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Abstract
Spinal cord injury (SCI) significantly impacts many systems attributable to disrupted autonomic regulation of the
body. Of these disruptions, excessive production/passage of urine (polyuria) has been understudied. Pre-clinical
animal studies investigating SCI-induced polyuria have been carried out in T8–T10 spinal-level contusive injuries,
which directly impacts both supraspinal sympathetic inputs to the spinal circuitry mediating kidney function as
well as local networks including pre-ganglionic sympathetic fibers to the kidney. The current study utilizes a
higher-level (T3) contusion to narrow the potential source(s) of damage that induce(s) polyuria. Metabolic
cage 24-h urine collections demonstrated that, starting 1 week post-SCI and lasting chronically through
6 weeks post-SCI, T3 contused adult male rats had a significant increase in void volume relative to pre-injury
and surgical sham controls. Subsequent examination of previously identified biomarkers revealed levels reflect-
ing the presence of polyuria. For example, urine atrial natriuretic peptide levels were significantly increased at
6 weeks post-SCI compared to baseline, and serum arginine vasopressin (AVP) levels were significantly decrea-
sed. Further, there was a significant decrease post-injury relative to shams in the number of AVP-labeled cells
within the suprachiasmatic nucleus, a hypothalamic region responsible for significant disruptions of circadian
rhythmicity post-SCI, including loss of the diurnal variation of AVP production, which clinical studies have iden-
tified as contributing to the emergence of nocturia after SCI. Together, the current results demonstrate that SCI-
induced polyuria is present after a T3-level SCI, indicating that damage of descending supraspinal circuitries
precipitates dysfunction of homeostatic mechanisms involved in salt and water balance.
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Introduction
Spinal cord injury (SCI) is a progressive injury that sig-
nificantly impacts multiple systems affecting quality of
life, including motor, respiratory, cardiovascular, gastro-
intestinal, and bladder/urinary tract functions.1–5 The

presence of SCI-induced polyuria increases the number
of daily catheterizations, especially at night (disrupting
sleep), which raises the risk of developing genitouri-
nary infections, a leading cause for hospitalizations in
the SCI population.6 SCI-induced polyuria has been
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shown to be present in both pre-clinical SCI animal
models and clinically,7–10 regardless of severity7 or com-
pleteness11 of injury.

Under normal physiological conditions, systemic
arginine vasopressin (AVP) and blood pressure decrea-
ses at nighttime, slowing the production of urine and
allowing for uninterrupted sleep. Previous clinical find-
ings have reported a significant lack in diurnal varia-
tion (fluctuations between day and night) for urine
output and serum AVP levels in the SCI population.12

Production of AVP occurs within the supraoptic
nucleus (SON), paraventricular nucleus (PVN), and
suprachiasmatic nucleus (SCN) of the hypothalamus
and functions as an antidiuretic to retain water in
response to hyperosmolality or low blood pressure.13

The SCN, which is a main regulator of circadian con-
trol, including sleep/wake cycles, was recently shown,
in a T9-level contusion rat model, to contain signifi-
cantly fewer AVP-labeled cells beginning as early as
14 days post-injury (dpi).14

However, significant up- or downregulation at vari-
ous time points, beginning at 7 days post-injury, have
been shown for kidney natriuretic peptide receptor-A
(NPRA), atrial natriuretic peptide (ANP), kidney
vasopressin-2 receptor (V2R), kidney aquaporin-2
(AQP2) channels, and kidney epithelial sodium chan-
nels (ENaC; b and c but not a subunits), suggest-
ing that both central and peripheral mechanisms are
involved in the development and maintenance of poly-
uria.9,14,15 Together, these biomarkers are key for both
water/sodium and cardiovascular homeostasis. Speci-
fically, ANP causes an increase of sodium/water excre-
tion opposite to that of AVP. Note that ANP inhibits
the antidiuresis effect of AVP within the kidney.
Additional background information on these SCI-
induced, polyuria-associated biomarkers is reviewed
elsewhere.13

