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We present a model of neurogenic cystitis induced by viral
infection of specific neuronal circuits of the rat CNS. Retrograde
infection by pseudorabies virus (PRV) of neuronal populations
neighboring those that innervate the bladder consistently led to
a localized immune response in the CNS and bladder inflam-
mation. Infection of bladder circuits themselves or of circuits
distant from these rarely produced cystitis. Absence of virus in
bladder and urine ruled out an infectious cystitis. Total dener-
vation of the bladder, selective C-fiber deafferentation, or blad-
der sympathectomy prevented cystitis without affecting the
CNS disease, indicating a neurogenic component to the inflam-
mation. The integrity of central bladder-related circuits is nec-
essary for the appearance of bladder inflammation, because

only CNS lesions affecting bladder circuits, i.e., bilateral dorso-
lateral or ventrolateral funiculectomy, as well as bilateral lesions
of Barrington’s nucleus/locus coeruleus area, prevented blad-
der inflammation. The close proximity in the CNS of nonin-
fected visceral circuits to infected somatic neurons would thus
permit a bystander effect, leading to activation of the sensory
and autonomic circuits innervating the bladder and resulting in
a neurogenic inflammation localized to the bladder. The present
study indicates that CNS dysfunction can bring about a periph-
eral inflammation.
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Models of neurogenically mediated cystitis are usually produced
by exposing the bladder to chemical irritants (Cox, 1979; McMa-
hon and Abel, 1987). Neurogenic components of this inflamma-
tion include the release of proinflammatory neurotransmitters by
the peripheral branch of sensory and autonomic postganglionic
neurons, together with activation of CNS bladder circuits (Lecci
et al., 1994; Lantéri-Minet et al., 1995; Bon et al., 1996; Vizzard
et al., 1996; Callsen-Cencic and Mense, 1997). It remains un-
known whether these CNS circuits are conscripted as epipatho-
genic co-factors to an essentially peripheral phenomenon. Cer-
tainly, there is clinical evidence for a role of the CNS in
rheumatoid arthritis, where hemispheric lesions prevent or re-
duce the disease contralaterally (Levine et al., 1985a,b). In rat
models of peripheral inflammation, inhibition of NMDA recep-
tors or stimulation of A1 adenosine receptors in the spinal cord
blocks peripheral accumulation of neutrophils (Bong et al., 1996).

During a previous study (Jasmin et al., 1997b), we observed the
appearance of a hemorrhagic cystitis after inoculation of pseu-
dorabies virus (PRV) into the abductor caudae dorsalis (ACD)
tail muscle of the rat. Bladder denervation prevented the cystitis,
indicating a neurogenic dependence. The consistent infection of
CNS neurons neighboring bladder circuitry suggested a relation-
ship between the peripheral inflammation and the central viral
disease, especially because viral infection of other neuronal pop-
ulations not adjacent to bladder circuits (after inoculation at
other sites) was not followed by cystitis.

The high neurotropism of PRV results in reproducible circuit-
specific infection. PRV undergoes retrograde transneuronal
transport to the CNS through neural circuits innervating the
inoculated organ and is cleared from the inoculation site (Card et
al., 1990; Strack and Loewy, 1990; Bouma et al., 1997; Jasmin et
al., 1997a). Once in the CNS, PRV undergoes cycles of replication
and transmission over a few days with minimal cytopathic effect,
during which time rats present increasing neurological manifes-
tations. Infected neurons rapidly shut off protein synthesis
(Berthomme et al., 1993) while also inducing an immune response
(Card et al., 1993; Rinaman et al., 1993; Card and Enquist, 1995).
Despite this loss of function in infected neurons, other neurons
are activated. In fact, animals vigorously scratch and groom
dermatomes corresponding to the infected spinal segments, a
feature so prevalent that the disease is termed “mad itch”
(Gustavson, 1986). Accordingly, increased neuronal activity has
been documented in PRV infection, likely resulting from changes
in the extracellular milieu caused by ionic imbalance and/or the
presence of immune cell mediators (Liao et al., 1991). We hy-
pothesized that such increased activity in bladder circuits, i.e.,
neurons adjacent to infected cells, was responsible for the neural
induction of the cystitis.

To test this hypothesis, we followed viral progression and
immune response [using inducible nitric oxide synthase (iNOS) as
a leukocyte marker] in the CNS in relation to the onset of cystitis.
The neurogenic nature of the cystitis was confirmed by the pre-
ventative effect of limited bladder denervations. Spinal and brain-
stem lesions served to examine whether integrity of central uri-
nary circuits was necessary for the appearance of cystitis.
Importantly, to ensure that the bladder inflammation was not
caused by a primary peripheral immune response to the virus, we
also assessed the presence of PRV in the bladder parenchyma and
urine.
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MATERIALS AND METHODS
One hundred and eighty-seven male Sprague Dawley rats (270–300 gm)
(Harlan Sprague Dawley, Indianapolis, IN) were used in the study. All
animals were exposed to light 12 hr per day; food and water were
available ad libitum. Animal procedures were approved by the George-
town University Animal Care and Use Committee. During surgical
procedures anesthesia was achieved with 1.0–1.5% halothane and 40%
oxygen in room air.

Cell culture and virus titration
The Bartha strain of PRV, obtained from Dr. Lynn Enquist (Princeton
University, Princeton, NJ), was used in all experiments. Pig kidney cells
(PK-15, ATCC CCL33) were cultivated in DMEM with 10% fetal calf
serum (Hyclone, Logan UT), L-glutamine (0.3 mg/ml), and antibiotics.
The presence of infectious PRV was determined by plaque assay. Urine
samples and biopsies of bladder and spine were obtained under sterile
conditions. Urine samples were obtained after exposing the bladder
through a laparotomy. With a 30 ga needle, the bladder was punctured,
and 0.6 ml of urine was removed. Biopsies of the bladder wall (0.5 3 0.5
cm) and L1–L2 and S1–S2 spinal cord were distributed to cryotubes
containing 200 ml of DMEM. Samples were quick-frozen and stored at
280°C until use.

For virus titration, samples were frozen/thawed three times and son-
icated for 1 min at 4°C. The bladder sample was further minced with a
scalpel. Viral samples were serially diluted in PBS with glucose (1 mg/ml)
and 1% heat-inactivated fetal calf serum (Hyclone). Confluent monolay-
ers of PK-15 cells, in six-well dishes, were inoculated with 0.7 ml of
diluted virus. After 1 hr at 37°C, the virus inoculum was removed, and the
cells were overlaid with 1% methylcellulose in DMEM supplemented
with 2% heat-inactivated fetal calf serum. When plaques were visible in
control wells (PRV infected), after 3–4 d, the overlay was removed, and
the cells were fixed with methanol and stained with Giemsa. Plaques were
counted by an investigator blind to the treatment, and the virus titers
were expressed as plaque-forming units (pfu). To control for virocidal
activity present in the urine or tissue samples, PRV (1 ml) was incubated
at room temperature for 10 min with tissue samples (9 ml) before serial
dilution (;100 pfu plated/well) and then titered as described above.

Nondenervated animals
After inoculation, rats were monitored for signs of disease. All behav-
ioral observation and analysis were performed by experimenters blind to
the treatment. Nociceptive behaviors (see Results) were easily distin-
guishable from other signs of CNS viral disease [anorexia, weight loss,
piloerection, altered sleep–wake cycle, head bobbing, diminished social
interactions, and periods of unprovoked aggression toward cagemates (3
rats per cage)], which usually became noticeable at the end of the fourth
day after PRV inoculation. Weight loss was the most reliable index of
severity of CNS disease. It was quantified as follows: loss of ,4% (1),
loss of 4–8% (11), and loss of .8% (111).

