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The permissiveness of cat motor and sensory systems to infection by
pseudorabies virus (PRV) was examined. Eight adult cats of both sexes received
injections of a virulent strain of PRV (PRV-Becker) into either the diaphragm or
neck musculature. Temporal analysis of the replication and transynaptic
passage of virus in each experimental paradigm revealed that sensory neurons
in the dorsal root ganglia were more susceptible to infection than motor
neurons. Only scattered motor neurons displayed productive replication of
virus at postinoculation intervals extending to 192 h whereas robust
replication of virus in neurons in the dorsal root ganglia and dorsal horn of
the spinal cord was apparent as early as 96 h post inoculation. The data
demonstrate that functionally distinct populations of neurons in the cat are
differentially permissive to infection and transneuronal transport of PRV.
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Introduction

Many alpha herpesviruses are characterized by their
neurotropism and ability to infect and spread
within populations of synaptically-linked neurons.
Recognition of these properties and the recent
demonstrations of the specificity of transneuronal
passage of these viruses has led their use for
definition of multisynaptic circuits (Strick and
Card, 1992; Card and Enquist, 1994; Enquist,
1994; Loewy, 1995; Ugolini, 1995). Thus, the
mechanisms governing the replication and transport
of these pathogenic virions within individual
neurons and through a multisynaptic circuit have
important implications for interpreting data derived
from this experimental approach. To date, the
majority of tract tracing studies have used either
the human pathogen herpes simplex virus (HSV) or
a swine alpha herpesvirus known as pseudorabies
virus (PRV). Although both viruses have been
shown to replicate in a variety of circuits, several
reports described differential invasiveness of func-
tionally distinct components of a circuit. As early as
1938, Sabin recognized that PRV spread through
trigeminal and autonomic circuitry of the mouse
quite efficiently following nasal inoculation, but
was apparently incapable of invading the olfactory

system (Sabin, 1938). It has subsequently been
shown that some, but not all, strains of PRV have
the capacity to invade the CNS via the olfactory
nerve in young pigs (McFerran and Dow, 1965;
Sabo et al, 1969; Wittmann et al, 1980; Kritas et al,
1995) and other examples of differential invasive-
ness of PRV or HSV have been identified. For
example, Rotto-Percelay and colleagues (1992)
reported that neurons in the sympathetic compo-
nent of the autonomic nervous system are more
susceptible to infection by an attenuated strain of
PRV than motor neurons innervating somatic
musculature. Similarly, we have demonstrated that
functionally distinct classes of retinal ganglion cells
respond differentially to infection with genetically
defined isogenic PRV mutants (Card et al, 1991,
1992; Whealy et al, 1993; Enquist et al, 1994).
Barnett and colleagues (1993) demonstrated that
HSV type 1 and mouse hepatitis virus produce
different patterns of central infection following
identical inoculation of the nasal cavity or olfactory
bulb, and Ugolini (1992) has shown that the rate of
HSV-1 transport to the spinal cord through periph-
eral nerves of adult rats occurs faster in neurons
with smaller caliber axons. In addition, Zemanick
and colleagues (1991) have reported that one strain
of HSV is transported anterogradely after injection
into the motor strip of primate cortex while another
strain is only transported in the retrograde direction
after identical injection. These and other examples
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of differential viral tropism vividly demonstrate that
neuroinvasiveness is strain dependent and is an
important consideration in the use of alpha
herpesviruses for the characterization of multi-
synaptic circuits.

Pseudorabies virus is remarkable for the wide
range of animals that it can infect. It causes a natural
disease in some domestic and wild animals
(Wittmann and Rziha, 1989) and, if introduced by
injection, can infect a more diverse population of
mammals and some birds (Nara, 1982). It is
noteworthy that it cannot infect humans, apes,
chimpanzees, reptiles and insects by any route.
Natural infections seem to occur most often in
swine, cattle, sheep, dogs and cats (Gustafson,
1975). However, in a given species, young animals
are often more susceptible to PRV disease than are
adult animals (Wittmann and Rziha, 1989). Since
the anatomy and physiology of neural systems in
cats are in many instances well established, it is of
particular interest to explore the utility of using
PRV for transneuronal analysis in this species.

In the present investigation we have analyzed the
invasiveness and patterns of viral replication that
occur in the spinal cord following injection of PRV-
Becker into the diaphragm or neck musculature of
adult cats. Dobbins and Feldman (1994) have
characterized the pattern of transneuronal infection
in the rat produced by injection of PRV into
diaphragm and, as noted earlier, Rotto-Percelay
and co-workers (1992) have analysed the invasive-
ness of this strain of virus in rat motor circuitry.
Thus, there is a solid foundation for evaluating the
utility of this experimental approach in the cat
nervous system. Furthermore, the two systems offer
complementary approaches for analysis of factors
influencing viral tropism and invasiveness. The
diaphragm is characterized by a diffuse motor
innervation and few sensory afferents (Balkowiec
et al, 1995; Corda et al, 1965; Duron et al, 1978;
Gottschall, 1981) whereas the neck musculature is
rich in sensory afferents and the motor endplates
are more densely concentrated than in the dia-
phragm (Richmond and Abrams, 1975). The data
demonstrate that functionally distinct components
of the cat nervous system are differentially suscep-
tible to the productive replication of a virulent
strain of PRV following peripheral inoculation.

