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Studies on the Pathogenesis of Fixed Rabies
Virus in Rats *

G. M. BAER,1 T. R. SHANTHAVEERAPPA' & G. H. BOURNE 3

Investigations were made on the spread offixed rabies virus after its inoculation into
the rear foot-pads of rats. The presence of rabies virus in the central nervous system was
first detected in the lumbar segment of the spinal cord. Removal of the sciatic nerve or of
itsfasciculus, either before or soon after challenge, drastically lowered mortality, thus giving
evidence of a rapid neural spread of the infection. Neither the perineural structures nor
the axons appeared to be involved. Although the presence of virus in the sciatic nerves was
first demonstrated by the development of neutralizing antibodies in the serum of rats
" immunized " by multiple injections of nerve material from rats killed 48 hours after
challenge, resection of nerves had to be carried out long before that time to be effective in
preventing viral progression.

The manner in which rabies virus and other neuro-
tropic viruses travel to the central nervous system
has been investigated by many workers. Clarification
of the chain of events that occurs after man and
animals are infected with rabies virus is of prime
importance because of the severe character of the
disease and the fact that preventive procedures are
most often instituted after exposure.
The first profound investigations into the patho-

genesis of rabies were made by Pasteur and his
colleagues, who demonstrated the role of the central
nervous system in the disease (1881) and found virus
in the spinal cord but not in the brain stem of dogs
inoculated intravenously with virus and sacrificed
at the first signs of paralysis (1884).
A partial explanation of the course of events be-

tween introduction of the virus and its subsequent
presence in the spinal cord came a few years later
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with the work of DiVestea & Zagari. These investig-
ators showed that the inoculation of virus into
peripheral nerves caused rabies (1887), and that
cutting or cauterizing the sciatic nerve after periphe-
ral injection of virus in rabbits, dogs, and guinea-
pigs prevented " diffusion " of virus in most of the
animals (1887, 1889). Inoculation of virus into
nerves in order to investigate pathogenesis was also
done by Babes (1887), by Roux (1888), by Bardach
(1888), and by Gantt & Ponomarew (1929).
Many workers have investigated the spread of

virus in the body at various times after peripheral
inoculation: among them are DiVestea & Zagari
(1887), Cantani (quoted by Schaffer, 1889), Nicolau
& Kopciowska (1934), Kligler & Bernkopf (1943),
Krause (1957), Huygelen & Mortelmans (1959),
Huygelen (1960) and Schindler (1961). All these
workers titrated virus by animal inoculation and
concerned themselves primarily with the central
nervous system. Dean, Evans & McClure (1963),
using the fluorescent antibody technique, de-
monstrated a progressive neural spread of virus in
mice. Mortality after challenge in the foot-pad,
moreover, was almost always prevented by previous
resection of the sciatic and saphenous nerves in mice,
rats, guinea-pigs, foxes and dogs; the authors con-
cluded that rabies is primarily a nerve-borne disease,
but that blood-borne transmission is possible.
The role of viraemia in rabies has been investig-

ated by DiVestea & Zagari (1887), Kraus & Fuku-
hara (1909) and Schindler (1961), with negative
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findings. Wong & Freund (1951) and Borodina
(1959), however, have found rabies virus in the blood
of intracerebrally inoculated animals, and recently
Frye & Enright (1964) noted erythrocytic inclusions
in mice inoculated intramuscularly with street virus.
The studies described below were designed to

clarify further the dissemination of rabies virus
throughout the body and the exact route of trans-
mission, especially during the period between peri-
pheral inoculation of the virus and its appearance in
the central nervous system.

MATERIALS

Animals
Female rats of the Sherman strain weighing ap-

proximately 25, 50, 100, 200 or 300 g were used in
separate test groups; these animals were selected
randomly in each weight range. Syrian male
hamsters weighing from 90-120 g were used in one
test. White Swiss mice 3 weeks of age and weighing
from 12-14 g were used for viral titrations.

Virus
The virus used was an infective mouse brain sus-

pension prepared from the challenge virus standard
(CVS) strain of fixed rabies virus (National Institutes
of Health). The diluent consisted of 10% egg yolk
in phosphate-buffered water (pH 7.6) and contained,
per millilitre, 1 000 units of peniicillin and 2 mg of
streptomycin. Virus preparations were stored at
-70°C until used and were kept in ice-baths during
tests. The mean titre of the virus preparations used
was 106-75/0.03 ml on intracerebral (I%- inoculation
into mice. Suspensions were titrated immediately
after the conclusion of each test. In those cases in
which the challenge period was over one hour,
titrations were performed both before and after
tests.

