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weight range show some increase in kidney
function related to postnatal age. However,
judging from the rate of development of kid-
ney function in larger infants®> and in rab-
bits,® the magnitude of the increase observed
in our older infants may be less than would be
expected in larger infants. In addition, the
Cix/Cpayn ratios did not change in our infants
with increasing clearances. These latter find-
ings suggest that development of kidney func-
tion in infants weighing up to 2500 g may be
influenced by a gestational factor not operat-
ing in larger infants. A more complete de-

5 Gordon, H. H., Harrison, II. E., and Me-
Namara, H., J. Clin. Invest., 1942, 21, 499.

6 Williamson, R. C., and Hiatt, E. P., Proc. Soc.
Exp. BioL. AND MED., 1947, 66, 554.

scription of these relationships requires direct
comparison of these results with similar data
on full term infants. Such observations are
planned.

Conclysions. Mean values for inulin and
PAH clearances and PAH tubular maxima
corrected for surface area in premature in-
fants ranged from 17 to 58% of normal
adult values. Greater postnatal age appears
to increase the rate of development of kidney
function in premature infants weighing be-
tween 2100 and 2500 g although to a less
extent than might be expected in full term
infants.

We are indebted to Flora Hurwitz, R.N., for
nursing and technical assistance.
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The present series of papers deals with
studies on strains of the virus of foot-and-
mouth disease from outbreaks in Mexico. The
work was undertaken at the request of the
Bureau of Animal Industry of the United
States Department of Agriculture on behalf of
a joint Mexican-American Commission to
whom all the results recorded here have been
reported.*

* The authors wish to express their thanks to
the joint Mexican-American Commission (Lic.
Oscar Flores (Mexico) and Dr. M. S. Shahan
(U.S.A)), co-directors; Dr. B. T. Sims, Chief of
the Bureau of Animal Industry, and Dr. Fernando
Camargo, Director of the Laboratories of the
Mexican Ministry of Agriculture and Livestock
Industry, for the opportunity to examine the
material. Their thanks are also due to Dr. H, W.
Schoening in charge of the Pathological Division
(B.A.1), for his continued interest during the
progress of the investigations.

During the experiments recourse has been
made to many new methods that have been
developed at this institute, to which some
preliminary reference should perhaps be made.
The necessity of having a quantitative ap-
preciation of a biological problem is becom-
ing increasingly apparent especially in ap-
proaching problems of immunity. No great
reliance can be placed on the results of “field”
vaccination experiments, for example, in esti-
mating the real value of an immunizing agent
as it is not possible to analyse satisfactorily
the many factors involved. This can be done
only under controlled experimental conditions.
Again before satisfactory interpretations can
be made of the results of experiments carried
out under controlled conditions it is necessary
to have reliable “standard methods.”

The main program of the scientific staff
of this Institute for the last eight years has



58 StrAINS OF VIRUS OF FooT-axp-MouTtH DiIsease 1N MEXIco

been directed with this object in view. As a
result it is now possible to measure the po-
tency of virus suspensions of bovine origin
such as are used for vaccine production by
a method of titration involving the simul-
taneous inoculation of a number of serial
dilutions of virus in the bovine tongue.! Suf-
ficient observations are made for the calcula-
tion of the 30% end-point. This method
guarantees the greatest accuracy commen-
surate with the use of a very limited number
of animals.

In serum neutralization tests correlated with
electrophoretic studies and the development of
methods for concentrating antibodies it has
been shown that by application of the above
titration method it is possible to estimate
with a greater degree of accuracy than was
formerly attainable, the neutralizing and pro-
tective properties of bovine antisera and to
detect low levels of antibody.? For quantita-
tive estimates of this sort it is obvious that
there must be basic information on the rela-
tive susceptibility of the test animals employ-
ed. In the case of foot-and-mouth disease
where cattle are the experimental animals of
choice for the study of virus of bovine origin,
this susceptibility must vary within wide
limits according to the source. There is on
the one hand the stock of a country in which
the disease is not endemic and in which varia-
tions in susceptibility may be attributable to
other factors such as age. condition and breed
and on the other hand the stock of a country
in which the disease is endemic. In this
case the ‘‘clean history™ of the experimental
animals is an extremely doubtful factor. This
difficulty has been overcome in some countries
e¢.g. Holland, by the importation of test ani-
mals from a country which is free from the
disease.

