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Studies on the Pathogenesis of Rabies*
R. SCHINDLER 1

In experiments on the pathogenesis of rabies, mice were challenged intracerebrally and
intramuscularly with rabies virus and groups of the animals were sacrificed immediately and
at various intervals after challenge and the virus content of several organs estimated. The
influence of the site of injection on the duration of incubation and the effect of antirabies
serum on the virus in the brain and in the skeletal muscle were also investigated.

The results of these experiments indicate that shortly after intracerebral injection the
rabies virus combines with susceptible cells in the central nervous system to form a non-
neutralizable complex and later the virus penetrates into the cells and undergoes an eclipse.
In muscular tissue, on the other hand, the greater part of the virus has no opportunity to
combine with and penetrate into susceptible cells and the virus does not multiply there.
It was found that the shorter the distance between the site of injection and the central
nervous system, the shorter the duration of incubation. For maximum effectiveness, anti-
rabies serum must be administered within 10 minutes of an intracerebral challenge and
20 minutes of an intramuscular challenge.

From the experimental observations it can be concluded that the rabies virus travels
along or in the nervesfrom the periphery to the central nervous system and vice versa.

As a result of investigations carried out during the
past 10 years on the pathogenesis of poliomyelitis, it
became essential to reconsider also the problem of
the pathogenesis of rabies. It still remains an
important question whether the agents causing these
diseases reach the central nervous system (CNS) via
the blood or along the nerves. Recent work has
shown that poliomyelitis virus and similar types of
virus after entering the body first multiply in tissue
other than the CNS, and that this multiplication is
followed by viraemia.

REVIEW OF THE LITERATURE

In 1949, Enders, Weller & Robbins were able to
cultivate poliomyelitis virus in vitro on non-nervous
tissue. With this new technique it was possible to
show that, in the course of poliomyelitis, viraemia
and virus multiplication outside the nervous system
are regular events. The same observations could be
made with other polio-like viruses. Therefore,
discussion arose anew as to the pathogenesis of
poliomyelitis and two new theories were advanced.
According to Pette and co-workers (Pette, 1949,
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1953; Kersting, Lennartz & Pette, 1956) and Bodian
(1954a, 1954b, 1956), the virus invades the CNS via
the blood stream during viraemia. On the other hand,
Sabin (1956), Verlinde (1960) and others believe that
poliomyelitis virus first invades the peripheral nerves
during the viraemic stage and then moves along the
nerves towards the CNS.

Rabies virus could also be demonstrated in the
blood, but not with the same regularity as polio-
myelitis virus. During the past few years it also
became possible to cultivate rabies virus in vitro in
non-nervous tissue (Kissling, 1958; Sulkin et al.,
1959; Atanasiu & Lepine, 1959; Kaplan, Forsek &
Koprowski, 1960), and the virus has been shown to
be present in the body outside the CNS (Sulkin et al.,
1959; Schindler, 1959). But in the literature on
rabies there are fewer indications that rabies virus
invades the CNS via the blood stream. It is diffi-
cult to decide whether there is a real difference
between the pathogenesis of poliomyelitis and rabies
or whether the apparent difference is only a con-
sequence of the fact that during the past few years
rabies has not been investigated as thoroughly as
poliomyelitis. An attempt was therefore made to
reinvestigate the pathogenesis of rabies in the light
of the new knowledge of the pathogenesis of polio-
myelitis.
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MATERIALS AND METHODS

Mice of an average weight of 12-13 g were chal-
lenged with the Pitman Moore fixed strain of rabies
virus, except in one experiment, where street virus
was used. The virus was introduced intracerebrally
or intramuscularly (in the latter case it was injected
into the calf muscle of the left hind leg). The chal-
lenge dose was 0.025 ml of a 10% extract of infected
mouse brains or of serial dilutions of this extract.
Immediately after inoculation 10 animals were
sacrificed. Then, at intervals of varying duration,
further groups of 10 animals each were sacrificed.
The infected organs (brain or calf muscle) were extir-
pated and pooled for each group separately. Out of
these pools extracts were made. For estimation of
the virus content several dilutions of the extracts
were injected intracerebrally into mice, 6 mice receiv-
ing each dilution. In all other respects the methods
described earlier (Schindler, 1959) were used. The
LD50 was based always on the weight of the infected
organs and on an injection dose of 0.025 ml, given
intracerebrally. The calculation of the LD5,0 was
carried out according to the method of Reed &
Muench (1938). Further details of the experiments
are given below.