Autonomic dysregulation occurs after SCI because
of disruption of supraspinal sympathetic pathways
descending from various brain regions and/or local spi-
nal networks and/or pre-ganglionic sympathetic out-
puts. The kidneys, which regulate and balance the
body’s water and metabolite content (filtration from
blood as urine), receives sensory innervation from T9
to L2 ipsilateral dorsal root ganglia and sympathetic
supply from post-ganglionic neurons located within
the celiac ganglion,16 which has been traced to pre-
ganglionic neurons at the T4–T13 spinal levels in
rats.17 Note that there is limited evidence for speci-
fic parasympathetic supply to the kidneys.18,19 Sympa-

thetic pre-ganglionic fibers receive input from both
intra- and supraspinal neurons.20 The descending sup-
raspinal inputs to sympathetic pre-ganglionic neurons
arise from the rostral ventrolateral medulla, rostral
ventromedial medulla, caudal raphe nuclei, A5 region,
and paraventricular nucleus of the hypothalamus.21,22

Subsequent to disruption of supraspinal drive post-
SCI, spinal autonomic interneurons undergo plasticity
and are key regulators of spinal sympathetic pregangli-
onic circuitry.23 Note also that the vagal supply of the
viscera has been shown to undergo neurochemical
plasticity post-SCI, a finding with implications for vis-
ceral homeostatic mechanisms and nociceptive signal-
ing after chronic injury.24

Our pre-clinical research on SCI-induced polyuria
to date has focused on a T9-level injury,7–9 which dis-
rupts both supraspinal and local pre-ganglionic/
interneuronal sympathetic spinal circuitries to the kid-
ney and surrounding vasculature. The goal of the cur-
rent investigation was to determine whether damage
of supraspinal sympathetic control to the kidney and/
or disruption of local spinal circuitry surrounding a
T9-level SCI mediate the development and mainte-
nance of polyuria by examining outcomes after a T3-
level spinal contusion, which is just above the sensory/
interneuron/pre-ganglionic supply to/from the kid-
neys. Of potential relevance are findings showing that
cervical (C2–C8)-level injuries in humans generate
higher urinary outputs than those having T1- to L1-
level injuries, specifically at night,10 in addition to being
at greater risk for autonomic dysreflexia.25

Methods
Animals
All animal experimental procedures and protocols were
reviewed and approved by the Institutional Animal Use
and Care Committee (IACUC) at the University of
Louisville School of Medicine (Louisville, KY) and car-
ried out according to National Institutes of Health
(NIH) guidelines. For this study, 18 adult male Wistar
rats (*250 g) were individually housed with a 12:12-h
light-dark cycle. Animals either received a T3 SCI
(n = 12) or sham surgery (laminectomy with no contu-
sion injury, n = 6). Note that only male rats were used
for this study because they represent clinically the
vast majority of the SCI population.

Spinal cord injury
After pre-injury baseline assessments (see below),
animals were anesthetized with an intraperitoneal
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injection of ketamine (80 mg/kg; Ketoset�; Fort Dodge
Laboratories, Fort Dodge, IA) and xylazine (10 mg/kg;
AnaSed; Lloyd Laboratories, Shenandoah, IA). To
assure a deep anesthetic plane, both toe pinch and
orbital reflexes were monitored. The surgical area was
shaved and cleansed with 4% chlorhexidine scrub
(Henry Schein, Melville, NY), and sterile ocular lubri-
cant (OptixCare; Aventix, Burlington, Ontario, Can-
ada) was applied. A T2 laminectomy was performed
to expose the T3-level of spinal cord. Contusions
were performed at a force that yields a moderate-severe
contusion,7,25 using an Infinite Horizon (IH) impactor
(Precision Systems and Instrumentation LLC, Fairfax
Station, VA) per established T9 protocols (215-kdyne
force with no dwell time).7,26

