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SUMMARY

Donor cattle infected with foot and mouth disease (FMD) virus subtype Ox

were used to expose experimental cattle. The pharyngeal virus growth and viraemia
patterns after contact exposure were quite different from those obtained after
intranasal inoculation and suggested that the lower respiratory tract might pro-
vide an additional portal of entry for the virus. A tracheotomy was performed on
experimental cattle to let the respiration bypass the pharynx, followed by ex-
posure to FMD virus by different routes. The results confirmed that FMD virus
can enter the bloodstream via the lung, followed by haematogenic infection of the
pharynx and other replication sites simultaneously. These observations led to
further experiments in which the intravenous route of infection was used to study
the interaction of virus growth in the phayrnx, in other sites, and in viraemia.

INTRODUCTION

In a companion paper (MeVicar & Sutmoller, 1976), we describe the growth of
foot and mouth disease (FMD) virus in the upper respiratory tract of cattle after
intranasal inoculation with the virus. General virus growth patterns were estab-
lished relative to the dose of infecting virus and the pre-exposure immune status of
non-immunized, immunized, and recovered cattle. These studies also covered the
onset and development of viraemia relative to the virus growth in the pharyngeal
area. We have also explored the mechanisms of entry and removal of virus from
the vascular system (Sutmoller & Me Vicar, 1976).

For the objectives of the studies described in the companion paper (MeVicar
& Sutmoller, 1976), the intranasal route was chosen because it enabled us to con-
trol the dose of virus and the exact moment of virus exposure.

* Present address: Dr Paul Sutmoller, Chief, Virology Laboratory, Centro Panamericano
de Febre Aftosa, Caixa Postal 589-Z-C-00, Rio de Janeiro, Brazil (GB).
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Earlier we proposed a working hypothesis for the pathogenesis of FMD (Sut-
moller, 1971). Briefly, infection started with local multiplication of virus in the
pharynx, followed by drainage to the circulatory system with subsequent spread
to epithelial sites; the result was formation of vesicles. The results of our present
series of experiments suggest the need to expand the hypothesis and to include the
lung as an additional portal of entry of the virus.

MATERIALS AND METHODS
Cattle

Hereford steers approximately 18 months old were housed in isolation units as
described elsewhere (Callis & Cottral, 1968).

Virus
FMD virus, type O, subtype 1, strain CANEFA-2 was used after the 7th

passage in primary bovine kidney cell (BK) cultures.

Virus inoculation

For intranasal inoculation, 5 ml. of virus suspension was slowly instilled into
the ventral part of the nostrils (2-5 ml. on each side) while the head was held
slightly elevated. For intravenous inoculation, the virus was injected into the
jugular vein through a polyethylene catheter.*

Collection of samples

Samples of oesophageal-pharyngeal fluid (OPF) were taken with a cup probang
(McVicar, Graves & Sutmoller, 1970). A polyethylene catheter placed in the
jugular vein was used to collect heparinized blood samples. Approximately 50 cm
of tubing was threaded through a 13-gauge bleeding needle previously inserted in
the vein. The needle was withdrawn over the tubing and a blunted 18-gauge
needle was inserted into the free end. A 5-ml. plastic syringe filled with phosphate-
buffered saline (PBS) was attached to the fitting and fastened to the halter of the
animal. A new syringe was used for each sample, and the catheter was flushed
with PBS before and after a sample was taken. OPF and blood samples were held
at - 20° C. until tested.

Virus assay

Titrations of viral infectivity in OPF and blood samples were made by plaque
assay in secondary BK cultures in plastic plates')" under gum tragacanth overlay
as described previously (McVicar, Sutmoller & Andersen, 1974). All infectivity
titres were expressed in plaque forming units (p.f.u.)/ml.

Tracheal intubation

Tracheotomy was performed under local anaesthesia. A section of two tracheal
rings was removed, and a tracheal tubej with inflatable cuff was inserted approxi-

* PE-190 Intramedic polyethylene tubing, ID 0-047 in, OD 0-067 in. Clay Adams Co.,
Parsippany, N.J.

f Linbro Chemical Co., New Haven, Conn.
% Magill's endotracheal tubes X\ in. OD x f in. ID Arnold-Nasco Ltd., Guelph, Ontario,

Canada.
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Fig. 1. Virus titre of blood ( ) and oesophageal-pharyngeal fluid ( ) of cattle
exposed to foot-and-mouth disease virus. IN, intranasal; *, steer number.

mately 40 cm. into the posterior end of the trachea. After inflation of the cuff, the
animal breathed through the tube that protruded approximately 25 cm. from the
skin incision.

