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Molecular Basis of Kidney Injury and Repair

Maladaptation of renal hemodynamics contributes to kidney dysfunction
resulting from thoracic spinal cord injury in mice
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Abstract

Renal dysfunction is a hallmark of spinal cord injury (SCI). Several SCI sequalae are implicated; however, the exact pathogenic
mechanism of renal dysfunction is unclear. Herein, we found that T3 (T3Tx) or T10 (T10Tx) complete thoracic spinal cord transec-
tion induced hypotension, bradycardia, and hypothermia immediately after injury. T3Tx-induced hypotension but not bradycardia
or hypothermia slowly recovered to levels in T10Tx SCI and uninjured mice �16 h after injury as determined by continuous radio-
telemetry monitoring. Both types of thoracic SCI led to a marked decrease in albuminuria and proteinuria in all phases of SCI,
whereas the kidney injury marker neutrophil gelatinase-associated lipocalin rapidly increased in the acute phase, remaining ele-
vated in the chronic phase of T3Tx SCI. Renal interstitial and vascular elastin fragmentation after SCI were worsened during
chronic T3Tx SCI. In the chronic phase, renal vascular resistance response to a step increase in renal perfusion pressure or a
bolus injection of angiotensin II or norepinephrine was almost completely abolished after T3Tx SCI. Bulk RNA-sequencing analy-
sis showed enrichment of genes involved in extracellular matrix remodeling and chemokine signaling in the kidney from T3Tx
SCI mice. The serum level of interleukin-6 was elevated in the acute but not chronic phase of T3Tx and T10Tx SCI, whereas the
serum amyloid A1 level was elevated in both acute and chronic phases. We conclude that tissue fibrosis and hemodynamic
impairment are involved in renal dysfunction resulting from thoracic SCI; these pathological alterations, exacerbated by high tho-
racic-level injury, is mediated at least partly by renal microvascular extracellular matrix remodeling.

NEW & NOTEWORTHY Urinary complications resulting from thoracic spinal cord injury (SCI) greatly affects quality of life and
contributes to morbidity and mortality in patients with SCI. Herein, we showed that thoracic SCI initiates changes in the structure
and function of the renal microvasculature that leads to autoregulation failure in the chronic phase of high thoracic-level injury.
Our study identified extracellular matrix regulators and cytokine/chemokine signaling as potential targets for developing novel
therapeutics for restoring renal function following SCI.

extracellular matrix; fibrosis; renal autoregulation; thoracic spinal cord injury; vascular remodeling

INTRODUCTION

Spinal cord injury (SCI) often results in autonomic dys-
function that contributes to mortality and morbidity (1, 2).
This includes altered renal function that contributes to uri-
nary complications including excessive urine production at
nighttime or nocturnal polyuria, characterized by amplified
diuresis observed during bed rest and sleep (3, 4). SCI also
disrupts the diurnal variation of circulating antidiuretic hor-
mone (ADH), resulting in a persistently low level of this en-
dogenous vasopressin receptor ligand that stimulates water
reuptake by the distal nephron (5, 6). There is accumulating
evidence that the reduced ability of the kidney to concen-
trate urine due to impaired vasopressin-mediated water
reuptake plays a causal role in excessive urine production

during chronic SCI (5–8). Accordingly, most studies of the
causes and treatment of SCI-related urine overproduction
have focused on vasopressin-mediated water reuptake by
the distal nephron (3, 9–11). However, in addition to tubular
reabsorption of water and electrolytes, urine production rate
and volume are also dependent on renal hemodynamics
controlling renal plasma flow and glomerular filtration rate
(GFR), both driven by systemic and renal perfusion pressure
(RPP). In both individuals with SCI and experimental rodent
SCI models, the acute phase of high-level SCI is character-
ized by a marked decline in renal plasma flow and GFR,
accompanied by decreased urine output (12). This decline in
renal function is thought to be mediated by the precipitous
fall in RPP due to acute hypotension following the injury
(13). In the chronic phase of high-level SCI, urine output
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markedly increases, particularly during bed rest and sleep
(3), as resting blood pressure recovers close to the preinjury
level and becomes more stable, except during instances of
autonomic dysreflexia (AD) that elicit huge swings in sys-
temic pressure. How changes in systemic pressure during
the initial phase of SCI and subsequent AD in the chronic
phase affect renal hemodynamics and contribute to renal
dysfunction are poorly explored.

The kidney, sometimes described as the “master regula-
tor” of long-term blood pressure, is the primary regulator of
water and electrolyte balance, controlling extracellular fluid
volume and thus cardiac output (14–17). This function of the
kidney depends on plasma filtration in the glomerulus and
reabsorption of water and ions, mainly Naþ , along the neph-
ron. Plasma filtration at the glomerulus is driven by a posi-
tive net balance between the Starling forces, oncotic and
hydrostatic pressures, within the lumen of the endothelial
network of the glomerular tuft and those in the Bowman’s
space. In the absence of any tubular obstruction, the net pos-
itive pressure in the glomerular capillary lumen determines
GFR and the volume of the ultrafiltrate getting into
Bowman’s space and traveling along the nephron. This net
driving pressure is determined in part by renal plasma flow
that is subject to the overall renal vascular resistance (RVR),
which is, in turn, determined by the level of tone of both pre-
and postglomerular arterioles (18–21). To maintain a net pos-
itive driving pressure for GFR, the tone of the resistance vas-
culature in the kidney changes in response to a change in
RPP, an autoregulation phenomenon whereby an increase or
a decrease in RPP triggers vasoconstriction to increase RVR
or vasodilatation to decrease resistance, respectively (22).
Renal autoregulation comprises two mechanisms: myogenic
response and tubuloglomerular feedback (TGF). Myogenic
response is a smoothmuscle intrinsic property thatmediates
a rapid arteriolar constriction in response to a mechanical
stretch elicited by increases in intraluminal pressure (23–25).
The slower autoregulatory mechanism, TGF, is triggered by
sensing of Naþ by the macula densa in the distal convoluted
tubule of the juxtaglomerular apparatus, thereby causing the
release of vasoactive ligands and/or activation of mechano-
sensitive ion channels inducing reactivity of the afferent
arteriole (23, 26–29). Renal autoregulation operates within a
certain blood pressure range (23, 30). Systemic pressure
above or below these limits of autoregulation, as occurs dur-
ing various phases of SCI, can cause renal plasma flow to
fluctuate in the same direction as RPP.

In the present study, we compared renal hemodynamics
and autoregulation after acute or chronic complete thoracic
level 3 (T3) or thoracic level 10 (T10) spinal cord transection
in the mouse and determined how high- or low-thoracic SCI
alters the structure and function of the kidney. In addition,
we performed transcriptomic analysis to gain a deeper
understanding of the molecular mechanisms mediating the
effects of SCI on the kidney.

MATERIALS AND METHODS

Animals

We used adult (2- to 6-mo-old) female C57 black 6 mice
purchased from Jackson Laboratories for all experiments.

All animal procedures and the protocol for the study
were approved by the Institutional Animal Care and Use
Committee of Drexel University, in accordance with the
United States animal welfare act. On arrival, animals
were allowed to acclimate for at least 1 wk at 22�C and a
12:12-h light-dark cycle with access to food and water ad
libitum in our institution’s animal facility. Animals were
randomly assigned to one of the following three groups:
complete spinal transection at T3 (T3Tx), complete spinal
transection at T10 (T10Tx), and uninjured (intact spinal
cord). Following the surgical procedures, animals received
ampicillin (200 mg/kg), meloxicam (PennVet, 2 mg/kg),
and lactated Ringer’s solution perioperatively and were
placed in their cages in a thermal barrier to recover, as pre-
viously described (31–33). We performed manual bladder
expressions at least twice a day on all SCI animals for the
duration of the study.

Thoracic Spinal Transection Surgery

Under isoflurane anesthesia, the spinal cord at T3 or T10
was exteriorized by laminectomy of the T2 or T9 vertebral
processes, respectively, as previously described (31, 32). A
small incision was made with a microknife in the dura over-
laying the vertebral column at T3 or T10, followed by run-
ning a 30-gauge needle in the incision to ensure complete
transection. Following the transection verification, the cav-
ity was filled with gel foam saturated with normal saline to
stop bleeding. The gel foamwas left in place, and the muscle
overlaying the dura was sutured closed with a 4-0 vicryl
suture followed by stapling the skin.