PROCEDURES

Challenge
Depending on their weight, rats were infected by

inoculating varying amounts (0.03-0.2 ml) and dilu-
tions (0.002% to 20%) of fixed rabies virus into the
left hind foot-pad. (In the first test, the right hind
foot-pad was used for inoculation.) Hamsters were
inoculated in the left hind foot-pad with 0.06 ml of
a 20% suspension of the virus. Rats or hamsters of
the same weight as those challenged were similarly
inoculated in the hind foot-pad with serial tenfold
dilutions of the challenge virus in order to titrate the
approximate number of peripheral LD50 adminis-
tered. Unless otherwise stated, the challenge dose
was adjusted so that between 32 and 100 peripheral
LD50 were administered.

All animals were observed daily for at least 21 days
following challenge, and any signs of rabies were
recorded, these signs usually appearing between the
4th and 8th days. Ataxia and paralysis of the in-
oculated leg in rats were usually seen 96 hours after
challenge in at least 60% of the animals. Animals
that died without having previously shown signs of
rabies were examined by the fluorescent-antibody
technique, by animal inoculation, or by both
methods, and animals found to be negative by these
tests were eliminated from the experiment. The
calculation of the end-points was done by the
method of Reed & Muench (1938).

Examination of tissues for virus level
Each organ to be examined for the presence of

virus was removed with a separate set of sterile
instruments. Feet were cut off below the ankle joint,
and the skin and bones removed before grinding
with mortar and pestle; sterile sand was used for
grinding when necessary. Portions of the spinal cord
were removed by opening the desired area of the

FIG. 1
ILLUSTRATION OF THE VARIOUS STAGES IN THE ISOLATION OF THE NERVE FASCICULUS

AND THE PERINEURAL EPITHELIUM

(a) Nerve trunk as a whole, showing several fasciculi along with their connective-tissue components-the epineurium,
perineurium and endoneurium.

(b) One nerve fasciculus removed from trunk, along with the perineurium, perineural epithelium and endoneurium, with part
of the perineurium removed to expose the perineural epithelium.

(c) Nerve fasciculus removed from perineural connective-tissue layer, leaving the multiple-layered perineural epithelium.
(d) Nerve fasciculus stripped of its perineural epithelium, leaving the nerve fibres of the fasciculus and endoneurium intact.

Isolated perineural epithelium shown as it would appear lying flat on a glass slide.
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STUDIES ON THE PATHOGENESIS OF FIXED RABIES VIRUS IN RATS

spinal canal with rongeur bone forceps and lifting Surgical procedures on the sciatic nerve.
out the cord segment. After the lumbar segment of Animals undergoing surgery were anaesthetized by
the spinal cord was removed the left and right spinal intraperitoneal administration of sodium pento-
ganglia of the lumbar and sacral segments were also barbital.
removed, using fine forceps and scissors. Sciatic nerves were exposed and removed in toto
Brown fat was obtained by incising the skin over (before or after challenge) as described above.

the interscapular area, dissecting away the sub- The sciatic perineural structures consisting of the
cutaneous tissue, then removing the fatty tissue be- epineurium, perineurium, and perineural epithelium
tween the scapulae. The central portion of brown (Shanthaveerappa & Bourne, 1962) were removed by
fat was then separated completely from the accom- carefully dissecting away all tissue surrounding the
panying white fat, and only the brown fat was nerve fasciculus for a distance of 2-3 cm, leaving the
retained. Paravertebral muscles (0.8-1.0 g) were naked nerve fasciculus completely intact (Fig. 1).
taken from the left lumbar area. Approximately When only the nerve fasciculus itself (i.e., the com-
0.35 g of tissue was removed from each kidney. plete bundle of sciatic nerve fibres) was removed, the

All tissues were frozen immediately after removal perineural structures were incised longitudinally
from the animals and held at -70°C until titrated. with fine eye scissors, two-thirds of the exposed
Each structure or series of 10 structures was tho- nerve fasciculus were withdrawn, and a 2.0-cm seg-
roughly washed in phosphate-buffered water (pH 7.6) ment was removed without damaging the continuity
to exclude the presence of minimal amounts of of the perineural structures.
contaminating virus from contiguous organs. This Demyelination was accomplished by crushing the
procedure was not possible with spinal cord material sciatic nerve with mosquito forceps about 1 cm
because of its soft consistency. Blood was drawn by below its emergence behind the trochanter of the
cardiac puncture for attempted isolation of virus; femur. Two weeks after crushing, evidence of
approximately 4 ml was thoroughly mixed with 8 mg demyelination and the absence of axons was seen in
of heparin and allowed to stand for two hours at histological sections of nerves that had been made
4°C. The buffy coat was then drawn off for mouse distally to the crushing point and stained with
inoculation. haematoxylin and eosin (Fig. 4 and 5). Histological

