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SUSCEPTIBILITY OF RODENTS TO ORAL PLAGUE |
A MECHANISM FOR THE PERSISTENCE OF PLAG
IN INTER-EPIDEMIC PERIODS

JAMES M. RUST, JR., [T DANIEL N. HARRISCN, 2. and JOHN D. MARSHALL, JR
& D. C. CAVANAUGH!

Adstract: Oral infection of rodents with Pasteurella pestis has been demonstrated
with both fully virulent and avirulent strains. Sustained rodent plague epizootics have
been initiated and maintained in the absence of the classical flea vector. Transmission
was due to cannibalism of thc dying rodents by their healthy cagemates, Oral infec-
tion is considered to provide a plausible mechanism for the persistence of plague in

an area where conditions are temporarily unsuitable for flea transmission.

The seasonal nature of epidemics of
bubonic plague is quite pronounced, par-
ticularly in the Republic of Vietnam and
India. Seasonal declines in the intensity
of epidemics vesult from adverse climatic
conditions reducing the number of flea
vectors.*" " In addition, a specific
effect of temperature in excess of 27C
reduces the ahility of fleas to block with
Pasteurella pestis,' thereby decreasing
their ability to transmit the agent. In
many epidemic aress, the climate be-
comes so unfavorable for the flea trans-
mission of plague that it is difficult to
understand how plague can be maintained
in the rodent population to serve as seed
for the epidemics that always occur in
succeeding years. The fact that each
zone of a country experiences its annual
plague epidemic on a relatively predict-
able schedule sugzgests that plagne does
indeed persist in the indigenous rodent
population, despite adverse climatic con-
ditions.

Prior to the incrimination of the flea
as the major agent by which plague infec-
tion is conveyed to man, it was believed
that oral or mechanical infection was

responsible for transmission of the plague
bacillus. Experiments performed early in
the present century, however, appeared to
discount the oral route as a significant
portal of entry.”''*"" However, in an
attempt to explain the persistence o
plzgue in the absence of fleas, the sub-
ject of oral infection of rodents with
P. pestis has been re-examined, with the
conclusion that oral infection may play a
significant role in the epidemiology of
focel plague epidemics and provides a
plusausible explanation for the carry-over
and persistence of plague through inter-
epidemic periods.

MATERIALS AND METHODS
Strains of Pasteurella pestis

The strains of P. pestis selected for
these experiments were the fuily virulent
Indian strain 195/P and the attenuated
Madagascar vaccine strain EV-76 (51f).
The strains were cultivated on brain
heart infusion agar or broth (Difco) at
25C or 37C depending upon the require-
ments of individual experiments. The

In conducting the research described in this report, the investigators adhesed 1o the “Guide for
Laboratory Animal Facilities and Care,” as promulgated by the Committee on the Guide for
Laboratory Animal Facilities and Care of the Institute of Laboratory Animal Resoucrces, National
Academy of Sciences - National Research Councit. The facilities are fully accredited by the Ameri-
can Association of Accreditation of Laboratory Animal Care.
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strains were tested by the methods out-
lined by Surgalla et al.* for the presence
or absence of certain antigens or viru-
lence factors, Strain 195/P contained all
of the known virulence factors. Strain
EV-76 (51f) was found to be deficient
in factor P, but was, however, capable
of establishing a fatal infection with 10
to 50 bacilli when administered with

. ferrous sulfate intraperitoneally to mice.

The number-of viable P, pestis organisms
contained in the various inocula were
determined by standard plate counts,

The experimental animals used in these
experiments were the Swiss Bagg strain
of white laboratory mice, the Sprague-
Dawley strain of albino rats, and coloniz-
ed Mystromys albicaudatus, a small Afri-
can white-tailed field rodent. Previous
unrepotted studies have shown that the
median lethal dose for all three species
was less than 100 £, pestis 195/P.

infection of rats with virulent P, pestis 198/

For the initial experiments, 200 rats
were exposed to infection by offering
them standard laboratory chow which
had been mived with 107- [0° viable P,

" pestis 195/P, Each rat had been previ-

ously conditioned by treadng its daily
ration of food with sterile broth, The
infectious food was consumed without
hesitation, In later experiments, 30 ani-
mals were fed either the entire carcasses
ot viscera of mice which had succumbed
to a virulent plague infection, In another
series of experiments, a spleen homoge-
nate from a guiner pig dead of plague
was introduced directly into the stomachs
of 10 rats by intubation and 10 additional
rats were fed the same material.