Striate muscle inoculation. Animals received a total of 4 3 10 6 pfu of
virus in 10 ml into either the ACD, the gracilis of the hindlimb, or the
extensor digitorum lateralis of the forelimb, using a 10 ml Hamilton
microsyringe. Care was taken to ensure that the viral inoculum did not
contaminate cutaneous tissue. To control for nonspecific spread of the
virus around the injection site, 10 ml of the viral suspension was dropped
onto the surface of the ACD without penetrating the muscle fascia (n 5
3). A second set of control rats (n 5 6) served to assess the effects of
surgery and injection of culture media free of PRV into the ACD muscle.
None of the controls developed any signs of disease. At autopsy, their
bladders were normal in appearance.

Bladder inoculation. A 1.5 cm midline incision was made in the lower
abdominal wall to expose the bladder. Each rat received three separate
injections of PRV (totaling 4 3 10 6 pfu) distributed in the ventral and
dorsal surfaces of the bladder, halfway between the dome and neck. The
localization of each injection was confirmed by the visualization of a
blister-like structure at the injection site.

Denervated animals
Primary afferent denervation. Resiniferatoxin was used to remove
capsaicin-sensitive C-fiber bladder primary sensory afferents, without
affecting sympathetic innervation (Cervero and McRitchie, 1982) or the
majority of myelinated primary afferents (Jancsó and Lawson, 1990;
Yoshimura et al., 1998). This treatment was performed 24 hr after ACD
inoculation to ensure that viral uptake and transport from the injection

site had occurred. Preliminary experiments demonstrated that the me-
dium necessary to solubilize capsaicin, 10% Tween 80 and 10% ethanol
(Maggi et al., 1989), reduced PRV-induced bladder inflammation when
given alone. Equipotent doses of resiniferatoxin require only 1% Tween
80 and 0.5% ethanol to be solubilized, and at these concentrations Tween
80 and ethanol do not affect the inflammation. In this vehicle, resinif-
eratoxin solution was directly instilled into the bladder lumen (Craft et
al., 1995). Voiding efficiency remained unchanged after this treatment
(Petsche et al., 1983; Baranowski et al., 1986; Such and Jancsó, 1986;
Maggi et al., 1989).

A 1.5 cm midline incision in the lower abdominal wall served to expose
the bladder. Ten nanomoles of resiniferatoxin in 1.0 ml of vehicle (1%
Tween 80/0.5% ethanol) were instilled transmurally into the bladder
lumen using a 30 ga needle and then removed after 20 min. The bladder
was then washed with PBS, pH 7.4, and the wound was closed with
interrupted silk sutures. Controls were injected with the vehicle only.
The blink reflex in response to corneal stimulation was assessed in all
animals 24 hr later to exclude possible systemic effects of resiniferatoxin
(Craft et al., 1995).

Sympathectomy. Preganglionic sympathectomy was achieved by sec-
tioning the intermesenteric nerve, and postganglionic sympathectomy
was achieved by sectioning both hypogastric nerves. A lower midline
abdominal incision was made, and the intestine and bladder were re-
tracted to expose the inferior mesenteric ganglion and its afferents,
mainly the intermesenteric nerve, and its efferent branches, the hypogas-
tric nerves [Baron et al. (1988), their Fig. 1]. Sham surgery consisted of
sectioning only one hypogastric nerve. PRV was inoculated in the right
ACD during the same procedure. None of the rats were found to have
urinary retention during the period after the operation.

Pelvic ganglionectomies. The periprostatic space was dissected to ex-
pose the pelvic plexus, where the major pelvic ganglion lies as a discrete
structure within the transparent fascia over the lateral lobes of the
prostate. Unilateral or bilateral pelvic ganglionectomies were made,
thereby partially or completely denervating visceral innervation to the
bladder (Martinez-Piñeiro et al., 1993). After the operation, the bladder
was emptied twice daily by performing an abdominal Créde maneuver.

Spinal lesions. These included the following: complete sections at T8,
bilateral dorsolateral funiculus (DLF) or ventrolateral funiculus (VLF)
lesions at T7 or T8, and dorsal funiculi (DF) lesions at T13–L1. Using
microsurgical techniques, the spinal cord was exposed after a laminec-
tomy, and the dura was opened and reflected laterally. To section the
spinal cord a no. 11 blade was used, after which Gelfoam was inserted in
the gap to control possible bleeding. Selective DLF, VLF, or DF lesions
were made by pinching the funiculus with ultrafine no. 5 jeweler’s forceps
under high magnification using a surgical microscope. This compressive
technique minimizes local hemorrhage while permitting complete inter-
ruption of the targeted tract. An observer blind to the intent of the
surgery mapped the extent of the lesions on Nissl-stained serial trans-
verse sections of the spinal segment. For rats with complete spinal
section, the bladder was emptied twice daily by performing an abdominal
Créde maneuver.

Brainstem lesions. Unilateral or bilateral excitotoxic lesions of the
Barrington’s nucleus/ locus coeruleus area (Bar/LC) or of the adjacent
reticular formation were made by microinjection of 500 nl of a 0.5%
aqueous solution of ibotenic acid (Sigma, St. Louis, MO) with a glass
pipette with a 50 mm tip outer diameter. Stereotaxic coordinates were
obtained from the atlas of Paxinos and Watson (1997). Ibotenic acid
creates discrete cellular lesions and spares fibers of passage (Iadecola et
al., 1987; Meunier and Destrade, 1988; Jasmin et al., 1997a). According
to the time of viral inoculation, the lesions were made at three different
time points: (1) both lesions (bilaterally) were made 2 weeks before
inoculation (n 5 6), (2) a delay of 1 week between the left and right lesion
was allowed (n 5 8) and PRV was injected in the ACD immediately after
the last lesion, or (3) PRV was inoculated 24 hr before the second lesion
was made (n 5 6). The location and extent of each lesion was determined
on 60 mm Nissl-stained serial transverse sections. The lesions were easily
identifiable by the marked gliosis and degenerated neuronal profiles, the
extent of which served to demarcate the outer borders around a central
core of pyknotic cells.

Tissue processing
At the end of the experiments and before perfusion, rats were anesthe-
tized with a mixture of ketamine and xylazine (100 mg and 15 mg/kg).
All animals, except the ones from which viral cultures were done (see
next paragraph), were then administered 50 mg/kg Evans blue (Sigma,
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St. Louis, MO) in a tail vein to assay plasma protein extravasation in the
bladder and other tissues (Carr and Wilhelm, 1964). Fifteen minutes
later a punch biopsy of the bladder wall (0.8 cm in diameter) was obtained,
transferred to a glass tube, and dried at 70°C for 24 hr before its Evans blue
content was measured (see below). Evans blue measurement of rectal,
prostate, and lumbosacral spinal cord was also made in four PRV–ACD-
injected and four sham (culture medium only)-injected rats.

In a subgroup of rats (n 5 16), before the bladder biopsy, samples
(urine, bladder, and spinal cord) were obtained for viral culture using
sterile technique (described above). Biopsies and urine samples were
obtained multiple times before perfusion at 48, 60, 67, 84, 91, 96, 108, and
112 hr after inoculation in the ACD muscle (n 5 2 per time after
inoculation). Samples were also collected from sympathectomized rats
(n 5 3) at 144 hr after inoculation, when they presented obvious signs of
CNS viral disease (i.e., 11 to 111).

Rats were then perfused through the ascending aorta with Tyrode’s
solution followed by an aldehyde fixative. The brain and spinal cord,
bladder, prostate, and rectum were removed and transferred into the
same fixative solution overnight, and then transferred into a 25% buff-
ered sucrose solution to achieve cryoprotection.