Sciatic nerves were exposed by making a 1.5- to studies of the sciatic nerve proximal to the area of
4.0-cm incision from the greater trochanter of the crushing did not show any demyelination, and the
femur towards the foot and separating the fibres of axons were intact and normal (Fig. 2 and 3).
the gluteus maximus and quadriceps femoris muscles. Th; sciatic nerve was tied by means of a square
The nerves were cut immediately distal to their knei of 4-0 silk placed around the nerve about 1 cm
emergence from the sciatic notch and agai;- -low the sciatic notch. After surgery, closure of
prior to their bifurcation into peroneal and fibular the skin and muscle layer also was done with 4-0 silk.
branches at the gastrocnemius muscle; an approxi- Along with any operative procedure on the sciatic
mately 1.0- to 2.0-cm segment of nerve was removed. nerve and in control groups, the saphenous nerve
Peroneal nerves were removed from their point of was removed. This was done by making a 1- to 3-cm
origin to the ankle. incision in the medial aspect of the operated leg and

FIG. 2-5
PHOTOMICROGRAPHS OF SECTIONS OF THE SCIATIC NERVE OF THE RAT

Fig. 2. Section taken proximally to the area of crushing, demonstrating: a normal nerve fibre with axon (A), myelin sheath (B),
a nd Schwann-cell covering (C), along with perineural epithelium (D) covering the fasciculus of the nerve. Haematoxylin and eosin
stain. x 370

Fig. 3. Higher magnification (x 1360) of the tissue section shown In Fig. 2, showing clearly: the axon (A), the myelin sheath (B)
and the Schwann-cell coverings of the nerve fibres (C).

Fig. 4. Section taken distally to the area of crushing, demonstrating the absence of the axon and of the myelin sheath. Note
that the Schwann-cell coverings (C) and the endoneural tube (E) are well maintained. The perineural epithelium covering (D) is
also visible. Haematoxylin and eosin stain. x 370

Fig. 5. Higher magniflcation (x 1360) of tissue section shown in Fig. 4, showing clearly the presence of Schwann cells (C)
and endoneural tubes (E); note the absence of axon and of the myelin sheath.

4
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exposing the saphenous artery, vein, and nerve, care-

fully dissecting the nerve away from the contiguous
bloodvessels and removing a 1- to 2-cm nerve segment.

Fluorescent-antibody staining
Fluorescent-antibody staining was performed on

frozen sections of some sciatic nerves removed at
various times after challenge. The nerves were

sectioned by a microtome cryostat at -18°C, and a

minimum of six sections were made of each nerve;

sections were 4 i thick. The nerves were fixed in
analytical-reagent-grade acetone at -20°C for
4 hours, dried, and then stained with immune
hamster globulin conjugated with fluorescein iso-
thiocyanate, in a procedure similar to the method of
Goldwasser & Kissling (1958), using suitable
adsorption controls (McQueen, Lewis & Schneider,
1960).
"Immunization " with pooled sciatic nerve suspensions
In order to demonstrate the possible presence of

minimal quantities of rabies antigen in nerves,

250 adult rats were inoculated in the left hind foot-
pad, and 50 of them were killed at each of the
following time intervals after challenge: 12, 24, 48,
72 and 96 hours. The 50 sciatic nerves from the
50 rats killed at each time period were thoroughly
washed three times with phosphate-buffered water
(pH 7.6), made into a 10% suspension with egg-yolk
diluent and ground under refrigeration with a Vir-
tis homogenizer at 40000 rev/min for 5 minutes.
This homogenate was immediately inoculated intra-
cerebrally into three-week-old mice to test for in-
fectivity, and 0.2 ml of it was injected intramuscu-
larly into each of 5 100-g rats and 5 100-g hamsters.
The pooled nerves were then held at -70°C and used
for revaccination after thawing. The vaccination pro-
cedure was repeated every fourth day for six injec-
tions, and a booster dose was then given 10 days after
the last injection. The vaccinated animals were bled
by cardiac puncture a week after the booster dose,
and both the rat and hamster sera from each time
period were tested for the presence of serum neu-

FIG. 6. LEVELS OF FIXED RABIES VIRUS FOUND IN CERTAIN TISSUES OF THE RAT AFTER CHALLENGE
IN THE RIGHT HIND FOOT-PAD

TISSUES EXAMINED
uJ

0
z PERIPHERAL CNS OTHER

. __

U_~ LUU

O.? ui t

LU 11- LUZz
>Ua

Zoi z z L
Z 8JO14

b;I X
0 c 0 zL

L4U_J - I> cuu< Z<

5

4

48 3

2

5

4

72 3

2J

96

120

4-

3-

2

1
4

3

2

TISSUES EXAMINED
0

J PERIPHERAL CNS OTHER
4> u

LU

LU g.-- > z<
1I- -E Of z v

<0~ ~ ~ 0

CieD I. P = - qI_
Lu0 -J t _3 zt

5Lt Ja u U>
4 cq6 zL

5
4

633
2

5
4

12 3
2

5
4

124 3
2

786



STUDIES ON THE PATHOGENESIS OF FIXED RABIES VIRUS IN RATS

FIG. 7. LEVELS OF FIXED RABIES VIRUS FOUND IN CERTAIN TISSUES OF THE RAT AFTER CHALLENGE
IN THE LEFT HIND FOOT-PAD

I

tralizing antibodies, according to the technique
described by Koprowski & Johnson (1954).