Conscious Hemodynamics and Temperature Monitoring
by Radiotelemetry

Blood pressure, heart rate (HR), and body temperature
were monitored in conscious mice using radiotelemetry,
as we have previously described (34). Radiotelemetry im-
plantation surgery was performed under isoflurane anes-
thesia at least 1 wk before spinal transection to allow
enough time for recovery and to acquire preinjury parame-
ters, as we have previously reported (35). Radiotelemetry
catheters (model HD-X10, Data Sciences, St. Paul, MN)
were placed in the ascending aorta by way of the right
common carotid artery, as we have previously described
(36). The transmitter was placed subcutaneously on the
lower back of the animals for transmission of blood pres-
sure and body temperature data. Using the Ponemah Data
Acquisition System from Data Sciences, we recorded base-
line diurnal blood pressure and HR as well as body temper-
ature of conscious mice 24 h before thoracic spinal
transection surgery. One hour after T3Tx or T10Tx, when
the mice were awake and fully alert and with a heating pad
placed between the bottom of the cage and the telemetry
receivers, continuous telemetry recording was resumed at
a sampling rate of 1,000 cycles/s for 24 h. The recording
session was repeated once a week for a total of 4 wk. The
acquired data were resampled at reduced averages of con-
tinuous temperature, systolic blood pressure (SBP), dia-
stolic blood pressure (DBP), mean arterial pressure (MAP),
and HR recordings in 1-h intervals over 24 h.
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Assessment of Naturally Occurring AD

Mice were individually placed in cages and positioned on
telemetry receivers (RC-1, Data Sciences). Baseline record-
ings of all animals after telemeter implantation but before
SCI were obtained to ensure that HR and MAP values were
within a normal range, confirming that the catheters were
not occluded. At every other week from 2 to 8 wk after SCI,
MAP and HR were monitored continuously for 24 h, while
animals moved freely in their cages (MAP and HR values
sampled every 2 s, Dataquest A.R.T. and Ponemah acquisi-
tion software, Data Sciences). Similar to what we have previ-
ously described (31, 37), to identify naturally occurring AD
events, these data from individual animals at each time
point were analyzed in MATLAB. Rolling MAP and HR base-
lines were established by continuously averaging a 6-m pe-
riod. AD events were defined as when MAP was at least 10
mmHg greater than baseline for at least 30 s and was accom-
panied by bradycardia of at least 10 beats/min. All “detected”
events were visually verified by a blinded observer according
to the predefined changes in MAP and HR. All false positive
events were disregarded. Any events that occurred within 2
min of each other were considered to be one event. Any
detected events within 15 min of manual bladder expression
were not included in additional comparative analyses. Once
an event was verified, the average MAP during the event, the
change in MAP from baseline, the HR during the event, and
the duration of the bout was calculated.

Measurement of Plasma Serum Amyloid A1 and
Interleukin-6 Levels

Blood samples collected at the end of renal hemodynamic
assessment were centrifuged at 3,000 rpm for 5 min at room
temperature to obtain plasma. Levels of serum amyloid A1
(SAA1) and interleukin (IL)-6 were measured using ELISA
kits by following the manufacturer’s instructions (SAA1 kit:
Thermo Fisher and IL-6 kit: Ethos Biosciences, Newtown
Square, PA).

Determination of Urine Neutrophil Gelatinase-
Associated Lipocalin, Creatinine, Albumin, and Protein
Levels

For the determination of urine levels of neutrophil gela-
tinase-associated lipocalin (NGAL) and albumin, we used
urine samples collected during the morning session of
bladder expression in SCI animals at 24 h after injury or at
the same time of day 4 wk later. In intact animals, spot
urine was collected at the same time of day as in SCI mice.
We used commercially available kits for NGAL and creati-
nine from R&D Biosystems (Minneapolis, MN) and micro-
albumin from Ethos Biosciences (Ethos Biosciences) by
following the manufacturer’s assay protocols. Total urine
protein determined by a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, San Jose, CA) was used to nor-
malize NGAL values. Because T3Tx mice tend to lose more
muscle mass and hence have lower body weight over the
4-wk period, we normalized urine protein and microalbu-
min concentrations by the average kidney weight of the
mouse. In cases where kidney weight was not recorded, we
used the mean kidney weight of the group for the subject.

For 24-h proteinuria and microalbuminuria, we normal-
ized values using urine creatinine concentration.

Acute Elevation of RPP by Arterial Occlusion or by
Vasoactive Agent Administration

Mice were surgically instrumented as we have previously
described (34). Briefly, a fluid-filled mouse carotid artery
catheter (MA-10, SAI, IL) and a PE-10 jugular vein catheter
were implanted for blood pressure measurement and drug
delivery, respectively. The left renal artery and abdominal
aorta and its major suprarenal branches were visualized and
freed from the surrounding fascia via the retroperitoneal
cavity, following incision of the skin and dorsal abdominal
muscle at the left flank. This was followed by loosely placing
pieces of 5-0 silk around the celiac and superior mesenteric
arteries. A perivascular flow probe (0.5PSB Nanoprobe with
handle, Transonic) was placed around the left renal artery
for renal blood flow (RBF) monitoring. After 15 min of equili-
bration, boluses of angiotensin II (ANG II; 0.1 or 1 mg/kg) and
norepinephrine (NE; 1, 10, or 50 mg/kg) were administered
via the jugular vein catheter in 10-mL volumes. Blood pres-
sure and RBF were allowed to return to preinjection levels af-
ter each administration. Approximately 10 min after the last
drug administration, the ligatures around the celiac and
superior mesenteric arteries were tightened almost simulta-
neously to occlude the vessels while blood pressure and RBF
weremonitored continuously. At the end of 15min of record-
ing, the experiment was terminated, and the kidneys were
harvested for weight determination and fixation or flash fro-
zen. Hemodynamic data were recorded and analyzed with
LabChart 8 (ADInstruments, Colorado Springs, CO).

Histological Analysis

Assessment of tissue fibrosis.
Kidneys harvested from terminal renal hemodynamics
experiments were fixed in 10% formalin solution and embed-
ded in paraffin. Tissue embedding, sectioning, and histologi-
cal staining were performed in the Anatomical Pathology
Core facility at Thomas Jefferson University (Philadelphia,
PA) and at the Tissue Procurement Core at University
Hospitals (Cleveland, OH). To determine the level of perivas-
cular and interstitial fibrosis, the extent of perivascular and
interstitial collagen deposition indicated by blue Masson’s
trichrome staining of stitched bright-field microscopic
images of sections were analyzed by an individual blinded to
the identity of the samples or experimental design. The level
of fibrosis was expressed as the percent area of the kidney
section with trichrome stain.

Quantification of collagen deposition.
Collagen deposition and elastin organization in the medial
layer and in the internal and external elastic laminae of re-
nal microvessels and glomeruli were visualized by Movat
staining. All slides were imaged using a Keyence BZ-X700
microscope, and the acquired images were processed for
collagen quantification using National Institutes of Health
ImageJ software. Briefly, histological images of kidney
blood vessels and glomeruli were uploaded into ImageJ,
and the “Analyze > Set Scale” command was used to con-
vert the image scale to micrometers. Next, the ImageJ
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color_segmentation plugin was used to define colored pix-
els of stained regions of interest associated with collagen
(yellow), elastin (dark purple), and red blood cells (red)
within the perivascular space, vessel wall, and renal cor-
puscle in the histological sections. The K-means clustering
method was used to generate a color-segmented copy of
the original histological image. Next, the images were con-
verted to grayscale using the “Image > Type > RGB Stack”
command, splitting the image into red, green, and blue
channels. The RGB stack that provided the best contrast of
extracellular matrix (ECM) components was selected, and
the “Image> Adjust> Threshold” function used to highlight
stained components of interest in red. Next, the image selec-
tion tool was used to outline regions of interest (perivascular
space, blood vessels excluding the vessel lumen, and renal
corpuscles) containing stained collagen fibers. Finally, we
used the “analyze > measure” function in ImageJ to calcu-
late the area percentage of the collagen highlighted red (due
to threshold adjustment of the grayscale image) within the
outlined regions of interest in each slide.

Renal microvascular elastin fragmentation analysis.
The level of microvascular elastin organization, including
in the internal elastic lamina (IEL), tunica media, and
external elastic lamina (EEL) of Movat-stained histological
sections of the kidney was scored on a scale of 0–4. The
following scoring parameters were used to determine the
degree of elastin fragmentation: 1 = minimal elastin frag-
mentation (15% or less), 2 = moderate elastin fragmentation
(20–40%), 3 = serious elastin fragmentation (50–70%), and
4 = severe elastin fragmentation (75% or more). Vessels
appearing distorted (poor resolution of the IEL, EEL, and
tunica media) due to the tissue sectioning process were
excluded from the scoring analysis. Approximately 12–20
vessels were scored per kidney section. Tissue scoring was
blinded and performed by two observers. Mean scores were
used for statistical analysis.

Glomerular congestion.
Roughly 30–35 glomeruli per slide were randomly selected
from images of Movat-stained histological sections of the
kidney, and the severity of glomerular congestion was scored
according to the abundance of red blood cells observed
within the renal corpuscle. The following scoring parameters
were used to determine the degree of glomerular congestion:
1 = minor congestion, 2 = moderate congestion, 3 = serious
congestion, and 4 = severe congestion. Scoring was per-
formed by two blinded observers. Mean scores were taken
for statistical analysis.

