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Abstract

The retrograde transynaptic tracer pseudorabies virus (PRV) is used as a marker for synaptic
connectivity in the spinal cord. Using PRV we sought to document putative synaptic plasticity below
ahigh thoracic (T) spinal cord transection. This lesion has been linked to the development of a number
of debilitating conditions including autonomic dysreflexia. Two weeks after injury, complete T4-
transected and/or T4-hemisected and sham rats were injected with PRV-expressing enhanced green
fluorescent protein (EGFP) or monomeric red fluorescent protein (mRFP1) into the kidneys. We
expected greater PRV labeling after injury due to plasticity of spinal circuitry but 96 hours post-
PRV-EGFP inoculation, we found fewer EGFP* cells in the thoracolumbar gray matter of T4-
transected compared to sham rats (p < 0.01); Western blot analysis corroborated decreased EGFP
protein levels (p < 0.01). Moreover, viral glycoproteins that are critical for cell adsorption and entry
were also reduced in the thoracolumbar spinal cord of injured versus sham rats (p < 0.01). PRV
labeling of sympathetic postganglionic neurons in the celiac ganglia innervating the kidneys was also
significantly reduced in injured versus sham rats (p < 0.01). By contrast, the numbers and distribution
of FluoroGold-labeled (intraperitoneal injection) sympathetic preganglionic neurons throughout the
sampled regions appeared similar in injured and sham rats. These results question whether spinal
cord injury exclusively retards PRV expression and/or transport or whether this injury broadly affects
host cell-viral interactions.
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INTRODUCTION

The central nervous system (CNS) is composed of complex networks of synaptically linked
neurons. The development and use of neurotropic viruses as an alternative to traditional tract
tracing tools have greatly enhanced our understanding of complex neuronal circuitry,
particularly the innervation of thoracic and abdominal viscera (1-7). Despite this progress there
is a paucity of knowledge concerning how injury, particularly spinal cord injury (SCI), affects
neuronal circuitry. Recent studies in our lab have shown that autonomic dysreflexia, a
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potentially life-threatening hypertensive complication of SCI, correlates with sprouting of both
primary afferent and propriospinal fibers at the lumbosacral spinal segment (L6/S1) (8,9).
Autonomic dysreflexia is frequently triggered by noxious stimuli below the injury site,
particularly by the distension of pelvic viscera (bowel and bladder) (10). This syndrome is
characterized by episodic hypertension (sympathetic) and baroreflex-mediated bradycardia
(parasympathetic) responses due to initial loss of bulbospinal inhibition of sympathetic output
(10,11), which is followed by intraspinal sprouting of nociceptive primary afferent fibers
(12). The incidence of dysreflexic hypertension may be the result of altered synaptic inputs to
sympathetic preganglionic neurons (SPNs) below the injury site.

To address this hypothesis, we used transynaptic viral tracers (i.e. pseudorabies virus, PRV)
that are isogenic with the Bartha strain as markers for synaptic connectivity in central circuits
(13). The PRV strain used expresses the reporter gene for enhanced green fluorescent protein
(EGFP; PRV-152) or monomeric red fluorescent protein (MRFP; PRV-614) (14-16). The
exclusively retrograde transport of PRV Bartha strain occurs in synaptically linked chains of
neurons with higher order structures becoming labeled at later time-points (13,17-19).
Additionally, viral replication within neuronal cell bodies allows the virus to be a self-
amplifying marker; thus second, third and fourth order pre-autonomic neurons that regulate a
specific visceral target can be labeled within the spinal cord and higher CNS centers of infected
animals.

MATERIALS AND METHODS

Animals and Spinal Surgery

All animal housing conditions, surgical procedures and post-operative care techniques were
conducted according to the University of Kentucky Institutional Animal Care and Use
Committee and the National Institutes of Health animal care guidelines. Adult female Wistar
rats (~200 to 250 g) were anesthetized with a mixture of ketamine (80 mg/kg, i.p.; Fort Dodge
Animal Health, Fort Dodge, IA) and xylazine (10 mg/kg, i.p.; Butler, Columbus, OH). The
injured groups received either complete T4-transection (n = 26) or a left sided T4-hemisection
(n=12) with a sterile scalpel blade following T3 vertebra laminectomy, in contrast to the sham
group (n = 26) which received only T3 laminectomy, as previously described (8,9) (Table 1).

After surgical operations were complete, the erector spinae muscles were sutured with 3-0
Vycril (Ethicon, Sommerfield, NJ), the field was disinfected with povidone-iodine solution
(Nova Plus, Irving, TX) and the skin was closed with Michel wound clips (Roboz,
Gaithersburg, MD). For post-operative care, animals were given 20 ml lactated Ringer’s
solution (Baxter Healthcare, Deerfield, IL) and 33 mg/kg cephazolin (Apothecon, Bristol-
Myers Squibb, Princeton, NJ) subcutaneously immediately after surgery, and for injured rats
twice daily for up to 10 days to maintain hydration and control bladder infection.
Buprenorphine (0.035 mg/kg; Reckitt Benckiser, UK) was also administered subcutaneously
once after recovery from anesthesia and twice daily for the next 3 days to control post-operative
pain. Bladders of injured rats were manually expressed twice daily until automatic bladder-
emptying reflex developed at about 10 days post-injury.