RESULTS

Distribution of virus at various periods after challenge
Two tests were performed in which adult rats were

killed at varying intervals after challenge and various
organs examined for virus level determination.

In the first test, rats weighing 270-370 g were chal-
lenged with approximately 32 rat LD50 of virus; an
animal was sacrificed 3, 6, 12, 24, 48, 72, 96, and
120 hours after challenge, and the organs listed in
Fig. 6 were triturated and titrated in mice. The in-
cubation period in this initial titration was approxi-
mately 96 hours. A decreasing virus titre was
observed in the inoculated foot until no virus could
be found at 96 hours. Virus was first observed in the
central nervous system at 72 hours, in the lumbar
segment of the spinal cord; a small amount was also
present at that time in the thoracic segment. By
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96 hours, the cerebellum was positive and the
Ammon's horn was just beginning to become in-
fected; all control rats showed ataxia. At 120 hours,
the last period observed, all structures examined in
the central nervous system had titres greater than
102 mouse IC LD50, while no virus could be isolated
from peripheral structures, including the injected
foot. Virus could not be demonstrated at any time
in the blood, brown fat, paravertebral muscles or
kidney nor in the foot or sciatic nerve of the un-
inoculated leg.

In order more clearly to elucidate the time of
appearance and level of virus in the feet and posterior
nervous structures of the body (lumbar cord, spinal
ganglia, sciatic nerves, peroneal nerves), 80 rats were
challenged with fixed virus in the left hind foot-pad;
10 rats were killed at each of the same time periods
after challenge as in the first test, and various pooled
organs were examined (Fig. 7). The challenge dose
was somewhat greater than in the previous group of
rats, that is, approximately 214 rat LD50 by the
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peripheral route (and 11 890 000 mouse IC LD50).
The initial high titre of virus in the inoculated foot
and its reduction with time were quite comparable to
the findings in the first test. With the administration
of a larger challenge dose, however, virus was

detected earlier in the lumbar segment of the spinal
cord than with the smaller dose. Virus was first
noticed in the left spinal ganglia 24 hours after the
lumbar segment of the spinal cord had become
infected. The right spinal ganglia first contained
detectable levels of virus at 96 hours, the level of virus
in these ganglia being consistently lower than those
on the left side. Although small amounts of virus
were found in the left and right peroneal nerves and
right sciatic nerves removed at 120 hours, no virus
was found in the sciatic nerve on the inoculated side,
nor was any virus noted in this nerve at any time.
Neither was virus found in the uninoculated foot at
any time.

Fluorescent-antibody staining of single, randomly
selected sciatic nerves from this second group of
rats showed the presence of a minimal amount of
rabies antigen at 96 hours in both the left and right
sciatic nerves. Fluorescence increased markedly at
120 hours.
Two hundred and fifty rats were inoculated in the

left hind foot-pad, and 50 of these animals were

killed 12, 24, 48, 72 and 96 hours after challenge.
The left sciatic nerves from each group were pooled
and used to immunize rats and hamsters. Thirty-
one of the 50 rats killed 96 hours after challenge
already showed paralysis. The rats immunized with
the 48-, 72-, and 96-hour products showed antibodies
to rabies, whereas only the 72- and 96-hour products
contained infective virus demonstrable by mouse

inoculation (Table 1). None of the hamsters that
were immunized by the same products developed
antibodies.

Neurectomy on rats of various weights
The amount of virus for challenge doses varied

greatly between groups according to the weight and
age of the animals (Table 2). It was found that, with
the smallest rats used (that is, those under one month
of age and weighing 33 g or less), susceptibility to the
virus was very great and mortality was somewhat
irregular; thus a 0.002% suspension of virus killed
3 of 5 young rats initially challenged (Table 2), while
a 0.2% suspension of the same virus, containing
roughly 100 times the amount of virus, did not kill all
the young control rats challenged in the definitive ex-
periment comparing neurectomized with control rats.

TABLE I

APPEARANCE OF FIXED RABIES VIRUS IN THE LEFT
SCIATIC NERVES OF RATS CHALLENGED IN THE LEFT

HIND FOOT-PAD a

Time of removal Serum-neutralizing
of nerves after Mouse mortality antibodies

challenge In Immunized"
(hours) rats

12--
24--
48 - +
72 + +
96 + +

a As determined by mouse mortality after intracerebral
inoculation or by the presence of antibody in rats " immunized
intramuscularly with pooled nerves.