It should be emphasized that in all the in-
vestigations at Pirbright including those under
discussion, cattle with a *‘clean history” and

1 Henderson, W, M., Thesis, University of Edin-
burgh, (in press as an
Council Report), 1945,

2 Brooksby, J. B., Thesis, University of London,
(in press as an Agricultural Researeh Couneil
Report), 1946.

Agricultural Research

a relatively uniform level of susceptibility
have been employed. While this is indis-
pensable in estimates of virus potency and
antibody levels it is equally important in the
true appreciation of the limitations of tests
for the non-infectivity of vaccines and in esti-
mating the immunizing value or potency of
vaccines.

Reference has been made by one of us
(I.A.G.) at divers meetings to the results
obtained at this Institute in developing stand-
ard methods. These included meetings held
under the auspices of the Office International
des Epizooties in Paris in May, 1947 and
in Berne in September 19472 the 4th Inter-
national Congress of Microbiology in Copen-
hagen in July, 1947 (see Proceedings) and a
meeting organized by F.A.O. held at Pir-
bright in September, 1947. In addition to
the methods mentioned above extensive obser-
vations carried out on several thousand cattle
under controlled experimental conditions have
shown that it is possible to estimate the rela-
tive potency of different vaccines in contact
exposure tests by administering graded doses
of vaccine. Results having statistical signifi-
cance can be obtained, based on the calcula-
tion of 50% end-points provided that groups
of an adequate number of vaccinated and un-
treated control cattle are employed. In such
circumstances it has been demonstrated that
different strains of virus have different im-
munogenic properties against a strictly homo-
logous virus infection (i.e. infection with the
same strain) with the implied necessity of se-
lection of suitable strains for vaccination.
At the meeting in Copenhagen and again at
the 4th International Congresses of Tropical
Medicine and Malaria held in Washington
in May 1948 preliminary reports were made
by one of us (I.A.G.) of some of the experi-
ments, the results of which are embodied in
this series of papers. One of the points con-
nected with the immunity problem which has
received particular attention has been the
difference in antigenic behavior of strains of
virus within a main immunological type
group.

3 Galloway, Ian A., Bull. Off. Internat. Epizoo.,
1947, 27, 520.



STrAINS OF VIrRUs oF Foot-anp-MouTtH Disease IN MEexico 59

Since these matters were reported another
line of approach has been introduced for the
detailed study of strains of virus, the appli-
cation of the complement fixation test. Ref-
erence has already been made by one of ust
to the development at this Institute of the
technic on a quantitative basis.

It is encouraging that already this necessity
of developing standard methods on which so
much insistence has been placed by the
authors is now being widely recognized and
their precepts are coming to be adopted more
generally.

Paper II3 deals with the identification of
13 samples of virus material from Mexico and
the accumulated evidence justifies the con-
clusion that only the virus of foot-and-mouth
disease was present in any of the virus
samples examined and all the methods em-
ployed for the determination of the im-
munological type involved indicated that all
the strains could be placed in the Vallee A
group.

There should be some basic information on
the pathogenicity and invasiveness of the virus
strains concerned before immunity studies
are pursued and unless this is forthcoming it
is impossible to interpret the results of vac-
cination experiments correctly. Paper III®
summarizes the observations on these charac-
teristics of the Mexican strains of virus. Evi-
dence is produced to illustrate the low in-
vasiveness of these strains. The question has
been discussed at some length there as it is
of great interest not only because of its
epizootiological significance but also in the
interpretation of the results of vaccination
experiments. Further points merit elabora-
tion here. It is often exceedingly difficult if
not impossible to secure any information of
real value on the origin of a particular out-
break or epizootic of foot-and-mouth disease