PRV Injections

Two weeks after T4-transection, T4-hemisection and sham laminectomy, animals were re-
anesthetized with a mixture of ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) and a
laparotomy was performed to expose the abdominal and pelvic contents. With the aid of a
dissecting stereomicroscope, 3 pl of PRV-152 (green, 108 pfu/ml) were injected into the left
kidney of sham (n = 18) and T4-transected (n = 18) rats at 3 sites (1 pl/site) using a 30 gauge
Hamilton syringe (Hamilton, Reno, NV) (Table 1). Injections were uniformly placed at sites
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on the longitudinal midline of the convex surface of the kidney (5). Injection sites were located
by dividing this midline in thirds and injecting at the rostral and caudal end of the middle third.
Alternatively, 3 ul of PRV-614 (red, 108 pfu/ml) were injected similarly into the left kidney
of sham (n = 3) and T4-transected (n = 3) rats at three sites as a control for reporter gene
expression (Table 1). For the T4-hemisected rats, 3 pl of PRV-152 (n = 3) and 3 pl of PRV-614
(n = 3) were injected into both the left and right kidneys, respectively (Table 1). To control for
potential injury-mediated reporter gene expression, the T4-hemisection paradigm was reversed
(e.g. 3ul of PRV-152 (n = 3) and 3 pl of PRV-614 (n = 3) into both the right and left kidneys,
respectively) (Table 1). For distal colon injections, the rostral section of the exposed distal
colon was elevated and packed off with gauze. A total of 12 pul PRV-152 was injected at 6 sites
(2 pl/site) in sham (n = 3) and T4-transected rats (n = 3) using a 30-gauge Hamilton syringe
with a sharp beveled tip into the ventral and lateral surfaces of the distal colon 25-40 mm from
the anus (20). The needle was run into the viscus wall tangentially to the surface beneath the
serosa and either over or into the muscle layer, taking care not to penetrate into the lumen. The
needle was inserted 4 to 10 mm and withdrawn 1-2 mm before the virus solution was slowly
injected (20). The needle was held in place for 5 minutes and slowly withdrawn under a dry
cotton-tipped stick to absorb reflux; this was followed by lavage of the peritoneal space with
sterile saline. Injection sites were sealed with a drop of tissue adhesive (3M Vetbond™, St.
Paul, MN). To control for PRV specificity, naive rats (control; n = 2) received an intraperitoneal
injection of 3 ul of PRV-152 (Table 1). Materials that came into contact with PRV during
surgery were cleaned with Clorox bleach (0.05%) solution and properly discarded as biohazard
materials. Animals were maintained in a biosafety level 2 facility (72 hours, 84 hours, or 96
hours) until euthanasia prior to perfusions fixation for histology or rapid isolation of fresh
spinal tissues for molecular biology. One week prior to perfusion, selected sham (n = 2) and
injured (n = 2) rats were given an intraperitoneal injection of Fluoro-Gold (0.2 ml of 1.5% in
saline; Biotium, Hayward, CA\) to label all sympathetic preganglionic neurons in the
intermediolateral cell column (21).

Perfusion and Tissue Processing

Animals designated for histology (n = 58; Table 2) were overdosed with sodium pentobarbital
(150 mg/kg; Abbott, Chicago, IL) and perfused transcardially with 0.1 M phosphate buffered
saline (PBS), pH 7.4, followed by 4% paraformaldehyde in PBS. The spinal cord from the
conus medullaris to the transection site was removed, post-fixed for 4 hours, rinsed in 0.2 M
phosphate buffer (PB) overnight, and cryoprotected for at least 48 hours in 20% sucrose in 0.1
M PBS. The caudal and rostral limits of the dissected spinal cords sampled were between 0.5
mm rostral of the conus medullaris (~S4) to 6 cm rostral at the T5 segment. The cords were
then divided into two 3 cm portions of caudal (S4-T13; lumbosacral) and rostral segments
(T12-T5; thoracic) and embedded in gum tragacanth (Sigma-Aldrich, St. Louis, MO) in 20%
sucrose/PBS for cryosectioning, as previously detailed (9). Both thoracic and lumbosacral
segments of cord were serially cryosectioned in the longitudinal, horizontal plane at 50 pm
and consecutively mounted onto glass slides (Superfrost plus, Fisher Scientific, Pittsburgh,
PA) in 5 series of 5 slides. This rendered 250 um separations between adjacent serial sections
within a series on each slide (9).