Bulk RNA Sequencing

Adult female mice (n = 4 per group) were subjected to
T3Tx or T10Tx SCI under anesthesia. Four weeks later, the
kidneys were harvested, weighed, and flash frozen after
acute recording of blood pressure and RBF under anesthesia.
Kidneys from intact mice without SCI were also harvested af-
ter the animals had been subjected to the same surgical pro-
cedures for blood pressure and RBF recordings. RNA was
isolated from �20 mg of frozen kidney samples using the
RNeasy Mini Kit (Qiagen) by following the manufacturer’s
protocol, including sample treatment with DNase I to remove

potential genomic DNA contamination. First-pass RNA
quality was assessed using a NanoDrop 2000 Microvolume
Spectrophotometer (Thermo Fisher Scientific). RNA qual-
ity control and library preparation were performed by the
Case Western Reserve University Genomics Core facility
(https://genomics.case.edu) using an Invitrogen Qubit
Fluorometer RNA assay with an AATI Fragment Analyzer
RNA assay to determine concentration and the integrity of
RNA and an Illumina NextSeq High Output flowcell–1 � 75
bp run, respectively. FastQ files were submitted to the Case
Western Reserve University Institute for Computational
Biology for sequence alignment and transcriptomic analy-
sis using ADVAITA next-generation bioinformatics soft-
ware. The iPathwayGuide was used for Gene Ontology
(GO) analysis for the identification of enriched terms and
overrepresented genes in sets of genes with measured
expression. Direct and separate comparisons of uninjured
versus T3Tx and uninjured versus T10Tx samples were
used to determine injury-specific GO terms with signifi-
cant enrichment and level-specific effects on differential
expression of genes and signaling pathways.

Gene Expression Analysis by Real-Time PCR

Total RNA was extracted from kidney samples using an
RNA isolation kit and by following the manufacturer’s
(Qiagen) instruction. RNA was purified using the Purelink
RNA Mini Kit (Thermo Fisher Scientific) and then reverse
transcribed using a Maxima First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific), all according to the manufac-
turer’s instructions. The following primer probes were
used in the real-time PCR assays with TaqMan gene
expression master mix (Thermo Fisher Scientific): matrix
metalloproteinase 3 (Mmp3), Mm00440295 m1; collage
type XIII-a1 (Col13a1), Mm00483507_m1; Saa1, Mm0065-
6927_g1; ADAM metallopeptidase with thrombospo-
ndin type 1 motif 1 (Adamts1), Mm01344169 m1; ADAM
metallopeptidase with thrombospondin type 1 Motif 4
(Adamts4), Mm00556068_m1; chemokine (C-X-C motif)
ligand 10 (Cxcl10), Mm00445235_m1; VEGFA (Vegfa),
Mm00437306_m1; IL-6 (Il6), Mm00446190_m1; IL-11
(Il11), Mm00434162_m1; and GAPDH (Gapdh), Mm99999-
915_g1. The DCt method (where Ct is threshold cycle) was
used to calculate mRNA expression after normalization
to Gapdh expression.

Statistics

All values are presented as means ± SE. We used two-way
ANOVA for statistical analysis of all data, using repeated-
measures ANOVA for hemodynamic data and randomized
group analysis for all other comparisons. Where there was an
effect of one or both factors and/or an interaction between
the factors in the two-way ANOVA, we used Newman–Keuls
post hoc analysis to determine within-group differences
from baseline and between-group differences from intact,
uninjuredmice or Dunnett’s test for comparison of T3Tx and
T10Tx with uninjured control. All comparisons with a P
value of <0.05 were considered statistically significant. All
statistical analyses were performed using GraphPad Prism
8.1.1 software for Mac OS X (GraphPad Software, San Diego,
CA).
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RESULTS

High Thoracic-Level SCI Induces Hypotension
Accompanied by Profound Bradycardia and
Hypothermia

Prior to SCI, baseline blood pressure, HR, and body tem-
perature were similar among all groups of mice. One day af-
ter T3Tx SCI, average daytime and nighttime SBP dropped
by �30 mmHg, accompanied by a marked decrease in HR
(�250 beats/min) and body temperature (�36�C–30�C; Fig. 1,
blue bars), consistent with previous reports (2, 38–40). One
week after T3Tx and for the rest of the post-T3Tx monitoring
period, body temperature andHR returned close to preinjury
levels and remained stable, whereas SBP persistently
trended lower than the baseline level. In contrast to the

observations in T3Tx SCI mice, SBP, HR, and body tempera-
ture of T10Tx SCI mice returned to preinjury levels within
24 h of injury and remained at these levels for the duration
of the monitoring period (Fig. 1, black bars).

High Thoracic-Level Injury Prolongs the Recovery of
SCI-Induced Hypotension, Bradycardia, and
Hypothermia

To assess the impact of injury level on the dynamics of cir-
culatory function, we examined the diurnal rhythm of blood
pressure, HR, and body temperature before injury and
shortly after T3Tx or T10Tx SCI by radiotelemetry monitor-
ing. Before injury, all mice had similar diurnal blood pres-
sure, HR, and temperature rhythms, with high values
recorded during the active period at nighttime and low

Figure 1. Spinal cord transection at thoracic level 3 (T3Tx) causes an acute decrease in diurnal systolic blood pressure (SBP), heart rate [HR; in beats/min
(bpm)], and body temperature. Resting hemodynamics and body temperature were recorded before injury and after complete T3Tx (n = 3) or spinal cord
transection at thoracic level 10 (T10Tx; n = 5) by radiotelemetry starting 1–24 h after injury and every week for 4 wk. A and B: compared with preinjury
baseline, T3Tx caused a precipitous drop in daytime and nighttime SBP, HR, and body temperature within the first 24 h of injury, whereas T10Tx had no
effect within the same time period. Once recovered in T3Tx spinal cord-injured mice, HR and body temperature remained stable and close to preinjury
levels; however, SBP trended lower relative to levels in T10Tx spinal cord-injured mice, particularly at 2 and 4 wk after injury. Values are means ± SE.
Statistical significance was determined by two-way repeated-measures ANOVA followed by Newman–Keuls post hoc tests for within- and between-
group comparisons. �P< 0.05 and ����P< 0.001, T3Tx vs. T10Tx at 2 wk and 1 day postinjury, respectively.
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Figure 2. High and low thoracic-level injury disrupts diurnal blood pressure [systolic blood pressure (SBP)], heart rate [HR; in beats/min (bpm)], and body
temperature rhythm. A: rhythms in diurnal SBP, HR, and body temperature of spinal cord transection at thoracic level 3 (T3Tx; n = 3) and thoracic level 10
(T10Tx; n = 5) spinal cord-injured mice were normal prior to injury. B: shortly after T3Tx injury, all three parameters fell sharply and slowly recovered,
approaching preinjury levels after �16 h. Although SBP, HR, and body temperature were maintained in T10Tx mice, the diurnal rhythm was abolished in
T3Tx within 24 h of injury. C–F: diurnal rhythm was reestablished 1 wk after injury; however, SBP remained lower in T3Tx mice 4 wk later. Values are
means ± SE. Statistical significance was determined by two-way repeated-measures ANOVA followed by Newman–Keuls post hoc tests for between-
group comparisons. �P< 0.05, T3Tx vs. T10Tx.
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values in the daytime when animals mostly rest (Fig. 2A). In
T3Tx mice, the injury abolished diurnal rhythm, as blood
pressure began to rise slowly within the first 24 h following a
marked decline precipitated by the high thoracic-level SCI,
reaching the control level�16 h after injury (Fig. 2B). HR and
body temperature followed a similar trend of recovery as
SBP; however, both parameters remained well below prein-
jury levels 16–24 h after the initial T3Tx. All three parame-
ters in T3Tx mice remained slightly lower than pre-SCI
levels at 1, 2, 3, and 4 wk after injury, with the difference
becoming more noticeable at nighttime (Fig. 2, C–F). In
T10Tx mice, blood pressure, HR, and body temperature
remained at preinjury levels from 1 h after injury and
throughout the 4-wk recording sessions. In both groups of
SCI mice, the diurnal rhythm in blood pressure, HR, and
body temperature were reestablished as early as 1 wk after
injury (Fig. 2C).

AD Events Progressively Increase in High Thoracic-
Level Injury

Autonomic dysreflexia develops in rodent models of
severe high-thoracic level SCI, such as T3Tx, and episodes
are commonly triggered by noxious sensory stimuli such as
constipation and a full bladder. We and others have shown
that AD gets progressively exaggerated by analyzing longitu-
dinal blood pressure and HR monitoring by radiotelemetry
(31, 37, 41–44). To determine the extent of AD in the animals
in this study, we reanalyzed the 24-h blood pressure and HR
radiotelemetry recordings acquired every week for 4 wk
from the time of either T3Tx or T10Tx injury, part of which is
shown in Fig. 2. As shown in Fig. 3, naturally occurring AD
events (i.e., AD events not elicited experimentally) were
detected as early as 1 wk after injury in both T3Tx and T10Tx
SCI mice. Whereas the number of AD events detected in

Figure 3. High thoracic-level injury leads to high epi-
sodes of autonomic dysreflexia (AD) in female mice. A:
summary of spontaneously occurring AD episodes at 1,
2, 3, and 4 wk after spinal cord transection at thoracic
level 3 (T3Tx) or thoracic level 10 (T10Tx). Episodes of
AD were identified as spontaneous spikes in mean ar-
terial pressure (MAP) detected using a custom-written
MATLAB algorithm followed by manual inspection of
the 24-h MAP telemetry tracing. B: summary of peak
changes in MAP (DMAP) during AD episodes. MAP
increased by an average of 15 mmHg during AD in
T3Tx spinal cord-injured (SCI) mice. Values are means ±
SE. Statistical significance was determined by mixed
model two-way ANOVA followed by Newman–Keuls
post hoc tests for between-group comparisons at given
time points. �P< 0.05, T3Tx vs. T10Tx.

