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Changes in renal function during acute spinal cord injury:
implications for pharmacotherapy

V Rodrı́guez-Romero1, L Cruz-Antonio2, RE Franco-Bourland3,4, G Guı́zar-Sahagún4,5

and G Castañeda-Hernández1

Study design: Laboratory investigation in rats submitted to experimental spinal cord injury (SCI).
Objective: To characterize changes in renal function during acute SCI.
Methods: Sprague Dawley rats were subjected to severe spinal cord contusion at T8 level or to laminectomy as control. Twenty-four
hours after spine surgery, clearance assessments of a single dose of iohexol (120mgkg�1) or of p-aminohippuric acid (PAH,
100mgkg�1) were used to evaluate glomerular filtration rate (GFR) and tubular secretion (TS), respectively. Blood sampling was used
to determine concentrations of both compounds by high-performance liquid chromatography for pharmacokinetic measurements.
Results: Iohexol clearance decreased significantly after injury, which resulted in increased concentrations and half-life of iohexol in
blood; PAH clearance remained unchanged.
Conclusion: GFR but not TS is altered during spinal shock. These observations should be of interest to professionals caring for early
cord-injured patients, in order to prevent toxicity and therapeutic failure when administering drugs eliminated by the kidney.
Spinal Cord (2013) 51, 528–531; doi:10.1038/sc.2013.35; published online 23 April 2013
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INTRODUCTION

Spinal cord injury (SCI) causes numerous systemic and metabolic
alterations that can interfere with the efficacy and security of drug
use.1 Changes in drug disposition and kinetics have been documented
in patients and animal models of SCI as a consequence of autonomic
nervous system dysfunction.2–4 Precise understanding of the
pathophysiological mechanisms involved in pharmacokinetic and
pharmacodynamic alterations associated with SCI is required to
optimize pharmacological treatments.
The kidney is the major regulator of internal fluid environment;

therefore, physiologic changes associated with renal dysfunction can
have pronounced effects on drug performance, particularly of drugs
eliminated by the kidney such as aminoglycosides and quinolones,
which are widely used after SCI.
There are reports that show decrease of glomerular filtration rate

(GFR) in patients with chronic cord injury.5,6 However, information
on GFR during early stages of SCI is scarce and wrongly based on
creatinine measurements,7 which are faulty because they are affected
by muscle mass catabolism occurring at this stage of SCI.
Our objective here was to assess renal function in the acute stage of

experimental SCI by determining (1) GFR from clearance of an
exogenous compound unrelated to endogenous compounds derived
from muscle catabolism, and (2) tubular secretion (TS). We have
hypothesized that during spinal shock produced after experimental
SCI, renal function is altered showing decreased GFR and increased
TS as a compensatory mechanism.

MATERIALS AND METHODS

Experimental design
Our local institutional Animal Care Committee approved this study. Animals

were handled according to the ethical guidelines of our institution and NIH

standards. Assessment of GFR and TS was carried out 1 day after spine surgery

in groups (n¼ 5) of female Sprague Dawley rats weighing 230–250 g body

weight that were randomly assigned to one of the following procedures: SC

contusion at T8 level or laminectomy as sham-injury control. Animals were

allowed to eat and drink ad libitum and were kept in individual cages.

Spinal cord injury and postoperative care
For spinal surgery, animals were anesthetized with a mixture of ketamine

(100mg kg�1) and xylazine (20mg kg�1) given intramuscularly. Following

laminectomy, a severe SC contusion was inflicted by dropping onto the

exposed dura a stainless steel rod weighing 10 g from a height of 50mm using

the well-characterized New York University weight-drop impactor device. After

cord injury, neurogenic bowel and bladder were handled by manual pressure.

Sham-injured controls were only laminectomized. At the end of the study, rats

were killed in a CO2 chamber.

Assessment of glomerular filtration rate
Twenty-four hours after spine surgery, animals (cord- and sham-injured rats)

received a single dose of iohexol (120mg kg�1) intravenously. Blood samples

of 100ml were drawn through a catheter inserted in the caudal artery under

light ether anesthesia4 at the following time points: 0, 5, 10, 15, 20, 30, 45, 60,

90, 120, 180, 240, and 300min. The volume of blood extracted was replaced

immediately after sampling with the same volume of physiological isotonic
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saline to avoid reduction in the circulating volume. Iohexol concentration in

whole blood was determined by high-performance liquid chromatography, as

previously described,8 with minor modifications. Briefly, 50ml sulfapyridine
(1mgml�1) were added to blood samples as an internal standard, and then

precipitated with 0.850ml of 5% perchloric acid. Samples were shaken in a

vortex for 1min and then centrifuged for 10min at 3000� g. Supernatants

were analyzed by high-performance liquid chromatography at room

temperature using a Nova-Pak C18 column (Waters Corp., Milford, MA,

USA). The mobile phase consisted of a solution of methanol—water 6:94 v/v,

at a constant flow rate of 2.0mlmin�1; the effluent was monitored by UV

detection at 254 nm. Retention times for iohexol and the internal standard

were 1.75 and 4.38min, respectively. Individual curves of blood iohexol

concentrations against time were plotted and analysis of pharmacokinetic

parameters (half-life, area under the curve, volume distribution and clearance)