Immunohistochemistry

For anti-PRV double immunostaining with PRV-614, slides with mounted longitudinal
sections were thawed and pre-incubated in 0.1 M PBS containing 0.5% Triton-X and 5%
normal donkey serum (Vector Laboratories, Burlingame, CA) for 1 hour, followed by
incubation with rabbit anti-PRV 132 (1:1000; Courtesy of Dr. Patrick Card) in same buffer
overnight at 4°C. The slides were then rinsed before applying goat anti-rabbit conjugated to
AMCA (Jackson ImmunoResearch Laboratories, West Grove, PA; 1:200) for 3 hours at room
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temperature. After final rinses, slides were coverslipped using Vectashield mounting medium
(Vector) and sealed with Cutex nail hardener (Jackson, WY).

Quantification of PRV-152+ Cells in the Spinal Cord

For PRV-152" cell quantification after 96 hours post-inoculation, our region of interest was
the caudal 2 cm of the thoracic spinal segments, corresponding to T8-T13 of sham (n = 4)
versus T4-transected rats (n = 4) (Table 2). Previous studies had shown that EGFP labeledcells
following PRV-152 inoculation into the kidneys were mainly distributed from T6-T13, with
the highest cellular distribution restricted to T8-T13 (22—24). Serial longitudinal, horizontal
sections containing the dorso-ventral extent of the intermediolateral column, which
incorporates the majority of SPNs, were selected. To avoid counting the same cell twice, every
other collected serial section was used; thus the sections were separated by 100 pm. This
corresponded to quantifying 3 alternating serial sections within the intermediolateral column.
All quantifications were conducted in a blinded fashion using the Bioquant® image analysis
program (Nova Prime, V6.70.10; Bioquant Image Analysis Corp., Nashville, TN) using
established methods (9). In brief, under an Olympus BX51 fluorescence microscope (Olympus
Corp. Melville, NY), live images corresponding to bilateral gray matter regions in our area of
interest (T8-T13) were circumscribed at 4x magnification (10x eye piece) and images captured
using an Optronics digital video camera (Optronics Corp., Goleta, CA). This corresponded to
approximately 5.8 mm? for shams and 6 mm2 for injured cords, depending upon dorso-ventral
plane. In conjunction with Microcode 11 stage encoders (Boeckler Instruments, Tucson, AZ)
and using a 60x oil immersed objective (10x eye piece), all EGFP* cells within the
circumscribed area through the section plane were counted. Although counting all objects
within a circumscribed area is a valid and efficient method, it is however prone to over-counting
(25). To minimize over-counting we used the correction factor first computed by Abercrombie
(1946); T/T + h, where T = section thickness and h = mean diameter of the objects along the
z- axis (25,26). Photomicrographs in all figures were optimized for final production by
adjusting only the brightness and contrast using Adobe Photoshop 7.0 (Adobe Systems Inc.,
San Jose, CA). All graphs were created with DeltaGraph 5.4 (Red Rock Software, Inc., Salt
Lake City, UT).

Spinal Cord Tissue Extraction and Protein Assay

Injured and sham animals designated for Western blot analysis (n = 8, Table 2) were
euthanatized with CO, and decapitated at 96 hours following PRV-152 inoculation into the
left kidney. The spinal cords (T5-conus medullaris) were rapidly removed (27) and placed on
an ice-cold dissecting plate containing pre-cooled Triton lysis buffer pH 7.4 (1% triton, 20 mM
Tris HCI, 150 mM NaCl, 5 mM EGTA, 10 mM EDTA, 10% glycerol) with protease inhibitors
(Complete Mini™ Protease Inhibitor Cocktail tablet). The spinal cords were dissected into 2-
cm segments, centered between the T8-T13 spinal rootlets, and homogenized in 1 ml of Triton
lysis buffer with protease inhibitors. Samples were then briefly sonicated and vortexed at
14,000 rpm for 30 minutes at 4°C, and the supernatants were collected for protein assay. Protein
concentration was determined by Bio-Rad DC Protein Assay (Bio-Rad, Hercules, CA), with
sample solutions diluted to contain 1 mg/ml of protein for immunoblotting.

Celiac Ganglia Tissue Extraction and PRV+ Neuronal Quantification

The celiac plexus is situated around and between the celiac artery and the superior mesenteric
artery and extends dorsally between the adrenal glands and the cranial half of the kidneys
(28). The left celiac ganglion is crescent shaped and lies on the lateral side of the celiac and
superior mesenteric artery; the right celiac ganglion is triangular, smaller than the left one, and
lies dorsal to the inferior vena cava (28). To facilitate visualization and isolation of the PRV
infected ganglia, injured, and sham animals were euthanized with CO, and immediately
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decapitated. Both the left (PRV *) and right (PRV™) celiac ganglion were isolated and
submerged in ice-cold 4% paraformaldehyde in 0.1M PBS for 48 hours. Post-fixed ganglia
were rinsed in 0.2 M PB overnight and cryoprotected for at least 48 hours in 20% sucrose in
0.1 M PBS. In addition the spinal cords were also extracted, post-fixed and processed as
described to verify CNS labeling. As described above, the ganglia were embedded in gum
tragacanth and serially cryosectioned in the longitudinal, horizontal plane at 20 um and
consecutively mounted onto glass slides in 5 series of 5 adjacent slides. This rendered 100
pm separations between serial sections within a series on each slide (9). To verify putative
ganglionic neurons, selected serial sections were stained with cresyl violet. In brief, chosen
slide series were subjected to sequential rehydration followed by cresyl violet stain (Cresyl
Violet acetate, Sigma) for 5 minutes, followed by a sequential dehydration phase. Stained
sections were maintained in Citrisolv (Fisher Scientific) to clear excess cresyl violet and
subsequently coverslipped with Permount (Fisher Scientific) mounting medium.