Results

Peripheral inoculation of adult cats with a virulent
strain of PRV initially isolated by Becker (PRV-
Becker; Becker, 1967) produced an immunohisto-
chemically detectable productive infection in the
spinal cord of all animals. However, the magnitude
and pattern of infection was directly dependent
upon the route of inoculation, the amount of
injected virus and the postinoculation interval.

Only scattered infected motor neurons were ob-
served in the ventral horn of the spinal cord at post
inoculation intervals extending to 192 h following
injection of PRV-Becker into the diaphragm. In
contrast, large numbers of neurons displaying viral
antigens were observed in the dorsal root ganglia
and dorsal horn of the spinal cord following
injection of the virus into neck musculature as
early as 96 h post inoculation. The permissiveness
of animals to infection did not correlate with the
sex of the animal.

Temporal aspects of cellular infection
Infected neurons characteristically exhibited mod-
erate to dense immunoreactivity associated with
both the cell soma and proximal dendrites, with the
intensity and intracellular distribution of viral
antigen reflecting the apparent duration of viral
replication. For example, the earliest immunoreac-
tivity was observed in the nucleus of infected
neurons, while continued viral replication resulted
in the appearance of viral immunoreactivity in the
somata and dendrites of infected cells (e.g.,
compare Figure 3b and c). The early appearance of
viral antigen in the cell nucleus correlates with
DNA replication and packaging whereas the punc-
tate staining that progressively appears across the
somatodendritic compartment denotes sites of
envelopement, intracellular trafficking, and transy-
naptic passage of virions (Card et al, 1993; Whealy
et al, 1991).

Diaphragm injections
Only scattered infected neurons were observed in
the animals in which virus was injected into the
diaphragm and all of these cells were confined to
the ventral horn of the spinal cord. The distribution
of infected neurons observed in these animals is
mapped on Figure 1 and photomicrographs of
representative examples are illustrated in Figure 2.
The largest number of immunoreactive neurons was
observed in the longest surviving animals (Cases D4
& D5; see Tables 1 and 2). These animals were
inoculated with 0.6 ± 1.26107 pfu of virus and
allowed to survive 192 h. In both cases, we
observed scattered infected motor neurons that
were occassionally associated with small immuno-
reactive interneurons (Figure 2). The only differ-
ence between these cases was the volume of the
inoculum; case D4 was injected with 35 ml and case
D5 received 70 ml of virus. At shorter postinocula-
tion intervals the number of infected neurons was
substantially reduced, even though larger concen-
trations and volumes of virus were injected into the
diaphragm. Only one immunopositive neuron was
observed in 151 sections from C5 and C6 of the
animal that was inoculated with 172 ml of virus
(2.96107 pfu) and allowed to survive 144 h. Sec-
tions of C5 and C6 spinal cord from the two
remaining animals injected with PRV-Becker
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revealed a total of 4 and 14 neurons in a total of 85
and 158 sections, respectively (Table 2). This
included one animal inoculated with 172 ml
(2.96107 pfu) that was sacrificed 96 h post-inocu-
lation and another that received 3.46107 in 201 ml
and was permitted to survive 72 h. Thus, post-
inoculation interval was the most important vari-
able in eliciting a productive infection in this
experimental paradigm.

Only 76 neurons were observed in a total of 548
coronal sections though the C5 and C6 levels of the
spinal cord (Table 2). The majority of these neurons
were confined to the inferior limit of the ventral
horn, midway along its mediolateral axis (Figure 1).
They displayed two distinct morphologies and,
when more than one cell was present in a single
section, they were usually found in clusters. Each
cluster consisted of a large multipolar motor neuron
surrounded by small bipolar neurons (Figure 2a ±
d). The distribution of immunoreactivity in these
neurons was consistent with intermediate to
advanced stages of viral replication and there were
no cytopathic changes in the infected cells. Nor
were there signs of the characteristic infection of
glial that has been shown to be associated with lytic
changes in neurons infected with PRV-Becker and
other strains of PRV after chronic infection of rodent
CNS (Rinaman et al, 1993). Case D2 demonstrated
that infection of the large motor neurons always
occurred prior to infection of the small neurons and
we never observed infected neurons in the dorsal
horn of spinal cord in any of the animals. These
observations suggest that infection of smaller
neurons in the ventral horn resulted from retrograde
transynaptic passage of virus from the first order
infection in motor neurons.