4 Brooksby, J. B., Proc. Soc. Expr. BioL. AND
MEp., 1948, 67, 254.

5 Brooksby, J. B., Henderson, W. M., and Gal-
loway, Ian A., Proc. Soc. Exp. BioL. aND MED.,
1948, 69, 64.

6 Henderson, W. M., Galloway, Jan A., and
Brooksby, J. B., Proc. Soc. Exp. BioL. AND MED.,
1948, 69, 66.

and much of the evidence advanced does not
proceed beyond the realms of speculation. In
this respect the present epizootic in Mexico is
no exception.

It is not known how strains of low invasive-
ness arise. We do not even know whether
low invasiveness as determined by tests on
a particular breed of cattle of fairly uniform
susceptibility under a given set of conditions
would be equally demonstrable if observations
were made on another breed of different age
and conditions in a different climate.

It is known that some species adaptation
of the virus appears to occur, for strains of
virus of porcine origin sometimes show poor
infectivity for cattle. One of us (J.B.B.) has
studied such a strain recently and while it
spread readily amongst swine it did not do so
{from swine to cattle. The supposition that
the Mexican strains of virus may have origin-
ated from swine would appear to be discounted
since as has been reported in Paper I1,5 strain
MP (23.12.46) showed no special affinity for
swine. On the other hand in countries in
Africa, South America and Asia where the
disease is endemic and where also susceptible
wild animals of different species may roam
as in Mexico (e.g. deer, wild pigs, goats,
llamas, tapirs, porcupines etc. as well as small
susceptible rodents of different kinds) it does
not seem to be a remote possibility that the
disease may spread among these and then
return to infect cattle in a modified form due
to passage through and perhaps some adap-
tation to species other than cattle. Where
such conditions prevail i.e. a virus of low in-
vasiveness is spreading and leaving in its
wake animals with a varying degree of im-
munity; are they not conducive to the de-
velopment of “variants” and also to the per-
sistence and smouldering of the disease per-
haps in a mild atypical form which at certain
periods might not be readily recognizable as
foot-and-mouth disease? If a virus spread-
ing in this way reaches say “closed” dairy
herds of a more susceptible breed of cattle
e.g. cattle of European origin, this might pro-
vide the circumstances and necessary medium
for an enhancement of the invasiveness of the
strain and a “flare up” which first attracts
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attention to the existence of the disease.

Turning to the problem of the interpreta-
tion of experiments on vaccination it is ap-
parent from what has been outlined else-
where®? that strains of low invasiveness
create added difficulties. When in contact
exposure tests a considerable number of un-
treated susceptible control cattle fails to de-
velop visible lesions but on the other hand
becomes immunized as a result of infection
it is exceedingly difficult to know to what
extent the resistance exhibited by the non-
reactors in the vaccinated groups can be
attributed to the vaccine and to what extent
to the low invasiveness of the strain of virus,
unless the number of animals in each group is
increased bevond the limits of practicability.
How much more important this problem be-
comes in countries where it is difficult to pro-
cure cattle of uniform susceptibility! Tt is
known that in countries in which the disease
is endemic and where it is not the practice
to select animals according to age, breed and
condition, it is not uncommon to find quite
a number of cattle which will not react even
to intradermal inoculation of the tongue with
massive doses of strains of virus of high invas-
iveness. It would therefore not be surprising
if the number of non-reactors to such inocula-
tions was not materially increased when
strains of low invasiveness such as the Mexi-
can strains are under investigation., The
significance of the virus-host relationship is
further illustrated by the facts which emerge
from the observations on the titration of two
of the Mexican strains of virus, MP and M.1
(in suspensions prepared from the vesicular
tongue lesions or in the circulating blood) re-
ferred to in Paper IIL®

It is obvious that unless there is awareness
of the influence of the factors discussed above
there can be no satisfactory approach to a
discussion of what are sometimes glibly re-
ferred to as “international standards™.