EXPERIMENTS AND RESULTS
Contact exposure

Two pairs of steers were exposed by contact with donor steers that had been
inoculated intranasally 48 hr. earlier. The donor for steers 1 and 2 (Fig. 1 a) did
not have fever at the start of the contact but became clinically ill during the first
day of contact. The donor for steers 3 and 4 (Fig. 1 b) had fever without lesions at
the start of contact and probably was at its peak of infectivity (Graves, Me Vicar,
Sutmoller & Trautman, 1971). OPF and blood samples were collected every hour
from all contact steers until 14 hr. after the start of contact and every 2 hr. up to
34 hr. from steers 1 and 2 and up to 30 hr. from steers 3 and 4. The next samples
were taken at 40 hr. The growth curves of the two pairs of steers are presented in
Fig. 1. The curves of steers 1 and 2 are clearly different from those of the other
pairs; this difference most likely is a reflexion of the differences in infectiousness
of the donor steers at the time of exposure.

The curves of steers 2-4 show a series of sharp peaks and valleys preceding the
actual growth phase. We do not know whether these peaks are caused by growth
and intermittant release of virus in the pharnyx or by accumulation of aerosolized
virus trapped in the nasal mucus. Viraemia was found rather early relative to the
detection of virus in the OPF. In steer 4, positive blood samples were obtained at
7 and 8 hr., which is much sooner than the time observed after intranasal inocula-
tion (McVicar & Sutmoller, 1976).
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Tracheal intubation

We felt that the most likely route for virus aerosolized by the donor to gain early
entry to the circulation would be through the lung. Experiments were designed to
test this possibility with cattle in which the upper and lower respiratory tract
were separated by means of an inflated cuff of a trachea tube. The animals breathed
through the tube and thus minimized infection of the pharyngeal area by con-
taminated air. Because base line information was available for intranasally
inoculated cattle (MeVicar & Sutmoller, 1976), this route was chosen to assess the
influence of the operation and procedure on the virus growth and viraemia.

Steers 5 and 6 (Fig. lc) were intubated and inoculated intranasally with 107

p.f.u. of virus. OPF was collected at 20-min. intervals between 0 and 2 hr. after
inoculation, every hour until 12 hr. and thereafter every 2 hr. until 48 hr. after
inoculation. Blood samples were collected at 30-min. intervals until 32 hr. and at
2-hr, intervals until 48 hr.

The growth curves of steers 5 and 6 presented in Fig. 1 c cannot be classified as
typical of either a high or a low growth rate (MeVicar & Sutmoller, 1976), as
described earlier for intranasally inoculated cattle. However, because of a slightly
retarded development of clinical disease, the growth rates probably were low. An
impeded pharyngeal clearance due to the intubation could have resulted in some-
what elevated titres of the OPF.

The viraemia patterns of steers 5 and 6 were very similar to those observed in
nontracheotomized, intranasally inoculated steers (MeVicar & Sutmoller, 1976).
Thus, tracheal intubation did not substantially alter the virus growth pattern in
the pharyngeal region, viraemia, or clinical response. The results substantiate the
earlier contention (Sutmoller, 1971) that during local multiplication in the pharynx,
virus drains via the lymphatics to the bloodstream. The present experiment also
confirmed earlier observations (MeVicar & Sutmoller, 1976) that after intranasal
inoculation, a low-level viraemia exists before the actual rise of virus titre of the
blood. Virus titres of the OPF of steer 5 were decreasing during the rising virus
titre of the blood, probably indicating release of virus from other replication sites.

Tracheal intubation, aerosol exposure

Introductory to an experiment with contact exposure, steers 7 and 8 were intu-
bated and infected by aerosol. Five ml. of virus suspension containing 108 p.f.u.
was aerosolized with a glass nebulizer* and blown through a rubber tube inserted
into the trachea tube to the tracheal bifurcation. Blood samples were collected at
5-min. intervals for 30 min. From 30 min. to 8 hr. after inoculation, blood and OPF
samples were collected at 30-min. intervals.

The 30-min. blood sample and the 6- and 6-5 hr. OPF samples of steer 8 con-
tained trace amounts of virus. Unfortunately, samples were not obtained from 8
to 20 hr. after inoculation; but when sampling was resumed, both steers had
rising virus titres of the blood. Steer 8 also had rising virus titres of the OPF at
this time, but the OPF of steer 7 already contained high concentrations of virus.

* The Devilbiss Co., Somerset, Pa. 15501.
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Fig. 2. Virus titre of blood ( ) and oesophageal-pharyngeal fluid ( ) of
cattle inoculated intravenously with foot-and-mouth disease virus. IV, intravenous;
*, Steer number.