The large neurons displaying viral immunoreac-
tivity exhibited a morphology consistent with motor
neurons previously shown to innervate the cat
diaphragm (Rose et al, 1983). The cells exhibited a
widest cross sectional diameter of approximately

Figure 1 The patterns of infection produced in cervical levels 3
and 5 (C3 & C5) of the spinal cord following injection of the
diaphragm (C5) and neck musculature (C3) are illustrated. Each
illustration reflects the relative distribution of infected neurons
observed in each paradigm; absolute numbers of infected
neurons in the different cases are presented in Table 2. Open
triangles reflect the position of infected propriospinal neurons
and filled triangles mark the location of infected motor neurons.
The filled circles illustrate the distribution of infected neurons
in laminae I and II of the dorsal horn whereas the small open
circles in the ventral horn illustrate the relative position of
infected interneurons. Diagrams are adapted from those pub-
lished by Rexed (1954).

Table 1 Experimental animals

Level of

Vol.Inj Spinal

ml Conc.Inj. Survival Cord

Animal Virus virus/cat pfu610
7

(hours) Analyzed

D1

D2

D3

D4

D5

N1

N2

N3

PRV-Becker

PRV-Becker

PRV-Becker

PRV-Becker

PRV-Becker

PRV-Becker

PRV-Becker

PRV-Becker

201

172

172

35

70

172

172

70

3.4

2.9

2.9

0.6

1.2

2.9

2.9

1.2

72

144

96

192

192

144

96

120

C2, C3, C5, C6

C5, C6

C5, C6

C5, C6

C5, C6

C1, C3, C4

C3

C1, C3, C4, C5

Details regarding the injection parameters, postinoculation

survival intervals and regional analysis conducted in each

experiment are provided. D=diaphragm injected animal,

N=neck injected animal; C=cervical spinal cord.
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50 mm (range=43 ± 65 mm) and were multipolar in
conformation (Figure 2a). In cases in which viral
replication was more advanced, viral immunoreac-
tivity was apparent in primary and secondary
dendrites (Figure 2a and b). Sections adjacent to
those exhibiting immunopositive motor neurons
often exhibited immunoreactive dendrites in regions
approximating the location of the infected perikarya,
indicating that the dendritic arbors of infected cells
extended radially from the parent neurons (Figure 2b
and c). Nevertheless, all immunoreactive dendrites
were confined to the gray matter of the ventral horn.

The small infected neurons surrounding these motor
neurons were the sole evidence for transynaptic
passage of virus in the diaphragm-injected animals.
These cells were much smaller than the larger motor
neurons and exhibited a distinctly different mor-
phology (Figure 2c and d). The widest diameter of
individual cells was approximately 15 mm
(range=10 ± 22 mm) and the cell somas were slightly
elongated in conformation. In some instances, the
presence of viral antigen within the proximal
dendrites demonstrated that these cells were bipolar
in morphology (Figure 2c and d).

Table 2 Distribution of infected neurons

Sections

Total # with

Sections infected Total # of Infected Neurons

Animal SC Level Analyzed neurons Laminae I & II PNs Ventral Horn

D1

D2

D3

D4

D5

N1

N2

N3

C5

C6

C5

C6

C5

C5

C5

C3

C4

C3

C3

C4

83

75

73

78

85

56

96

106

45

109

108

41

8

0

1

0

2

10

14

94

26

17

100

21

0

0

0

0

0

0

0

1885

67

18

2052

79

0

0

0

0

0

0

0

5

1

0

9

2

6/8

0

1/0

0

1/3

5/37

9/7

0

0

0

17/119

1/2

Specifics regarding the number and location of infected neurons in each case are provided. The number of neurons in the ventral

horn of each level of spinal cord in represented as follows: motor neurons/interneurons. D=diaphragm, N=neck, SC=spinal cord,

PN=propriospinal neuron.

Figure 2 The morphology of infected neurons in the ventral horn of C5 of the spinal cord produced by injection of PRV-Becker into
the diaphragm is illustrated. First order infection is restricted to large multipolar neurons with diffusely ramifying dendrites (a and b).
Portions of the dendritic arbor of these motor neurons are commonly observed in adjacent sections (arrows in b and c). Retrograde
transynaptic passage of virus into the afferents synapsing upon infected motor neurons leads to infection of smaller interneurons in the
immediate vicinity of the motor neurons (c and d). Marker bars for a and b=50 mm; bars for c and d=25 mm.
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Injections of neck musculature
Injection of PRV-Becker into the splenius and
biventer muscles of the neck resulted in a produc-
tive infection of neurons at upper levels of cervical
spinal cord in all three experimental animals. The
patterns of infection in the spinal cord produced by
injection of PRV-Becker into neck musculature
differed substantially from that produced by dia-
phragm injection (Figure 1). All three neck injected
animals exhibited infected neurons in lamina I and
II of the dorsal horn, but rarely exhibited immunor-
eactive neurons in the ventral horn (Table 2). The
magnitude of infection differed among animals, but
the pattern was the same in all cases. A summary of
the distribution of infected neurons observed in
these cases is shown in Figure 1 and the morphology
characteristically exhibited by these cells is illu-
strated in Figures 3 and 5. Absolute numbers of
infected neurons in these regions of spinal cord are