When in vaccination experiments there are
indications that the invasiveness of the strain
of virus under investigation is low and the

susceptibility of the cattle is nevertheless
relatively and uniformly high, it is possible
as has been recorded in Paper VI to use an-
other method of estimating the potency of
a vaccine. This is dependent on observations
on the occurrence or non-occurrence of secon-
dary lesions on the lips or feet or elsewhere
following upon the inoculation of virus intra-
dermally into the tongues of groups of vac-
cinated and control cattle. As in contact
exposure tests little reliance can be placed
on observations on too small groups of cattle
for as will be seen from the results secondary
lesions sometimes do not develop in the un-
treated control cattle. )

Further work is being done to find out
the correlation between the results in po-
tency tests of vaccination with graded doses
of vaccine followed by exposure to infection by
contact and similar potency tests in which
the vaccination with graded doses of vaccine
is followed by exposure to infection by inocu-
lation of virus intradermally into the tongue
or by other routes.

Particular attention must be drawn to the
results of experiments which are recorded
in Papers IVS V® and VI7 illustrating the
antigenic behavior of the Mexican strains of
virus MP and M.1 in relation to 119 the Pir-
bright stock strain of virus of the main Vallée
A immunological type.

It is perhaps as well to deal first with the
observations which were made in vaccination
experiments with virus strains MP (Mexican)
and 119 (Pirbright). When it was found
that the first samples of virus sent from
Mexico including strain MP were of the
Vallée A immunological type, an experiment
was set up to determine whether a vaccine
prepared from strain 119 (Vallée A) would
give as good protection to cattle exposed to
infection with the Mexican strain MP as to
cattle exposed to infection with strain 119.
From observations as yet unpublished carried

7 Henderson, W. AL, Galloway, Ian A, aund
Brooksby, J. B., Proc. Soc. Exp. BioL. AxD MED,,
1948, 69, 77. ’

8 Brooksby, J. B., Galloway, Tan A., and Hen-
derson, W. M., Proc. Soc. Exp. BioL. AND MEb.,
1948, 69, 70,

9 Brookshy, J. B., Galloway, Tan A., and Hen-
derson, W, M., Proc. Soc. Exp. BioL. Axp MED.,
1948, 69, 74.
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out under strictly controlled experimental con-
ditions on 320 vaccinated cattle and 116 un-
treated control cattle in a series of experi-
ments, it has been proved that strain 119 is
of high immunogenicity against strictly
homologous virus infection (50 per cent end-
point protection dose — 8 cc). As will be
seen from the results of the recorded experi-
ments in Paper VI,7 a vaccine prepared from
strain 119 did not, when administered in
equivalent dose, give the same measure of
protection against infection with strain MP
as it did against infection with strain 119.

When this result was obtained an examina-
tion of the two strains was made in cross
serum neutralization tests in cattle, Paper V,”
and it was found that bovine anti-sera had a
greater neutralizing effect on strain homo-
logous than on strain heterologous virus. In
complement fixation tests also, Paper IV3
differences were apparent in the antigenic be-
haviour of strain MP and strain 119 when
-anti-sera from guinea pigs infected with the
respective strains were employed.

Cross serum neutralization and complement
fixation tests were then carried out with
strains MP and M.l and differences were
exhibited also in the antigenic behaviour of
these strains both in relation to strain 119
and to one another. Since strains MP and
M.1 appeared to differ from one another in
their behaviour in complement fixation and
serum neutralization tests an investigation of
their antigenic behaviour in cross immunity
or vaccination experiments was made. As
will be seen in Paper VI7 the results of these
preliminary tests were not conclusive al-
though their trend suggested some difference
between strain MP and M.1. It is conceiva-
ble that in similar experiments in which groups
of cattle are tested by the same method after
injection with smaller graded doses of vac-
cine it may be possible to bring out greater
differences in the antigenic behaviour of these
strains. It is obvious that further work is
necessary to clarify the position and that all
due caution must be exercised in drawing
conclusions. However, even at this stage,
there is justification for the statement that
the results of the examination of the antigenic
behaviour of the Mexican strains of virus