EXPERIMENTS AND RESULTS

Behaviour of virus in the muscular tissue

In the first experiment, 50 mice were challenged
with 100 000 LD50 of fixed virus in the calf muscle
of the left hind leg. The average weight of the
extirpated calf muscle was 0.1 g. Therefore, we
expected to find 25 000 LD50 of virus present in the
muscular tissue immediately after challenge. How-
ever, we found only one fifth of this amount, i.e.,
5 000 LD50. In the following 24 hours the virus con-
centration declined to < 100 LD50; 48 and 72 hours
after infection the virus was not demonstrable in the
muscular tissue at the site of injection, but 96 hours
after challenge it was present in traces again at this
site and remained demonstrable there in small
amounts until the animals died (Fig. 1). In 60 con-
trol animals, infected at the same time but not
sacrificed, the period of incubation was 134 hours
and the mortality amounted to 98 %.

In another experiment, in which mice were chal-
lenged with 3800 LD50 by the intramuscular route,
40 instead of the expected 950 LD50 could be
demonstrated at the site of injection immediately
after challenge; 24 hours later traces of virus were

FIG. 1

CONCENTRATION OF VIRUS AT THE SITE OF INJECTION
AFTER AN INTRAMUSCULAR CHALLENGE

WITH 100000 LD5o

o Virus demonstrable.
* Virus not demonstrable.

still there, but contrary to the finding in the previous
experiment no virus was demonstrable 96 and 120
hours after infection (Fig. 2). In 20 control animals,
infected at the same time but not sacrificed, the in-
cubation period was 180 hours and the mortality
amounted to 20%.

FIG. 2

CONCENTRATION OF VIRUS AT THE SITE OF INJECTION
AFTER AN INTRAMUSCULAR CHALLENGE

WITH 3800 LDso
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STUDIES ON THE PATHOGENESIS OF RABIES

Behaviour of the virus in the CNS
In the initial experiment, 50 mice were infected

with 1600 LD50 by the intracerebral route. Im-
mediately after challenge 32 LD50 of the injected
virus were demonstrable in the brain, but 6 hours
later no virus could be found there. It was first
demonstrated again in the brain 30 hours after chal-
lenge and it multiplied within the following 17 hours
up to a titre of 1000 LD50 (Fig. 3).

FIG. 3
CONCENTRATION OF VIRUS IN THE BRAIN AFTER AN

INTRACEREBRAL CHALLENGE WITH 1600 LDso

o Virus demonstrable.
* Virus not demonstrable.

In the following two experiments the further
course of virus multiplication in the CNS was in-
vestigated (Fig. 4). In the first, mice were chal-
lenged in the calf muscle of the left hind leg with
50 000 LD50 of fixed virus and the virus content of
their brain and spinal cord was examined thereafter.
48 hours after infection the virus was demonstrable
only in the spinal cord, but 72 hours after it was

present in the brain as well, though up to 144 hours
after challenge the virus concentration was higher in
the spinal cord than in the brain; only after 144

FIG. 4

CONCENTRATION OF VIRUS IN BRAIN AND IN SPINAL
CORD AFTER AN INTRAMUSCULAR CHALLENGE

WITH 50000 LDso (A) AND AFTER AN INTRACEREBRAL
CHALLENGE WITH 60 LDso (B)

o Brain.
~ Spinal cord.

hours was the concentration the same in both
organs. In the second experiment, 60 LD50 of virus
were injected intracerebrally; 48 hours after chal-
lenge the virus could be found only in the brain, but
72 hours after it was also present in the spinal cord.
In this experiment the virus concentration was lower
in the spinal cord than in the brain up to 144 hours,
but thereafter it was the same in both organs, as in
the former experiment. It is noteworthy that, in
both experiments, 144 hours after challenge the con-

centration sank transiently in the organ in which the
virus had first been demonstrated.