The muscular layer and skin were closed with a 4-0
surgical suture (Ethicon; Ethicon Inc. Somerville, NJ)
and surgical wound clips. Antibiotic (penicillin G;
PenJect; Henry Schein Animal Health) and analgesic
(meloxicam; Eloxiject; Henry Schein Animal Health)
were injected subcutaneously per established post-
operative care procedures (0.1 and 0.2 mL per animal,
respectively).9,27,28 Physiological saline was also admin-
istered just before surgery (5 mL) and immediately
after contusion (5 mL) to account for fluid loss during
surgery (note that all rat groups received these one-
time supplemental fluids, including the surgical sham
group). This procedure from our lab is available in
video journal format online.28

Initially post-contusion, rats presented with flaccid
bladder paralysis resulting in an areflexic bladder, for
which manual bladder emptying was performed with
the Crede maneuver three times daily until individ-
ual animals reached reflexive bladder function (by
6 dpi29,30). Urine was collected in a plastic tube, and
volumes were measured as an additional indicator for
consistency of the IH impactor, but only on day 4,
per one of our previous studies with T9 level of injury
showing peak dysfunction during the initial areflexic
period at 3–4 days post-SCI.7,30 Note that once animals
reached reflexive bladder emptying, manual bladder
expression was no longer used.

Metabolic cage data collection
For 24-h metabolic cage data collection, animals were
placed in a six-station Comprehensive Lab Animal
Monitoring System (CLAMS; Columbus Instruments,
Columbus, OH) to monitor 24-h urine output vol-
ume and drink volume according to established proto-
cols.7,9,31 To acclimate animals to the CLAMS unit,

pre-injury baseline data were collected twice in
1 week, but only the second 24-h period was used for
analysis. Metabolic cage assessments were then carried
out once-weekly.9,15,28 Data from the CLAMS unit
were exported to an excel spreadsheet where data
abstraction was analyzed blinded to time point. Calcu-
lation of 24-h urine volumes was obtained by taking
the sum of each void event ‡0.2 g recorded by the
sensor within the 24-h time frame. Total drink volume
was recorded through the CLAMS volumetric drink
monitor.

Blood and urine sample collection
The lateral tail vein was used for blood/serum sample
collection at pre-injury and end of the study (6 weeks
post-injury [wpi]) time points. Isoflurane was used to
anesthetize animals. The base of the tail was shaved
for better visualization of lateral tail veins. Animals
were then placed on a heating pad where an 18-g nee-
dle was used to puncture either of the lateral tail veins,
and 0.5–0.7 mL of blood was collected into serum sep-
arator tubes (BD microcontainer; Becton, Dickinson
and Co., Franklin Lakes, NJ). Bleeding was stopped
by applying light pressure with 2 · 2 in gauze or, when
necessary, styptic powder with benzocaine (Kwik-
Stop; ARC Laboratories). Blood samples were then
centrifuged at 14,000 rpm for 15 min, and serum was
collected and stored at �20�C for future analysis.
Urine samples were collected from 24-h metabolic
cages. Urine samples were then centrifuged at
14,000 rpm for 15 min. Urine was aliquoted into 2-mL
tubes and stored at �20�C until used for analysis.

Locomotor assessment
For locomotor assessment, the Basso-Beattie-Bresnahan
(BBB) open-field locomotor test32 was performed
weekly on each rat as well as the day preceding terminal
time point. A single score per animal was obtained
by averaging the left and right hindlimb BBB score
assigned by two experimenters blinded to time-point
status (post-SCI). These scores are used as an addi-
tional indicator of lesion severity and spontaneous
recovery, per our previously published data, where,
taken together with white matter sparing (WMS)
and 4-day residual volume, injury outliers can be
identified.7

Tissue collection and histology
Animals underwent transcardial perfusions with exsan-
guination solution (heparinized phosphate-buffered
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solution: 1 mg of heparin per 1 L of phosphate-buffered
saline), followed by 4% paraformaldehyde at the end
of the study (6 wpi). Multiple tissues were removed,
but only the brain (for hypothalamus) and spinal
cord (lesion site) were used for this study. The brain
and spinal cord were then submerged in 4% parafor-
maldehyde for storage at 4�C for at least 24 h, then
moved to a 30% sucrose solution and stored at 4�C
until being sectioned using a cryostat (Leica CM 1850;
Leica Microsystems, Nussloch, Germany).