Figure 4. Thoracic-level injury leads to a chronic
decline in proteinuria and microalbuminuria accom-
panied by elevated levels of the kidney injury
marker neutrophil gelatinase-associated lipocalin
(NGAL). A: time course of urine protein excretion
before [baseline (Bsln)] and after spinal cord trans-
ection at thoracic level 3 (T3Tx) and thoracic level
10 (T10Tx). Both types of spinal cord injury (SCI) led
to a marked decrease in proteinuria. B: time course
of urine creatinine excretion showing a sharp
increase in 24 h after either T3Tx or T10Tx relative
to preinjury levels (Bsln). Although the increase in
urine creatinine excretion plateaued after the initial
rise at 24 h after T10Tx, it progressively rose in
T3Tx mice, showing the highest excretion at 4 wk
postinjury. C: summary of microalbuminuria in unin-
jured, T3Tx, and T10Tx SCI mice at 24 h and 4 wk
postinjury. Like proteinuria, microalbuminuria was
suppressed after both injury types in the acute and
chronic phases of the injury. D: summary of the
urine level of the kidney injury marker NGAL. Urine
NGAL was markedly elevated in the acute phase of
thoracic SCI and remained elevated in T3Tx mice 4
wk later, whereas it fell in T10Tx mice to a similar
level in uninjured control. Values are means ± SE.
Statistical significance was determined by mixed
model two-way ANOVA followed by Dunnett’s
post hoc tests for comparisons with uninjured con-
trol at the indicated time points. �P < 0.05, ��P <
0.01, and ���P < 0.001 vs. uninjured control. KW,
kidney weight.
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T10Tx SCI mice was relatively low (�1 AD event per animal
over the 24-h recording period) and remained unchanged,
the number of naturally occurring AD events progressively
increased in T3Tx SCI mice starting 2 wk after injury and
averaged�10 AD events per day at 4 wk after T3Tx SCI.

Chronic High Thoracic-Level SCI Exacerbates Renal
Injury

Previous studies have established a close association
between SCI and renal dysfunction, partly attributable to the

Figure 5. High thoracic-level injury exacerbates spinal
cord injury (SCI)-induced renal fibrosis. A: representative
photomicrographs of kidney sections (5 mm each) pre-
pared from uninjured control, spinal cord transection at
thoracic level 3 (T3Tx), and spinal cord transection at
thoracic level 10 (T10Tx) injured mice at 24 h and 4 wk
postinjury. B: summary of the overall fibrosis score of kid-
ney sections from uninjured and thoracic level SCI mice.
C: glomerular fibrosis score summary graph showing a
similar level of fibrosis in kidneys from uninjured and SCI
mice. Fibrosis score in the cortex (D) and medulla (E) of
kidneys from uninjured and SCI mice. Although fibrosis
scores were similar 24 h after injury, they trended higher
at least in T3Tx injury mice at 4 wk postinjury and were
more prominent in the medulla. Values are means ± SE.
Statistical significance was determined by mixed model
two-way ANOVA followed by Newman–Keuls post hoc
tests for comparisons with uninjured control and injured
mice at the indicated time points.
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renal effects of the ensuing hypotension and dysregulated
sympathetic activity from the loss of supraspinal control of
autonomic input to the kidney (4, 12). However, heretofore,
it was unknown how SCI-induced hypotension in the acute
phase and the ensuing bouts of extreme hypertension from
AD in the chronic phase of the injury affect the structure and
function of the kidney. To address these questions, we ana-
lyzed urine samples and histological sections of kidneys
from T3Tx and T10Tx SCI mice 24 h and 4 wk after injury. As
shown in Fig. 4A, urine protein excretion fell precipitously
24 h after both T3Tx and T10Tx injury relative to uninjured
control and remained at low levels throughout the monitor-
ing period. In contrast, urine creatinine excretion increased
sharply shortly after injury and remained chronically ele-
vated; at 3 and 4 wk postinjury, urine creatinine excretion
trended higher in mice with T3Tx SCI relative to those with
T10Tx SCI (Fig. 4B). Similar to urine protein levels, urine
microalbumin excretion was markedly reduced 24 h after
injury and remained suppressed at 4 wk in both T3Tx and
T10Tx SCI mice (Fig. 4C). The renal injury marker NGAL was
sharply elevated 24 h postinjury in both T3Tx and T10Tx SCI
mice but decreased to baseline level in T10Tx SCI mice 4 wk
after injury (Fig. 4D). To determine whether increased NGAL
was associated with structural damage to the kidney, we
assessed the level of tissue fibrosis using Masson’s trichrome
histological staining. Overall, SCI led to increased renal in-
terstitial fibrosis, which was more prominent at 4 wk postin-
jury (Fig. 5, A and B). Fibrosis in the renal cortex trended
equally higher in both groups of SCI mice at 4 wk postinjury,
whereas medullary fibrosis was markedly elevated only in
T3Tx SCI mice at the same time point (Fig. 5, D and E). The
glomerular fibrosis score was similar between kidneys from
uninjured control and SCI mice (Fig. 5B). At 4 wk postinjury,

T3Tx SCI mice showed decreased body weight (Table 1). The
kidney weight-to-body weight ratio trended higher in both
groups of SCI mice 24 h after injury but returned to a similar
level as in uninjured control mice 4 wk after injury.

High Thoracic-Level SCI Impairs Autoregulation of RBF

To investigate the pathophysiological mechanisms that
mediate renal injury following thoracic-level SCI, we deter-
mined the extent to which SCI affects renal hemodynamics
and autoregulation to alter renal perfusion. To this end, we
assessed the renal hemodynamic response to a sudden
increase in systemic pressure in SCI mice 24 h and 4 wk after
T3Tx or T10Tx and compared with the response in uninjured
animals. Consistent with the telemetry results shown in
Fig. 1, absolute baseline SBP and RBF under isoflurane an-
esthesia were substantially reduced in T3Tx but not T10Tx
SCI mice at 24 h and 4 wk postinjury (Table 2). In all groups,
simultaneous occlusion of the celiac and superior mesenteric
arteries under anesthesia caused an �20-mmHg increase in
SBP (Fig. 6A, top graphs); however, absolute SBP remained
reduced in T3Tx SCI mice (Table 2). In uninjured mice, the
rise in systemic pressure led to a rapid fall in RBF and a rise
in RVR (Fig. 6A, middle and bottom graphs). At the nadir or
peak of the response to increased SBP, absolute RBF trended
lower, whereas RVR trended higher, in T3Tx SCI mice at 24 h
postinjury; conversely, RBF appeared elevated, whereas RVR
was reduced, in the same group relative to uninjured or
T10Tx SCI mice at 4 wk postinjury (Tables 3 and 4). The pat-
terns of RBF and the RVR response to an increase in systemic
pressure were similar between uninjured and SCI mice 24 h
postinjury except that the magnitude of the fall in RBF was
lessened, whereas the RVR response was exaggerated, in
T3Tx SCI mice. However, at 4 wk postinjury, and in contrast

Table 1. Gravimetric data of adult uninjured female mice and their thoracic-level SCI cohorts

Control

T3tx SCI T10tx SCI

24 h 4 wk 24 h 4 wk

n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD

Body weight, g 7 21.59 1.06 4 24.68 1.26 8 17.84 0.51 3 22.73 0.42 8 20.48 0.58
Kidney weight, mg 7 140.29 9.02 4 203.25 7.80 8 127.75 7.23 3 207.00 7.03 8 148.03 8.42
Heart weight, mg 7 138.43 5.67 4 182.00 8.26 8 107.88 4.61 3 147.67 5.55 8 122.56 9.14
Kidney weight/body weight, mg/g 7 6.51 0.28 4 8.28 0.25 8 7.17 0.36 3 9.13 0.47 8 7.22 0.31
Heart weight/body weight, mg/g 7 6.47 0.30 4 7.54 0.76 8 6.09 0.30 3 6.51 0.36 8 5.96 0.36
Kidney weight/heart weight, mg/g 7 1.02 0.06 4 1.13 0.11 8 1.20 0.07 3 1.40 0.05 8 1.25 0.08

SCI, spinal cord injury; T3Tx, spinal cord transection at thoracic level 3; T10Tx, spinal cord transection at thoracic level 10.