Even though data on these steers are fragmentary, the treatment apparently pro-
duced pharyngeal growth patterns and viraemia comparable with those seen
after contact exposure of intact cattle.

Tracheal intubation, contact exposure

Steers 9 and 10 (Fig. Id) were intubated and exposed by placing them in con-
tact with an infected donor steer that had fever but no lesions and thus was com-
parable with the donor of steers 3 and 4 (Pig. 16). OPF and blood samples were
collected from steers 9 and 10 at hourly intervals up to 12 hr. and at 2-hr, intervals
up to 48 hr. The early part of the OPF curves of steers 9 and 10 differ from those
of steers 3 and 4 (Fig. 1 b) because of the absence of peaks and valleys in the virus
titres. This observation strengthens the suggestion that the peaks and valleys
seen in steers 3 and 4 were caused by virus trapped in the mucus of the upper res-
piratory tract. The rest of the curves of steers 9 and 10 are quite similar to those
of steers 1-4. Thus, bypassing the upper respiratory tract does not substantially
change the growth pattern in the pharynx nor the viraemia in animals exposed to
FMDV by contact with an infected donor animal.

Intravenous inoculation

The previous experiments suggested that during contact exposure, virus entered
the circulation via the lung. This virus in the bloodstream then efficiently seeded
not only the pharyngeal area, but also other sites that subsequently released
sufficient virus in the circulating system to cause the rising titre of the blood.

16-2
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The next series of experiments was designed to study the haematogenic infec-
tion of the pharyngeal area, as well as the ensuing growth pattern in that area and
the course of the viraemia.

Steers 11-16 (Figs. 2a-c) were inoculated intravenously with FMD virus in
doses ranging from 108 to 10lop.f.u. Blood samples were collected at 10-min.
intervals for the first 90 min. and then every 30 min. until 8 hr. after inoculation.
The clearance of FMD virus from the circulation of these steers during the first
90 min. will be discussed elsewhere (Sutmoller & Me Vicar, 1976).

At 3-5-4 hr. after inoculation, the viraemia curves of steers 11 and 12 given 108

p.f.u. showed an upward trend, which indicates that the input of virus into the
circulation exceeded the clearance of virus from the blood. This early upward
trend was not observed in the cattle inoculated with higher doses (Figs. 26, c), but
the residual virus in the circulation probably obscured the input of lower doses of
virus.

The OPF of steers 13-16 (Figs. 2b, c), inoculated with the higher doses, contained
virus very shortly after the intravenous inoculation and before virus growth in the
pharynx is to be expected. The virus titre of the OPF of steers 15 and 16 given
1010 p.f.u. increased during the first 30 min., indicating that during that period
virus from the circulation entered the pharyngeal cavity in amounts that exceeded
the clearance of the virus from that area. At 2-5-3 hr. after inoculation, the OPF
titres of these animals increased. This increase indicated that the input of FMD
virus in the pharyngeal cavity again exceeded the clearance and that the virus
had multiplied.

The first indication of growth of virus in the pharyngeal area after the intra-
venous inoculation of 108 p.f.u. was observed at 2-5 hr. for steer 11 and at 4-5 hr.
for steer 12.

The data from these two steers show that feedback of virus progeny into the
bloodstream may precede virus growth in the pharyngeal area and thus that the
rise of virus titres in the blood is caused by the release of virus from as yet un-
known replication sites and not primarily by input of pharyngeal virus.

Trachael intubation, intravenous inoculation

Virus in the pharyngeal cavity shortly after intravenous inoculation or at a
later stage of the infectious process may have come directly from the circulation
into the pharynx. Another possibility is that the virus was aerosolized in the
lung and trapped in the pharyngeal mucus at exhalation. Steers 17 and 18 (Fig.
2d) were intubated and inoculated intravenously with 108p.f.u. of FMD virus
to test these possibilities.

Virus titres of blood collected during the first 30 min. were slightly above the
expected range. The OPF of steer 17 contained relatively large amounts of FMD
virus shortly after inoculation. In both steers, the first detectable virus growth in
the pharynx was between 2-5 and 3 hr. after inoculation. The virus titres de-
creased sharply between 3 and 4 hr., but the start of a second growth peak was
observed between 4 and 4-5 hr. Thereafter virus input varied similarly to that of
steers 11-16. The general growth patterns were much like those of steers 13 and 14
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inoculated intravenously with 109 p.f.u. (Fig. 26). Thus, bypassing the upper res-
piratory tract does not interfere with the virus growth in the pharynx after intra-
venous inoculation. The elevated titres of the OPF shortly after inoculation and
during the growth phase may have been caused by an interference with the normal
pharyngeal clearance mechanism due to the intubation. This experiment further
confirms that after intravenous inoculation, the infection of the pharynx is
haematogenic.