Immunostaining. Serial sections (60 mm thick) were obtained using a
freezing microtome or cryostat. To identify the distribution of virally
infected cells, 60-mm-thick sections of brain, spinal cord, and bladder
were immunostained with an anti-PRV rabbit polyclonal antiserum di-
rected against acetone-inactivated PRV [serum Rb-134, 1:20,000 (a gen-
erous gift from Dr. Lynn Enquist)]. Immunostaining for iNOS and ED1
were performed to examine the anatomical distribution of inflammatory
cells in the spinal cord and brain. A rabbit polyclonal iNOS antiserum
(Upstate Biotechnology, Lake Placid, NY), raised against purified RAW
264.7 cells activated by g-interferon and bacterial lipopolysaccharide,
was used at a dilution of 1:10,000. Selected sections were also stained with
the monoclonal ED1 antiserum (Serotec, Kidlington Oxford, UK) at a
dilution of 1:500. This serum recognizes a cytoplasmic epitope common
to monocytes and macrophages and does not label activated microglia
(Milligan et al., 1991a,b; Rinaman et al., 1993). To identify the neurons
of the locus coeruleus, we used a rabbit anti-tyrosine hydroxylase (TH)
antiserum (Eugene Tech) at a dilution of 1:20,000. TH staining also
served to confirm the location of Barrington’s nucleus, which is medial
and ventral to the rostral third of the locus coeruleus. All immunocyto-
chemical procedures were performed as described previously (Jasmin et
al., 1997a,b). The specificity of labeling was verified by omission of the
primary antibody on representative sections from each experiment.

Tissue analysis
Tissue analysis was performed by investigators blind to the treatment.
The distribution of immunolabeled sections and hematoxylin and eosin
(H&E)-stained sections was studied with bright-field microscopy using
low and high magnification. Identification of brainstem nuclei was per-
formed on Nissl-stained sections using the atlas of Paxinos and Watson
(1997). A Nikon Optiphot-2 microscope (Nikon, Tokyo, Japan) captured
images through an analog VE-1000 camera (Dage-MTI, Michigan, IN)
connected to a VC70 Control Unit (Dage-MTI). The image was relayed
to an 8100/100AV Power Macintosh computer (Apple Computers, Cu-
pertino, CA) through a high-resolution video capture board (PDI, Red-
mond, WA). Adobe Photoshop (Adobe Software, Mountain View, CA)
was used to adjust contrast and brightness of images and to affix labels.

Measure of protein extravasation using the Evans blue dye colorimetric
method. Dried bladder, prostate, rectum, and spinal cord biopsies were
weighed and then immersed in 1 ml of formamide (Fisher, Pittsburgh,
PA) for 72 hr in total darkness. The formamide/Evans blue solution was
then gently aspirated without disturbing the tissue at the bottom of the
glass tube and transferred to a 1 ml glass cell (Fisher). The refractive
index was measured three times using a Lambda Bio spectrophotometer
(Perkin-Elmer, Norwalk, CT) set at 620 nm wavelength (Carr and
Wilhelm, 1964) with pure formamide as the reference. The three mea-
sures were then averaged, and the mean was converted to micrograms of
Evans blue by reporting the results on a standard curve of the refractive
index versus dilution of Evans blue.

Statistical analyses
Values are expressed as the mean 6 SE. Data were analyzed using a
one-way ANOVA, followed by post hoc comparison (Scheffé’s F proce-
dure) to confirm significant differences between groups. Before the
analysis, a p value ,0.05 was chosen as indicating significance.

RESULTS
Nondenervated animals
Nociceptive behavior
Approximately 96 hr after ACD inoculation, rats began to repeat-
edly groom their lower abdomen on the midline, scratch their
flanks with their hindpaws, and adopt a rounded-back posture
(cystitis score 1). The frequency of grooming and scratching
increased thereafter. Beginning at approximately 110 hr, short
episodes (2–3 sec) of backward walking or hopping were also
noted (score 11). Some rats walked with their hindlimbs ex-
tended, an antalgic reflex to avoid pressure to the lower abdomen.
Rats also had periods of immobility lasting up to 10 min, inter-
rupted by bouts of vigorous grooming of the lower abdomen and
scratching of the flanks. When this grooming became self-
injurious (score 111), rats were euthanized. In contrast, groom-
ing behaviors in rats inoculated in the bladder were mostly
oriented toward the base of the tail, and to a lesser degree to the
hindpaws rather than to the abdomen, and they did not adopt any
abnormal posture or gait. The base of the tail was erythematous
and swollen. Hindlimb-inoculated rats would all show intense
grooming of hindpaws and flanks. Half of them also directed this
behavior to the base of their abdomen and had an inflamed
bladder, as seen in ACD-inoculated rats. Animals inoculated in a
forelimb muscle would repeatedly scratch their flanks and over-
groom their forepaws.

Macroscopy
The severity of bladder inflammation was determined by macro-
scopic examination of the bladder by investigators blind to the
treatment. ACD-inoculated rats presenting nociceptive behavior
toward the lower abdomen all had macroscopical signs of bladder
inflammation. Post hoc analysis additionally revealed that the de-
gree of changes in the bladder wall paralleled the severity of
behavioral signs of cystitis (Table 1): Stage 0: translucent bladder
wall (Fig. 1A); Stage 1: isolated areas of petechial hemorrhage in
the bladder wall located on both bladder dome and base. These
changes were better seen after administration of Evans blue dye
(Fig. 1B): Stage 2: confluence of the petechial hemorrhage and
discrete macroscopic hematuria (pink urine). Repeated grooming
of the lower abdomen as well as abnormal posture were a constant
feature in these rats: Stage 3: diffuse hemorrhagic thickening of the
bladder wall and macroscopic hematuria; the bladder wall was
opaque because of the abundant hemorrhagic infiltrate (Fig. 1C).
Rats at this stage showed the most prevalent nociceptive behavior
indicative of cystitis. In addition, they often had a moderately
distended bladder (up to 2–3 ml of urine, compared with 1 ml in
normal rats). Of note, systematic examination in all rats of the
pelvic and abdominal cavities did not reveal evidence of inflam-
mation in any other viscera, including the kidneys, rectum, colon,
small intestine, prostate, seminal vesicles, liver, spleen, stomach,
and testicles. The colon, however, was often distended, a phenom-
enon that was attributed to the loss of its preganglionic innervation
attributable to viral invasion of spinal neurons. Two rats injected in
the bladder presented behavioral signs of cystitis and showed stage
2 and 3 macroscopical changes at autopsy. The other bladder-
inoculated rats had normal bladders at autopsy (Table 1).

Measure of plasma protein extravasation
Post hoc analysis demonstrated that intravenous injection of
Evans blue caused the bladder to turn densely blue in all animals
with behavioral or macroscopical signs of inflammation (Fig. 2).
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Furthermore, in ACD-inoculated rats, a significant increase in
Evans blue content in the bladder tissue was measured as early as
81 hr after inoculation, when behavioral signs of cystitis were still
absent, thus making Evans blue dye extravasation an early marker
of inflammation. It was not a useful measure of the degree of
cystitis, however, because the Evans blue dye content in the
bladder was the same for all rats showing signs of cystitis inde-
pendent of the severity ( p . 0.05). Finally, the Evans blue dye
content in the rectum, prostate, and lumbosacral spinal cord in a
subset of animals with advanced cystitis (n 5 4) and that of the
bladder of rats inoculated in the bladder wall were not signifi-
cantly different from normal controls ( p . 0.05).