Table 2. Absolute blood pressure values before and after the administration of ANG II, NE, or concurrent occlusion
of the celiac and superior mesenteric arteries in uninjured, T3Tx, and T10Tx female mice 24 h or 4 wk after injury

Injury Level/Treatment

24 h After SCI 4 wk After SCI

Uninjured (n = 7) T3Tx (n = 3–7) T10Tx (n = 3–8) Uninjured (n = 7) T3Tx (n = 5–8) T10Tx (n = 5–8)

Baseline 80 ±6 59 ± 2c 87 ± 4f 80 ± 6 67 ± 5 83 ±5
NE (10 mg/kg) 119 ± 4 101 ± 7b 113 ± 2d 119 ± 4 93 ± 5b 110 ± 7d

Baseline 90 ± 3 61 ± 1c 89 ± 3f 90 ± 3 68 ± 5a 86 ± 5d

ANG II (1 mg/kg) 111 ± 4 83 ± 3c 102 ± 3e 111 ± 4 82 ± 7b 99 ± 6d

Baseline 82 ±5 65 ± 7b 83 ± 1d 82 ± 5 59 ± 4a 87 ± 3f

Carotid and superior mesenteric artery occlusion 108 ± 4 85 ± 6b 105 ± 3d 108 ± 4 75 ± 5c 105 ± 4f

All values are means ± SE (in mmHg). aP < 0.05, bP < 0.01, and cP < 0.001 vs. uninjured mice; dP < 0.05, eP < 0.01, and fP < 0.001 vs.
T3Tx mice. ANG II, angiotensin II; NE, norepinephrine; SCI, spinal cord injury; T3Tx, spinal cord transection at thoracic level 3; T10Tx,
spinal cord transection at thoracic level 10.
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to the response profiles at 24 h after injury, RBF and RVR
responses were inverted, i.e., RBF increased whereas RVR
decreased, following a similar level of a step increase in sys-
temic pressure (Fig. 6A). The inversion of the RBF and RVR

response patterns was unique to T3Tx SCI mice as the
response patterns in T10Tx SCImice at 24 h or 4 wkwere sim-
ilar to those of uninjured or T3Tx SCI mice at 24 h postinjury.
These observations then led us to determine whether the
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drastic change in the renal hemodynamic response to
increased systemic pressure after high thoracic-level SCI
involved any change in the sensitivity or efficiency of the
mechanisms underlying renal autoregulation, i.e., the myo-
genic response and TGF. As shown in Fig. 6B, we did not
observe any change in the sensitivity of the myogenic
response and TGF (as determined, respectively, by the slope
of the initial sharp rise and the later slower rise in the RVR
response to increased systemic pressure) in SCI mice at 24 h
postinjury relative to uninjured animals. However, in T3Tx
SCI mice, the sensitivity of the myogenic response and TGF
was inverted at 4 wk postinjury, whereas the same parame-
ters in T10Tx SCI mice were similar to those of uninjured
animals.

The RBF Response to NE and ANG II-Induced Rise in
Systemic Pressure Is Attenuated After High Thoracic-
Level SCI

To further explore the physiological mechanisms underly-
ing impaired renal hemodynamics following high thoracic-
level SCI, we examined the renal hemodynamic response to
systemic pressure increase by a bolus intravenous adminis-
tration of the sympathetic neurotransmitter NE or ANG II
under isoflurane anesthesia. In uninjured mice, NE injection
increased SBP by�40mmHg, accompanied by a rapid fall in
RBF and a concomitant rise in RVR. In injured mice, NE
induced a pressor response but at a lower magnitude in T3Tx
24-h SCI mice relative to uninjured and T10Tx mice (Fig. 7A,
top graphs). In contrast to the response in uninjured and
T10Tx SCI mice, RBF in T3Tx SCI mice, at either 24 h or 4 wk
after injury, increased in response to the rise in SBP after NE
injection (Fig. 7A, middle graphs), whereas the rise in RVR
was attenuated at 4 wk in this group (Fig. 7A, bottom graphs).
In T10Tx mice, RBF and RVR response to NE-induced
increase in SBP was similar to uninjured controls. Despite

the pressor effect of NE, absolute SBP remained low,
whereas RBF trended high in T3Tx mice at 4 wk postinjury
(Table 3). Conversely, RVR after NE administration
trended higher in both groups of SCI mice relative to unin-
jured mice at 24 h postinjury; however, RVR appeared low
in T3Tx mice relative to uninjured and T10Tx SCI mice at 4
wk postinjury (Table 4). ANG II administration evoked
similar response patterns as NE in uninjured and SCI mice
except that the rise in RBF in T3Tx mice was replaced by a
mild drop in the response (Fig. 7B). Moreover, the RVR
response to ANG II was suppressed in both T3Tx and
T10Tx SCI at 4 wk after injury (Fig. 7B, bottom graphs).
Interestingly, absolute RBF was very similar after ANG II
administration in all groups at 24 h postinjury, whereas at
4 wk postinjury, it trended higher in both groups of SCI
mice (Table 3). In contrast to the levels after NE adminis-
tration, RVR was robustly elevated by ANG II in uninjured
and T3Tx mice relative to T10Tx mice; however, at 4 wk af-
ter SCI, ANG II caused a modest increase in RVR in T3Tx
SCI mice relative to uninjured or T10Tx SCI mice (Table 4).

Impaired Renal Autoregulation After High Thoracic-
Level SCI Is Accompanied by Elastin Fragmentation and
Collagen Deposition in and Around the Kidney
Microvasculature

To determine whether renal hemodynamic impairment
during chronic SCI is associated with structural changes in
the renal microvasculature, we performed histological
staining and analysis of elastin fiber organization and col-
lagen deposition in and around small intrarenal arteries as
well as glomerular collagen deposition and red blood cell
content. Fragmentation of the elastic laminae in small re-
nal arteries was visible 24 h after either T3Tx or T10Tx and
worsened more remarkably in the chronic phase of T3Tx
injury (Fig. 8A). After either T3Tx or T10Tx SCI, collagen

Table 3. Absolute renal blood flow values before and after the administration of ANG II, NE, or concurrent occlusion
of the celiac and superior mesenteric arteries in uninjured, T3Tx, and T10Tx female mice 24 h or 4 wk after injury

Injury Level/Treatment

24 h After SCI 4 wk After SCI

Uninjured (n = 7) T3Tx (n = 3–7) T10Tx (n = 3–8) Uninjured (n = 7) T3Tx (n = 5–8) T10Tx (n = 5–8)

Baseline 7.7 ± 1.3 4.5 ± 1.2 5.6 ± 1.4 7.7 ± 1.3 6.3 ± 0.7 6.8 ± 1.6
NE (10 mg/kg) 4.2 ± 0.4 4.1 ± 1.0 3.7 ± 0.7 4.2 ± 0.4 6.7 ± 0.8 5.4 ± 1.1
Baseline 6.6 ± 1.6 5.6 ± 1.5 5.0 ± 0.3 6.6 ± 1.6 5.8 ± 0.7 6.5 ± 1.5
ANG II (1 mg/kg) 2.5 ± 0.5 3.0 ± 1.0 2.6 ± 0.4 2.5 ± 0.5 5.6 ± 0.6 4.8 ± 1.0
Baseline 8.4 ± 1.2 3.4 ± 0.7� 8.2 ± 2.1† 8.4 ± 1.2 4.8 ± 0.3 7.8 ± 1.9
Carotid and superior mesenteric artery occlusion 5.1 ± 0.3 3.1 ± 1.2 4.5 ± 0.8 5.1 ± 0.3 7.7 ± 0.6 5.4 ± 1.4

All values are means ± SE (in mL/min/g kidney wt). �P < 0.01 vs. uninjured mice; †P < 0.05 vs. T3Tx mice. ANG II, angiotensin II;
NE, norepinephrine; SCI, spinal cord injury; T3Tx, spinal cord transection at thoracic level 3; T10Tx, spinal cord transection at thoracic
level 10.

Figure 6. High-level spinal cord injury (SCI) impairs the renal autoregulatory response to increased perfusion pressure. A: time course of changes in re-
nal blood flow (RBF) and renal vascular resistance (RVR) following a step increase in systemic blood pressure under isoflurane anesthesia. Systolic blood
pressure (SBP) was raised by simultaneously tying the celiac and superior mesenteric arteries, thereby occluding them and redirecting more blood to
the renal arteries to increase renal perfusion pressure (RPP). The dashed line represents the time of occlusion of the celiac and superior mesenteric
arteries. In uninjured animals, increasing RPP caused a precipitous drop in RBF and increased RVR. This phenomenon was recapitulated in spinal cord
transection at thoracic level 3 (T3Tx) and thoracic level 10 (T10Tx) SCI animals 24 h after injury, although it was less pronounced in T3Tx 24-h mice. In
contrast, RBF and RVR response to increased RPP was reversed in T3Tx animals 4 wk after SCI, whereas the response in T10Tx animals was similar to
that of uninjured mice. B: summary of the sensitivity of the myogenic response and tubuloglomerular feedback (TGF) response to a step increase in RPP.
Sensitivity was determined by the slope of the initial and late phase rise in RVR as shown in the line graph schematic on the left. Values are means ± SE.
Statistical significance was determined by mixed model two-way ANOVA followed by Dunnett’s post hoc tests for comparisons with uninjured control at
the indicated time points. ��P< 0.01 vs. uninjured control. KW, kidney weight.