For quantification of PRV-152* sympathetic postganglionic neurons in the left celiac ganglion,
a total of 12 rats (Table 2) were used and divided into injured (n = 6) and sham (n = 6) groups.
These groups were further subdivided by inoculation time (48 hours, n = 6 (including injured
and sham); 72 hours, n = 6). Preliminary data revealed that PRV labeling of the left celiac
ganglion (right celiac ganglion acted as a negative control) was optimal at 72 hours versus 48
hours post-viral inoculation into the left kidney. Consequently, the total number of
PRV-152* cells in the left celiac ganglion at 72 hours post-left kidney inoculation was
quantified using the Biogquant® image analysis program, similar to quantification in the thoracic
cord. Notably, however, due to the small size of the ganglia we quantified each sequential
section throughout adjacent serial slides. For each section, the cross-sectional area of the entire
left ganglion was circumscribed at 4x magnification (10x eye piece) and images captured using
an Optronics digital video camera. Only a subpopulation of celiac sympathetic postganglionic
neurons innervate the kidneys, so all EGFP* cells within the circumscribed area of every section
was counted using a 60x oil immersed objective (10x eye piece). To correct for possible over-
counting, we employed the Abercrombie factor as described above.

Western Blot Analysis of PRV-152 and PRV-Associated Proteins VP-5 and gB-C

To measure the relative expression levels of EGFP (there is no commercially available antibody
against m RFP1), PRV-associated major capsid coat protein (VP-5), and glycoproteins B-C
(gB-C), spinal cord samples (50 pg, 40 ug and 40 pg, respectively) corresponding to both
injured (n = 4) and shams (n = 4) were run on an SDS/PAGE Precast gel (EGFP: 12% Bis-Tris
Criterion™ XT Precast gel, Bio-Rad; gB-C and VVP-5: 4-12% Bis-Tris Criterion™ XT, Bio-
Rad), using established methodologies (29). Afterwards, the proteins were transferred onto a
PVDF membrane (Immuno-blot PVDF membrane-0.2 um, Bio-Rad) using a semi-dry electro-
transferring unit set at 15 V for 15 minutes. Preliminary experiments established protein
concentration curves in order to ensure that quantified bands were in the linear range as
measured with the Li-Cor Odyssey Infrared Imaging System (Li-Cor Biotechnology, Lincoln,
NE). The membranes were incubated in Tris-buffered saline (TBS, pH 7.4) blocking solution
with 5% milk (Great Value™ instant non-fat dry milk, Wal-Mart) for 1 hour at room
temperature. For the detection of EGFP, a rabbit polyclonal anti-GFP antibody (-ab290,
Abcam, Cambridge, MA) was used at a dilution of 1:1000 in TBS-Triton (TBST) blocking
solution with 5% milk for overnight at 4°C. A goat anti-rabbit secondary conjugated to an
infrared dye (1:5000, IRDye800CW, Rockland Immunochemicals, Gilbertsville, PA) was then
applied for 1 hour at room temperature. After drying, the membranes were then imaged and
quantified using the Li-Cor Odyssey Infrared Imaging System. To detect PRV associated VP-5
(154 KDa) and gB-C proteins (NB: the glycoproteins B and C have similar size band ~70 KDa),
a rabbit polyclonal anti-PRV (RB132, kindly donated by Dr. Patrick Card, University of
Pittsburgh) was used at a dilution of 1:1000 in TBST blocking solution with 5% milk overnight
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at 4°C. A goat anti-rabbit secondary conjugated to an infrared dye (1:5000, IRDye800CW,
Rockland Immunochemicals) was then applied for 1 hour at room temperature. To standardize
protein loading, EGFP, VP-5 and/or gB-C immunoreactive PVDF membranes were
subsequently stripped (i.e. remove primary and secondary antibodies from the membrane) and
re-probed with mouse monoclonal anti B-actin (1:500, Sigma). In brief, the PVDF membrane
was bathed in a stripping buffer containing 25 mM glycine-HCI, pH 2, and 1% SDS for 1 hour
and replaced with fresh buffer every 15 minutes. After stripping, the PVDF membrane was
washed extensively in PBS + 0.1% Tween-20 (3 x 5 minutes) and subsequently incubated for
1 hour in TBS blocking solution with 5% milk at room temperature. For the detection of -
actin, mouse monoclonal anti-p-actin was used at a dilution of 1:500 in TBST with 5% milk
for overnight incubation at 4°C. A goat anti-mouse secondary conjugated to an infrared dye
(1:5000, IRDye800CW, Rockland Immunochemicals) was then applied for 1h at room
temperature and the p-actin® PVDF membrane visualized with Li-Cor Odyssey Infrared
Imaging System.