Microscopy
H&E-stained sections of the bladders ( post hoc analysis) also
revealed evidence of inflammation in all animals exhibiting mac-
roscopical anomalies or significant plasma extravasation. At ap-
proximately 80 hr after inoculation, however, these changes were
discrete, consisting of swelling of the lamina propria. Later, the

changes consisted of accumulation of an inflammatory exudate in
the extravascular space of the lamina propria and the muscular
layer (detrusor), the cellular component of which consisted of
leukocytes ('60% mononuclear and 40% polymorphonuclear)
and red blood cells (Fig. 3A). The hemorrhagic component (red
blood cells) increased as the cystitis advanced, with progressive
disruption of the histoarchitecture of the epithelial and muscular
layers. Erosions of the epithelial layer were seen with greater
frequency at advanced stages. In contrast to other layers, the
serosal layer remained intact. The rectal submucosa and prostatic
interstitium under histological examination remained normal,
even in rats with stage 3 bladder inflammation (Fig. 3C,D). In
isolated cases that were observed beyond 120 hr after inoculation,
a discrete inflammatory infiltrate was noted in the submucosa of
the colon and the interstitium of the prostate.

Immunocytochemistry and viral cultures of the bladder
PRV immunostaining of the bladder wall (n 5 18) was consis-
tently negative, independent of post-inoculation delay (24–136

Table 1. Summary of experiments and results

Treatment preceding inoculation Inoculation sitea
Delay before
perfusion n

Signs of viral
diseaseb

Behavioral signs
of cystitisc

Macroscopical
grade of cystitisd

None ACD #80 hrs 28 None None 0
None ACD 81–95 hrs 10 1 1 0–1
None ACD $96 hrs 36 11/111 11/111 2–3
None Surface of ACD $96 hrs 3 None None 0
None Bladder ,96 hrs 7 None/1 None 0
None Bladder $96 hrs 12 11/111 In two ratse 11 In two ratse 1–2
None Forelimb $96 hrs 4 11/111 In one rat 1 1
None Hindlimb $96 hrs 4 11/111 In two rats 11 2–3

None
ACD (culture

medium only f ) $96 hrs 6 None None 0

None
Bladder (culture

medium only) $96 hrs 4 None None 0

Intravesical resiniferatoxin ACD $96 hrs 7 11/111 None 0
Vehicle ACD $96 hrs 3 11/111 11/111 2–3

Intemesenteric nerve section ACD $96 hrs 4 11/111 None 0
Hypogastric nerves section ACD $96 hrs 4 11/111 In two rats 1 1
Unilateral hypogastric nerve section ACD $96 hrs 2 11/111 11/111 2–3

Pelvic ganglionectomy
Bilateral ACD $96 hrs 5 11/111 None 0
Unilateral ACD $96 hrs 6 11/111 11/111 2–3

Sham surgery ACD $96 hrs 2 11/111 11/111 2–3

Spinal lesions
Complete transection (T8) ACD $96 hrs 3 11/111 None 0
DLF funilectomy ACD $96 hrs 5 11/111 None 0
VLF funilectomy ACD $96 hrs 3 11/111 None 0
DF funilectomy ACD $96 hrs 3 11/111 11/111 2–3
Sham surgery ACD $96 hrs 6 11/111 11/111 2–3

Bar/LC bilateral lesions ACD $96 hrs 10 11/111 None 0
Bar/LC unilateral lesions ACD $96 hrs 3 11/111 1/11 2
Reticular formation bilateral lesions ACD $96 hrs 10 11/111 1/11 2

aAll rats were inoculated with PRV unless specified.
bSee Material and Methods.
cSee Results.
dSee Results.
eApart from these two rats, all bladder-inoculated animals showed no behavioral, macroscopical, or microscopical signs of cystitis.
fThese rats served as controls for the bladder’s histology and Evans blue dye measurements on bladder tissue.
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Figure 1. A–C, Photomicrographs of bladders taken immediately before perfusion. A, Macroscopic stage 0 at 136 hr after intermesenteric nerve section
and virus inoculation in the ACD. This picture was taken before Evans blue injection. The bladder appears entirely normal, and the animal was free of
any signs suggestive of cystitis but presented signs of advanced viral disease (111). B, Macroscopic stage 1 at 135 hr after selective section of both
hypogastric nerves and virus inoculation in the ACD. This picture was taken after intravenous injection of Evans blue and demonstrated the early stage
of bladder inflammation (stage 1), characterized by isolated areas of petechial hemorrhage (red arrows). There was also moderate urinary retention (2.5
ml of urine). Evans blue content was significantly increased compared with controls. This rat had no behavior suggestive of cystitis but did have signs
of advanced viral disease (111). C, Macroscopic stage 3 at 118 hr after unilateral hypogastric nerve section. The picture was taken before Evans blue
injection. This rat had signs of both advanced (111) cystitis and advanced viral disease. D, Diagrams of transverse sections of the spinal cord at the
level of parasympathetic (S1–S2) and sympathetic (L1–L2) preganglionic neurons innervating the bladder, as well as through the brainstem and brain,
after ACD inoculation. Summary of the progression of virus infection for each region has been color-coded. A1/C1 adrenergic area (A1/C1), A5
adrenergic area (A5), Barrington’s nucleus (Bar), central gray (CG), central nucleus of amygdala (Ce), dorsal periaqueductal gray (DPAG), dorsal raphe
nucleus (DR), dorsomedial tegmental area (DMTg), gigantocellular reticular nucleus (Gi), gigantocellular reticular nucleus a (GiA), intermediate
reticular nucleus (IRt), intermediolateral cell column (IML), laminae of the spinal cord and trigeminal nucleus caudalis (Lam I, Lam V, Lam VI-VII, Lam
VI-IX, Lam IX), lateral half of spinal lamina V (Lat Lam V ), lateral habenular nucleus (LHb), lateral hypothalamus (LH ), lateral paragigantocellular
nucleus (LPGi), lateral periaqueductal gray (LPAG), locus coeruleus (LC), medial nucleus of amygdala (Me), medullary reticular nucleus ventral (MdV ),
nucleus of the solitary tract (Sol ), paraventricular hypothalamic nucleus (Pa), pedunculopontine tegmental nucleus (PPTg), pontine reticular nucleus
caudal (PnC), pontine reticular nucleus ventral (PnV ), primary and secondary motor cortex (M1 and M2), raphe obscurus nucleus (ROb), raphe pallidus
nucleus (RPa), subpeduncular tegmental nucleus (SPTg), ventrolateral periaqueductal gray (VLPAG), and ventromedial hypothalamic nucleus (VMH ).
Diagrams and nomenclature adapted from the atlas of Paxinos and Watson (1997).
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hr) or macroscopic stage of inflammation. Urine and bladder
cultures were also negative for infectious virus (Fig. 4A), whereas
addition of PRV to the urine or minced bladder samples before
plaqueing on the PK-15 cells always resulted in plaque formation
(Fig. 4B). Because the addition of urine or bladder tissue to the
virus samples did not significantly alter ( p . 0.05) the number of
plaques compared with the input PRV titer, we concluded that
there was no inhibitory or virocidal factor in the specimens that
could have neutralized virus and masked its presence in the
isolated tissue. In contrast to bladder and urine, spinal cord
cultures from ACD-injected animals contained infectious virus.
Lumbosacral spinal cord from two animals (115 hr after PRV
infection, with cystitis) contained 5 3 105 and 1 3 107 pfu,
respectively (Fig. 4C). Isolation of infectious virus from the spinal
cord correlated with the extensive presence of PRV-
immunoreactive cells in the spinal cord (see below) (Fig. 5).

Viral spread in the CNS
The pattern of PRV spread after ACD (Fig. 1D) or bladder
inoculation was very consistent between the two inoculation sites.
The following description of the spatial and temporal progression
of this spread will not include the cervical and thoracic spinal
segments, because of both the paucity of PRV neurons observed
there and the lack of evidence for a significant role of these spinal
areas in bladder function.