TABLE 2
MORTALITY IN RATS OF VARIOUS WEIGHTS
CHALLENGED IN THE LEFT HIND FOOT-PAD

WITH GRADED AMOUNTS OF FIXED RABIES VIRUS

Challenge dose
Rat weight Quantity Dilution

() injected
(ml) 20% 2% 10.2%|0.02%I0.002%

250-310 0.2 414 a 414 0/3 0/4 NDb

100-120 0.1 4/4 212 1/2 0/2 ND

46-55 0.05 2/2 2/2 1/2 0/2 0/2

16-33 0.03 ND 5/5 4/4 4/5 3/5

a Number of rabies deaths/number of animals challenged.
b ND = not done.

While the mortality was 80% or greater in the un-
operated control animals, only one animal in the
four neurectomized groups died of rabies (Table 3).
There were no deaths among the rats under one
month of age from which the sciatic and saphenous
nerves had been removed before challenge.

Effect of removing the sciatic nerve fasciculus or the
perineural structures before challenge

Three experiments (I, K and C') involved either
leaving the perineural structures intact and removing
the sciatic nerve fasciculus or leaving the fasciculus
intact after peeling away the perineural structures.
The saphenous nerve was removed from all experi-
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TABLE 3
MORTALITY IN RATS CHALLENGED IN THE LEFT HIND
FOOT-PAD WITH FIXED RABIES VIRUS AFTER SCIATIC

AND SAPHENOUS NEURECTOMY

Challenge dose Mortality
Rat weight

Quantity Dilution neurectomy Controls(g)l) Afeuretm

180-220 0.2 20.0 % 0.9 a S/6

100-120 0.1 20.0% 1/8 4/4

46-55 0.05 2.0% 0/10 5/6

26-38 0.03 0.2 % 0/9 8/10

a Number of rabies deaths/number of animals challenged,

TABLE 4

MORTALITY IN RATS CHALLENGED IN THE LEFT HIND
FOOT-PAD WITH FIXED RABIES VIRUS AFTER REMOVAL
OF THE SCIATIC NERVE FASCICULUS OR PERINEURAL

STRUCTURES

Mortality

Experiment wehRat After removal oExpeimen we-ght of sciatic After remoa
(g) nerve of perineural Controls

fasciculus structures a

_ 200-240 0/10 b ND 10/10

K 240-300 NDc 7/8 8/8

C' 190-245 0/10 9/10 9/9

a Including epinerium, perineurium and perineural epithe-
lium.

b Number of rabies deaths/number of animals challenged.
c ND = not done.

mental and control animals. The results are sum-
marized in Table 4.

There were no deaths among the animals from
which the sciatic nerve fasciculus had been removed
prior to administration of virus, whereas all the con-
trol animals died. Rats operated on in this way had
limited movement of the left leg, but they rarely
dragged it behind them when walking. Among those
animals from which the perineural structures had
been removed but the nerve fasciculus had been
retained, the mortality was high on challenge (i.e.,
7/8 and 9/10), only one animal surviving per group;
again all the control animals died. In one of the
experiments (K) in which the perineural structures
were removed, the incubation period was somewhat

prolonged, and the median day of death (10.5 days)
was later than in the control animals (8.5 days). In
this experiment, oedema was observed in the oper-
ated leg in three of the rats, and the one animal that
survived challenge had quite severe oedema. No
difference in incubation periods was seen in the
other experiment (C'), nor were any rats observed
with oedematous legs.

Effect of tying the sciatic nerve 24 hours before chal-
lenge
There were no deaths among 10 rats whose sciatic

nerves had been tied 1 cm below the sciatic notch
24 hours before challenge whereas all 9 control rats
died of rabies.

Rate ofprogression of virus in the sciatic nerve

Since removal of the sciatic nerve fasciculus before
challenge had resulted in a dramatic prevention of
mortality from rabies, a preliminary experiment was
performed in rats weighing approximately 235 g so
as to obtain an idea of the possible life-preserving
effect of post-challenge neurectomy (Table 5). All
components of the sciatic and saphenous nerves were
removed at 2-hour intervals after foot-pad challenge.
No deaths occurred among those animals in which
the nerves had been removed at 2, 4, 6, 8, or 10 hours
after challenge, but all rats operated on 12 hours
after challenge died. All eight unoperated controls
died, five of them showing definite evidence of para-
lysis in the inoculated leg first.

Similar experiments were performed in rats
weighing 100-120 g (Table 5). One of two rats
operated on two hours after challenge subsequently
died of rabies; no deaths occurred among the rats
operated on four and six hours after challenge, but
there was mortality from rabies in all the groups
operated on after eight hours or more. All four
control rats died. In hamsters weighing about
100 g whose sciatic and saphenous nerves were
removed at two-hour intervals after challenge, mor-
tality was first seen in the animals operated on ten
hours after challenge. All control animals died.