has strengthened the evidence for the occur-
rence of “variants” within the main Vallée A
immunological type group. The use of the
term “variant” is one of convenience only and
in this instance is for the purpose of de-
scribing some observed difference in the
antigenic behaviour of strains of virus which
are so similar in their behaviour in general
immunological typing tests that they can
clearly be classified only in one particular
type group. This class of “variant” is dis-
tinct from others apparently more complex
which has been described by Traub and his
co-workers!®!1 as the result of complement
fixation tests. These latter variants show
some partial relation to other immunological
type groups. There appears to be correla-
tion in some instances at least between the
differences brought out by the three methods
of study of antigenic behaviour but a con-
siderable amount of work is now necessary
to examine as many strains of virus as pos-
sible to see whether this is universally the
case. Particular attention is being paid to
the strains of virus regularly employed for
vaccine production in the different European
centers. It would be tempting to assume
that because agreement in the results of com-
plement fixation, serum neutralization and
cross-immunity tests has been observed in
the experiments recorded here it would be
possible to forecast the results of vaccination
experiments with a strain of virus from the
results of the other two simpler tests. It is
premature to assume that this would be so.
It would be reasonable to suppose that some
of these antigenic differences may be quanti-
tative and that the limited range of antigenici-
ty of certain strains may be compensated for
by increasing the amount of antigen ad-
ministered in vaccination or again some of
the difficulties may be overcome by the se-
lection of strains of good immunizing power
and of a wide range of antigenicity. The real
significance of the occurrence of these “vari-
ants” within an immunological type group has
yet to be assessed. What is strongly suggested

10 Traub, E., and Rodriguez, R., Zbl. Bakt. Abt,
1, Orig., 1944, 151, 380.

11 Traub, E., and Mohlmann, H., Berl. und
Miinch. tierdrztl. Wschr., 1946, 1, 1,
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is that these observations cannot be ignored
in immunization procedures since Traub and
Mohlmann!! while working in Europe re-
covered some similar Vallée A “variants”
from some cattle which developed the disease
although they had been vaccinated in the
field with a stock bivalent vaccine in which
two strains of virus, one of the Vallée O type,
and the other of the Vallée A type were in-
corporated. The cattle in these “vaccine
breaks” had been vaccinated with a Schmidt-
Waldmann aluminum hydroxide vaccine.

Their method of approach to the problem
was different from that of the present authors
in that thev came across these ‘“variants”
while carrving out complement fixation tests.
They did however add a rider to the effect
that although the late war had prevented them
from being in a position to place their obser-
vations on record, they had found that the
Vallée A strain of virus used for vaccine pro-
duction was not so immunogenic against the
other “‘variants” as it was against itself and
the same held true for the behaviour of
the other “variants.”

It is apparent, and this was stressed at
the 4th International Congress of Microbiol-
ogy in Copenhagen, that the position with re-
gard to strains of virus of foot-and-mouth
disease is similar to that which appears to
exist with strains of influenza virus i.e. “var-
jants” occur within a main immunological
type group. Where workers on foot-and-
mouth disease have an advantage over those
engaged on the influenza problem is that al-
though for obvious reasons progress is bound
to be slower, the strains of virus can be studied
in the host from which they were recovered
and cross immunity vaccination experiments
involving exposure to infection with a selected
strain of virus can be carried out on cattle in
which the disease occurs under natural con-
ditions.