Lumbosacral spinal cord. After ACD inoculation, PRV-
immunolabeled neurons were first visible at 48 hr in the sympa-
thetic intermediolateral cell column (IML) at T13–L2 bilaterally
(Fig. 1D), and in the ipsilateral ventral horn from spinal segments
S2–S3, where motoneurons innervating this muscle are found
(Grossman et al., 1982). Twenty four hours later, labeled neurons
were additionally seen in the sacral IML, the dorsal gray com-

missure, and the intercalated areas at L6–S3 levels, where para-
sympathetic preganglionic neurons innervating the bladder are
located (Nadelhaft and Booth, 1984; Nadelhaft and Vera, 1995).
These neurons having no known direct connections with the
ACD, it is presumed that they became infected through connec-
tions with the motoneurons innervating this muscle. Also at 72 hr,
immunopositive neurons appeared in the lumbar gray matter
dorsal to the central canal (Fig. 5, cc, lef t panel, 72 hrs). At 84 hr,
labeled neurons appeared in the lumbar and sacral dorsal horn.
These were concentrated in lamina I and in the reticulated area
of the gray matter (lateral lamina V) where nociceptive neurons
are located (Fig. 5, lef t panel, 84 hrs). Long dendrites extending
from the IML to the reticulated area were often seen, suggesting
a possible route through which dorsal horn neurons retrogradely
became infected, because PRV would not enter the spinal cord
through primary afferents (Jasmin et al., 1997b). At longer post-
inoculation times, labeled cells were additionally seen in laminae
II, VI, VII, and VIII (Fig. 5, lef t panel, 96 hrs). Bladder inocula-
tion resulted in a similar distribution of labeled neurons, with the
difference that the parasympathetic IML (S1–S3) was labeled
before the sympathetic IML (T13–L2). Also, motoneurons of the
sacral cord remained unlabeled, as would be expected given the
absence of somatic motor innervation to the bladder dome, where
viral inoculations were made. Compared with ACD, limb inocu-
lation resulted in much less PRV immunoreactivity in bladder-
related areas of the spinal cord, especially after forelimb inocu-
lation, whereas labeling was dense in other spinal areas unrelated
to bladder function. PRV-immunolabeled neurons were concen-
trated in the dorsal horn (ipsilateral . contralateral) especially in
the superficial dorsal horn (lamina I and outer II) and neck
(mainly lateral lamina V); labeled cells were also noticeable
around the central canal, especially dorsally. This labeling was
concentrated in the lumbar cord after hindlimb inoculation and in
the cervical cord after forelimb inoculation.

Brainstem. Labeling was always bilateral. After ACD inoculation,
PRV neurons first appeared at 72 hr in the A5 area and lateral
paragigantocellularis and gigantocellularis a cell groups, followed 12
hr later by labeling of the A1/C1 area, locus coeruleus, subcoeruleus,
and raphe pallidus (Figs. 1D, 6A). A few labeled neurons were also
seen in the parabrachial pigmented nucleus at the caudal end of the
red nucleus, and in the hypothalamic paraventricular nucleus and
lateral area. From 96 to 111 hr, PRV-positive cells were additionally
visible in the nucleus of the solitary tract and adjacent intermedial
reticular nucleus, nucleus raphe obscurus, nucleus gigantocellularis,
especially in its ventral part, caudal pontine reticular nucleus,
Kölliker-Fuse nucleus, central pontine gray matter, subpeduncular
tegmental nucleus, ventrolateral region of the periaqueductal gray
matter (PAG) and adjacent dorsal raphe nucleus, and last, the
ventral tegmental area. Starting at 112 hr, PRV-positive cells ap-
peared in Barrington’s and pedunculopontine nucleus, and in the
hypothalamic medial preoptic, retrochiasmatic, posterior, and ven-
tromedial areas. At the latest stage only (.120 hr), additional label-
ing was present in lamina I and V of the trigeminal nucleus caudalis
(caudal medulla in Figs. 1D), ventral medullary reticular nucleus,
dorsomedial tegmental area, lateral and dorsal PAG (LPAG and
DPAG), lateral habenular nucleus, central and medial nuclei of the
amygdala, and primary and secondary motor cortices. The most
apparent difference in labeling between ACD and bladder-
inoculated rats was the early labeling (72 hr) of Barrington’s nucleus
in the latter group (Fig. 6, compare A, B at 96 hr). After bladder
inoculation, PRV-immunolabeling of Barrington’s nucleus (Fig. 6B)
and other brainstem areas was comparable to what has been re-

Figure 2. Histogram of Evans blue tissue content measured in bladders
of nondenervated and denervated rats inoculated with PRV in the ACD.
Normal controls were injected with culture medium only. Nondenervated
rats were divided into two groups (#80 hr and .80 hr) based on prelim-
inary results showing that the earliest time at which a significant increase
in Evans blue could be detected was 81 hr. At this early time, however,
none of the animals showed any signs of cystitis, which began to appear at
96 hr. Denervated rats were all perfused when they had unequivocal signs
of CNS viral disease (11 or 111), i.e., perfused 96 hr or more
post-inoculation. Error bars denote the SE of the mean. * denotes signif-
icant difference from controls ( p , 0.05). The number of animals is listed
in Table 1. ACD, Abductor caudalis dorsalis; Bar/LC, Barrington/locus
coeruleus; DF, dorsal funiculus; DLF, dorsolateral funiculi; VLF, ventro-
lateral funiculi.
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ported previously (Nadelhaft et al., 1992; Sugaya et al., 1997). After
limb inoculation, as for the ACD, Barrington’s nucleus always be-
came infected at least 24 hr after the LC.

Immune response in the CNS
iNOS immunostaining allowed visualization of entry, progres-
sion, and distribution of monocytes in the spinal cord and
brain during viral infection (Akaike et al., 1995). iNOS delin-
eated dark and uniformly stained round cellular profiles of
10 6 2 mm of average diameter. These were determined to be
leukocytes because they first appeared in the vicinity of dilated

blood vessels (Fig. 5, right panel, 72 hrs), and their distribution
was identical to that of ED1 staining or that of monocytes
identified on H&E-stained sections (data not shown). iNOS
staining was not found in the CNS of control, noninfected rats,
as reported previously (Goff et al., 1998). In the gray matter,
iNOS was dense and overlapped PRV immunolabeling, al-
though it appeared with an approximate 24 hr time lag. Be-
cause inflammatory cells accumulated equally over both neu-
ronal perikarya and dendrites, iNOS labeling appeared to
extend beyond that of PRV (Fig. 5, right panel, 84 hrs and 96
hrs), leading to the presence of iNOS cells in areas where viral

Figure 3. H&E-stained sections. A, Bladder from an animal with macroscopic stage 3 cystitis. The epithelial (e), adventitial (a), and muscular (m) layers
are diffusely infiltrated by leukocytes (dark circular profiles, arrows) and red blood cells (arrowheads). B, The bladder from an animal with intermesenteric
nerve section, in contrast, is normal on histological examination despite the advanced CNS viral disease. C, Large intestine and (D) prostate from the
same rat as in A. Both organs are devoid of inflammatory infiltrate. al, Prostatic alveolar cavity; e, bladder, intestinal, and prostatic epithelium; i, prostatic
interstitium; s, intestinal submucosa. Scale bar (shown in C): A, B, 100 mm; C, 50 mm; D, 75 mm.