In a definitive test (Table 5), 30 rats weighing
175-210 g were challenged; thereafter, two rats were
neurectomized by sciatic and saphenous resection at
hourly intervals through the 15th hour. No mortality
was seen before the 9th hour, but from that time on
no further animals were saved by operative proce-
dures. In the same test, additional groups of rats
were operated on at 6 hours and at hourly intervals
from 8 to 15 hours after challenge by incising the

789



G. M. BAER, T. R. SHANTHAVEERAPPA & G. H. BOURNE

TABLE 5
RABIES MORTALITY IN RATS AND HAMSTERS CHALLENGED IN THE LEFT HIND FOOT-PAD
WITH FIXED RABIES VIRUS AND NEURECTOMIZED AT VARIOUS TIME INTERVALS

THEREAFTER

Sciatic and saphenous neurectomy Removal of sciatic
Hours after nerve fasciculus plus
challenge 235-g a 100-g a 1o0a-g g200 a saphenous neurectomy

rats rats hamsters rats 200-g a rats

1 0/1c
/2 b 1/2 0/1 0/2

3 0/2

4 0/2 0/2 0/2 0/2

5 0/2

6 0/2 0/2 0/2 0/2 0/1

7 0/2

8 0/2 1/2 0/2 0/2 0/2

9 1/2 1/2 0/2

10 0/2 2/2 1/2 2/2 2/2

11 2/2 1/2

12 2/2 1/1 2/2 2/2 2/2

13 2/2 2/2

14 2/2 1/2

15 1/1 C 2/2

Controls 8/8 4/4 6/6 9/9

a Approximate weight.
b Number of rabies deaths/number of animals challenged and operated on.
c One rat died of causes other than rabies.

perineural structures and removing a 2.0- to 2.5-cm
segment of the sciatic nerve fasciculus and a segment
of the saphenous nerve. No deaths occurred in the 6-,
8-, and 9-hour groups, but mortality occurred in
every group operated on 10 hours or more after
challenge.

Sciatic nerves (both entire nerves and nerve
fasciculi) removed from the eighth hour on after
challenge in the last experiment were placed in tissue
culture media, using either the fibrin clot method
(Parker, 1961) or the medium of Kissling (1958).
These nerves were then incubated for 5 days at
37°C in an atmosphere of 5% CO2. We were in-
terested in determining whether virus in a form or
concentration not detectable by mouse inoculation
or by the fluorescent-antibody method at these
early periods (Fig. 6 and 7; Table 1) might be
demonstrated after incubation. At the end of the

5-day incubation period, the nerves were removed
from the tissue culture and appeared normal when
observed under a microscope for evidence of
degeneration. They were then ground separately
with mortar and pestle, and the resulting 20% sus-
pensions were injected intracerebrally into five mice
per nerve in order to test for the presence of virus.
All of these mice survived.

Effect of demyelination on subsequent neural progres-
sion of virus
In an initial experiment, 12 rats weighing 220-240 g

were anaesthetized and their left sciatic nerves tied
with 4-0 silk. The saphenous nerve was also removed
from these animals and from 8 control rats. The
suture knot was removed from eight of the 12 test
rats after three weeks. All 20 animals were chal-
lenged two weeks after the untying of the knot,
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five weeks after the original tying. All the control
animals died, and all the test animals survived.
Subsequent histological examination of the tied
nerves showed demyelination of the sciatic nerve in
the area below the knot. However, examination of
the area where the sciatic nerve had been tied and
then untied showed tremendous tissue reaction, in-
cluding many giant cells and fibrous tissue, and it was
obvious that another method would have to be
found to demyelinate the nerve without causing such
extreme damage and reaction.

In the next test (Table 6), rats weighing 190-245 g
were used. It had been planned to crush the sciatic
nerves with mosquito forceps, wait approximately
two weeks for demyelination to take place, and then
challenge immediately after saphenous nerve re-
moval. However, after the sciatic nerves on the first
few animals had been crushed, it was noticed that
pricking the nerve above the crushed area with a
needle resulted in reflex twitching of the leg, while
similar pricking below the area elicited no response.
The saphenous nerve was removed in five rats of this
group and in five control animals; these ten animals
were challenged one day later. All five control rats
died of rabies, as did three of the animals in which
the sciatic nerve had been crushed.

Sixteen remaining animals with crushed sciatic
nerves were held for two weeks, and the saphenous
nerve was then removed from them as well as from
six control animals. Five of the six control animals
died after challenge, and of the 16 animals operated
upon, 13 died (Table 6). Histological sections of
nerves from these last animals showed almost com-
plete demyelination and disintegration of axons with
little tissue reaction at the crushed area (Fig. 4 and 5).

In a further experiment, seven rats whose sciatic
nerves had been crushed 57 days previously were

TABLE 6
RABIES MORTALITY IN RATS WITH LEFT SCIATIC NERVE
CRUSHED AT VARIOUS PERIODS BEFORE CHALLENGE

IN THE LEFT HIND FOOT-PAD

Interval between Mortality
Experment crushing andExperiment challenge Operated Controls

_________________________________________(days) anim als

VI 1 3/5 a 5/5

V2 16 13/16 5/6

C' 57 7/7 9/9

a Number of rabies deaths/number of animals challenged.

challenged (Table 6). All seven of these animals died
of rabies from the challenge, as did the nine controls.
Sections of representative crushed nerves showed
complete demyelination.