RENAL HEMODYNAMICS IMPAIRMENT AFTER THORACIC SCI

F130 AJP-Renal Physiol � doi:10.1152/ajprenal.00072.2022 � www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal at University of Wisconsin-Milwaukee (129.089.234.228) on August 8, 2022.

http://www.ajprenal.org


content within the medial layer of the intrarenal arteries
increased in the acute phase and was enhanced in the
chronic phase (Fig. 8B, left graph). In contrast, perivascu-
lar collagen deposition was enhanced only in the chronic
phase and was more robust in T3Tx intrarenal arteries
(Fig. 8B, right graph). Similarly, glomerular collagen depo-
sition was markedly increased in the chronic phase of
injury and was more remarkable after T3Tx injury (Fig. 8,
C and D). Glomerular congestion, determined by the level
of red blood cells in the renal corpuscle, was augmented 24
h after T10Tx injury; however, it was elevated during the
chronic phase of both injury levels (Fig. 8, C and E).

Thoracic SCI Stimulates Differential Expression of
Genes Involved in ECMModification and
Proinflammatory Cytokine Signaling in the Kidney

We performed transcriptomic analysis by unbiased bulk
sequencing of RNA extracted from the kidneys of female
SCI mice to identify potential mechanisms, at the molecu-
lar level, that likely mediate the differences in renal hemo-
dynamics and injury outcomes observed at 4 wk following
T3Tx and T10Tx SCI. We identified 2,660 differentially
expressed genes (with a fold-change of >0.6, P < 0.05) of
15,676 genes with measured expression in kidney samples
from T3Tx SCI mice, in contrast to 2,278 differentially
expressed genes of 15,622 genes with measured expression
in T10Tx SCI kidney samples (Fig. 9A). From pathway anal-
ysis, we found that genes in cytokine-cytokine receptor
interactions were most perturbed in both T3Tx and T10Tx
SCI kidneys, whereas perturbation of the chemokine sig-
naling pathway was found only in T3Tx SCI relative to
uninjured samples (Fig. 9B). GO analysis for cellular com-
ponents and biological processes revealed enrichment of
genes involved in the extracellular space/region and
adaptive and humoral immune responses as the highest
and most relevant to the effects of SCI on the structure and
function of the kidney (Fig. 9C and Supplemental Tables
S1–S4; all Supplemental material is available at https://
doi.org/10.6084/m9.figshare.19379978.v1). Among the bio-
logical processes with highly significant GO enrichment, a
total of 398 of 1,838 genes were differentially expressed in
T3Tx SCI samples whereas 137 of 511 genes were differen-
tially expressed in T10Tx SCI samples, each relative to
uninjured control samples. Next, we used real-time PCR to
determine the relative expression of candidate genes

involved in ECM remodeling and the inflammatory
response and that showed high enrichment in the GO. We
used RNA from uninjured kidney samples and from SCI
mice at 24 h and 4 wk after injury. Figure 10 shows that
among the three ECM modifying genes examined, including
Mmp3, Adamts1, and Adamts4, only Mmp3 showed an
appreciable increase in expression in both groups of SCI
samples, reaching statistical significance only in T3Tx SCI
samples at 24 h postinjury. This was accompanied by a
marked increase in Col13a1 expression at 24 h postinjury in
T3Tx SCI samples. Among the cytokines examined by quan-
titative PCR, only Cxcl10 showed increased expression at 4
wk postinjury in the T3Tx SCI group, whereas Vegfa, Il6, and
Il11 as well as the marker of acute inflammation Saa1 all
showed an increasing trend that was not statistically signifi-
cant at either 24 h or 4 wk postinjury. We then measured
secreted plasma levels of IL-6 and SAA1 collected 24 h or 4
wk after SCI to assess whether the global inflammatory
response to SCI was altered by the level of thoracic injury. As
shown in Fig. 11A, there was a marked increase in the plasma
SAA1 level, which remained significantly elevated 4 wk after
T3Tx or T10Tx SCI. Serum IL-6 was elevated within 24 h of
T3Tx or T10Tx SCI and decreased to the uninjured level 4 wk
after injury (Fig. 11B).

DISCUSSION

Renal dysfunction is an established contributor to urinary
complications, including excessive urine production during
bed rest and sleep, in the chronic phase of SCI. However, the
mechanisms mediating SCI-induced renal dysfunction are
poorly understood. In this study, we explored the acute and
chronic effects of complete high (i.e., T3) and low (i.e., T10)
thoracic-level SCI on the structure and function of the kid-
ney. By examining renal hemodynamics, we show that high
thoracic-level transection SCI causes failure of the autoregu-
latory response of the renal vasculature to increased perfu-
sion pressure and a decline in the responsiveness of RBF to
vasoactive agents, including NE and ANG II. These func-
tional alterations are accompanied by structural changes in
the renal parenchyma and vasculature, including interstitial,
intravascular, and perivascular fibrosis, and fragmentation
of vascular elastic laminae accompanied by differential
expression of genes involved in ECM remodeling.

Table 4. Absolute renal vascular resistance values before and after the administration of ANG II, NE, or concurrent
occlusion of the celiac and superior mesenteric arteries in uninjured, T3Tx, and T10Tx female mice 24 h or 4 wk after
injury

Injury Level/Treatment

24 h After SCI 4 wk After SCI

Uninjured (n = 7) T3Tx (n = 3–7) T10Tx (n = 3–8) Uninjured (n = 7) T3Tx (n = 5–8) T10Tx (n = 5–8)

Baseline 12 ± 2 23 ± 7 21 ± 6 12 ± 2 12 ± 2 22 ± 7
NE (10 mg/kg) 29 ± 3 42 ± 14 35 ± 7 29 ± 3 18 ± 3 36 ± 12
Baseline 16 ± 3 17 ± 5 23 ±6 16 ± 3 13 ± 0 23 ± 7
ANG II (1 mg/kg) 52 ± 13 54 ± 17 44 ± 6 52± 13 16 ± 2† 36 ± 12‡
Baseline 11 ± 2 17 ± 3 12 ± 4 11 ± 2 12 ± 1 19 ± 7
Carotid and superior mesenteric artery occlusion 24 ± 2 36 ± 3 28 ± 7 24 ±2 10 ± 1 35 ± 13�§
All values are means ± SE (in mmHg/mL/min/g kidney wt). �P < 0.05 and †P < 0.01 vs. uninjured mice; ‡P < 0.05, and §P < 0.01 vs.

T3Tx mice. ANG II, angiotensin II; NE, norepinephrine; SCI, spinal cord injury; T3Tx, spinal cord transection at thoracic level 3; T10Tx,
spinal cord transection at thoracic level 10.
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SCI induces marked changes in the circulatory and ther-
moregulatory systems; this has been well established by sev-
eral studies (12, 45–48). We confirmed such SCI-triggered
responses, including profound hypotension, bradycardia,
and hypothermia, by continuous monitoring of systemic

hemodynamics and body temperature. We also observed
that the duration and recovery of the marked changes in sys-
temic hemodynamics and body temperature depend on the
level of thoracic spinal cord transection/injury. Following
T10Tx SCI, hemodynamic parameters and body temperature

Figure 7. High thoracic-level spinal cord injury (SCI) impairs
renal hemodynamic response to agonist-induced increases
in systemic pressure. A: time course of changes in renal
blood flow (RBF) and renal vascular resistance (RVR) follow-
ing a bolus administration of norepinephrine (NE; 10 mg/kg
iv) or angiotensin II (ANG II; 1 mg/kg iv) under isoflurane anes-
thesia. The dashed line represents the time of agonist
administration. In uninjured animals, increasing systolic
blood pressure (SBP) with NE caused a precipitous drop in
RBF while increasing RVR. This phenomenon was recapitu-
lated in spinal cord transection at thoracic level 10 (T10Tx)
SCI animals but markedly attenuated in spinal cord transec-
tion at thoracic level 3 (T3Tx) SCI animals, more noticeably
at 4 wk after injury. B: time course of changes in RBF and
RVR following a bolus administration of angiotensin II (ANG
II; 1 mg/kg iv). The dashed line represents the time of agonist
administration. As was seen following NE administration,
the RBF response to an ANG II-induced increase in SBP
was markedly attenuated in T3Tx SCI mice, although RVR
increased as in uninjured mice at 24 h after injury. However,
the RVR response was suppressed in both SCI groups at 4
wk after injury. Values are means ± SE.
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return to pretransection levels just 1 h postinjury. In contrast,
the recovery of the same parameters is prolonged after T3Tx
SCI, and only SBP rises close to the preinjury level whereas
HR and body temperature remain suppressed. These SCI
level-associated differences in the profiles of systemic hemo-
dynamics and body temperature recoverymay be attributable
to the degree of disrupted supraspinal control of autonomic—
largely sympathetic—input. Whereas T3Tx SCI completely
disrupts all supraspinal input to preganglionic nerves in
the thoracic (T10�T12) and lumbar (L1�L3) sympathetic
trunks of the intermediolateral cell column, T10Tx SCI

completely disrupts projections only to the lumbar sympa-
thetic preganglionic nerves (L1�L3) while possibly sparing
some projections to preganglionic nerves emanating from
the T10�T12 sympathetic trunk, thereby facilitating the
reestablishment of basal sympathetic drive. Such a level-
dependent disruption of supraspinal control of sympa-
thetic input to the kidney could lead either to uncontrolled
release or excessive withdrawal of local sympathetic neu-
rotransmission. Either scenario could lead to desensitiza-
tion or supersensitivity of adrenergic receptors in the
renal vasculature, thereby affecting the RVR response to
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exogenous agonists. In this study, the RVR response in
T3Tx mice at 24 h postinjury appeared the most robust
compared with T10Tx or uninjured animals, which is con-
sistent with decreased renal sympathetic neurotransmis-
sion, likely resulting in receptor supersensitivity and
augmented vasoconstriction, at least in the acute phase of
the injury and before any (mal)adaptive remodeling.