For hypothalamus tissue, serial coronal sections of
25 lm were cut, assuring that each glass slide contained
three sections ‡75 lm apart to avoid double counting
of cells to be stained for analysis. Tissue was stained
with anti-AVP primary antibody (ab39363; Abcam,
Cambridge, MA) to visualize and quantify the number
of AVP-labeled cells in the SCN, a region involved in
the diurnal variation of AVP.33 Slides were washed in
1 · phosphate-buffered saline before and after antigen
retrieval (Enzo Life Sciences, Farmingdale, NY), then
incubated in 0.3% H2O2 for peroxide blocking. Block-
ing was performed using SuperBlock (ThermoFisher-
Scientific, Waltham, MA), and primary antibody was
diluted at 1:1000 in 4% normal goat serum, applied
to slides, and incubated at 4�C overnight. Secondary
antibody (fluorescent-conjugated goat antirabbit; Alexa
Fluor 488; ThermoFisherScientific) was diluted in
4% normal goat serum and incubated for 1 h at room
temperature. Slides were washed, incubated with 4¢,6-
diamidino-2-phenylindole (ThermoFisherScientific),
then cover-slipped before imaging and analysis. The
number of AVP-positive cells was quantified using
ImageJ (NIH). First, the area of the SCN was out-
lined, and AVP-labeled cells with an intensity thresh-
old at least 1.5 times above background level were
counted to obtain the cells per area for quantification.
At least four different sections of nuclei per animal
were averaged together for analyses, per our published
protocols.14

Histology of the spinal lesion site for WMS was car-
ried out as previously described.9,31,34 The spinal cord
lesion site, including approximately two levels above
and below, was sectioned in the coronal plane at a
20-lm thickness and stained with Luxol fast blue and
cresyl violet. The lesion epicenter and WMS was cap-
tured and analyzed using Spot Advanced software
(Diagnostic Instruments, Sterline Heights, MI) and a
Nikon E400 microscope (Nikon Corporation, Tokyo,
Japan). Percentage of WMS was calculated by dividing
intact white matter at the lesion epicenter by intact

white matter rostral and caudal to the injury site. An
average of two areas ‡2 mm both rostral and caudal
was used for intact white matter.

Enzyme-linked immunosorbent assay
Urinary ANP was measured using an Enzyme Immu-
noassay Kit (catalog no.: K026-H1; Arbor Assays,
Ann Arbor, MI), and creatinine was measured using
the DetectX Urinary Creatinine Detection Kit (catalog
no.: K002-H5; Arbor Assays) for pre-injury and 6-wpi
time points.9 Urine samples were diluted at 1:5 for
ANP and 1:20 for creatinine and then plated in a
96-well plate in duplicate. ANP and creatinine plates
were read at a 450-nm optical density using SoftMax
Pro software (Molecular Devices, LLC. San Jose, CA).
Urinary creatinine levels were used to control for dif-
fering urine concentrations per ANP enzyme-linked
immunosorbent assay (ELISA) kit instructions. To
obtain accurate urinary ANP levels, ANP levels were
divided by creatinine levels.

Baseline and terminal levels of serum AVP were
determined using an arginine vasopressin ELISA kit
(catalog no.: OKEH02585; Aviva Systems Biology,
San Diego, CA). Stored serum samples (see above) were
diluted at 1:5, and ELISA was carried out according
to kit instructions.

Statistical analysis
Two-way analysis of variance analyses were performed
to compare T3 to sham animals for metabolic cage,
ELISA, and AVP-labeled cell-count data using Sigma-
Stat software (v3.5; Systat Software, Palo Alto, CA),
where significance was determined for p < 0.05.