was performed using a noncompartmental approach, as previously

described.3,4

Assessment of tubular secretion
Also 24h after spine surgery, other groups of cord- and sham-injured rats

received a single 100mg kg�1 intravenous dose of p-aminohippuric acid

(PAH) to assess tubular secretory function. Blood samples of 200ml were
obtained as previously described4 at the following time points: 0, 2.5, 5, 10, 15,

30, 60, and 120min, and circulating volume was immediately restored after

blood sampling. PAH concentration in plasma was determined by high-

performance liquid chromatography, as previously described,9 with minor

modifications. Briefly, after liquid–liquid extraction with methanol, plasma

samples were analyzed on a Nova-Pak C18 column (Waters Corp.,) using a

solution of 0.1M acetic acid—acetonitrile (99:1, v/v) pH 3–4 as mobile phase

with UV detection at 285 nm. The flow rate was set at 1mlmin�1.

P-aminobenzoic acid (50ml of a 250mg/ml�1 solution) was used as internal

standard. Retention times for PAH and the internal standard were 2.56 and

4.18min, respectively. Individual curves of blood PAH concentrations against

time were plotted and pharmacokinetic analysis was performed as above.

Statistics
Comparisons of pharmacokinetic parameters between SCI and control animals

were performed using Student’s t test. Differences were considered significant

when Po0.05.

RESULTS

Animals subjected to SCI showed complete flaccid rear paralysis 24h
after injury, while animals, which had only been laminectomized
exhibited normal locomotion.
Blood levels of iohexol decreased rapidly in sham-injured rats and

were undetectable after 120min; blood concentration of iohexol in
rats with cord injury remained higher throughout the study com-
pared with controls and was detectable up to the end of the screening
(Figure 1). Except for the volume of distribution, the pharmacokinetic
parameters studied for iohexol were altered significantly in paraplegic
rats compared with controls (Table 1): systemic clearance decreased to
29%, while half-life and area under the curve increased close to
fivefold.
Unexpectedly, blood levels of PAH (Figure 2) and their pharma-

cokinetic parameters (Table 2) in injured rats were similar to those
obtained for controls.

DISCUSSION

Here we investigated the effect of early SCI on renal function. We
present evidence of renal dysfunction during spinal shock. Two
separate functions of the nephron were assessed: GFR, as measured
by iohexol clearance, and TS, as measured by PAH clearance.

Reduced glomerular filtration rate
Considering that iohexol undergoes renal clearance by glomerular
filtration,9 the changes we observed in its blood kinetic parameters
reveal that acute SCI significantly decreases GFR, probably as a
consequence of renal hypoperfusion.
Renal hypoperfusion during acute SCI can be explained as follows.

It is known that acute SCI generates an imbalance in the functions
regulated by the autonomic nervous system, mainly due to the lack of
sympathetic brain control.1 Various neurohumoral counterregulatory
systems act in concert to maintain the perfusion of vital organs such
as brain and heart. Redistribution of blood volume through
constriction of selective vascular beds results in decreased blood
perfusion of less critical organs such as kidneys.10,11 We10,12 and
others13,14 have observed that modest arterial hypotension,
supraventricular arrhythmias (tachycardia or bradycardia) and
relative hypovolemia (due to the pooling of venous blood in the
rear limbs and abdominal viscera without changes in central venous
pressure) occur during the spinal shock stage after injuries at lower

Figure 1 Iohexol blood concentration vs time plots after intravenous

administration in cord-injured and laminectomized-only control (sham) rats.

Data is plotted as mean±s.e.m.

Table 1 Pharmacokinetic parameters for iohexol after intravenous

administration

Group Sham injury SCI

t1/2 (min) 19.69±3.94 100.39±20.68a

AUCInf (mghml�1) 11.83±1.63 62.33±15.49a

Vd (l kg�1) 0.97±0.36 0.56±0.14

Cl (mlmin�1) 4.01±0.41 1.15±0.39a

Abbreviations: AUCInf, area under the curve extrapolated to infinity; Cl, clearance; SCI, spinal
cord injury; t1/2, half-life; Vd, volume of distribution.
Data are expressed as mean±s.e.m.
aPo0.05 as determined by Student’s t test.
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thoracic levels. It is reasonable to speculate that such cardiovascular
alterations could lead to hemodynamic instability, which might
contribute to the reduced GFR we have described here.
Alternatively, early renal dysfunction has also been related to the
systemic inflammatory response produced after acute SCI.15