Relation between events in the muscular tissue and in
the CNS

After the intramuscular injection of virus into the
calf muscle of the left hind leg, the following organs
were examined simultaneously for virus concentra-
tion: (a) the site of injection; (b) the calf muscle of
the right hind leg; (c) the brain and spinal cord.
The following results were obtained (Fig. 5):

48 hours after challenge the virus could no longer be
found in the muscular tissue, while at this time it
had reached a concentration of 100 LD50 in the spinal
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FIG. 5

CONCENTRATION OF VIRUS IN MUSCULAR TISSUE AND
IN SPINAL CORD AFTER AN INTRAMUSCULAR

CHALLENGE WITH 100000 LDs. IN THE LEFT HIND LEG

l
24 48 72 96

Hours
120 144 168

WHO 1070

At the site of injection.
In the right hind leg.
In the spinal cord.

Virus not demonstrable.

cord. 72 hours after challenge it was again evident
at the site of injection and 96 hours after it was also
present in the muscular tissue of the other hind leg.
In the meantime, the virus concentration in the spinal
cord had increased further. After multiplication in
the CNS the virus apparently travels to organs in the
periphery of the body (see also Fig. 7 of Schindler
(1959)). An attempt was made to ascertain the path
of the virus by the following experiment (see accom-
panying table): 9 groups of 20 mice each were chal-
lenged by the intramuscular route with 126 000 LD50.
The injection was given into the calf muscle of the
left hind leg as before. The mice of the first group

were sacrificed 10 minutes after the injection of virus
and the mice of the remaining groups at intervals
of 24 hours. The following organs were then
examined: the muscular tissue from the site of
injection, the sciatic nerve of the left and of the
right leg, the nerves of the forelegs, the spinal cord
and the brain. The virus was demonstrable in the
spinal cord 48 hours after injection and in the sciatic
nerve of the left hind leg 72 hours after injection;

24 hours after its appearance in the sciatic nerve of
the left hind leg, the virus could be found in the
sciatic nerve of the right hind leg and after another
24 hours it was present in the nerves of the forelegs.
These results indicate that the virus moves in or
along the nerves from the CNS to the periphery.
They do not prove that the virus travels in the
opposite direction, since 24 hours before the virus
could be demonstrated in the peripheral nerves it
was already present in the spinal cord. However,
a further experiment indicated that the virus does, in
fact, move also from the periphery to the CNS. In
this experiment, 2 groups of 100 mice each were
challenged with the same dose of street virus by the
intramuscular route. One group was challenged in
the muscles of the neck, the other in the muscles of a
hind leg. Street virus was used in this experiment
because the incubation period is longer in street
virus than in fixed virus infection and, therefore,
small differences were more likely to be brought out.
After injection of street virus into the neck muscles,
the average incubation period was 175.2 + 0.048
hours, whereas after injection into the hind leg it

FIG. 6

INFLUENCE OF SITE OF INTRAMUSCULAR INJECTION
ON DURATION OF INCUBATION

A = injection into neck.
B = injection into hind leg.

Regression equation for the cumulative frequency of mice
without symptoms: Y = a + b x log X. (For calculating the
incubation curves the formula Y = a + b x log X proved to fit
closely enough. The significance of Y = 11.129-2.295 x log X
(injection into hind leg) and Y = 10.016 2.097 x log X (in-
jection Into neck) was given by F>99 % and F>95 %, respec-
tively.)
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STUDIES ON THE PATHOGENESIS OF RABIES