Figure 4. PRV plaque formation on PK-15 cells after infection with urine (96 hr) or spinal cord (115 hr) samples from nondenervated ACD-inoculated
rats with stage 2 cystitis. A, Viral titration of urine sample results in no plaque formation at dilutions that would detect .10 2 pfu/ml. B, Mixing of PRV
with the urine sample from the same animal in A results in numerous plaques (darkly stained clusters). The number of plaques detected after mixing was
similar to the input pfu. C, Culture of the lumbosacral spinal cord resulted in abundant plaque formation. Scale bar (shown in C): A, B, 8 mm; C, 6 mm.
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Figure 5. Transverse sections of the rostral lumbar spinal cord (L1–L2) of nondenervated rats at three different post-inoculation times. Sections from each
rat have been immunostained for either PRV or iNOS. The spread of the virus is slow and well localized, whereas the progression of iNOS is more rapid
and extensive, overlapping infected areas in the gray matter as well as invading adjacent areas in the white matter. At 72 hr, PRV has spread to both the
sympathetic preganglionic neurons (IML) and central canal area neurons (cc). iNOS-immunolabeled cells only begin to invade the spinal cord in areas where
the virus is found. Initially, iNOS-immunoreactive cells are located in and around dilated blood vessels, as seen here on adjacent sections in a radially
oriented dilated blood vessel at the level of the left IML (arrows). At 84 hr, viral invasion has progressed to both the dorsal and ventral horns (laminae I
and III and VIII and IX, respectively). The total number of infected cells, however, remains modest. Conversely, the density of iNOS-immunopositive cells
has increased exponentially, although they are still concentrated in the areas where the virus is found. At 96 hr, PRV is present throughout the dorsoventral
extent of the spinal gray matter, being concentrated in autonomic and nociceptive areas [laminae I and II, reticulated area of the dorsal horn (lateral lamina
V), cc, and IML]. iNOS is most abundant in these areas, with significant involvement in the adjacent white matter. Scale bar: 250 mm.
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immunoreactivity was not seen. This was especially noticeable
for Barrington’s nucleus in ACD-inoculated rats (Fig. 6C),
where a large core of dendrites extend from the LC (Fig. 6 D).
Immune cells infiltrated Barrington’s nucleus approximately
when the first signs of cystitis appeared (Fig. 6C).

Effect of selective peripheral denervation on the
appearance of bladder inflammation

Total denervation of the bladder by removal of both pelvic ganglia,
lesion of capsaicin-sensitive primary bladder afferents, or pregangli-

Figure 6. Medial half of the caudal pons on transverse sections of the brainstem. A, PRV immunostaining 96 hr after ACD inoculation in a rat with
moderate cystitis (macroscopic stage 2). Labeled neurons are confined to the locus coeruleus (LC) and subcoeruleus (SubCA). Dendrites are seen extending
medially (arrowheads). B, PRV immunostaining 96 hr after inoculation of the bladder wall. The bladder in this rat was normal. Note the dense labeling in
Barrington’s nucleus (Bar), with sparser labeling that extends radially in the surrounding reticular formation. A few PRV-immunopositive cells are seen in
the LC and SubCA. C, iNOS immunostaining of an adjacent section from the same animal as in A. Immunopositive cells overlap both the LC and Bar. Notice
the dilated blood vessel in Bar surrounded by labeled cells. These cells were identified as circulating leukocytes on H&E-stained sections. D, TH
immunostaining of another section from the animal in A and C. Labeling is localized to the same areas as PRV immunostaining. Note again long dendrites
extending medially toward Bar (arrowheads). E, Nissl-stained section from a different rat, 130 hr after PRV inoculation in the ACD. Bilateral excitotoxic
lesions of the Bar/LC area were made before inoculation. The bladder of this rat showed no inflammation. The lesion is delineated by the interrupted line.
Within these limits, we observe dense gliosis and outlines of darkly or lightly stained degenerated neurons. PRV and TH immunostaining were sparse and
mostly located at the lateral border of the LC adjacent to the mesencephalic trigeminal nucleus (Trig). F, Schematic representation of a transverse section
of the caudal pons. The boxed area corresponds to the areas pictured in A–E. The location of the locus coeruleus ( L) and Barrington’s nucleus (B) has been
indicated. The location of control (off-site) excitotoxic lesions is indicated by an X, centered in the reticular formation between to the parabrachial complex
(PB) and the primary sensory trigeminal nucleus (Pr5). These control animals all developed a moderate, but not severe, inflammation of the bladder.
Diagram adapted from Figure 57 of the atlas of Paxinos and Watson (1997). Scale bar (shown in E): A–E, 200 mm.
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onic sympathectomy by section of the intermesenteric nerve all
consistently prevented bladder inflammation after ACD inoculation
(Table 1). Behavioral as well as macroscopical or histological signs of
cystitis were absent (Fig. 3B), and plasma extravasation could not be
detected (Fig. 2), although all animals manifested overt signs of CNS
infection. These signs included scratching of the flanks and
grooming of the base of the tail, but without any behavior
directed to the abdomen as in rats with cystitis. Immunocyto-
chemistry of the spinal cord revealed viral progression and
distribution identical to that of nondenervated rats.

Not all peripheral denervation, however, prevented cystitis. Signs
of bladder inflammation developed in all ACD-inoculated rats hav-

ing undergone unilateral pelvic ganglionectomy or hypogastric nerve
section and in half of those with bilateral hypogastric nerve section
(Table 1). In this latter group, it is possible that the sympathetic
innervation of the bladder was not entirely removed because of the
presence of an accessory branch from the hypogastric ganglion to
the bladder (Jänig and McLachlan, 1987). Again, the progression
and distribution of PRV immunolabeling in the CNS was essentially
the same as in nondenervated rats, as would be expected given that
the routes of viral entry from the ACD remained intact.

Effect of selective central denervation on the
appearance of bladder inflammation
Bilateral lesions of the DLF or VLF of the spinal cord served to
partially interrupt the central pathways related to the bladder,
leaving its peripheral innervation intact (Fig. 7A,B). Although
rats inoculated in the ACD manifested signs of spinal (scratching
of the flanks, excessive grooming of the base of the tail and the
hindpaws) and supraspinal viral invasion (anorexia, perturbed
sleep-wake cycle, etc.) (data not shown), none developed cystitis.
Surprisingly, immunostaining demonstrated that PRV had spread
to the same spinal and brainstem areas as in sham-operated
controls or nonoperated rats (compare Fig. 8 with Fig. 1D, Fig. 8
PONS with Fig. 6A, and Fig. 8 L1 with Fig. 5 PRV, 96 hrs),
although a decrease in labeled neurons in the nucleus of the
solitary tract were observed after DLF lesions. Because PRV is
transported retrogradely in the CNS (Card et al., 1990), this
result suggests that brainstem pathways innervating the spinal
preganglionic neurons related to the ACD have projections trav-
eling in the VLF in addition to those of the DLF. It should be
stressed, however, that the time course of viral spread was not
followed after these partial spinal lesions. It is therefore possible
that at shorter times post-inoculation, these lesions prevented
spread from the spinal cord to many brainstem areas. The long
post-inoculation observation period in rats with funiculus sec-
tions, used to ensure that no late cystitis eventually developed,
could have permitted the virus to indirectly infect these brainstem
areas through connections with areas rostral to the lesion, in
which passage of PRV had not been interrupted.

Not unexpectedly from the above results, complete spinal tran-
section at T8 prevented the appearance of bladder inflammation,
as well as viral labeling rostral to the lesion, whereas the viral
labeling caudal to the section was the same as in normal rats.
Bilateral lesion of the DF (Fig. 7C), however, did not affect the
course of the cystitis, which was indistinguishable from that seen
in sham-operated rats as determined anatomically and with the
Evans blue dye plasma extravasation method (Fig. 2). Of note, the
DF, unlike the DLF or the VLF, has not been reported to contain
ascending or descending projections related to bladder function.