For ELISA analysis, data files for AVP, ANP, and
creatinine were exported from SoftMax Pro to Micro-
soft Excel (Microsoft Corporation, Redmond, WA).
Averages of samples and standards were used to create
a standard curve for determination of protein concen-
tration. Because of combined variability and sample
size, terminal protein concentrations were compared
to their normalized baseline level for statistical analysis.
Signed-ranks tests were used to compare normalized
baseline to terminal protein concentrations, where
p < 0.05 was considered statistical significance.

Results
Data were obtained from a total of 17 adult male Wis-
tar rats (T3 SCI, n = 11; surgical sham, n = 6; 1 animal
died because of complications of injury). Before contu-
sion injuries, pre-injury baseline data were collected,
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which included 24-h metabolic cages, blood draws, and
BBB assessments. To confirm the consistency of contu-
sions across all animals, the mean force and displace-
ment generated by the IH impactor were evaluated.
In addition, day 4 residual volume, BBB scores, and
WMS were evaluated. Mean data are summarized in
Table 1. Histological reconstruction of the lesion epi-
centers revealed a mean percent WMS for the T3 SCI
group as 21.2% – 1.7%. Post-hoc analyses for outliers
(Grubbs’ test) were done and none were found in the
SCI (or sham) animal group, indicating consistency
of the contusion injury.

24-h urine and drink volumes
To determine the presence of SCI-induced polyuria,
metabolic cages were used to quantify 24-h urine vol-
umes. The data are presented in Figure 1. Compared
to both sham and pre-injury baseline volumes, T3 an-
imals revealed a statistically significant increase in 24-h

urine volumes, starting at 1 wpi, and was present at
every other time point. Drink volumes were not signif-
icantly different between T3 SCI animals and shams at
any time point, nor were any time points statistically
significantly different from each other. Although aver-
age void volume increased whereas drink volume did
not significantly change, animals did not present with
any visible signs of dehydration (e.g., skin turgidity).
Further, body weight did not decrease over time, but
instead increased, which is likely attributable to limited
mobility post-SCI.

Atrial natriuretic peptide and arginine vasopressin
Both urinary ANP and serum AVP were investigated
using ELISA, because they are key regulators of car-
diovascular and water/solute homeostasis. Serum levels
of AVP were significantly lower in T3 SCI animals
compared to normalized pre-injury baseline levels at
6 wpi (0.62 – 0.08 fold-change). Additionally, urinary

Table 1. Injury Parameters and Assessment Outcome Values

Group n Injury force (kdyne) Displacement (mm) 4 dpi residual urine volume (mL) 7 dpi BBB 6 wpi BBB

T3 SCI 11 218.8 – 7.5 1310 – 175 0.35 – 0.21 8.80 – 1.60 11.0 – 0.0
Sham 6 — — — 20.0 – 0.0 20.30 – 0.82

Values indicated are means – standard deviation; The T3 + SCI values for both 7 dpi BBB and 6 wpi BBB were significantly different from sham values
( p < 0.05).

SCI, spinal cord injury; dpi, days post-injury; wpi, weeks post-injury; BBB, Basso-Beatie-Bresnahan locomotor scale.

FIG. 1. Metabolic cage data summary. Total 24-h urine volume output (left graph) demonstrates a
statistically significant increase in urine production per passage at 1 wpi, lasting through 6 wpi, compared
to pre-injury baseline volume and sham volumes. Total 24-h drink volume (right graph) indicates an
absence of statistically significant changes in water intake across all time points relative to pre-injury and
sham groups (*p < 0.05; T3 SCI, n = 11; sham, n = 6). SCI, spinal cord injury; wpi, weeks post-injury.
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ANP was significantly elevated (average 1.62 – 0.07
fold-change) at 6 wpi compared to pre-injury baseline
in T3 SCI animals.