presented in Tables 2 and 3. After injection of 172 ml
(2.96107 pfu) and 96 h survival (case N2) a total of
18 infected neurons were present in 17 of 109
sections from C3 of the spinal cord and these
neurons were confined to the superficial laminae
ipsilateral to the injection. In contrast, 1890 infected
neurons were observed in 94 of 106 sections from
the same level of spinal cord 144 h following
injection of an equivalent volume of virus (case
N1, Table 2). The majority of these cells (1885) were
found in the ipsilateral laminae I and II of the dorsal
horn, although five cells with a morphology char-
acteristic of propriospinal neurons (see following
section for description) were present in laminae V
and VI (Figures 3 and 5). The C4 level of the cord in
this animal exhibited the same pattern of infection,
but the number of infected neurons was substan-
tially reduced (Table 2). No infected neurons were
observed in the ventral horn of this animal.

Figure 3 Injection of PRV-Becker into the splenius and biventer muscles of the neck led to a preferential infection of neurons in
laminae I, II, V and VII of C3. The general pattern of infection observed in these regions are illustrated in a. Small spherical neurons in
laminae I and II constituted the largest number of infected neurons (a and b), but occasional infected neurons in laminae V and VI
were also observed (c). Marker bar for a=100 mm; bars for b and c=50 mm.
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Case N3, in which the animal was sacrificed
120 h after injection of 1.26107 pfu of virus in
70 ml, also exhibited a large number of infected
neurons in laminae I and II of the ipsilateral dorsal
horn and occasional infected cells in laminae V and
VI; 2052 infected neurons were observed in the
superficial laminae of C3 and 9 cells exhibiting
propriospinal neuron morphology were present in
deeper layers. Again, the pattern of infection in C4
was similar to that seen in C3, but the number of
cells was substantially reduced (Table 2). Unlike
case N1, a substantial number of PRV-immunor-
eactive neurons were present in the medial seg-
ments of laminae I and II and scattered infected
neurons were present in the ventral horn, primarily
at the ventral and medial extent of the gray matter
(Figure 1b). The morphology of the latter group of
neurons was similar to both motor neurons and
interneurons, with the number of interneurons
exceeding that of the motor neuron population
(Table 2).

The pattern of infection produced in the spinal
cord by injection of virus into the splenius and
biventer muscles also exhibited evidence of
topographical segregation of neurons within sub-
fields of laminae I and II. This was true of all
cases, but was more apparent in the two animals
in which the spinal cord infection was more
advanced. The principal characteristic of this
topography was the segregation of the majority of
infected cells within the lateral half of the dorsal
horn (Figures 1, 3a, 5a and b). Furthermore, the
presence of large numbers of infected neurons in
some sections, considered with the very low
number of infected cells in other sections from
the same segment of spinal cord, suggested that
infected neurons occurred in groups along the
longitudinal axis of individual spinal cord seg-
ments. For example, of the 106 sections from C3
that were analyzed in case N1, approximately half
(49) had fewer than 10 infected cells per section
(Table 3). The remaining sections containing an
average of 32.33 infected dorsal horn neurons per
section and, of that population, less than one cell
per section was found in the medial half of
laminae I/II. A similar preponderance of infected
neurons in the lateral half of laminae I and II was
evident in case N3 (Table 3). However, there were

more neurons in the medial portion of laminae I
and II in this case and occasional infected neurons
were observed in the ventral horn (Figure 5a and
b; Table 2).

Examination of sections through the C3 dorsal
root ganglion of case N4 ipsilateral to the viral
injection demonstrated numerous infected neurons
(Figure 4a). Six hundred and fifty-one infected
neurons were observed in 17 sections through the
ganglion. These cells exhibited an average cross
sectional diameter of 41.37 mm (range=30 ± 61 mm;
n=144) and they were distributed throughout the
ganglion. Photomicrographs illustrating the distri-
bution and morphology of the neurons from this
case are shown in Figure 4a ± c.