Immunization of rats with attenvated P, pestls
B76 (518,

White mice were inoculated with 100
organisms of P. pestis EV-76 (311) mixed
with 40 ug FeSO: by the intraperitoneal
route. As an individual succumbed to the
infection, it was fod to a rat, A total of
25 rats were fed in this way., A further
group of 30 rats received a subcutaneous
inoculation of 10°EV-76 (31f) as an
immunizing procedure, No fatalities were

Y

observed in any of the rats, The rats
were bled at intervals for serological tests
and were challenged on day 28 either by
feeding the rats with mouse carcasses
infected with P. pestis 195/P or inoculat-
ing them with 10* P, pestis 195/P by the
subcutaneous route.

Experimental rodent epirootic

Standard laboratory cages were utilized
with the wire screen bottom removed.
Such cages were set up with about 2.5
cm of wood chip litter in the bottom.
Each of the cages contained 10 rodents,
so matrked that their identity could be
established at the end of the experiment.
A single plague infected rodent was in-
troduced into each cage on day 1 of the
experiment. Food and water were avail-
able at all times and when an animal
died, it was left in the cage for its
cagemates to devour, As the individual
rodents succumbed to oral infection, re-
placement animals from the normal col-
ony were introduced so that 10 living
animals were present at all times, The
cages were changed cvery § days and alt
rodents, including any that may have
died from plague infection, were trans-
ferred to fresh cages, Five normal ani-
mals were then placed in the used cages
and held for 20 days so that any infec-
tion resulting from fomites or excreta
would be noted, The experiments were
terminated at the end of 40 days.

Serological motheds

Specimens of blood were obtained from
rodents that survived infection for a
period of 10 days. The sera of such
animals were tested for the presence of
complement-fixing (CF) and hemagglu-
tirating (HA) antibodies to the fraction
I antigen of P. pestis by the methods
outlined by Cavanaugh ef al™®

Pathological studies

Sclected rodents succumbing to the
infection were subjected to n thorough
necropsy; suitable specimens for bacteri-
ologicul and histological examination
were nrepared when indicated.
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RESULTS

Oral infection of rats with cultures of P. pestis

Over 90% of the animals fed cultures
of P. pestis incubated at 25C for any
period of time through 120 hr died of
plague in 2-5 days. By contrast, cultures
of P. pestis incubated for over 24 hr at
37C failed to kill any of the rats. None
of the rats produced antibody to fraction

- 1 antigen of P, pestis, The 37C cultures

incubated for less than 24 hr, however,
were us lethal for the rats by the oral
route as were the 25C cultures. The
viability of cultures of P. pestis grown at
cither temperature was unaffected by
exposure to standard laboratory chow
for 6 hr.

Examination of the 25C and 37C
cultures for the presence of various viru-
lence factors revealed the following: The
cultures incubated at 25C for periods up
to 120 hr retained all virulence factors:
There was no loss of pigmentation, frac-
tion I, pesticin 1 or I, fibrinolysin, or
coalgulase activity in the 37C grown
organisms during the 120 hr incubation,
however, there was o marked decline in
the presence of organisms containing the
VW antigen. V+W+ organisms in the
37C cuiture ranged from 95.6% at 24 hr
to Jess than 5% after 120 hr incubation,
The relative inhocuousness of the 120 hr
37C culture was further demonstrated by
animal experiments. The median time of
death of white rats inoculated intrader-
mally with approximately 250 P. pestis
grown for 120 hr at 25C was 72 hr in
contrast to 216 hr for rais inoculated
with 410 P, pestis grown at 37C.

Oral infection of rats with carcasses of viscera
of mice dying of plague

The carcasses or viscera were invari-
ably consumed within several hours of
introduction. All rats consuming the
infectious meal died of plague within
2-§ days.

