnfect. Immun. 63, 94 (1 995). 
7. A, Covacci et a/., Proc. Natl. Acad. Sci. U.S.A. 90, 

5791 (1 993). 
8. J. E. Crabtree et a/., Lancet 338, 332 (1991). 
9. J. L. Telford eta/.. J. Exo. Med. 179. 1653 (1994). 

10. M. T. Cantorna and E. ~al ish, Can. J. ~icrobio l .  36, 
237 (1 990). 

1 1 .  S. Krakowka, D. R. Morqan, W. G. Kran, R. D. 
Leunk, Infect. lmmun. 55. 2789 (1987). 

12. M. Karta, Q. L ,  D. Cantero, K. Okta, Am. J. Gastro- 
enterol. 89, 208 (1 994). 

13 M. Tsuda, M. Karita. M. G. Morshed, K. Oklta, T. 
Nakazawa, lnfect. Immun. 62,3586 (1994). 

14. A. R. Euler, G. E. Zurenko, J. B. Mae, R. G. Ulr~ch, Y. 
Yagi, J. Cbn. Microbiol. 28, 2285 (1990). 

15. A. Lee, J. G. Fox, G. Otto, J. Murphy, Gastroenter- 
ology 99, 131 5 (1 990). 

16. J. G. Fox, G. Otto, J C. Murphy, N. S.Tayor, A. Lee. 
Rev. Infect. Dis. 13, S671 (1 991). 

17. R. Fiocca et a/., Acta Gastro-Enterol, Belg. 52, 324 
(1 989). 

18. G. Maccha et a/., Ma/. Microbiol. 9, 645 (1993). 
19. G. M. Sobala et a/.. Gut 32, 1415 (1991). 
20. P. Michettietai., Gastroenterology 107,1002 (1994). 
21. M. Chen, A. Lee, S. Hazel, P. Hu, Int. J. Med. Mi- 

crobial. Virol. Parasitol. lnfect. Dis. 280, 155 (1994). 
22. R. L. Ferrero. J:M. Thiberge, M. Huerre, A. Labigne. 

Infect. Immun. 62, 4981 (1 994). 
23. G. Douce et a/., Proc. Natl. Acad. Sci. U.S.A. 92, 

1644 (1 995). 
24. P. Gh~ara et a/., unpublished data. 
25. M~ce were inoculated orally w~ th  saline or different 

fresh isolates of H. pylori. Fresh isolates of type I 
and type II bacteria were cultured from biopsies of 
pat~ents w ~ t h  chronic gastritis. No correlat~on could 
be made between the type of H. pylori that was 
isolated and severity of disease, because patients 
were often infected by several strains. The bopsies 
were streaked onto Columbia agar with 5% horse 
blood, 0.2% cycodextrin, and Dent's or Skrrow's 
ant~b~ot~c supplement (Oxoid, Bas~ngstoke, UK), 
and isoaton of H, pylori stra~ns was performed 
according to standard procedures (6). Single coo-  
nies for each solate were then grown and expand- 
ed The primary colonization exper~ments were 
performed wlth strains that had never been frozen. 
Before nfection, blood samples were drawn from 
all mice for serolog~cal assessment of their preim- 

rnune status. M~ce  were then given 0.25 ml of a 
soluton of 0.2 M NaHCO, orally, through a sterile 
gastric gavage, to neutral~ze acidity. Through the 
same route, 1 O9 CFUs of each strain In 0.1 5 ml of 
ster~le sal~ne were adminstered immed~ately after 
the bicarbonate treatment. Acontrol group of mice 
received the same amount of ster~le saline alone. 
The same treatment was repeated after 3 and 5 
days. Mice were purchased from Charles River 
(Calco, Italy) and were housed In our anlmal facill- 
ties with a 12-hour light-dark schedule. Animals 
had free access to stere water and food but were 
not allowed to eat for 24 hours before each treat- 
ment as well as before ki lng. The coprophagic 
behavor of mice was not restrained except durng 
the fasting perods. At the tme  of k i n g ,  a blood 
sample was drawn from each mouse to assess 
their postinfect~on Immune status. Animal treat- 
ments and care were given n accordance with 
insttutonal guidelines, Infection n a gven mouse 
was assessed as follows: The stomach was re- 
moved and opened through the lesser curvature 
us~ng sterile surgical instruments; the forestomach, 
conta~n~ng nonmucosal epithelial squamous tssue, 
was elimnated. The whole mucous surface of the 
remainng gastric tissue was gently streaked onto 
an agar plate that was then incubated for 3 to 5 
days at 37°C under mlcroaerophil~c condit~ons (Ox- 
aid). Growing bactera were identiled as H. pylori 
on the basis of Gram sta~ning and the production of 
urease and catalase. Some contamnant Gram- 
negatve mcroaerophil~c bacteria were present in 
the cultured plates, but they could be easily dis- 
crimnated from H. pylori through nspection of the 
colony morphology, Gram stanng, and the urease 