The infected neurons in the spinal cord dorsal
horn exhibited two distinct morphologies. Those in
laminae I and II presented a very homogenous
morphology. They were generally spherical in
shape and exhibited a widest diameter of approxi-
mately 14 mm (range=10 ± 19 mm) (Figure 3b). Only
on rare occasions did the viral immunoreactivity
extend into proximal dendries of these cells and in
those instances they presented a bipolar conforma-
tion. Infected neurons in laminae V and VI
presented a more complex morphology (Figure 5a
and b). They were substantially larger than infected
neurons in superficial laminae with a widest
diameter of approximately 60 mm (range=52 ±
78 mm). In addition, viral immunoreactivity routi-
nely extended well into the dendritic tree of these
neuons revealing three to five primary dendrites
that radiated away from the cell soma and gave rise
to smaller branching secondary and tertiary den-
drites. Apical branches of the larger dendrites
extended dorsolaterally into laminae I and II where
they were often coextensive with infected neurons
within these regions. The remaining dendrites
extended radially from the multipolar perikarya,
but exhibited a preferential trajectory back into the
gray matter of the cord (Figure 5a and b).

Discussion

While the cat is reported to be a host for PRV (Nara,
1982), our data demonstrate a dramatic difference
in the permissiveness of motor and sensory systems

Table 3 Distribution of neurons in dorsal horn of C3 after neck injection

Total # # Sections Average Number of Neurons in Laminae II & III

Sections with 510 in Sections with 510 Infected Neurons

Animals Analyzed cells/section Total Medial Lateral

N2

N4

106

108

57

75

32.33

26.79

0.70

3.65

31.63

23.12

Details regarding the number of infected neurons present in different regions of laminae I and II of the C3 level of spinal cord in two

of the neck injected animals (N2 and N4) are provided.
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Figure 5 The morphology typical of that displayed by infected laminae V and VI neurons after injection of neck musculature is
illustrated in these figures. Note the multipolar perikary giving rise to a prominent primary dendrite that extends dorsolaterally into
the region of laminae I and II that contain the largest concentration of infected neurons. Marker bars=100 mm.

Figure 4 Injection of neck musculature also infected large numbers of neurons in the C3 dorsal root ganglion. (a) illustrates the
distribution of infected neurons in a longitudinal section through the ganglion; the cells marked by the arrows in a are illustrated at
higher magnification in b and c. Marker bar a=200 mm; marker bars b and c=10 mm.
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of the cat spinal cord to infection with PRV. Motor
neurons innervating both the diaphragm and neck
musculature were relatively resistant to viral
infection following inoculation with large concen-
trations of PRV-Becker and long postinoculation
intervals. In contrast, small doses of PRV-Becker
and shorter postinoculation intervals produced a
robust transneuronal infection of dorsal horn
neurons in regions previously shown to receive
projections from the DRG. Furthermore, the ob-
served patterns of viral replication in the DRG and
superficial laminae of the dorsal horn suggested a
differential tropism of PRV-Becker for DRG neurons
with small caliber axons.

The underlying mechanisms that account for this
preferential tropism of PRV for sensory neurons in
the cat remain to be defined. Nevertheless, some
aspects of our findings combined with those of
previous studies provide interesting insights. PRV
infection of neonatal animals is usually more
devastating than infection of adult animals. More-
over, PRV has a predilection to infect sensory
pathways in adult animals, often leading to estab-
lishment of latency in sensory ganglia (Wittmann
and Rziha, 1989). One particularly noteworthy
aspect of our data is the fact that productive
replication of virus was largely restricted to sensory
DRG neurons and their synaptic targets in the dorsal
horn of the spinal cord. As noted earlier, following
intranasal inoculation of PRV in adult mice, Sabin
(1938) described the preferential spread of virus
through trigeminal and autonomic pathways, but
failed to observe propagation of the virus in
olfactory systems. Although recent studies demon-
strate that some strains of PRV can gain access to the
CNS via the olfactory nerves, these studies were
conducted in young pigs (McFerran and Dow, 1965;
Sabo et al., 1969; Wittmann et al, 1980; Kritas et al,
1995). In adult animals, intranasal inoculation of
PRV generally leads to establishment of a latent
infection of sensory trigeminal neurons rather than
productive replication and invasion of the CNS.
Although one must be cautious in generalizing
properties of infection across species and in
different neuronal systems, our findings are con-
sistent with the natural tropism of the virus for
sensory fibers in the adult animals. Injection of
virus into neck musculature produced a robust
replication of virus in the DRG and transynapatic
infection of dorsal horn neurons known to receive
sensory input from DRG neurons, whereas only
occasional viral replication was observed in motor
neurons in these animals and those in which the
virus had been injected into the diaphragm. The
absence of infection in the dorsal horn following
injection of the diaphragm is consistent with the
demonstrated sparse distribution of a sensory
innervation to this muscle. Free sensory endings
and Pacinian corpuscles are widely scattered over
the surface of the muscle and there are few muscle

spindles and Golgi tendon organs that are confined
primarily to the crural region (Balkowiec et al.,
1995; Corda et al., 1965; Duron et al., 1978;
Gottschall, 1981). Our paradigm did not involve
injection of the crus.