Attempts to establish the exact route
of infection were made by préparing an
infections mixture of laboratory animal
diet and a homogenate of the spleen of a
guinea pig freshly dead of plague. None
of the rats challenged by intubation died
while all of the 10 rats eating the infec-
tious material died in 2-4 days. Further,
none of the rats challenged by intubation
developed an antivody titer to the frac-
tion I antigen,

An additional 20 rats fed the intact
viscera of plague - infected mice died
within a period of 2-§ days. Pre-condi-
tioning 10 of the rats on a soft died for
14 days in order to reduce the chance of
pre-existing oral lesions did not alter the
course of the disease.

Oral Immunization of rats with attenuated
P. pestls E-76 (31§).

Table 1 presents the results of a chal-
lenge experiment, It can be seen that
otal immunization occurs, although not
as efficiently as by the parenteral route.
i is noteworthy that all rats which sur-
vived chaltenge had demonstrable anti-
body titers on day 8 following the inges-
tion of carcasses infected with EV.T76
(51f) or parenteral inoculation with
EV-76 (51f). On day 8, the geometric
mean logy titer for CF antibody was 1:1.2

TABLE 1. Immunity of Rets Following Vaccination with P. pestis EV-76 (51€) by the Oral or

Parenteral Route,

Vageination Challenge
BV-6 (31) 195/p
Route Dose ___R»u_qle‘"_l ... b
Oral 10° Oral
Oral 10* Parenteral
Parenteral 10 Oral
Parenteral 10° Parenteral
None 0 Oral
Nane 0 Parenteral

Survival

Dase No./Total %
10t R/18 53
10t 6/10 60
1" 18720 90
10 10/10 100
1 0/10 0
1o 0/10 0

-t bt YRR
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and 1:8.9 for HA antibody in the sera of
the rats. Conversely, those rats which
died were uniformly negative for plague
antibody by both tests on day 8.

Exﬁmmonhl plogue epizoetics

At day 40, when the experiment was
terminated, 38 of 50 (76% ) mice housed
with a mouse dying of plague infection
had also died of plague. Twelve of the
38 animalx replacing the dying members
of the original cage populations also died
of plague. None of the mice housed in
the cages soiled by the mice dying of
plague died of the disease. Two of the 12
surviving members of the original mouse
poputations and 1 of the 26 surviving
replacement mice had antibodies at day
40 to the fraction I antigen. The titers of
these mice were 1:32, 1:8192, 1:2048

in the HA and 1:32, 1:256, 1:128{n tha-

CF tests, respectively.

Similar results were obtained with A,
albicaudatus. Two of 20 Mystromys Were
initinlly infected by injecting them . witk -

P, pestis. These spimals had dled by day
2 and were entirely consumed by the
other rodents present. Animuls were
replaced as they digd and all cadavers ..

excess of 2 were, Temoved ot the time of
ench replucemont, Scine 144 Myitramys
died within 31 days, all apparently after
oral infection, Durlag the first third of

thirds, the mwan survival tme was % days.
None of the Mystromys survived: Jong
enough to produce plague antibodios,

Pathologleat a?mmﬂm on animals dylag of
experimental onal plagus Infectien

The pathological pleture of oratly in.
fected rats differed conslderably from
those infected by other youtes (subcwias
neous and peritonent). All anlmals suc.
culbed with ternunal bacteromin, The
predominant  chouges  obserwnd  were
extensive pulmonary edema wich transw

. date in the thoracle cuvity und foeud

necrotic, frequently suppurating, cervical
adenitis. In rare instances, the mesenterds
tymph nodes were enlurged and contained

" arens of foeal nacrosis. An oceasionul

focal, acute hopatitix was noted along
with the above puthologicul changes. The

/

bronchial and mediastinal lymph nodes
were not remarkable, The lesions sug-
gested that the organisms gained entrance
through the pharyngeal mucosa. P. pestis
was isolated from the blood and the cut
surfaces of the spleen, lungs, and lymph
nodes of all animals examined.

DIscuss:

In the civ..ng years of the 19th cen-
tury, a pandemic of plague originated in
China and graduatiy spread throughout
‘much of the world, The:close asgpciation

of the human opidemic and “the rat .

epizootic was noted, and upon’tho isols-
tion of the etiological agent, . bmr‘s e
it was proven that the stnyk ngemt was
the cause of plague in both human belngs
A8 rits, Prior to she incrinsinstich of
‘tho flen as the veetor of bubonic plague

“-By:Liston,™ it was believed that boua yats
-~ and human beings were infected by the
otal route or by mechidnicn! means,

< Many experimonts werd cartied out

with rsds during this peried to prove or
disprove the. theory that oral infection
was the major ronte of transmissfon for
ruts. - ‘The majority .of the experiments
were conducted by Infecting various foods
with cultures of P. pestis and then fued-
ing these infectons materfuls to rats.