Statistical Analysis

RESULTS

Statistical analyses between spinal-transected and non-transected rats were performed using
Stat-View (SAS Institute, Cary, NC). Unpaired Student t-test was used between non-transected
and injured groups. Significance throughout all experiments was set at p < 0.05. Data are
represented as mean + SD.

Effects of T4-Spinal Transection on EGFP/RFP Expression Patterns of Neurons in the
Thoracolumbar Spinal Cord

The PRV cellular labeling pattern observed in the thoracolumbar spinal cord following
PRV-152 injection into the left kidney includes the labeling of ipsilateral SPNs and
interneurons at 72 hours post-inoculation (Fig. 1A). By 96 hours post-inoculation, there were
extensive EGFP* cells from T6-T13, with the highest numbers concentrated at T8-T13 (Fig.
1B). At 2 weeks following complete T4-transection, however, EGFP* cells from T8-T13 were
markedly reduced compared to sham rats (Fig. 1C, D). Moreover, semiquantitative Western
blot analysis of EGFP expression in the thoracolumbar spinal cord showed a significant
reduction in injured versus sham rats (F [1,6] = 13.61; p < 0.01) (Fig. 2). To rule out the
possibility that reduced PRV labeling after injury is limited to specific reporter genes (i.e.
EGFP), we injected PRV-RFP into the left kidney of sham versus injured rats and observed a
similar outcome as for the PRV-152 paradigm (Fig. 3A, B). Furthermore, anti-PRV
immunostaining in the same sections appeared to show fewer labeled neurons in injured versus
sham rats at 96 hours post-inoculation (Fig. 3C, D). Conversely, intraperitoneal injection of
FluoroGold and subsequent labeling of SPNs throughout the thoracolumbar spinal cord
appeared unaltered in sham and injured rats (Fig. 3E, F).

Effects of T4-Spinal Transection on EGFP Expression Patterns of Neurons in the
Lumbosacral Spinal Cord

To assess whether SCI differentially affects the sympathetic versus parasympathetic autonomic
branches, we injected PRV-152 into the distal colon (T4-transected, n = 3; sham, n = 3), which
receives parasympathetic innervation from the sacral parasympathetic preganglionic neurons
in the lumbosacral (L6/S1) spinal cord of rats. At 96 hours post-PRV-152 inoculation into the
distal colon, there was no qualitative difference in EGFP™ cellular labeling pattern in the L6/
S1 spinal cord between sham and injured rats (Fig. 4A, B).
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Effects of T4-Hemisection on EGFP/RFP Expression Patterns of Neurons in the
Thoracolumbar Spinal Cord

To rule out the possibility of compromised PRV uptake being limited to complete spinal cord
transection, left-sided T4-hemisected rats were injected with PRV-152 (green; injured side)
and PRV-614 (red; intact side) into the left and right kidneys, respectively (Table 2). At 72
hours (n = 2) and 84 hours (n = 2) post-inoculation, spinal cord tissue ipsilateral to the injury
(left side) appeared to show fewer PRV-152* cells compared to the PRV-614"* cells in the
contralateral uninjured spinal cord (Fig. 4C, D). Similarly, when the injection paradigm was
reversed (i.e. PRV-614 [injured side] into the left kidney and PRV-152 [intact side] into right
kidney) we observed the same phenomena as described above at 72 hours (n = 2) and 84 hours
(n = 2) post-inoculation (data not shown). Notably, in both injection paradigms at 96 hours
post-inoculation (total; n = 4), we observed considerable intermingling of PRV-152* and
PRV-614" cells in the ipsilateral and contralateral thoracolumbar spinal cord (data not shown).

Expression Levels of EGFP and PRV-Associated Proteins in the Thoracolumbar Spinal Cord

The significant reduction in EGFP™* cells in the thoracolumbar spinal cord of injured rats after
left kidney PRV injection (Fig. 2) was corroborated by Western blot analysis that showed
significant decrease in EGFP protein levels (p < 0.01) (Fig. 5A, B). This reduced EGFP
expression could be the result of either injury-induced disruption in transcription and
translational mechanisms or reduced viral uptake at the synapses. Since immunostaining for
PRV appeared reduced (Fig. 3C, D), the most likely explanation is reduced viral uptake, Uptake
of PRV initially depend upon the adsorption of virions to a heparin sulfate proteoglycan moiety
on the host cell surface, which is mediated by glycoprotein C (gC) (30), while glycoprotein B
and D (gB and gD) are involved in cell surface penetration (31). Analysis of viral gB-C protein
levels at 96 hours post-inoculation showed a significant reduction (p < 0.01) in injured
compared to sham rats (Fig. 5C, D). Importantly, VVP-5, a critical protein that is involved in
viral capsid formation (and thus viral assembly), was also significantly reduced (p < 0.01) in
injured versus sham rats (Fig. 5E, F).