PRESENCE OF VIRUS IN THE PERIPHERAL NERVES
AFTER AN INTRAMUSCULAR CHALLENGE WITH 126 000 LDso

Muscle of Sciatic Sciatic Nerves of -
Time left hind nerve of nerve of forelegs Spinal cord Brain
after leg left hind leg right hind leg

challenge 1:10a 1:50 1:50 1:50 1:10 1:10

10 minutes 06/ 06 0/6 0/6 0/6 0/5

24 hours 6/6 0/6 0/6 0/6 0/6 0/6

48 ,, 1/6 0/6 0/6 0/6 1/6 0/6

72 ,, 1/6 J 2/6 0/6 0/6 6/6 1/6

96 ,, 1/6 - 5/6 2/6 0/6 6/6 6/6

120 ,, 1/4 6/6 6/6 6/6 6/6 6/6

144 ,, 5/6 6/6 6/6 6/6 6/6 6/6

168 ,, 5/6 6/6 4/6 6/6 6/6 6/6

192,, 5/6 6/6 [ 5/6 6/6 6/6 6/6

a Dilution of extract injected.
b Numerator indicates number of mice which died of rabies; denominator indicates number of mice which were Injected with

the extract in question.

was 194.6 ± 1.44 hours. The percentage mortality
was almost the same in both groups, being 100% and
97 %, respectively. A statistical analysis carried out
by G. Meister showed that the difference in the length
of the incubation periods was significant (see also
Fig. 6). Thus it was shown that the site of injection
does indeed influence the duration of incubation-
a finding that can best be explained by assuming that
the virus moves along the nerves.

Observations concerning viraemia
To determine whether viraemia occurred, 80 mice

were challenged with 100 000 LD50 of fixed virus by
the intramuscular route, and 25 minutes after chal-
lenge and 7 times at intervals of 24 hours thereafter
blood was taken from the heart of each of 10 mice,
after the chest had been opened under anaesthesia.
The undiluted blood was injected into the brain of
other mice immediately after collection. To avoid
clotting, the syringe had been rinsed with a heparin
solution. In a previous experiment it had been
proved that heparin did not influence the virus
activity under these circumstances. Furthermore,

it had been observed earlier that the heart muscle
did not contain the rabies virus. The danger of
contaminating the blood by withdrawing it from the
heart was, therefore, practically excluded. At the
time of the last three bleedings the mice already
showed symptoms of rabies. Therefore, it was certain
that the virus had reached a rather high concentra-
tion in the CNS at this stage. In spite of this the
blood was free from virus in every instance.

Effect of antirabies serum on the rabies virus in brain
and in skeletal muscle
An experiment was carried out in which 400 mice

were challenged by the intracerebral route with 200
LD60 of fixed virus in 0.025 ml, and 10 minutes
before the injection of virus and at various times
thereafter 0.025 ml of antirabies serum or the same
volume of normal serum was injected intracerebrally
into groups of 40 mice. The antirabies serum used
neutralized 14 000 LD50 in vitro. At the end of the
observation period the percentage of survivors was
calculated for all groups. The values found in those
groups which were treated with normal serum varied
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FIG. 7

EFFECT OF ANTIRABIES SERUM ADMINISTERED AT
VARIOUS INTERVALS AFTER INTRAMUSCULAR AND

AFTER INTRACEREBRAL CHALLENGE
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o-o Virus and serum injected intracerebrally.
, Virus and serum injected intramuscularly.

between 0 and 5 %. The mean of these values (1 %)
was subtracted from all values observed in the groups
treated with antirabies serum. It was assumed that
the antirabies serum acted maximally if it was
injected 10 minutes prior to challenge. Therefore, in
this case the proportion of survivors was taken as
100% (actually we found only a 60% survival rate)
and the results in other groups were calculated
accordingly. The results of this experiment were as
follows. Serum injected 10 minutes after challenge
was almost as effective as serum injected 10 minutes
before challenge. The effectiveness of the serum
showed a precipitous fall to half of its original
protective power when administered 20 minutes after
challenge. Serum injected later showed a less rapid
decline in effectiveness, but when administered 120
minutes after infection only 8% of the animals sur-
vived and 350 minutes after challenge treatment
with serum had no protective effect (Fig. 7).

In a further experiment the effect of serum follow-
ing an intramuscular challenge was examined. In
this experiment 400 mice were infected with 200 000
LD5o of fixed virus by the intramuscular route. As
in the previous experiment, the animals were treated
with antirabies or normal serum at various intervals
before and after infection. The antirabies serum used
neutralized 5600 LD50 in vitro; a 1: 2 dilution was
injected intramuscularly. The calculation of the
results was carried out in the same manner as in the
previous experiment. In contrast to the finding in
that experiment, it was found that the serum was

still maximally effective when injected 20 minutes
after infection. When administered 40 minutes after
challenge the serum protected only 77% of the
animals and thereafter its protective power de-
creased further, but in such a way that when the
serum was injected 30 hours after challenge 34% of
the animals were still saved (Fig. 7).