DISCUSSION

Assay techniques in pathogenesis studies of viral
diseases, especially with neurotropic viruses, have
usually been limited to the search for infectivevirus
as demonstrated by infectivity for test animals or
tissue culture systems, or by pathological investiga-
tions. Recently, the fluorescent-antibody technique
has been added as a sensitive tool for discovery of
small amounts of viral antigen.
By the aid of surgical procedures, we found that

fixed rabies virus progressed rapidly along the
sciatic nerve of rats and at eight to ten hours passed
a point approximately halfway between the emer-
gence of the nerve at the sciatic notch and its bifurca-
tion at the gastrocnemius muscle. In contrast, the
first evidence of virus in the sciatic nerve was demon-
strated by antibodies that developed after multiple
injections of a pooled suspension of sciatic nerves
removed from rats 48 hours after they were chal-
lenged. At this time period, however, we could not
find infective virus in the nerve by mouse inoculation,
nor was antigen demonstrable by fluorescent-anti-
body staining.

Previous evidence of rapid viral progression after
foot-pad injection has been demonstrated by Wiktor
& Koprowski (1963), who found that intramuscular
injection of quaternary ammonium compounds into
the hind legs of mice 12 hours after challenge was no
longer effective in reducing rabies mortality, and by
Dean, Evans & McClure (1963), who noted failure
to stop rabies mortality if the hind legs of challenged
mice were amputated over 4 hours after challenge.

In the present study, sciatic and saphenous neu-
rectomy before challenge proved virtually 100%
effective in saving rats from rabies; these results are
similar to those obtained by Dean, Evans & McClure
(1963). We found that this surgical procedure was
also effective in very young animals (weighing about
30 g) when the challenge dose was adjusted to ap-
proximately 100 peripheral LD50. It should be
emphasized that a dose of 0.03 ml for a 30-g rat is
equivalent to the injection of 80 ml in a man weighing
80 kg, and it is quite possible that, with such a fluid
volume, some blood vessels are injured, and thus
small amounts of virus may enter the circulation.
Infection of surgically exposed nerve endings with

791



792 G. M. BAER, T. R. SHANTHAVEERAPPA & G. H. BOURNE

virus from a low-grade viraemia, however, apparently
did not occur in our experiments in view of the
absence of mortality in rats whose sciatic nerve
fibres were cut before challenge and of the failure
to demonstrate virus in the blood at any time.
The claim has been made by many investigators

that perineural lymph channels are the main stream
along which rabies virus flows (Gantt & Ponomarew,
1929; Krause, 1957). With the discovery of the
perineural epithelium (Shanthaveerappa & Bourne,
1962), that structure was also thought to be a possible
pathway for bacterial and viral pathogenesis
(Shanthaveerappa & Bourne, 1963). In the system
in which we were working (i.e., fixed virus injected
in the foot-pad of rats), the perineural structures
seem to play no part in the neural progression of the
virus, since their removal did not significantly reduce
subsequent mortality. There was no mortality on
challenge when the perineural structures remained
intact after removal of the nerve fasciculus.

It has been shown that the perineural epithelium is
a metabolically active, continuous, protoplasmic cell
barrier surrounding peripheral nerve fasciculi (Shan-
thaveerappa & Bourne, 1962), and that it is an
extension of the meninges outwards to the peripheral
and autonomic nervous system (Shanthaveerappa &
Bourne, 1962, 1964). These findings cast serious
doubts on the ability of circulating antibody to
penetrate this structure, and thus, in turn, on the
efficacy of globulins to inactivate or neutralize virus
when it is in the peripheral nerves. We were unable
to halt the progression of virus in the sciatic nerve of
rats given a low challenge dose (2-3 peripheral LD50)
even with early deposition of high-titred-rabies anti-
serum of equine origin (Lederle Laboratories,' serum
neutralizing titre 1:31250) around the nerve, and
even when we injected the antiserum underneath the
perineural epithelium in large quantities (Baer,
Shanthaveerappa & Bourne, unpublished data).
Semple (1919), in a review of human rabies treat-
ment, has claimed that, if immunization is complete
(which would imply the presence of antibodies)
before the virus in the peripheral nerves reaches the
central nervous system, the patient will survive.
However, local wound-treatment experiments (Dean,
Baer & Thompson, 1963) have shown that fixed
virus placed in a skin pocket of the hind leg of
guinea-pigs can be inactivated by treatment with

1 The mention of commercial sources is for identification
purposes only and does not constitute endorsement by the
Public Health Service of the US Department of Health,
Education, and Welfare.

antiserum or benzalkonium chloride up to 6 or more
hours after deposition, suggesting that there is a
significant latent period under these conditions.
With rabies street virus, it has been shown that this
period of latency appears to be even longer (up to
48 hours), thus allowing more time for treatment
procedures (Koprowski, Van der Scheer & Black,
1950).