Effects of T4-Spinal Transection on EGFP Expression Patterns of Neurons in the Celiac

Ganglia

Because PRV labeling of postganglionic neurons in the spinal cord was retarded by SCI, we
sought to determine whether PRV transport in the sympathetic postganglionic neurons that
innervate the kidneys was also affected by SCI. Therefore, PRV-152 was injected into the left
kidney to label sympathetic postganglionic neurons in the left celiac ganglion. PRV-152
expression patterns in the left celiac ganglion indicated that a subpopulation of celiac neurons
was labeled in both injured and sham tissue samples (Fig. 6A, B). This was expected since the
ganglia also innervate other organs. Notably, we did not observe any PRV labeling in the right
celiac ganglion (i.e. the negative control). Quantitative analysis revealed significantly less PRV
labeling in the left celiac ganglion of injured versus sham rats at 72 hours post-viral inoculation
(p < 0.01) (Fig. 6C).

DISCUSSION

Numerous studies have demonstrated the utility of PRV as a transsynaptic tracer in the rats
CNS (5,14,16,32) but SCl-induced plasticity of kidney-related sympathetic and colon-related
parasympathetic, neural pathways has not been studied previously using PRV. The present
study used transsynaptic labeling with PRV to investigate putative axon remodeling after SCI,
a crucial component in the development of autonomic dysreflexia (8,9).

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Duale et al. Page 8

PRV Labeling in the Thoracolumbar Spinal Cord

The patterns of labeling in the thoracolumbar (T6-L1) spinal cord of sham rats following PRV
inoculation into the left kidney at 72, 84 and 96 hours post-injection were comparable to those
in previous studies (22,24). At 72 hours post-inoculation, PRV labeling was restricted
predominately to second order sympathetic preganglionic neurons; by 84 hours, third order
interneurons were labeled; and by 96 hours the entire thoracolumbar cord appeared labeled
(Fig. 1A, B); discrete regions of the lumbosacral cord were also labeled (unpublished
observation). By contrast, the pattern of PRV labeling in these regions following chronic SCI
was dramatically altered. We analyzed spinal tissues infected after 96 hours rather than 84
hours or 72 hours because the Western blot signals from the earlier time points were insufficient
for quantification. Counting of PRV* cells in fixed spinal tissues was also conducted in tissue
following 96 hours post-PRV inoculation to maintain consistency. The marked reduction in
PRV labeling corresponded with decreased expression of viral glycoproteins (gB-C) that
facilitate viral adsorption and entry into the cell in sham versus injured rats. In contrast,
intraperitoneal injection of FluoroGold and subsequent labeling pattern of SPNs throughout
the thoracolumbar spinal cord appeared unchanged in sham versus injured rats (Fig. 3E, F),
indicating that the reduced PRV was not due to loss of autonomic motor neurons in injured
spinal cords. The differences observed between FluoroGold and PRV labeling in the
thoracolumbar spinal cord may be due to differential uptake mechanisms, that is, FluoroGold
is taken up via pinocytosis whereas PRV uptake is receptor-mediated. We cannot rule out the
possibility, however, that altered intracellular transport and/or transcription/translation of viral
protein products also contributed to the attenuation of PRV labeling following injury.
Accordingly, in the left-sided T4-hemisection paradigm we observed at 72 hours and 84 hours
but not at 96 hours post-PRV inoculation, a marked reduction in PRV-152 labeling in the
ipsilateral spinal cord compared to the contralateral uninjured side labeled with PRV-RFP (Fig.
4C, D). Moreover, this observation was independent of the PRV reporter gene expressed (i.e.
PRV-RFP or PRV-152) (Figs. 1C, D, 3A, B).

PRV Labeling in the Celiac Ganglia

SCI leads to disruption of the descending spinal cardiovascular pathways resulting in
sympathetic hypoactivity and unopposed prevalence of the intact vagal parasympathetic
control (33). Sympathetic hypoactivity results in low resting blood pressure, loss of regular
adaptability of blood pressure, and disturbed reflex control (34). The loss of descending
supraspinal sympathetic excitatory and inhibitory control (35), in addition to morphologic
alterations of the sympathetic preganglionic neurons, could account for reduced uptake of PRV
from the peripheral nervous system (36). Anecdotal evidence suggests that postganglionic
neurons are altered by SCI, since reduced sympathetic activity is associated with low plasma
adrenaline and noradrenaline levels (37,38). The celiac ganglia provide the principle autonomic
(i.e. sympathetic) innervation of the kidneys (39) and quantitative analysis of left celiac
ganglion following viral inoculation into the left kidney revealed significantly less PRV
labeling of sympathetic postganglionic neurons in injured compared to sham rats. These data
imply that sympathetic postganglionic neurons are also susceptible to the effects of centrally
mediated injury. A plausible explanation for the perturbation of PRV uptake at the
postganglionic synapse is reduced neuronal activity due to diminished afferent input from
denervated preganglionic neurons, which may adversely influence the expression profile of
PRV-specific cell receptors.