Although there are several methods for measuring GFR, here we
chose to use iohexol clearance to examine the impact of acute SCI on
GFR for several reasons: (1) creatinine clearance, the clinical standard
for GFR measurements, is not an option because creatinine produc-
tion is significantly altered after SCI due to muscle catabolism by
denervation;16,17 (2) we are aware that GFR is ideally measured by
inulin clearance, however, this method is clinically impractical and
costly;16 (3) GFR has been measured in patients with SCI using
radioactive tracers that correlate closely with inulin clearance;6

however, radioisotopic methods have the disadvantage of handling
and disposal of radioactive materials and their cost;17 (4) no
endogenous ideal substance exists for measuring GFR after SCI.
Therefore, GFR measurements require the infusion of an exogen-

ous agent such as iohexol. It is a nonionic, water-soluble compound

used clinically as radiocontrast agent.18 It is not metabolized, it is
eliminated almost entirely by glomerular filtration, and is not secreted
or reabsorbed in tubules. It has a low molecular weight and binds
poorly to protein.19

Considering that iohexol clearance is comparable to that of
inulin,19,20 we chose this compound for our GFR measurements; in
fact, our results (control group) are in agreement with those of
Sturgeon21 for inulin clearance in normal Sprague Dawley rats.
Furthermore, this technique has proven to be reproducible, simple
and fast.20

Preserved tubular secretion
In view of the fact that acute SCI does not modify kinetics of PAH
clearance, suggesting that active TS is not altered during spinal shock,
changes in iohexol clearance can confidently be attributed solely to
alterations in GFR. Also, it appears that the pathophysiological
mechanisms involved in GFR dysfunction have no effect on TS, in
particular those related with renal ischemia.
By determining PAH clearance, we assessed the organic anion

transporting mechanism,22 kidney’s major secretory pathway. PAH is
secreted in renal tubules from renal vessels; only 20–30% is filtered by
the glomerulus and is not reabsorbed by tubules. It has been shown
that PAH concentration profile along the length of the proximal
convolution does not change markedly with variations in GFR.23 The
fraction of PAH that passes the glomerulus and enters tubular cells of
the nephron (via peritubular capillaries) is completely secreted.9

Consequences of renal dysfunction for pharmacotherapy in SCI
For proper pharmacotherapy after SCI, early renal dysfunction
detection is critical. Renal excretion of intact drugs and their
metabolites is carried out by a combination of three processes:
glomerular filtration, TS and tubular reabsorption. Glomerular
elimination of drugs depends on molecular size and protein binding.
Although protein binding decreases filtration of drugs, it may increase
the amount that renal tubules secrete.
Our results suggest that renal drug handling pathways are not

affected equally after SCI: GFR is altered while TS remains unchanged.
Under these circumstances, clearance of drugs that are eliminated
primarily by GFR will be decreased and their plasma half-life
prolonged, as we observed here.
Optimal pharmacotherapy management of cord-injured subjects

requires knowledge of pharmacological characteristics of drugs, as
well as patients’ physiological alterations. Effectiveness and safety of
pharmacological treatments are important to ensure a good quality of
life and of the rehabilitation process. Impaired renal function compels
adjustments of drug dosage, in particular those excreted by glo-
merular filtration, which are potentially toxic, such as aminoglycosides.
Further investigation in relation to SCI and renal drug handling

should include development of simple and reliable methods to
identify early renal dysfunction in the clinical setting, as well as to
design practical dosing guidelines as a function of renal performance.
Undoubtedly, the greatest challenge is to reverse the pathophysiolo-
gical mechanisms that cause renal dysfunction in the first place.
Apparently, the main mechanism involved is GFR decrease observed
here during the acute stage of SCI is ischemia.

CONCLUSIONS

Acute SCI causes renal dysfunction characterized by decreased GFR
(as measured by iohexol clearance), but preserved TS (as determined
by PAH clearance screening). Our results contribute to the

Figure 2 PAH blood concentration vs time plots after intravenous

administration in cord-injured and laminectomized-only control (sham) rats.

Data is plotted as mean±s.e.m.

Table 2 Pharmacokinetic parameters for PAH after intravenous

administration

Group Sham injury SCI

t1/2 (min) 32.78±3.89 45.05±7.70

AUCInf (mghml�1) 9.03±1.09 11.02±1.54

Vd (l kg�1) 9.17±1.33 8.44±0.97

Cl (mlmin�1) 49.06±4.96 35.70±6.20

Abbreviations: AUCInf, area under the curve extrapolated to infinity; Cl, clearance; SCI, spinal
cord injury; t1/2, half-life; Vd, volume of distribution. Data are expressed as mean±s.e.m.
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understanding of fundamental aspects of renal elimination of drugs
after SCI during spinal shock.
Alterations of GFR result in decreased drug clearance and conse-

quently increased drug bioavailability and increased risk of drug
toxicity.
Professionals who care for patients in the early stages after cord

injury should find this information useful when administering drugs
eliminated by the kidney.
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