DISCUSSION

Antirabies serum administered intracerebrally
more than 10 minutes after an intracerebral challenge
with rabies virus loses its protective power rapidly.
From this it may be concluded that the greater
part of the challenge combines with susceptible
cells in the CNS within a short time to form a non-
neutralizable complex.

It was shown that rabies virus injected into the
brain had lost its infective power 360 minutes later.
This indicates that in the meantime the virus has
penetrated into the cells and is undergoing an
eclipse in which infectious particles break down to
non-infectious smaller units.

In muscular tissue virus retains its infectivity
longer and antirabies serum is protective over a
longer period of time. Moreover, animals did not
fall ill after intramuscular infection unless huge
amounts of virus were injected. Therefore, one may
assume that in muscular tissue the greater part of the
virus has no opportunity to combine with and
penetrate into susceptible cells.
During incubation there is an interval in which

the virus is not demonstrable in either brain or
muscle; after this interval until the animals die the
virus concentration is very low in muscular tissue,
whereas it increases quickly within the CNS and
soon reaches titres of 107 LD50. Moreover, in
muscular tissue the virus is demonstrable only after
having multiplied in the CNS and after having
reached there titres higher than 100 LD50. From
these observations it may be deduced that the virus
does not multiply in muscular tissue. Rather, the
reappearance of virus at the site of injection and
virus invasion of other skeletal muscles during the
later stages of incubation and during the illness are
the consequence of virus multiplication in the CNS.

Experimental evidence that the virus travels along
or in nerves from the periphery to the CNS and
vice versa was obtained by the following observa-
tions:

1. The absence of virus in the blood stream during
the incubation period.
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2. The fact that the distance between the site of
injection and the CNS influences the duration of
incubation.

3. The fact that virus could be found in the spinal
cord earlier than in the brain following intramuscular
injection into one hind leg.

4. The demonstration of the presence of virus in
the peripheral nerves.

Some time ago Burnet (1955) furnished a new
argument against the assumption that neurotropic
viruses move along the peripheral nerves towards
the CNS. He wrote: " . . . it is quite impossible to
review the literature without accepting the existence
of such movement and almost equally impossible to
believe in its physical reality." He points to the fact
that about the same length of time is necessary for a
polio-type virus to move from the periphery to the
CNS in a mouse as in a monkey. The rate, therefore,
would be 12 times as fast (2.4 mm/hour as against
0.2 mm/hour) in the monkey as in the mouse. He
reasons that it is hard to conceive of a physical
process which could be responsible for such a
result.
Another aspect of the problem has been touched

on by SuLkin et al. (1959). These workers investi-
gated the muscular tissue of 27 hamsters infected
with rabies street virus by the intracerebral route.
In 4 hamsters they found virus in concentrations
ranging from 102-5-104 LD50. From these results they
concluded that the virus had multiplied in muscular
tissue. Finally, Borodina (1959) reported once more
that she could find virus in the blood of mice
infected by the intracerebral route.

In my opinion it is necessary, when discussing the
speed of movement of virus along the nerves, to take
the diameter of the nerves into account. If this is
done, Burnet's argument loses its validity. Sulkin
and co-workers carried out their investigations after
the symptoms of rabies had appeared, at a stage of
infection in which the virus had multiplied exten-
sively in the CNS. For this reason one cannot con-
clude that in rabies a multiplication of virus in the
muscular tissue is an essential preliminary step to the
invasion of the CNS. Furthermore, the finding of
virus in the blood of animals does not prove that it
invades the CNS via the blood stream (Verlinde,
1960; Wenner et al., 1960). If one finally compares
the accepted theories about the pathogenesis of
poliomyelitis with the results of the experiments
described above which were performed with rabies
virus, the following conclusions may be drawn. In
spite of numerous observations it has not been pos-
sible to decide with any certainty whether polio-
myelitis virus moves via the blood or along the
nerves towards the CNS, except in the case of
traumatically induced infection-for example, after
tonsillectomy or intramuscular injection-when the
majority of investigators presume that the virus
travels along the nerves (Sabin, 1956; Gard, 1958;
Verlinde, 1960). What has to be considered an
exception in poliomyelitis is the rule in rabies,
because rabies is almost exclusively transmitted by
the bite of animals. Therefore, although one cannot
compare rabies and poliomyelitis absolutely, one can
compare poliomyelitis induced traumatically with
rabies. Then one will find, in spite of many reserva-
tions, a certain similarity in the pathogenesis of the
two virus diseases.
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RJtSUME