PRV labeling in the Lumbosacral Spinal Cord

Since painful bowel distention is one of the main triggers of autonomic dysreflexia (10,11),
we sought to identify whether the parasympathetic innervation of the distal colon is similarly
altered by SCI as sympathetic innervation of the kidneys. Notably, in 1989 de Groat et al had
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demonstrated that unilateral parasympathetic denervation of the cat bladder caused significant
reorganization, (i.e. hyperactivity), of the sympathetic efferent output to the pelvic ganglion,
leading to the conversion of sympathetic inhibitory to excitatory input to the denervated bladder
(40). Following PRV-152 inoculation into the distal colon, we observed no qualitative
difference in the PRV labeling pattern of colon-related (i.e. sacral parasympathetic
preganglionic) neurons in sham versus injured rats. This lack of difference may indicate the
differential affect of SCI on the sympathetic versus parasympathetic branches of the autonomic
nervous system. Alternatively, our findings following PRV injection into the distal colon might
be explained by the distance from the injury. Krassioukov and Weaver showed that following
complete mid-thoracic transection, injury-mediated morphological changes in the SPN
continued as far as 6 spinal segments caudal from the injury site (36), whereas in our paradigm
approximately 15 spinal segments separated the T4-transection site and the lumbosacral spinal
cord. Importantly, Vizzard et al assessed the relative contribution of both the spinal (i.e.
sympathetic) and vagal (i.e. parasympathetic) pathways in PRV transport to the brain following
mid-thoracic (T8) transection (41). Following PRV inoculation into the distal colon, PRV-
infected cells were detected in the caudal medullary regions (vagal pathway) in both sham and
injured rats; however, labeling in the Barrington’s nucleus (spinal pathway) (42) was
eliminated or significantly reduced. Regrettably, the study by Vizzard et al did not assess PRV
labeling patterns in the lumbosacral spinal cord following SCI. Nevertheless, in agreement
with the current study, this infers differential influences of SCI on the distinct autonomic
pathways that regulate pelvic visceral function.

Methodological Considerations

Modern anatomical studies of neuronal interactions and fiber pathways in the CNS rely on the
use of transneuronal tracers that transport through live axons in the anterograde or retrograde
direction. Conventional neuronal tracers such wheat germ agglutinin conjugated to horseradish
peroxidase (43) and fast blue (44) are popular because they offer several technical advantages
including, high sensitivity and relatively simple methodology but these methods have
limitations, including weak labeling, color fading, and non-specific spread to adjacent cells
(45,46). A major advantage of using recombinant viruses as tracers is their ability to migrate
transsynaptically in the retrograde direction and replicate within the neuron. Thus, they
function as self-amplifying cell markers, ensuring a high signal to noise ratio using fluorescent
transgene expression or standard immunohistochemistry procedures, allowing dual
immunolabeling of virus and neuronal phenotype in the same reaction. Nevertheless,
recombinant viruses as tract tracers have limitations. For example, the appropriate receptor/
ligand for viral adsorption and entry into the cell needs to be present in for effective labeling.
As demonstrated in the current study, the receptor/ligand density and binding kinetics might
be changed in CNS injury. Indeed, with the advent of viral-mediated gene therapy, numerous
studies have touted its potential therapeutic value in various pathological conditions (47-49).
In view of the present study, care should be taken when assessing results using such an approach
in spinal injury models, not only in terms of gene expression but also viral uptake. The broader
implication is that gene therapy strategies for treating the injured spinal cord must take into
consideration that reduced expression levels of cell receptors required for viral adsorption and
entry may limit the efficacy of transgene expression, and hence mitigate potential
neuroanatomic and/or behavioral outcome measures.

Collectively, our results demonstrate that, after chronic SCI, kidney-related sympathetic
preganglionic and postganglionic neurons undergo physiological changes that significantly
retard PRV but not FluoroGold uptake. In contrast, the uptake of PRV by colon-related
parasympathetic neurons in the lumbosacral spinal cord appeared unaffected by SCI. An
important consideration is whether SCI exclusively retards PRV expression or other host cell-
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viral interactions and/or whether axonal transport in sympathetic circuits only is altered after
SCI.
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Figure 1.

(A, B) Photomicrographs representing the progression of PRV labeling of cells in the
thoracolumbar spinal cord following PRV-152 inoculation into the left kidney of sham rats at
72 hours (A) and 96 hours (B) post-inoculation. The top of each panel represents the side of
kidney injections. (C, D) Chronic spinal cord injury dramatically altered the PRV labeling
pattern in (C) sham versus (D) T4-transected (T4TX) rats at 96 hours post-PRV-152
inoculation into the left kidney. Note the conspicuous diminished labeling after TATX
compared to the sham controls. Scale bars: A, B =500 ym; C, D = 100 pm.
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Figure 2.