-Neither the immune status of the rats

A f ~uwd nor the cultural conditions whirh
the experiment, the mean sugvival time

- the P, pestix utitlz intonts
was 2 days, while during the finel two- . he P. postie utilized In these experintents

‘were specified. The highty veriuble results

of these enrly experiments indicated that

- An certain studies, few, if any, rals were

spgceptible to infection with cultures od-
wiristered by the orml route while in
othey studies the majority of animals fod

“elther cultsres or infocted cnrcasses sugs

cumbed,

In the expesiments reported here, rats
were entirely sasc ptible to infection by
the oral route when the epltures utitizgd
for infection were incub.tod at 25 C. By

_contrast, when the cultures used 1o infect

rats were incubnted o1 37 C for over 24
hr, none of the rals suceumbed to the
infection and none of the rats had anti-
body to the plugue baciliug,

The offect of profonged incubation on
the loss of virulence fuctors has been
investigated, It hasx Ieen reported that

“37C cultures huve o tendency to shift

i
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from a population of fully virulent
V+W+ bacilli to a population of non-
virulent V—W—- bacilli.*® These reports
have been confirmed during this study,
There was no detectable shift in the pop-
ulation during incubation at either 25C
or 37C in respect to the following viru-
lence factors: pigmentation, fraction I,
pesticin I or II, fibrirolysin, or coagulase
production. The shift in the V-W factor
while not detectable in the 25C culture,
was pronounced in the 37C culture,
ranging from 4.4%, V—W— organisms
at 24 hr to 95.2%, V—W -~ organisms
at 120 hr. The magnitude or this shift
appears to be sufficient to account for
the difference in lethality by the oral
route of the respective culture, It is
probable that the variable results oxperi-
enced by earlier workers was due to
similar population shifts in the cultures
used.

Despite the fact that failure was exper-
ienced with some cultures of P. pestis in
initinting oral piague infections in ruts,
little difficulty was experienced in nchiev-
ing fatal plague infections whon the
subject rodents wore offered the intact
carcnsses or viscera of mice which had
recently died of plague. The rats, housed
in individual cages, cxhibited no reluc.
tance to consume such materinls which
were generally caten as soon as they were
placed inside the cages, By contrast, miee

" housed in geups of 10 may have devel-
oped some aversion to eating dead coge-
‘mintes inusmuch us the fast fatality in
cach of the § cuges of mice occurred
14-32 days ofter the expenmcnts werd
initiated. Nevertheless, 76% of the
original mice died of piague during on
experimental period of 40 days, When
M. albicandaus were tested. 100% of
these rodents succumbed, indicating that
no such aversion developed nmong the
Mystromys. Korobkova et ol reported
sintflar results with mice, but not "with
guinea pigs. They did not mention the
existence of cannibalism among coge-
maten, which may expluin the difference
in the results between the two species.

The oril route uppears ta be patticu-
larly advantugeous to P, pexily, even
attenuated baeiltl belng cupable of entey
into the budy of the experimental animal
by this route and penlsting for sone

time, The attenuated P. pestis strain
EV-76 as described by Girard® is an
effective vaccine strain, capable of limit-
ed multiplication in the body of the host
and evoking an antibody response to the
fraction I antigens of P. pestis if such
multiplication occurs. Over 50% of the
rats ingesting the carcasses of mice which
had died from an artificially contrived
infection with EV-76 (51f) responded
by developing CF and HA antibodies to
the fraction I antigen of P. pestis and
immunity to a challenge infection with
fully virulent P. pestis. It is also of
interest that only those animals which
produced demonstrable antibody were
resistant to fatal infection by cither oral
or parenterai routes.