test. Experiments wlth convent~onal CDI and 
BALB/c mce  gave substantally smiar results (24). 
Bacterial quantitation was done with streptomycn- 
resstant derivatives of the H. pylori strains used 
above, whch were collected on stere paper filters, 
suspended In 0.5 ml of phosphate-buffered saline, 
se r~ay  diluted, and then plated. 

26. B. E. Dunn, G. P. Campbell, G. I. Perez-Perez, M. J. 
Blaser, J. 5/01, Chem. 265, 2659 (1990). 

27 All the antigens and the LT were pure as judged by 
SDS-polyacrylam~de gel electrophoresis. The lipo- 
polysaccharide content of the purif~ed antigens and 
the LT was <0.3 endotox~n unts per microgram of 
prote~n, as determned by the Lmuus test (QCL- 
1000, Bowhittaker). Infection of mce and the deter- 
m~nation of colon~zation were performed as de- 
scribed (25). The number of colonies per mouse re- 
ported in Table 3 reflects a semiquanttative measure 
of the number of H. pylori colones present. When 
bacter~a were confluent In most of the plate and 
more than 100 solated colonies could be counted, 
we arbtrariy recorded the number of colonies as 
>I 00. None means absence of H, pylori colonies: 3 
and 5 reflect the actual numbers of colonies present 
n the plate. 
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Long-Lasting Neurotrophin-Induced 
Enhancement of Synaptic Transmission in the 

Adult Hippocampus 
Hyejin Kang and Erin M. Schuman* 

The neurotrophins are signaling factors important for the differentiation and survival of 
distinct neuronal populations during development. To test whetherthe neurotrophins also 
function in the mature nervous system, the effects of brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), and neurotrophic factor 3 (NT-3) on the strength of 
synaptic transmission in hippocampal slices were determined. Application of BDNF or 
NT-3 produced a dramatic and sustained (2 to 3 hours) enhancement of synaptic strength 
at the Schaffer collateral-CAI synapses; NGF was without significant effect. The en- 
hancement was blocked by K252a, an inhibitor of receptor tyrosine kinases. BDNF and 
NT-3 decreased paired-pulse facilitation, which is consistent with a possible presynaptic 
modification. Long-term potentiation could still be elicited in slices previously potentiated 
by exposure to the neurotrophic factors, which implies that these two forms of plasticity 
may use at least partially independent cellular mechanisms. 

T h e  neurotrophins are a group of signaling 
factors that are essential for the reeulation of " 
neuronal survival and differentiation durlng 
h r a ~ n  development. In the adult rat central 
nervous system, the hippocampus is a prom- 
inent slte of exvresslon of BDNF and NT-? 
and thelr receptors (1 ). The expression of 
BDNF, NT-3, and their receptors can he 
regulated by neuronal actl\lty (2-4), w h ~ c h  
suggests that the neurotrophlns may also par- 
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ticlpate In synaptic plastic~ty In the adult 
central nerLous system. Acute exposure to 
BDNF or NT-3, hut not to NGF, rap~dly 
potentlates the frequency of miniature syn- 
aptlc el ents at d e ~ e l o p ~ n g  neuromuscular 
synapses In culture (5), prompting us to 1x1- 

vestlgate whether the neurotroph~ns may 
regulate synaptic strength In the adult braln. 

W e  applied BDNF, NGF, and NT-3 ex- 
tracellularly and examlned thelr effects on 
synaptlc transmission at the Schaffer collat- 
eral-CAl neuron synapses 111 h~ppocampal 
sl~ces from young adult rats (6). Field excl- 
tatory postsynaptic potent~als (EPSPs) were 
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