Brainstem lesions completely blocked the appearance of cystitis
only when they included Bar/LC bilaterally (Fig. 6E), an effect that
was independent of the timing of the lesion in relation to the viral
inoculation. These lesions of ;600–800 mm in diameter never
included the entire LC, whereas they covered most but not all of
both Barrington’s nuclei and were restricted to the area where
these two nuclei are adjacent (Fig. 6E,F). TH immunoreactivity
within the borders of the lesion was almost absent, and Nissl
staining showed replacement of the Barrington’s neurons by dense
gliosis (Fig. 6E). The residual cells from this nucleus, however,
were concluded to be functional because none of the animals
presented urinary retention as described previously for complete
lesions (Barrington, 1925). In rats with unilateral Bar/LC lesions, a
partial reduction in the degree of bladder inflammation was none-

Figure 7. Nissl-stained transverse spinal cord sections in rats having
undergone bilateral funiculi lesions before PRV inoculation. A, T8 dor-
solateral funiculi (DLF ); B, T8 ventrolateral funiculi (VLF ); C, L1 dorsal
funiculi (DF ) lesions. Rat with DLF and VLF lesions had no inflamma-
tion of the bladder despite a long post-inoculation delay (136 hr) allowing
extensive viral spread and signs of CNS disease (111). In sharp con-
trast, all rats with DF lesions had bladder inflammation indistinguishable
from sham controls. Scale bar, 250 mm.

Jasmin et al. • CNS-Induced Neurogenic Inflammation J. Neurosci., December 1, 1998, 18(23):10016–10029 10025



theless observed. Although bilateral lesions of the adjacent reticu-
lar formation (indicated by X in Fig. 6F) also reduced the severity
of the cystitis, they did not prevent its appearance. None of these
lesions significantly altered spinal viral spread. Rare viral-infected
cells were seen within the lesion area.

DISCUSSION

Most of our knowledge of nervous system involvement in inflam-
mation concerns its peripheral components. Neuromediators re-
leased by primary afferents as well as sympathetic and parasympa-

Figure 8. Representative areas of the brain 136 hr post-inoculation in the ACD from rat
in Figure 7A that underwent bilateral DLF lesion. All sections were made in the transverse
plane and were immunostained for PRV. In the HYPOTHALAMUS (top lef t), labeling is
dense in the paraventricular nucleus (Pa) and moderate in the ventromedial nucleus
(VMH ) and the lateral hypothalamus (LH ). In the MIDBRAIN (top right), the densest
labeling is seen in the periaqueductal gray, especially in its ventrolateral (VLPAG) and
dorsal (DPAG) subdivisions, and in the dorsal raphe nucleus (DR). Moderate labeling is
seen in the surrounding reticular formation. In the PONS (middle lef t), PRV-infected cells
are prevalent in the locus coeruleus and subcoeruleus (LC and SubCA), and at this late
stage are now seen in Barrington’s nucleus (Bar). In the CAUDAL MEDULLA (middle
right), labeling stretches from the nucleus of the solitary tract (Sol ) through the interme-
diate reticular formation (IRt) to the adrenergic/cholinergic neurons (A1/C1). PRV is also
present medially in the raphe obscurus (ROb) and at this advanced stage in lamina I of the
trigeminal nucleus caudalis (Lam I ). At the L1 level (bottom lef t), abundant labeling is
observed in lamina I (Lam I ) and lamina II, where a columnar distribution is visible, as
reported previously (Jasmin et al., 1997a,b). Labeling is also dense in the lateral two-thirds
of lamina V (Lam V ), dorsal to the central canal (cc), in the intermediolateral cell group
(IML), and in lamina IX (Lam IX ) of the ventral horn. Note the long dendrites from
neurons in lamina IX traveling to the IML (arrowheads). Viral passage to these ventral cells
likely occurred from the IML through these dendrites. Long dendrites are also seen
coursing from cells in laminae III and V to laminae I and II (arrowheads). Also note that
most of the neurons in the IML have reached a cytopathic stage; their profile is no longer
clearly visible, unlike that of infected glia, which appear as small round black profiles. opt,
Optic tract. Scale bar (shown in L1): HYPOTHALAMUS, 350 mm; MIDBRAIN, 300 mm;
PONS, 200 mm; CAUDAL MEDULLA, 300 mm; L1, 160 mm.
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thetic postganglionic fibers will cause and/or enhance plasma
extravasation (Heller et al., 1994; Delepine and Aubineau, 1997).
Still, little is known about the mechanisms by which the CNS could
activate sensory or autonomic neurons to produce inflammation.
The present study demonstrates that a CNS disease can produce
neurogenic inflammation (cystitis) via activation of central bladder
circuits in specific spinal cord and brainstem areas.

To understand how viral infection of the CNS could cause the
appearance of cystitis, we followed the spread of PRV in the
nervous system. After ACD inoculation, PRV enters the CNS
through motor and sympathetic, but not through sensory, neurons
(Jasmin et al., 1997b). We and others have found a very repro-
ducible pattern of CNS infection after ACD, bladder, or limb
inoculation, with productive infection occurring in neurons only
(Card et al., 1990, 1993; Strack and Loewy, 1990; Nadelhaft et al.,
1992; Rotto-Percelay et al., 1992; Rinaman et al., 1993; Jasmin et
al., 1997b; Sugaya et al., 1997). Viral spread is essentially trans-
synaptic with the immune response limiting nonspecific spread.
This response consists of early activation of glia surrounding
infected neurons and later leukocyte invasion (Rinaman et al.,
1993; Card and Enquist, 1995). We propose that the development
of cystitis is attributable to this immune response activating
somatic and autonomic neural circuits.

In rats with cystitis, viral replication and leukocyte infiltration
occurred both in spinal regions harboring preganglionic bladder
neurons and in regions where primary sensory bladder afferents
terminate. In contrast, in nondenervated rats without cystitis,
viral invasion in these spinal areas and associated immune re-
sponses had not yet occurred, because of either too short an
interval post-inoculation or predominance of infection in other
spinal areas (i.e., after limb inoculation). Unexpectedly, after
bladder inoculation with a similar spinal distribution of PRV and
immune cells as in ACD-inoculated animals, cystitis was a rare
occurrence. This is likely attributable to PRV directly inactivat-
ing spinal preganglionic autonomic neurons responsible for pro-
ducing cystitis before spreading to the CNS.

PRV-infected neurons undergo an early arrest of normal protein
synthesis leading to a “shut down” of many metabolic processes
(Berthomme et al., 1993), likely to reduce excitability and neuro-
transmitter release. By expressing viral proteins, however, these
compromised neurons induce an immune response (Mettenleiter,
1996) that could activate neighboring uninfected neurons, setting
off events leading to the peripheral inflammation. Cytokines and
NO released by immune cells lower the depolarization threshold of
neighboring neurons by increasing the availability of, or response
to, excitatory neurotransmitters such as glutamate, acetylcholine,
or corticotropin releasing hormone (CRH) (Raber et al., 1994,
1995; Ye and Sontheimer, 1996; Raber and Bloom, 1996). Inter-
estingly, in our model a viscerosomatic interaction occurs, possible
because of the close proximity in the spinal cord of autonomic
circuits to the bladder and tail muscles. Accordingly, ACD inocu-
lation always resulted in a neurogenic cystitis, whereas bladder
inoculation led to an inflammation of the tail base. A similar link
between visceral and somatic neural circuits was reported after
activation of uterine afferents induced cutaneous plasma extrava-
sation at the base of the tail (Wesselmann and Lai, 1997).

To generate peripheral inflammation, neuroactive substances re-
leased by immune cells would lead to antidromic potentials in the
central branch of dorsal root ganglion neurons, a phenomenon
termed dorsal root reflex (Rees et al., 1996). Although there is no
previous disease model in which the CNS is the primary initiator of
peripheral inflammation, there is ample evidence of spinally medi-

ated neurogenic inflammation induced by a stimulus to a distant
body area (Denko and Petricevic, 1978; Levine et al., 1985a,b;
Kolston et al., 1991; Bileviciute et al., 1993; Wesselmann and Lai,
1997). Accordingly, modulation of spinal non-NMDA, GABA-A,
A1 adenosine, or nicotinic receptors reduces peripheral inflamma-
tion (Miao et al., 1992; Rees et al., 1994, 1995, 1996; Bong et al.,
1996). Abnormal activity of spinal interneurons would result in
activation of the central branch of primary sensory afferents, leading
to increased peripheral release of proinflammatory neuropeptides
(Sluka et al., 1994; Rees et al., 1996). Therefore, removal of
capsaicin-sensitive fibers, many of which contain these neuropep-
tides, blocks this inflammation.