DISCUSSION

In a companion paper (MeVicar & Sutmoller, 1976), we reported on the growth
of FMD virus in the pharyngeal area of intranasally exposed cattle. The present
studies show that the pharyngeal area also can be readily infected via the blood-
stream. This same finding was reported by Burrows et al. (1971), who detected
FMD virus in the pharynx within hours after introduction of the virus into the
udder through the teat canal.

The sequence of virus growth in the pharynx and development of viraemia after
intranasal inoculation was quite different after aerosol or contact exposure. With
intranasal infection virus growth in the pharynx preceded viraemia by several
hours; whereas, in animals exposed by aerosol or contact, virus growth in pharynx
and a rise in virus blood titres were practically simultaneous. Aerosol exposure
and contact transmission experiments showed that virus entered the bloodstream
via the lung and that this type of entry gave rise to an early low-level viraemia.

The experiments further showed that once virus entered the blood, it was trans-
ported to replication sites other than the pharynx. The release of virus from those
as yet unknown replication sites and not the virus growth in the pharynx caused
the rising blood virus titres. Earlier we presented a working hypothesis for the
pathogenesis of FMD (Sutmoller, 1971) in which the upper respiratory tract was
considered as the portal of entry for the virus. The present results require revision
of this hypothesis to include the role of the lung, particularly because a substantial
amount of evidence has established the importance of airborne transmission of
FMD (Donaldson, Herniman, Parker & Sellers, 1970; Hyslop, 1965; Sellers & Parker,
1969, Sellers, Donaldson & Herniman, 1970; Sellers et al. 1973). FMD-infected
animals generate aerosols with various droplet sizes (Sellers & Parker, 1969), and
recipient animals will be exposed to all of them. Depending on the droplet size of
the aerosol, this virus may be trapped in the upper or in the lower respiratory
tract. However, for the sake of simplicity, each area will be considered separately.

Upper respiratory tract

Some factors have been indicated or identified as possible determinants for the
course of the local infection in the nasopharynx. These include the concentration
of virus in the air or of initial infective dose (MeVicar & Sutmoller, 1976), other
resident viruses (Graves, Me Vicar, Sutmoller, Trautman & Wagner, 1971;
Sutmoller, Graves & Me Vicar, 1970), the proportion of defective interfering par-
ticles or of variants in the viral population (Sutmoller, in preparation); Sutmoller
& McVicar, 1972), and local antibody (McVicar & Sutmoller, 1974). Any one or
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combination of these factors could determine whether the infection would proliferate.
Once the infection is established, virus would drain to the regional lymph nodes
where much of it would be eliminated. However, failure of this filtration system
would allow virus to enter the circulation. Blood clearance of such small amounts
of virus has been shown to be very efficient (Sutmoller & Me Vicar, 1976), supposedly
by macrophages of the reticuloendothelial system (Mims, 1964). However, circula-
ting virus or virus transported by phagocytic macrophages (Mims, 1964) could
infect target areas. Replication and massive release of virus from such additional
areas would cause rising virus titres of the blood.

Lower respiratory tract

Virus penetrating deeply into the lung would immediately enter the bloodstream
by means of phagocytic alveolar macrophages returning to the circulation (Mims,
1964). Non-phagocytosed virus would be cleared similarly to virus draining from
the pharyngeal lymph nodes. In any case, some of the virus from the lung would
reach target areas soon after inhalation. In non-immunized animals, the infection
via the lung would circumvent many hurdles that the virus would encounter in
the upper respiratory tract.

Thus, both after upper respiratory tract infection and after virus passing through
the lung, a low-level viraemia would establish foci of infection in one or more
target areas. Virus replication in these foci would result in a feed-back of large
amounts of virus into the bloodstream and high virus titres of the blood for 2-3
days. The early low-level viraemia usually goes unrecognized but appears to be
more significant for the disease process than the late stage with high virus titres.
The target areas that cause the feedback could be the lung (Eskilden, 1969) but
more likely are the germinative layers of the skin or mucus membranes (Gailiunas
& Cottral, 1966; Korn, 1957; Seibold, 1963). In this connexion, it is of interest to
recall some early research of British workers (reviewed by Skinner & Knight,
1964) demonstrating that FMD skin lession could be stimulated by a low degree
of local trauma.

The authors acknowledge the technical assistance of Messrs W. Parrish and
W. F. Harris, Jr.
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