The infection of the DRG and dorsal horn of
spinal cord in neck injured animals was further
distinguished by the differential concentration of
viral antigens in a subset of sensory neurons.
Examination of the DRG in case N3 demonstrated
that only a subpopulation of DRG neurons exhibited
viral immunoreactivity and that these cells are
distinguished by their small cross-sectional dia-
meter compared to uninfected perikarya. In addi-
tion, the transneuronal infection of the synaptic
target of these neurons in the dorsal horn of spinal
cord was largely confined to the lateral half of
laminae I and II, and further appeared to be
segregated within groups distributed along the
rostrocaudal extent of the C3 level of spinal cord.
All of these observations are consistent with virus
preferentially infecting small caliber sensory axons
innervating the region of the axial neck musculature
near the multiple sites of inoculation. Small caliber
Ad and C fibers arising from small DRG sensory
neurons are known to arborize within the super-
ficial laminae of this region of spinal cord in a
pattern that conforms to the distribution of infected
neurons observed in our analysis (Willis and
Coggeshall, 1991). The infected neurons in laminae
V, VI and VII of the C3 level of spinal cord are
similar in morphology to propriospinal neurons
thought to play an important role in postural
adjustments associated with targeted movements
(Alstermark et al, 1987, 1991). These neurons are
known to receive descending inputs from the
cortex, tectum and brainstem as well as afferent
input from the forelimb (Illert et al., 1978; Alster-
mark et al., 1984). Since these neurons exhibited
dendrites that extended into the lateral extent of
laminae I and II it is probable that they become
infected via monosynaptic transneuronal passage of
virus from sensory afferents.

Although productive replication of PRV-Becker
was largely confined to a subset of sensory neurons,
we did observe a limited number of infected motor
neurons. This raises the issue of why we did not
observe more extensive infection of motor and
sensory systems following inoculation of either
diaphragm or neck musculature. Particularly ger-
mane to this discussion are recent studies of the
replication of HSV-1 (Ugolini, 1992) and PRV-
Bartha (Rotto-Perceley et al., 1992) in motor
circuitry. Ugolini demonstrated extensive infection
of both sensory, autonomic and motor systems
following injection of HSV-1 into crushed mixed
nerves innervating the forelimb on hindlimb of rats
(Ugolini, 1992). However, the data from that study
also revealed temporal differences in the rate of
infection of functionally distinct components of
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these mixed nerves. Productive replication of virus
in sensory and autonomic neurons with small
caliber axons preceded that of motor neurons and
sensory neurons with large myelinated axons. This
finding suggests that the restricted pattern of
infection observed in our analysis may reflect
differing rates of viral replication and/or transport
in different types of neurons. However, our findings
suggest that species specificity and a restricted
permissiveness to infection may have also contri-
buted to the preferential infection of sensory
systems in the cat. In both of our paradigms, the
majority of motor neurons were consistently resis-
tent to productive replication of PRV-Becker even
in circumstances in which animals were injected
with large concentrations of virus and permitted to
survive as long as 8 days. While one might argue
that the sparseness of the terminal distribution
across the surface of the diaphragm contributed to
our failure to infect substantial numbers of phrenic
motor neurons (i.e., neurons did not accumulate
enough virus to elicit a productive infection), this
explanation does not explain the small number of
infected motor neurons resulting from injection of
large amounts of virus into neck musculature.
Unfortunately, the sensory irritation that accompa-
nied the early infection of small DRG neurons
precluded anlaysis of longer surviving animals in
this paradigm. Thus, we cannot exclude the
possibility that large numbers of motor neurons
would have become infected at longer post inocula-
tion intervals. However, it is also important to
consider the differences in the method of inocula-
tion in comparing our findings and those of Ugolini
(1992). Whereas Ugolini injected virus directly into
crushed peripheral nerves, we injected virus into
peripheral targets. This suggets that the peripher-
ally projecting axons of motor neurons may not be
as permissive to virion invasion as those of sensory
terminals. Alternatively, the induction of a produc-
tive replication of virus in motor neurons may
require higher intracellular concentrations of virus.
Resolution of this issue would require injection of
virus into the neck musculature of animals that had
previously received dorsal root section to eliminate
transport of virus into the spinal cord through
sensory fibers.

The possibility that motor neurons are more
resistant to infection by PRV than other systems is
also supported by the findings of Rotto-Percelay and
colleagues (1992). These investigators reported that
the ability of PRV-Bartha to infect motor neurons
innervating the gastrocnemius muscle of the rat was
less efficient than the ability of the virus to invade
and replicate within autonomic circuitry. The
experimental paradigm employed by these investi-
gators was similar to that used in our study in that
they injected virus into multiple sites in the muscle.
However, the amount of injected virus was far less
than used in the present study (16104 pfu versus

1.2 ± 2.96107 pfu) and they used the attenuated
Bartha strain rather than the virulent Becker strain
of PRV. Using this approach these authors reported
that they were successful in infecting sympathetic
preganglionic neurons in approximately 90% of
animals, but only infected ventral horn motor
neurons in about 60% of the injected rats. Analysis
of the DRGs and sectioning of the dorsal roots in that
study also revealed that virus did not repliciate in
DRG sensory neurons and they did not observe the
pattern of infection in the dorsal horn that we have
documented in this study. Certainly, some of the
differences observed in our findings and those of
Rotto-Perceley and co-workers can be attributed to
the different strains of virus employed, and this
important difference should be carefully considered
in interpreting the data derived from both studies
given the results from prior investigations that have
documented differences in the neuroinvasiveness
and replication of PRV-Becker and PRV-Bartha
(Card and Enquist, 1995). Neverthelesss, the find-
ings of both studies provide compelling evidence
that the tropism of PRV for motor systems is
substantially less than it is for other neuronal
systems.