The slow rate of recovery of blood pressure, HR, and body
temperature also suggests a shift from dependence on sym-
pathetic activity to a new hormonal system, such as the re-
nin-angiotensin-aldosterone system (RAAS), to maintain
hemodynamic and temperature homeostasis. The RAAS
raises blood pressure by increasing peripheral vascular re-
sistance via the contractile action of ANG II in the vascula-
ture; it also increases extracellular fluid volume and thus
cardiac output by stimulating tubular Naþ and water reab-
sorption (49). The precipitous fall in blood pressure after SCI
is known to be associated with a robust increase in the activ-
ity of plasma renin, the rate-limiting enzyme of the RAAS
(50). Increased renin activity after SCI has been attributed to
renal baroreceptor-mediated renin release stimulated by the
marked fall in systemic blood pressure causing afferent arte-
riolar dilatation (51). In this study, the gradual rise in blood
pressure could, therefore, be attributed to RAAS-dependent
fluid retention and vasoconstriction resulting from accumu-
lating ANG II and aldosterone. In addition, chronically ele-
vated RAAS activity could decrease the sensitivity of the
renal vasculature to an acute surge in ANG II as occurs with
intravenous administration. Indeed, the RVR response to
bolus ANG II administration was remarkably reduced in the
chronic phase of T3Tx SCI compared with the response in
the acute phase of the injury, consistent with receptor desen-
sitization. The result is also consistent with the hypothesis
that persistent hypotension after high thoracic-level SCI
might trigger a sustained elevation of the RAAS. Both T3Tx
and T10Tx also abolish the circadian rhythm of blood pres-
sure, HR, and body temperature in the first 24 h, resuming 1
wk postinjury. This observation is consistent with previous
studies suggesting that the circadian rhythm is controlled by
a pathway linking central nervous system centers to spinal
preganglionic neurons below T3 and that the disruption of
such a pathway by SCI may be temporary (46, 52).

Previous studies have shown alterations in renal function
during the acute phase of high and low thoracic-level injury

(12, 13); however, the effects on structural changes in the kid-
ney were not explored. Consistent with those findings (12),
we show in this study that both high and low thoracic-level
SCI cause a sharp decline in urine protein and albumin
excretion within 24 h of injury, indicating a marked drop in
renal perfusion and GFR in the acute phase of injury. In the
weeks following injury, urine protein excretion gradually
increases, paralleled by a similar trend in the recovery of sys-
temic pressure towards preinjury baseline levels. The grad-
ual increase in systemic pressure also likely increases RPP
and GFR, thereby increasing total urine protein excretion.
Contrary to proteinuria, urine creatinine excretion sharply
increases 24 h after injury and continues to rise in the
chronic phase. This is consistent with the widely observed
weight loss following SCI, as food and water consumption
declines andmuscle atrophy increases (53–55). Of note, heart
weight and kidney weight increase in the acute phase, which
is likely due to fluid retention as blood pressure and the cir-
culatory system are severely impaired. Over time, and as sys-
temic hemodynamics improved, kidney weight and heart
weight returned to uninjured control levels in T10Tx ani-
mals. In T3Tx mice, however, these values remained below
control levels. These observations are consistent with a
recent report showing cardiac atrophy during the chronic
phase of T3 transection in mice (56). Injury at both high and
low thoracic levels led to the elevation of the renal injury
marker NGAL in the urine during the acute phase. At 4 wk
postinjury, urine NGAL returned to the preinjury level in
T10Tx animals but not T3Tx animals. This may be due to
T3Tx animals experiencing multiple, daily episodes of hy-
pertensive AD during chronic injury (57). This observation is
consistent with the renal interstitial fibrosis that was more
prominent in the renal medulla of T3Tx mice in the chronic
phase of the injury. Together, these results indicate that
impairment of renal function following SCI is accompanied
by structural damage to the kidney, and the severity of such
damage is dependent on injury level.

A remarkable observation we made in this study is that,
very shortly after T3Tx, the dynamic response of RVR to a
step increase in systemic pressure was exaggerated, whereas
in the chronic phase, it was almost completely abolished,
thereby causing RBF to increase instead of decrease in
response to elevated RPP. The exaggerated RVR response in
the acute phase could be due to sustained RAAS activation

Figure 8. Structural changes in the renal vasculature and glomerulus resulting from spinal cord injury (SCI) are enhanced after high thoracic spinal trans-
ection. A: representative images and a summarized bar graph of Movat histological staining showing the level of elastic lamina fragmentation in small
intrarenal arteries. Yellow arrows in the grayscale insets indicate fragmented elastin in the medial layer of the vessel wall. Vascular elastic lamina frag-
mentation was scored using an arbitrary scale of 1�5 (where 1 = little to no elastic lamina breaks and 5 = multiple discontinuity of the elastic lamina,
including in the internal and external elastic laminae. B: representative images and summarized bar graphs of Movat staining showing collagen deposi-
tion in the medial layer of intrarenal arteries and in the perivascular space. Collagen content was measured using the K-means clustering method to gen-
erate color-segmented copies of the original histological images. ImageJ was then used to split the images into red, green, and blue channels to obtain
the best contrast of extracellular matrix components in the regions of interest. The area of collagen highlighted red was then measured and expressed
as a percentage of the vessel wall area (medial collagen deposition) or total area of the perivascular region (perivascular collagen deposition). Data
were pooled from at least 8 vessels from 3 animals for each group. C: representative histological images of glomeruli in unperfused kidneys with Movat
staining showing the presence of red blood cells (RBC) and collagen deposition. Collagen deposition was assessed as described above, whereas glo-
merular congestion was scored on a scale of 1�5 (where 1 = little to no visible RBC and 5 = overt RBC accumulation in the corpuscle). D: summary bar
graph of glomerular collagen deposition expressed as a percentage of the total glomerular area. E: summary bar graph of glomerular congestion.
Values are means ± SE. Statistical significance was determined by ordinary one-way ANOVA followed by Newman–Keuls post hoc tests for compari-
sons. ����P < 0.0001 and ���P < 0.001 vs. uninjured control; ####P < 0.0001, ###P < 0.001, ##P < 0.01, and #P < 0.05 vs. 24 h after the same injury
level; &&&P < 0.001, &&P < 0.01, and &P < 0.05 vs. T10Tx at the same time point after injury. au, arbitrary units; T3Tx and T10Tx, spinal cord transection
at thoracic level 3 (T3) and thoracic level 10 (T10), respectively.
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Figure 9. Thoracic spinal cord injury (SCI) induces transcrip-
tional responses in the kidney. A: volcano plots of bulk
RNA-sequencing data showing profiles of genes differen-
tially expressed among all measured genes in kidney sam-
ples obtained from uninjured control mice (n = 3), spinal
cord transection at thoracic level 3 (T3Tx) SCI mice (n = 3),
and spinal cord transection at thoracic level 10 (T10Tx) SCI
mice (n = 3) at 4 wk postinjury. B: scatterplots of pathway
analysis showing the top 10 overrepresented pathways that
were significantly perturbed. The blue-circled red dots in
the intact versus T3Tx plot (left) are cytokine-cytokine re-
ceptor and chemokine signaling pathways; the only circled
red dot in the intact versus T10Tx plot (right) represents a
cytokine-cytokine receptor signaling pathway. C: dendro-
grams from Gene Ontology analysis showing terms of bio-
logical processes (top) and cellular components (bottom)
with high enrichment of member gene sets.
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triggered by the prolonged hypotension after T3Tx. Elevated
circulatory level of ANG II from the activated RAAS could
potentiate pressure-induced constriction of the renal mi-
crovasculature, including the afferent and efferent arterio-
les, which are particularly sensitive to ANG II (58–62).
Sustained activation of the RAAS with elevated ANG II in
the circulation could reduce the pressor and/or hemody-
namic response to the administration of exogenous ANG
II. In agreement with this suggestion, we found that RVR

and RBF response to exogenous ANG II was diminished in
T3Tx SCI animals. During the chronic phase of T3Tx, RVR
was completely insensitive to changes in RPP. In addition,
the response to exogenous ANG II was markedly dimin-
ished, suggesting an already elevated level of circulating
ANG II from the activated RAAS. Sustained activation of
the RAAS in chronic T3Tx SCI may cause diminished
ANG II-dependent vasoconstriction as a result of refracto-
riness or desensitization of the cognate receptors and