Quantitative comparisons of EGFP™* cells between T4-transected and sham rats throughout the
thoracolumbar spinal cord (T8-T13) following PRV-152 injection into the left kidney at 96
hours post-inoculation. Bars represent mean £ SD. *p < 0.01.
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Figure 3.

Chronic T4-transection (T4TX) markedly decreased the PRV labeling pattern in the
thoracolumbar spinal cord, irrespective of the reporter gene (PRV-152 or PRV-RFP) used in
sham (A) versus T4TX (B) rats. Injury-induced aberrant PRV-RFP expression is in part due
to compromised viral uptake since anti-PRV (a-PRV) double immunostaining in the same
sections revealed more labeled neurons in sham (C) versus T4TX (D) rats. By contrast,
FluoroGold (FG) labeling in the thoracolumbar spinal cord of (E) sham versus (F) chronic
TA4TX rats appeared unaltered. Scale bar = 100 um and applies to all photographs.
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Contra

Figure 4.

Expression patterns of PRV-infected neurons in the lumbosacral (parasympathetic) and
thoracolumbar (sympathetic) spinal cord following viral injections into the distal colon (A,
B) or kidneys (C, D), respectively. Chronic T4-transection (T4TX) did not appear to affect
PRV-152 uptake and/or expression patterns in sham (A) versus T4TX (B) rats at 96 hours post-
inoculation. By contrast, left-sided T4-hemisected spinal cords (C, D) appeared to show
reduced PRV-152 expression/uptake in the ipsilateral spinal cord (Ipsi) compared to PRV-614
labeling in the contralateral side (Contra) at 72 hours (C) and 84 hours (D) post-inoculation
into the left kidney (PRV-152) and right kidney (PRV-614), respectively. Scale bar = 500 um
and applies to all panels.
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Figure 5.

Relative expression levels of EGFP and PRV-associated proteins in the thoracolumbar spinal
cords of sham versus T4-transected (T4TX) rats. The dramatic reduction of PRV-152* cells
after injury in the thoracolumbar spinal cord was corroborated by Western blot analysis of
(A) EGFP protein levels (arbitrary unit; AU) in T4TX versus sham rats at 96 hours post-
PRV-152 inoculation into the left kidney. (B) Protein blots (EGFP and p-actin) from T4TX
versus sham rats. (C) Viral glycoprotein B—C (gB-C) expression levels (AU), an important
component for host-cell adsorption and entry, were significantly reduced in T4TX versus sham
rats at 96h post-PRV-152 inoculation. (D) Protein blots (gB—C and B-actin) from T4TX versus
sham rats. (E) The expression levels of major capsid coat protein (VP-5; AU), an important
element in the construction of the PRV capsid, was significantly reduced in T4TX versus sham
rats at 96 hours post-PRV-152 inoculation. (F) Protein blots (VP-5 and B-actin) from T4TX
versus sham rats. Bars represent mean = SD. *p < 0.01.
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Figure 6.

Photomicrographs of cresyl violet stained left celiac ganglion (A) and PRV labeling pattern in
left celiac ganglion following PRV-152 inoculation into left kidney of a sham rat (B) at 72
hours. A subpopulation of celiac ganglionic neurons innervates the kidneys. Scale bar = 200
um and applies to both images. (C) Quantitative comparison of EGFP* cells between T4-
transected and sham rats in the left celiac ganglia following PRV-152 injection into the left
kidney at 72 hours post-inoculation. Bars represent mean + SD. *p < 0.01.
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Table 1
Total Number of Rats Used in the Different Experimental Paradigms

Injection Groups T4-transection T4-hemisection Sham Naive
PRV-GFP; left kidney (n = 39) 18 3 18 -
PRV-GFP; right kidney (n = 3) - 3 - -
PRV-GFP; distal colon (n = 6) 3 - 3 -
PRV-RFP; left kidney (n = 9) 3 3 3 -
PRV-RFP; right kidney (n = 3) - 3 - -

FluoroGold; intraperitoneal (n = 4) 2 - 2 -
PRV specificity control (n=2) - - - 2
Total (n = 66) 26 12 26 2

PRV, Pseudorabies virus; GFP, green fluorescent protein; RFP, red fluorescent protein.
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Table 2

Celiac Ganglia and Spinal Tissues Used in the Different Experimental Groups

Page 20

Experimental paradigm T4-transection T4-hemisection Sham Naive
Histology: 48 hours post-PRV inoculation” 3 - 3 -
. . Lk
Histology: 72 hours post-PRV inoculation 5 4 5 -
Histology: 84 hours post-PRV inoculation * 2 4 2 -
Histology: 96 hours post-PRV inoculation * 10 4 10 2
Histology: 168 hours post-FG injection 2 - 2 -
Western blot analysis: 96 hours post-PRV 4 - 4 -
inoculation
Total (n = 66) 26 12 26 2

*
Includes both PRV-152 (green) and PRV-614 (red).

# . .
Includes celiac ganglia.

PRV, pseudorabies virus; FG, FluoroGold.
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