Arginine vasopressin labeling in hypothalamus
The number of AVP-producing cells in the SCN was
quantified and revealed that the average AVP-positive
cells/lm was significantly lower in T3 SCI animals
than T3 shams (Fig. 2). Note the integrity of the hypo-
thalamus tissue was not ideal for quantification in sev-
eral animals, yielding n = 5 for T3 SCI and n = 4 for T3
sham groups. It is important to note that tissue collec-
tion from all animals occurred within the same 2-h
time frame, given that AVP production in the SCN is
time dependent.35

The mean percent WMS for the T3 SCI group was
21.2% – 1.7%. As a further analysis, a Pearson correla-
tion was conducted on WMS and terminal (6 wpi) 24-h
urine volumes. There was no significant correlation
between WMS and 24-h urine volume (correlation co-
efficient = 0.34; p > 0.05).

Discussion
Results of the current T3-level contusion SCI study
demonstrate a significant increase in 24-h urine vol-
umes at 1 through 6 wpi. Given that the spinal sympa-
thetic supply to the kidney is mostly intact below a T3
level of injury, the development and maintenance of
SCI-induced polyuria was likely attributable to damage
of descending supraspinal circuitries, which likely dis-
rupts fluid and metabolite homeostasis, precipitating
plasticity within the kidney itself, such as previously
observed with fluctuations in the relative expression
of receptors and channels9,14,15 as well as central regi-
ons, including those containing AVP-producing neu-
rons within the hypothalamus.14 Notably, daily urine
volumes in T3 SCI animals were equivalent to T9 SCI
animals of past studies.9,14 Further, similar to previ-
ous findings with a T9 SCI, there were no significant
changes in drink volumes at any of the time points.7,9

Stability in drink volume from pre-SCI through chro-
nic SCI, taken together with an increase in urine pro-
duction per passage, is indicative of the extent to

FIG. 2. Suprachiasmatic nucleus (SCN) immunohistochemistry. A representative section showing AVP-
labeled cells at 400 · in the SCN in both T3 sham and T3 SCI animals (A). In (B), a modified plate from the
Rat Brain Atlas illustrates the location of the SCN within the hypothalamus.48 Average quantified AVP-
labeled cells/lm in the SCN was statistically significantly lower in T3 SCI animals compared to sham controls
(C; p < 0.05; T3 SCI, n = 5; T3 sham, n = 4). Values (shown in C) represent means; error bars represent
standard error of means. AVP, arginine vasopressin; SCI, spinal cord injury.
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which systemic body water/solute balance is severely
disrupted after SCI. Further studies investigating sour-
ces of this disbalance are in progress.

It is important to note that 4-dpi residual volume
was carried out as one of our standard data points, in
the same fashion WMS and BBB assessments are,
which is a further indicator of consistency of the con-
tusion injury. In a T9 injury, 4-dpi residual volumes
are much greater than the volumes reported here.
This finding is likely because a T9 injury is in closer
proximity to the thoracolumbar cord containing the
sympathetic circuitry that mediates lower urinary
tract function. Thus, a T3-level injury would likely re-
cover from the flaccid bladder paralysis that occurs in
the acute stage post-contusion in a shorter time
frame. Note that this T3/T9 difference is not likely
attributable to overall severity, given that both BBB
and WMS in these T3 rats are consistent with a
moderate-severe T9-level injury.

Also consistent with past findings in T9 contused
rats was a decrease in serum AVP and an increase in
urinary ANP after chronic T3 SCI.8,9 Both ANP and
AVP are crucial for body water/solute homeostasis,
and the change of their alteration observed in this and
recent studies are in the direction that would result in
polyuria.9,36 The similar findings with T3 SCI animals
in relation to T9 SCI animals previously reported9,14

suggest that these mechanisms are present regardless
of level of injury.