Although our injections of diaphragm only
infected a small number of phrenic motor neurons
there was limited transynaptic passage of virus from
these neurons into local circuit premotor neurons.
Interneurons with a variety of respiratory-related
discharge patterns have been recorded during
electrophysical studies at the same spinal level as
the phrenic motor pool in cats and rabbits (Belling-
ham and Lipski, 1990; Douse and Duffin, 1993;
Grelot et al, 1993; Palisses et al, 1989). Inhibitory
connections have been observed between C5 ex-
piratory interneurons and phrenic motoneurons
(Douse and Duffin, 1993), but the possible connec-
tions between other subtypes of C4 ± 6 respiratory
interneurons and phrenic motoneurons have not
been examined. Bellington and Lipski (1990) have
reported respiratory interneurons are widely dis-
tributed around the phrenic nucleus while Dousse
and Duffin (1993) described the C5 expiratory
interneurons being located predominately dor-
somedial to the phrenic motor pool. In our analysis,
infected ventral horn interneurons were found in
the immediate vicinity of the motor neurons from
which they were presumably infected via retrograde
transynaptic passage of virus, a finding that is
consistent with the distribution characterized in
rat by Dobbins and Feldman (1994) using transneur-
onal tracing with PRV.

In conclusion, we have demonstrated that the
neurotropism of PRV places a number of constraints
upon its use for transneuronal analysis in the cat.
The initial goal of our study was to examine
the morphological substrates of vestibular influ-
ences upon respiratory outflow and of non-
respiratory inputs to the phrenic motor pool.
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Previous anaylsis by Yates and colleagues (1993)
demonstrated vestibulo-respiratory and vestibulo-
sympathetic responses in decerebrate cats, but the
precise organization of neurons that mediate these
responses has not been defined in this species.
Studies of this circuitry in rats by Dobbins and
Feldman (1994) had shown that rat phrenic motor
neurons are capable of replicating and transporting
PRV-Bartha, but did not reveal a monosynaptic
projection to these cells from either the medial or
lateral vestibular nuclei. Thus, the apparent resis-
tance of cat motor neurons to PRV infection,
combined with the permissiveness of sensory
neurons to the replication and spread of the virulent
Becker strain of PRV was an unexpected finding
that further emphasizes the need for thorough
parametric analysis before using these neurotropic
pathogens for transneuronal analysis of neural
circuitry. The data also provide a vivid example of
how the tropism of this virus changes in different
species.

Materials and methods

Virus
The virulent Becker strain of pseudorabies virus
(PRV-Becker; Becker, 1967) was used in this
analysis. Virus was propagated on PK15 cells as
previously described (Card and Enquist, 1994) to a
titer of 1.76108 plaque forming units per milliliter
(pfu/ml).

Antisera
Tissue from animals injected with PRV was
processed using rabbit polyvalent antisera raised
against acetone inactivated virus (Card et al, 1990).
In prior studies we demonstrated that these antisera
produce robust staining of virally infected neurons
and are specific for PRV (Card and Enquist, 1994). In
the present investigation we incubated sections in a
1 : 10 000 dilution of primary antiserum for 24 ±
48 h and localized viral immunoreactivity with the
avidin-biotin modification (Hsu et al., 1981) of
Sternberger's peroxidase-antiperoxidase precedure
(Sternberger, 1979). The reagents included affinity
purified donkey antirabbit secondary antisera
(Jackson ImmunoResearch Laboratories) and the
Vectastain Elite Kit (Vector Laboratories).

Experimental animals
Eight adult antibody-free cats of both sexes were
used in the analysis. These `Antibody Profile
Defined (APD) Felines' were purchased from Harlan
Sprague Dawley, Incorporated (Indianapolis, Indi-
ana). They are unvaccinated and barrier-reared to
assure freedom from disease or humoral antibodies
affecting disease susceptibility and progression.
Upon delivery to the laboratory the animals were
maintained in isolation for a brief period of
acclimation prior to injection of virus. Injected

animals recovered in individual hepa-filtered cages
maintained within an isolated room equipped with
a dedicated air supply. The laboratory and proce-
dures used for these experiments met the criteria for
Biosafety Level 2 experiments as stipulated in
Health and Human Services Publication #88-8395
entitled Biosafety in Microbiological and Biomedi-
cal Laboratories. The experimental protocol was
approved by the Animal Care and Use Committees
at Rockefeller University and the University of
Pittsburgh.