In the present series of experiments the
Mexican strains MP and M.1 and the stock
strain 119 were all strains of bovine origin.
The serum neutralization tests were made with
bovine antisera and these and the cross im-
‘munity tests were carried out in cattle. Until
some means is devised of overcoming the dif-

ficulties encountered in using bovine anti-
sera in complement fixation tests, virus strains
have to be adapted to guinea-pigs for the
preparation of antisera for this purpose. It
would be preferable to avoid this procedure.
As a result of the observations recorded above
it was recommended to the Bureau of Animal
Industry of the U. S. Department of Agri-
culture for the benefit of the joint Mexican-
American Commission that until further in-
formation became available on the range of
immunogenicity and specificity of other Vallée
A type strains of virus it would be preferable
to use Mexican strains of virus for vaccinating
in Mexico (Results of experiments in which
cattle injected with vaccines prepared from
Mexican virus strains were subsequently ex-
posed to infection with the same strains are
recorded in Paper VI'). When again from
the results of experiments some antigenic dif-
ferences appeared to exist between the Mexi-
can strains MP and M.l it was recommended
that until further information was obtained
both these strains should be incorporated in
vaccines for use in Mexico, in fact a bivalent
vaccine incorporating MP and M.l should
be employed. The position is however in a
constant state of flux and it must be reviewed
from time to time.

This is neither the time nor the place to dis-
cuss fully the observations recorded in this
series of six papers in relation to the con-
trol of foot-and-mouth disease. The pro-
cedure must be governed by the conditions
obtaining. Attention might however be drawn
to the more obvious implications. Every ef-
fort should be made to prevent foot-and-
mouth disease becoming endemic in a coun-
try. This can be accomplished in certain ex-
ceptional circumstances by a ‘“stamping-out”
policy alone involving the early and rapid
slaughter and disposal of carcasses by burial
or burning and the application of a “cordon
sanitaire” including police and quarantine
measures.

If vaccination has to be introduced, owing
to the failure or inapplicability of a “stamp-
ing out” policy, either alone or in combination
with slaughter in zonal control measures or
on a more extended basis then rapidity is
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again the key to the situation and every ef-
fort should be made to induce as high a grade
of immunity in as many susceptible animals
as possible in as short a time as possible.

Whatever the class of vaccine to be em-
ployed, there must be information obtained
on the strain or strains of virus responsible
for the outbreaks.

Furthermore a phase has now been reached
in research on the disease which points to the
necessity of “‘standard methods” such as those
referred to above so that as highly effective
vaccines as possible can be produced. This
involves the selection of strains of good im-
munogenicity and of as wide a range of group
antigenicity as possible. The last word on
vaccination against foot-and-mouth disease
has not yet been said. If when the disease
is already, or should owing to untoward cir-
cumstances, become endemic new aspects of
the control problem arise but this theme can-
not be developed here. However something
should be said about one or two points of in-
terest. Under epizootic or endemic conditions
is it not likely that some reported cases of
“reinfection” in herds which were known to
have passed through the disease only a rela-
tively short time before may be due to infec-
tion, with the same strain of virus, of cattle
which escaped the disease before, or at least
acquired only a low grade of immunity due
to the low invasiveness of the strain? An-
other possibility is that a strain “variant”
may have arisen. It is often assumed with-
out further investigation that such cases of
so-called “reinfection” are due probably to

another immunological type. In at least one
specific case of reported “reinfection” during
the Mexican epizootic such a belief was not
substantiated by the examination of the
virus sample collected. This aspect requires
further study.

Examination of samples of virus from out-
breaks during the course of an epizootic has
of necessity in the past been very fragmen-
tary. The observations recorded here suggest
strongly the advisability of a more detailed
and continued examination of as many virus
samples as possible. This would contribute
to a better understanding of the epizootio-
logical picture and the sequence of events.
Indeed it would be essential if effective con-
trol and possibly ultimate elimination of the
disease was the aim in view.

Nothing has been said about the possibility
of the occurrence of other vesicular diseases
such as vesicular stomatitis or vesicular ex-
anthema at the same time in areas where
foot-and-mouth disease is spreading but that
is another question.

The problem of the attempted control of
foot-and-mouth disease by procedures involv-
ing vaccination is obviously more complex in
some cases than is generally appreciated but
not so complex that continued scientific en-
deavor may not introduce considerable im-
provements in many directions. It should
be apparent also that in applying methods of
control involving vaccination, continual guid-
ance and indeed direction of the program
must come from the laboratory.