An additional focus of this study was the SCN of
the hypothalamus, because previous data from our
lab suggest that there are no consistent changes in
numbers of AVP-labeled cells within the SON or
PVN after chronic T9 SCI and, clinically, diurnal vari-
ations of AVP are lost. As noted with T9 lesions, there
were significantly fewer AVP-labeled cells in the SCN
of the hypothalamus in T3 SCI rats.14 The SCN is
one of three nuclei in the hypothalamus where AVP
is made37 and is heavily involved in circadian control
of both humans and rodents.38,39 Recent studies have
reported that circadian rhythmicity is significantly
disrupted by SCI.12,40,41

However, we have previously shown, with a T9-level
injury, that significant polyuria is present in both the
quiescent and active phase of the light-dark cycle in
rats,7 suggesting that persons with SCI may also expe-
rience polyuria at both day/night cycles as well. Thus,
a prospective study with appropriate controls (age,
weight, blood pressure, etc.) measuring both drink
and urine volumes on an hourly basis may be beneficial

to elucidate this effect. Clinically, investigations have
found reduced sodium conservation in SCI persons
with higher levels of injury42 and a greater imbalance
in day/night urine flow rates among those with cervical
region versus all other levels of SCI.10 Further investi-
gations are clearly needed to better understand the
role of circadian rhythms in fluid homeostasis.

The mechanisms behind SCI-induced polyuria are
not yet fully understood. However, recent studies have
shown that AVP, ANP and their associated recep-
tors, V2R and NPRA, plus water channel AQP2 and
ENaC, are significantly altered after SCI in rats.8,9

The significant decrease in AVP, specifically at night,
has also been shown in the clinical setting.12,43

Together, the changes in these hormone peptides/
receptors are in the direction that would indicate an
increase in urine production and require further inves-
tigation for the elucidation of SCI-induced polyuria
mechanisms.

The findings reported here suggest that polyuria is
induced from damage of supraspinal inputs to pre-
ganglionic sympathetic neurons supplying the kid-
neys, although secondary systemic responses related
to inflammatory processes and/or perturbation of im-
mune functions are likely contributing factors. These
disturbances, as further indicated by changes in a vari-
ety of biomarker of fluid homeostasis, including ANP,
may also be further complicated by alterations in car-
diovascular dynamics with higher levels of SCI. The
spacing between T3 and T9 is not likely wide enough
to detect significant differences in 24-h urine volumes,
or ANP/AVP concentrations, as is evident clinically in
the population with cervical-level injuries.42

Blood pressure and urine production work in con-
junction to keep each other balanced. There are several
mechanisms that work to maintain water/solute ho-
meostasis by affecting blood pressure. For example,
studies focusing on hypertensive models, both animal
and clinical, have demonstrated that denervation of
the sympathetic supply to the kidneys results in abol-
ishment of hypertension.44,45 Thus, alterations of neu-
ral control of the kidney is likely a contributing factor
to orthostatic hypotension, a common occurrence post-
SCI.46 Multiple studies have suggested that a higher
level of injury may result in further impairment of
cardiovascular and upper urinary dysfunction.42,47

Therefore, a future study investigating an even higher
level of SCI (cervical) would likely be beneficial in elu-
cidating the extent that level of injury has upon SCI-
induced polyuria.
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Abbreviations Used
ANP ¼ atrial natriuretic peptide

AQP2 ¼ aquaporin-2
AVP ¼ arginine vasopressin
BBB ¼ Basso-Beatie-Bresnahan

CLAMS ¼ Comprehensive Lab Animal Monitoring System
dpi ¼ days post-injury

ELISA ¼ enzyme-linked immunosorbent assay
ENaC ¼ epithelial sodium channel

IACUC ¼ Institutional Animal Use and Care Committee
IH ¼ Infinite Horizon impactor

NIH ¼ National Institutes of Health
NPRA ¼ natriuretic peptide receptor-A

PVN ¼ paraventricular nucleus
SCI ¼ spinal cord injury

SCN ¼ suprachiasmatic nucleus
SON ¼ supraoptic nucleus
V2R ¼ vasopressin-2 receptor

WMS ¼ white matter sparing
wpi ¼ weeks post-injury
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