The exact row.. oy which P. pestis
ingested by rats guins entry into the body
is somewhat uncertain. It was, however,
definitely possible to rule out infection
by way of the gastrointestinal truct, Nonc
of the rats receiving infectious material
contpining 10" medinn lethal doses via
stomach tube syccumbed to the discase.
Unlike the reports of the Plague Rescarch
Commission,” we did not observe en-
larged snesenteric buboes in a significant
nuruber of orally infected rodents. Two
ather possibilities oxist: infection via the
tonsillar-pharyngeal route or via the pul-
monary systeny, The changes observed at
autopsy, extensive pulmonary edemua and

focal necrotic, frequently suppurating,

cervieal adenitis with littte or no Involve-
ment of the bronchial i« aedipstin
lymph nodes, are more compauble with
the tonsillar route than the pulmonpary
route of infection. Meyer® reported that
in one gperosol infection experiment, cer-
vical buboes with septicemin and sceon-
dury pulmonary invotvement occurred
in 60% of the test animuls us oppased
(o primary pneumonia in 20%, He
concluded thut  the larger particles

which had impinged on  the mugosa

of the upper respiratory tract prohably

nitinted the intections. Feeding the raw

a soft diet prior 10 challenge with it fect.
ed viwern ncgated the question os to
whether or not the bone fragments, etc.
contalned In intact carcasses w.re pri-
marily responsible for entry of the plague
baclllus by mechanical injury of mucosal

surfaces. The. important foatures of the

)
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post mortem changes were that all ani-
mals examined had cervical adenitis, with
or without pulmonary edema, and ter-
minal bacteremia.

The significance of the terminal bac-
teremia is self-evident. Such rats could
serve to infect vector fleas, should any
fleas be infesting the animal during the
final phase of the disease.

As a rule, the lymph nodes tributary
to the site of inoculation are the most
extensively involved in plague infection,
In India, during the early portion of this
century, some 4,000 rats naturally infect-
ed with plague werc examined and 75%
of these rats had pronounced cervical
adenitis.”™" Pollotzer™ also states that a
large cervical bubo was the most evident
feature in the plague rats examined by
him in China, In India, it was believed
that the large cervical bubo obssrved in
plague rats was due to the fact that fleas
congregated on the neck of the hosts and
that the neck region was the site most
ofien bitten by infected fleas. In the light
of these experiments, however, an equally

_ plausible explanation might be that many
of the rats examined in the field had
ingested either rats infected with P. pestis
or. plague-infected fleas and that not all
of the rats had been infected by the bites
of infective flens, Meyer® noted that

. many field rodents found deud of plague
had enfnrged submaxillary glands that

suggested infection through cunnibalism,

Fleas are undoubtedly the mmjor con-

- veyors of plogue 1o man in cpidemics of

bubonic plagire, Flea control §s the most
tapid means  avaituble of proventing
human disease, Tt s not the purpose of
_this report to cast doubt on the impor-
* tanee of flea vectors fnn the epidemiology

REFERLISCES

of bubonic plague, It is also true, how-
ever, that reliance on non-residual insecti-
cides which do not pollute the environ-
ment for vector control is fast becoming
a general policy.* Mechanisms permit-
ting plague infection to smoulder in a
rodent population, until adequate num-
Lers of vector fleas permit the recrudes-
cence of human disease, justify study
aimed at the eventual complete interrup-
tion of all infectious cycles in plague foci,
The role of soil contaminated with the
remains of animals dying of plageu serv-
ing as a source of plague infections of
burrowing rodents has been demonstrat-
ed, ie., rodents reoccupying burrows of
rodents dying of plague being frequently
infected,™"™ The cannibalism of the
tissues of plague-resistant rodents infect-
ed, but not fatally so, with fully virulent
P. pestis by rodent species sensitive to
fatal plague infection is another mechan-
ism by which plague may be maintained
in a natural plague focus.® In the experi-
ments presented in this report, a fatal
plague infection was the jnvariable result
when susceptible commwensal rats or mice
or one species of field rodents ingested
the carcass or viscera of o mouse which
had died of plugue, Considering the
gene | habits of commensal rats, the
ingestion of dead rats by other rats is not
an unlikely event in nature. Indeed, in
miny arens, where epizootics continue to
some extent through adverse climatic
conditions, oral trunsivission, with the
other mechanisims ¢ited above, may be

‘the reason for the shortsterm persistence

of plague in a given locale, In such aren- .
rat abatement in conjunction with a co-

ordinated program of flea control would

be the only efficacious. means of eradi-
cming plague. ’
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