Animal surgery
All surgery was performed under aseptic conditions
in a sterile operating room. Four animals were
sedated by intramuscular injection of 0.3 mg/kg
acepromazine and 0.15 mg/kg butorphanol. An
intravenous catheter was then inserted and the
animals were maintained under deep sodium
pentobarbital induced anaesthesia. A 25 mg/kg
dose was delivered immediately following insertion
of the canula; supplementary doses were adminis-
tered as needed to maintain areflexia. The other
animals were anaesthetized using isofluorane va-
porized in oxygen; the anesthetic concentration was
adjacent to maintain areflexia during the surgical
procedures.

Five animals received injections into the left
costal region of the diaphragm through an incision
in the abdominal wall. Three animals received
injections into the splenius and biventer muscles,
exposed by an incision through the skin on the
dorsal aspect of the left side of the neck at levels C1
to C3 of the vertebral column. All animals received
multiple injections of 1 to 2 ml into each target tissue
to achieve final injected volumes ranging from 35 ±
201 ml of virus per animal (5.96106 pfu to
3.46107 pfu). This amount of injected virus pro-
duces a productive infection in 100% of rodents
(Card et al., 1995). After inoculation the skin was
sutured and the animals were returned to their cage
for the balance of the experiment. Further informa-
tion regarding the amount and type of injected
virus, the site of injection, the postinoculation
interval, and the regions of spinal cord analyzed
in each animal is indicated in Table 1.

Tissue fixation and processing
At the conclusion of each experient animals were
deeply anesthetized with an intraperitoneal injec-
tion of sodium pentobarbital (40 mg/kg) and per-
fused transcardially with phosphate-buffered saline
followed by the paraformaldehyde-lysine-sodium
metaperiodate (PLP) fixative developed by McLean
and Nakane (1974). Segments of cervical spinal cord
and, in some cases, their associated dorsal root
ganglia (DRG) were postfixed for 1 h at 48C, washed
in 0.1 M sodium phosphate buffered saline (PBS),
cryoprotected by immersion in phosphate buffered
20% sucrose solution, and sectioned in the coronal
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plane with a sliding microtome equipped with a
tissue freezing unit. The spinal cord was cut at 35 mm
and dorsal root ganglia (DRG) were cut in the
longitudinal plane at 40 mm per section. Tissue was
collected serially in 12 bins of PBS and stored at 48C.
One bin of tissue from each level of spinal cord was
immediately processed for immunohistochemical
localization of viral immunoreactivity to determine
the extent of viral replication and transport through
motor and sensory circuitry in the spinal cord. The
remaining bins were transferred to cryoprotectant
and stored at 7208C to preserve antigenicity
(Watson et al., 1986). Some of these bins were
subsequently processed for viral immunoreactivity
to permit analysis of the distribution of infected cells
in a more frequent series of sections. The minimum
frequency of analysis of each level of spinal cord was
420 mm and, in most cases, a more frequent series of
sections was examined.

Analysis of tissue
Each case was analyzed to determine both the
distribution and extent of viral replication in
coronal sections through the appropriate level of
spinal cord or in longitudinal sections through the
DRG. Each section of tissue was examined with a
Nikon Optiphot photomicroscope to determine the
relative distribution and extent of infection. A
precise map of the distribution and number of
infected neurons in each section was obtained by
recording the positions of infected neurons on a
camera lucida schematic map produced with a
Nikon Optiphot photomicroscope equipped with a
drawing tube. The number of neurons in specific
regions of the dorsal and ventral horns were then
counted. The distribution and size of infected

neurons in the C3 dorsal root ganglion of one of
the long surviving PRV-Becker injected animals
(N4; see Table 1) were also determined. The
location of infected neurons in seventeen 40 mm
sections through the ganglion were mapped using a
46objective and the perimeter of each cell was
traced.

The widest diameter of a subset of neurons in the
DRG and spinal cord was measured using a
micrometer scale and a drawing tube. The scale
was projected through the drawing tube using a
206 objective and recorded on a piece of paper.
Infected neurons were then identified on the
photomicroscope at the same magnification and
the scale was superimposed upon the cell soma
using the drawing tube to determine the widest
diameter. Only infected cells displaying viral
immunoreactivity throughout the cell soma were
included in this quantitative analysis. Cells dis-
playing pathological changes were excluded.

For the purposes of illustration, the distribution
of infected neurons was mapped upon schematic
diagrams of the appropriate level of spinal cord
adapted from Rexed (Rexed, 1954). Photomicro-
graphs of infected neurons were taken with a Zeiss
Axiophot photomicroscope equipped with differ-
ential interference contrast optics.
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