The absence of cystitis after resiniferatoxin treatment indicates
that C-fiber primary afferents were necessary for the appearance
of the bladder inflammation. In the bladder, capsaicin-sensitive
fibers constitute a large proportion (60%) of both sensory and
most of the substance-P-containing fibers (Holzer et al., 1982;
Hu-Tsai et al., 1992). Our finding therefore agrees with previous
observations of a contribution of peptidergic unmyelinated pri-
mary afferents to neurogenic inflammation (Ahluwalia et al.,
1994; Baluk, 1997; McDonald et al., 1996). Because resinifera-
toxin treatment does not desensitize sympathetic fibers (Cervero
and McRitchie, 1982), these were ruled out as being solely re-
sponsible for the cystitis. Whether sympathetic innervation is
necessary to produce inflammation along with sensory innerva-
tion remains unresolved (Heller et al., 1994; Sluka et al., 1994;
Rees et al., 1995). Even in light of the preventative effects of
hypogastric or intermesenteric nerve section on the development
of cystitis, the present study cannot provide conclusive evidence,
because sectioning these nerves removes sympathetic as well as
some sensory bladder afferents (Neuhuber, 1982; Baron and
Jänig, 1991). Paravertebral sympathectomy could not serve to
isolate the role of sensory fibers because this procedure also
denervates the ACD from sympathetics, thus removing the major
route of viral entry in the spinal cord (Jasmin et al., 1997b),
resulting, not unexpectedly, in the absence of cystitis (L. Jasmin
unpublished observations). Our results nonetheless demonstrate
that postganglionic sympathetics are not sufficient to induce the
bladder inflammation (i.e., they are preserved after intermesen-
teric nerve section); if sympathetic activity plays a causal role, it
would be through activation of preganglionic IML neurons. The
consistency of PRV immunoreactivity and leukocyte migration in
the sacral and lumbar IML and superficial dorsal horn in rats with
cystitis suggests that primary sensory neurons as well as sympa-
thetic and parasympathetic preganglionic neurons were activated.

The absence of bladder inflammation after bilateral DLF or
VLF lesions additionally implicates supraspinal circuits. The
evidence is twofold. First, these funiculi contain brainstem-
descending projections, and second, lesions of Bar/LC prevented
cystitis. Particular attention was paid to Barrington’s nucleus
after we observed that it consistently became invaded by iNOS-
immunopositive cells in animals developing cystitis. The absence
of PRV in Barrington’s nucleus at the time cystitis appeared
suggested that it was functionally intact. Barrington’s nucleus
(Barrington, 1921), or pontine micturition center, is involved in
bladder function through direct projections to sacral pregangli-
onic neurons via the DLF (Loewy et al., 1979; Lumb and Mor-
rison, 1987; Sugaya et al., 1987; Mallory et al., 1991). This effect
is mediated in part through the excitatory neurotransmitter CRH
(Valentino et al., 1995). The LC in turn would project to the
spinal cord through both the VLF and DLF, as suggested by the
identical labeling of this nucleus after lesion of either tract.
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Because NO facilitates neuronal release of CRH (Brunetti, 1994;
McCann et al., 1997; Mancuso et al., 1998) and bilateral Bar/LC
lesions prevented cystitis, we propose that these two nuclei con-
tribute to the generation of bladder inflammation through de-
scending spinal projections. The circuits involved could include
many of Barrington’s nucleus CRH projection sites, in addition to
the LC, some of which affect peripheral inflammation, including
the dorsal motor nucleus of the vagus and the hypothalamus
(Brown, 1986; Coderre et al., 1990; Caroleo et al., 1993; Val-
entino et al., 1995; Baerwald and Panayi, 1997; Sternberg, 1997).

Among our most consistent findings was that no viscera other
than the bladder were inflamed, suggesting a greater susceptibility of
the bladder to neurogenic inflammation. The severity of the inflam-
matory response in the bladder, however, could be aggravated by the
systemic immune response to the CNS viral disease. The release of
neuropeptides and other proinflammatory mediators by nerve ter-
minals in the bladder could induce the initial plasma extravasation
(Heller et al., 1994). These neuropeptides also induce increased
expression of endothelial adhesion molecules (Matis et al., 1990;
Hosoi et al., 1993). This in turn would attract circulating leukocytes,
increased in number because of the systemic immune response to the
virus, producing a positive feedback mechanism that aggravates the
initial plasma extravasation. Thus, the severity of the cystitis could be
related to this combination of initial local increased neural activity
followed by massive migration of circulating immune cells, leading
to a high amount of inflammatory mediators.

The significance of this study is that it demonstrates the role of
the CNS in the initiation of peripheral inflammation, as suggested
previously (Levine et al., 1985a,b; Sluka et al., 1995). The mech-
anisms are likely multiple, involving not only peripheral release of
neurotransmitters but also dysfunction of either the immune or
endocrine systems, or both (Sternberg, 1997). Finally, this study
uncovers the unique potential of neurotropic viruses as tools to
bring about neuroimmune interactions in vivo.
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G, Santicioli P, Meli A (1989) Topical versus systemic capsaicin de-
sensitization: specific and unspecific effects as indicated by modification
or reflex micturition in rats. Neuroscience 31:745–756.

Mallory BS, Roppolo JR, de Groat WC (1991) Pharmacological modu-
lation of the pontine micturition center. Brain Res 546:310–320.

Mancuso C, Tringali G, Grossman A, Preziosi P, Navarra P (1998) The
generation of nitric oxide and carbon monoxide produces opposite
effects on the release of immunoreactive interleukin-1b from the rat
hypothalamus in vitro: evidence for the involvement of different sig-
naling pathways. Endocrinology 139:1031–1037.
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Such G, Jancsó G (1986) Axonal effects of capsaicin: an electrophysio-
logical study. Acta Physiol Hung 67:53–63.

Sugaya K, Matsuyama K, Takakusaki K, Mori S (1987) Electrical and
chemical stimulations of the pontine micturition center. Neurosci Lett
80:197–201.

Sugaya K, Roppolo JR, Yoshimura N, Card JP, De Groat WC (1997)
The central neural pathways involved in micturition in the neonatal rat
as revealed by the injection of pseudorabies virus into the urinary
bladder. Neurosci Lett 223:197–200.

Valentino RJ, Pavcovich LA, Hirata H (1995) Evidence for corticotropin-
releasing hormone projections from Barrington’s nucleus to the periaq-
ueductal gray and dorsal motor nucleus of the vague in the rat. J Comp
Neurol 363:402–422.

Vizzard MA, Erdman SL, De Groat WC (1996) Increased expression of
neuronal nitric oxide synthase in bladder afferent pathways following
chronic bladder irritation. J Comp Neurol 370:191–202.

Wesselmann U, Lai J (1997) Mechanisms of referred visceral pain:
uterine inflammation in the adult virgin rat results in neurogenic
plasma extravasation in the skin. Pain 73:309–317.

Ye ZC, Sontheimer H (1996) Cytokine modulation of glial glutamate up-
take: a possible involvement of nitric oxide. NeuroReport 7:2181–2185.

Jasmin et al. • CNS-Induced Neurogenic Inflammation J. Neurosci., December 1, 1998, 18(23):10016–10029 10029