L'6tude de la pathogenese de la poliomyelite au cours
des dix dernieres ann6es a remis en question celle de la
rage, encore fort mal connue. L'auteur a repris les
recherches, tentant de d6terminer par quelle voie - san-
guine ou nerveuse - le virus rabique atteint le systeme
nerveux central.
Des virus fixes et un virus des rues ont 6t6 utilis6s pour

ces essais, effectu6s sur des souris infect6es par voie
intrac6r6brale et intramusculaire. SitBt apres l'inoculation

et ensuite a intervalles variables, des groupes d'animaux
sont sacrifies et la teneur en virus de divers organes
6valu6e. L'influence de l'endroit de l'injection sur la
dur6e de l'incubation et l'effet du s6rum antirabique sur le
virus inject6 dans le cerveau ou la musculature du sque-
lette ont 6t6 6tudies.

L'auteur a constat6 que le s6rum antirabique introduit
par voie intrac6r6brale plus de 10 minutes apres l'injection
intrac6r6brale d'6preuve, perd rapidement son pouvoir
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protecteur. On peut en d6duire que le mat6riel d'6preuve
se combine assez rapidement avec les cellules sensibles du
systeme nerveux central pour former un complexe qui
n'est plus neutralisable. D'autre part, le virus inject6 par
voie intrac6r6brale perd son pouvoir infectant apres
360 minutes. Le virus a donc p6netr6 dans les cel-
lules, et il subit une 6clipse pendant laquelle les par-
ticules infectantes se r6solvent en unit6s plus petites
non infectieuses.
Dans le tissu musculaire, le virus reste plus longtemps

infectant et le s6rum antirabique exerce plus longtemps
son effet protecteur. Les animaux inject6s par voie intra-
musculaire ne presentent pas de sympt6mes morbides,
sauf si l'on injecte de grandes quantites de virus. On peut
admettre que dans le muscle, la plus grande partie du
virus ne trouve pas a se combiner et ne rencontre pas de
cellules sensibles a envahir.
Au cours de l'incubation, un laps de temps s'ecoule

durant lequel le virus ne peut etre mis en evidence ni dans
le cerveau ni dans le muscle. Ensuite, et jusqu'A la mort de

I'animal, on ne trouve que des traces de virus dans le
tissu musculaire, tandis que sa concentration augmente
dans le systeme nerveux central, atteignant des titres de
107 DL5*. Du reste, le virus n'apparait dans le muscle
qu'apres s'etre multipli6 dans le systeme nerveux central
et y avoir atteint une concentration sup6rieure a 100 DL50.
On peut en conclure que le virus ne se multiplie pas dans
le tissu musculaire, et que sa presence dans la muscula-
ture du squelette aux stades finaux de l'incubation est
plut6t la consequence de sa multiplication dans le systeme
nerveux central. Les constatations suivantes sont en faveur
de la theorie du mouvement du virus dans ou le long des
nerfs, de la peripherie au systeme nerveux central et
vice versa: le fait que l'on n'a pu d6celer le virus dans le
sang circulant durant l'incubation; l'influence de l'endroit
de l'injection sur la duree de l'incubation; le fait qu'apres
injection du virus dans un membre post6rieur, le virus est
observe dans la moelle epiniere avant de l'6tre dans le
cerveau; la mise en evidence du virus dans les nerfs
p6riph6riques.
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