Figure 10. Thoracic spinal cord injury (SCI) induces the expression of genes involved the inflammatory response and extracellular matrix modification.
Gene expression in kidney samples harvested 24 h and 4 wk in uninjured mice as well as from spinal cord transection at thoracic level 3 (T3Tx) and tho-
racic level 10 (T10Tx) SCI mice was assessed using two-step real-time PCR. The fold-change in gene expression was determined using the DDCt method
(where Ct is threshold cycle). During the acute phase (24 h postinjury), the expression of matrix metalloproteinase-3 (Mmp3) and collagen type XIII-a1
(Col13a1) was significantly increased in kidneys from T3Tx SCI mice relative to intact uninjured mice. In the chronic phase (4 wk postinjury), the expres-
sion of chemokine (C-X-C mofit) ligand 10 (Cxcl10) was augmented in kidneys from T3Tx SCI mice relative to intact uninjured mice. RQ is the fold-change
in gene expression normalized to Gapdh and relative to normalized expression in samples from uninjured mice. Adamts1, ADAM metallopeptidase with
thrombospondin type 1 motif 1; Adamts4, ADAM metallopeptidase with thrombospondin type 1 motif 4; Il6, interleukin-6; Il11, interleukin 11; Saa1, serum
amyloid A1; Vegfa, vascular endothelial growth factor A.
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downstream contractile signaling pathways. This phenom-
enon has been demonstrated in several vascular beds, such
as in renal, carotid, iliac, and pulmonary arteries and the
aorta (63, 64). For instance, acute ex vivo treatment of rat
pulmonary arteries with ANG II has been shown to reduce
plasma membrane expression of ANG II type 1 receptors for
a prolonged period, thereby reducing its contractile effect
(64). In addition, ANG II effects are terminated partly
through angiotensin-converting enzyme 2-mediated cleav-
age to form ANG(1�7), which causes vasodilation by stimu-
lating Mas receptors (65–68). Thus, an alternative mechanism
accounting for the reduced pressor response to ANG II
could be an increased circulating level and action of ANG
(1�7). As our results show, the profile of the renal hemody-
namic response during the acute or chronic phase also
depends on the level of injury. In contrast to the respo-
nse after T3Tx SCI, the renal hemodynamic response to
changes in perfusion pressure, either by the application of
vasoactive ligands or manual elevation of systemic pres-
sure, after T10Tx was slightly altered or unaffected during
the acute and chronic phases of SCI. This could be due to
sparing of supraspinal control of preganglionic neurons at
T10 or close to the area of spinal transection. As previously
reported, mild or incomplete spinal crush injuries can
indeed lead to adequate axonal sparing for maintaining
normal cardiovascular regulation by supraspinal control
of vasomotor pathways (69, 70). Similarly, a clean low tho-
racic-level spinal transection, as performed in T10Tx SCI,
can lead to the preservation of sufficient supraspinal con-
trol of autonomic input to the kidney to facilitate the renal
vascular response to changes in perfusion pressure.
Sparing of supraspinal control of renal autonomic input
after T10Tx could also maintain the regulation of the
release of neurotransmitters and other factors for preserv-
ing vascular smooth muscle contractile phenotype and
sensitivity to mechanical stimuli inducing myogenic con-
striction during chronic SCI, which would be absent in the
chronic phase of T3Tx SCI.

Based on the finding that T3Tx exacerbates renal fibrosis,
we hypothesize that maladaptation of the renal vascular bed

to lower perfusion pressure contributes to renal autoregula-
tion failure and impaired RVR and RBF responses to
increased RPP after high thoracic-level SCI. As revealed by
the histological examination, both T3Tx and T10Tx SCI
caused glomerular, medial, and perivascular deposition of
collagen and fragmentation of vascular elastic lamina in the
chronic phase of spinal injury. These observations agree
with the robust renal interstitial fibrosis after T3Tx and are
indicative of ECM remodeling hallmarked by increased col-
lagen synthesis, elastin degradation/fragmentation, and tis-
sue stiffening (71–79). GO results from the transcriptomic
analysis also showed enrichment of genes involved in ECM
modification, including Mmp3 and Col13a1, further support-
ing the SCI-induced ECM remodeling hypothesis. Vascular
ECM stiffening/remodeling resulting from SCI likely impacts
the myogenic response more than the TGFmechanism of re-
nal autoregulation. Reasonably, increased stiffening could
potentially alter the expression or sensitivity ofmechanosen-
sors that are repeatedly activated and deactivated due to
continuous variations in RPP, particularly during AD caus-
ing acute fluctuations in systemic pressure. Such changes in
mechanosensors could impair smooth muscle contractile
signaling activation, and thus myogenic response and autor-
egulation of blood flow to the kidney, as seen in T3Tx SCI
mice. Furthermore, increased ECM stiffening could reduce
vascular compliance, thereby increasing rigidity and reduc-
ing the capacity of smooth muscle cells to stretch for the
activation of mechanotransduction in response to increases
in intraluminal pressure. It would be interesting to investi-
gate these potential causal relationships between ECM
remodeling and impairment of myogenic response as a
mechanistic basis for renal autoregulation failure that hall-
marks high thoracic-level SCI.

Results from the transcriptomic analysis of bulk kidney
RNA also suggest the immune and inflammatory responses
are the mechanisms by which thoracic SCI leads to kidney
injury and dysfunction. For instance, pathway analysis
showed perturbation of genes in the cytokine-cytokine re-
ceptor signaling pathway after both T3 and T10 SCI, whereas
perturbation of genes in the chemokine signaling pathway
was observed only after T3 SCI. This difference was under-
scored by increased expression of Cxcl10 in kidneys weeks
after only T3Tx. The elevation of circulating levels of inflam-
matory markers including IL-6 in the acute phase and SAA1
in the acute and chronic phase of both injury types further
support the involvement of tissue inflammation in SCI-
induced kidney injury. Inflammation and the immune
response are well established to play key roles in tissue
injury, including neuronal loss, vascular leakage, and scar
formation at or near the site of SCI (80–87) and in ischemic-
reperfusion injury of the kidney (88, 89). Whether global
inflammation and/or the immune response mediate injury
of organs distant from the site of SCI, including the kidney,
should be explored and directly tested in future studies.

Despite the robust structural and functional differences
of the effects of SCI on renal hemodynamics, there are a
few caveats of the experimental approach that limit the
interpretation of the results and warrant additional stud-
ies for detailed mechanistic understanding of kidney dys-
function resulting from thoracic SCI. For instance, basal
renal hemodynamics and response to vasoactive agents

Figure 11. Thoracic spinal cord injury (SCI) elevates circulating levels of
inflammatory cytokines. Plasma levels of serum amyloid A1 (SAA1) and
interleukin-6 (IL-6) were measured. A: plasma SAA1 levels were elevated
during acute (24 h) and chronic (4 wk) phases of spinal cord transection at
thoracic level 3 (T3Tx) and thoracic level 10 (T10Tx) SCI compared with the
level in uninjured controls. B: plasma levels of IL-6 were markedly
increased after acute T3Tx and T10Tx injury but receded to a similar level
in uninjured control in the chronic phase. ���P < 0.001, ��P < 0.01, and
�P< 0.05 vs. uninjured control.
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were assessed under isoflurane anesthesia, which is
known to affect autonomic function and levels of vasoac-
tive hormones in the circulation (90–92), the very factors
that are directly and markedly impacted by SCI. Thus, a
more rigorous assessment of renal dysfunction after SCI
should include the measurement of GFR and RBF under
conscious and unrestrained conditions. As the results
show, SCI-induced renal dysfunction is associated with
ECM remodeling and activation of local cytokine/chemo-
kine signaling. However, the causal link between these
changes and renal hemodynamics remains to be eluci-
dated, and such future studies should use animal models
that permit the tuning of vascular ECM stiffness and/or
pharmacological targeting of candidate signaling path-
ways involved in vascular tone regulation and thus renal
autoregulation.

In conclusion, our results show that the level of SCI is a
key determinant to the severity and progression of kidney
damage and dysfunction. This study provides the first evi-
dence for the potential involvement of ECM remodeling and
inflammatory cytokine/chemokine signaling in the pathoge-
nesis of renal injury and hemodynamics impairment result-
ing from SCI. Further studies that elucidate the underlying
molecular mechanisms will be crucial to identifying novel
therapeutic targets for treating renal dysfunction and associ-
ated urinary complications, including excessive urine pro-
duction and bladder distension, and autonomic failure in
chronic SCI.

SUPPLEMENTAL DATA
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