Since neither myelin nor axons were necessary for
the progression of the disease when fixed virus was
used, we cannot incriminate these structures as being
integrally associated with pathogenesis, our results
thus differing from those of Bodian & Howe (1941),
who were able to stop the intraneural spread of
poliomyelitis virus in monkeys whose sciatic nerves
were frozen with dry-ice, a method that produces
complete degeneration of axons and myelin below
the point of freezing without interrupting the
" physical continuity " of the nerve. These investig-
ators performed their " inoculation " of the sciatic
nerves by dipping the cut ends in suspensions of
infective virus for 5-10 minutes (Bodian & Howe,
1940, 1941). Although this is a more natural mode
of infection than injection of virus into the foot-
pads, we were unable to achieve high mortality rates
by their method in rats. Since the axonal migration
of proteins in the peripheral nerves is centrifugal at
the rate of approximately 1.5 mm daily (Droz &
Leblond, 1963), any flow of virus, if it does traverse
that part of the nerve, would have to run counter to
the axonal migration.

Since both the removal of the perineural structures
and complete demyelination (with absence of axons)
had essentially no detrimental effect on rabies patho-
genesis, it would appear that perhaps the Schwann
cells, the endoneurium, or associated tissue spaces
play a greater role than the axis-cylinder in the pro-
gression of virus. As regards endoneural cells, they
have been seen to fluoresce in nerves of suckling mice
subcutaneously inoculated in the hind foot-pad with
herpes-simplex virus (Johnson, 1964), and the author
concluded that " virus reached the CNS solely by
centripetal infection of endoneural cells ". It is also
interesting to note that Palmer, Rees & Weddell
(1961) studied the behaviour of Schwann cells when
confronted with particulate matter at various times
following nerve damage, with a view to reaching a
better understanding of the histopathology of
leprosy. They found, in rats killed five days after the
sciatic nerve had been cut or crushed and injected
with either carbon or colloidal gold particles, that
the Schwann cells became more active, divested
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themselves of their basement membrane and began
putting out processes that ingested both neural
debris and the foreign particles placed in their
neighbourhood.

It is hoped that radioactive labelling, electron
microscopy, or other more sensitive techniques will
provide a more effective and exact means of tracing
viral progression in nerves.
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RESUMt

Les auteurs ont cherch6 a preciser la voie exacte de
progression du virus rabique, particulierement entre le
moment de son introduction p6ripherique dans l'orga-
nisme et celui de son apparition dans le systeme nerveux
central. Les techniques d'immuno-fluorescence leur ont
permis de mettre en 6vidence la presence de faibles quan-
tit6s d'antigene viral; en meme temps, ils ont determine
le taux de virus par inoculation de broyats du tissu etudi6
a des souris blanches.
Un virus fixe a ete inocule dans les coussinets de la

patte post6rieure gauche de rats, a des doses variant
de 32 a 100 DLO (titree prealablement), sous forme de
suspension de cerveaux de souris infectees. Les signes de
rage ont e not6s en surveillant les animaux pendant
21 jours apres l'inoculation. La periode d'incubation par
cette methode a ete d'environ 96 heures. Le virus a
d'abord ete trouve dans le segment lombaire de la moelle
6piniere de rats tues 48 heures apres l'inoculation. A ce
moment, ni l'inoculation a la souris ni les techniques
d'immuno-fluorescence n'en montraient dans le nerf
sciatique, mais des injections repet6es de nerfs sciatiques
provoquaient l'apparition d'anticorps chez des rats.

Trait6s de la meme facon, des hamsters ne montraient
pas de r6action. A la 96e heure, lorsque l'ataxie appa-
raissait, le virus a ete isole de toutes les regions examin6es
du systeme nerveux central.
La resection du nerf sciatique ou l'ablation de la gaine

fasciculee dans les 8-10 heures apres l'inoculation abais-
sent considerablement la mortalit6. La neurectomie du
sciatique et des saphenes avant l'inoculation preserve
presque toujours les animaux, meme lorsqu'il s'agit de
jeunes rats de moins d'un mois. Ni les structures p6rineu-
rales (6pinevre, perinbvre, 6pithelium perineural et
vaisseaux lymphatiques perineuraux) ni les cylindraxes
ne paraissent absolument indispensables a la progression
du virus, puisque la resection de ces structures ou la
demyelinisation complete du nerf ne diminuent pas sen-
siblement la mortalite. Les auteurs pensent que peut-etre
les cellules de Schwann, I'endonevre ou les espaces tissu-
laires adjacents jouent un plus grand role que le cylin-
draxe dans cette progression, dont les modalit6s pourront
etre mieux etudiees par 1'emploi de techniques plus
sensibles, comme le marquage radioactif ou le microscope
electronique.
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