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Abstract
The role of water channel aquaporin 1 (AQP-1) in uninjured or injured spinal cords is unknown.
AQP-1 is weakly expressed in neurons and gray matter astrocytes, and more so in white matter
astrocytes in uninjured spinal cords, a novel finding. As reported before, AQP-1 is also present in
ependymal cells, but most abundantly in small diameter sensory fibers of the dorsal horn. Rat
contusion spinal cord injury (SCI) induced persistent and significant four- to eightfold increases in
AQP-1 levels at the site of injury (T10) persisting up to 11 months post-contusion, a novel finding.
Delayed AQP-1 increases were also found in cervical and lumbar segments, suggesting the spreading
of AQP-1 changes over time after SCI. Given that the antioxidant melatonin significantly decreased
SCI-induced AQP-1 increases and that hypoxia inducible factor-1α was increased in acutely and
chronically injured spinal cords, we propose that chronic hypoxia contributes to persistent AQP-1
increases after SCI. Interestingly; AQP-1 levels were not affected by long-lasting hypertonicity that
significantly increased astrocytic AQP-4, suggesting that the primary role of AQP-1 is not regulating
isotonicity in spinal cords. Based on our results we propose possible novel roles for AQP-1 in the
injured spinal cords: (i) in neuronal and astrocytic swelling, as AQP-1 was increased in all surviving
neurons and reactive astrocytes after SCI and (ii) in the development of the neuropathic pain after
SCI. We have shown that decreased AQP-1 in melatonin-treated SCI rats correlated with decreased
AQP-1 immunolabeling in the dorsal horns sensory afferents, and with significantly decreased
mechanical allodynia, suggesting a possible link between AQP-1 and chronic neuropathic pain after
SCI.

Keywords
aquaporin 1; growth-associated protein 43; hypertonicity; hypoxia inducible factor; melatonin; spinal
cord injury

Aquaporin-1 (AQP-1) mediates water transport in several organs where it plays an important
role in the formation of urine, aqueous humor in the eye (Zhang et al. 2002; Umenishi and
Schrier 2003) or cerebrospinal fluid (CSF) in the brain. Brain AQP-1 is mainly expressed in
the CSF-facing membranes of the ventricular choroid plexus, where it regulates the formation
of CSF, partly because of its ion channel function (Speake et al. 2003; Oshio et al. 2005; Boassa
et al. 2006).
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In the spinal cord, AQP-1 is also expressed in the ependymal cells lining the central canal, but
more robustly in the sensory fibers of the superficial laminae of the dorsal horn (Oshio et al.
2005; Shields et al. 2007). Considering the expression of AQP-1 in the dorsal horn, it has been
suggested that AQP-1 has a role in normal pain processing. Although, Oshio et al. (2003) show
that AQP-1-null mice demonstrate a higher pain thresholds for capsaicin and thermal stimuli,
Shields et al. (2007) report that AQP-1-null mice do not have altered sensory processing.
Therefore, AQP-1 may not have a role in normal pain processing, and its physiological role in
the spinal cord remains unknown.

Although it has been shown that various neuropathological conditions stimulate AQP-1
expression, AQP-1 in spinal cord injury (SCI) has not been studied. AQP-1 increases are found
in the brains of Alzheimer patients (Pérez et al. 2007); in Creutzfeldt–Jakob disease (Rodríguez
et al. 2006); in traumatic brain injury patients (Suzuki et al. 2006), and in human
hemangioblastomas (Chen et al. 2006). Interestingly, in all cases the neuropathological
conditions stimulated AQP-1 expression in astrocytes residing in diseased brain tissue, even
though astrocytes and other glial cells were not known to express AQP-1. In contrast, GFAP-
positive Schwann cells in the PNS are known to express AQP-1 (Gao et al. 2006), but not
AQP-4, a protein abundant in spinal cord astrocytes (Nesic et al. 2006). The possible roles of
increased expression of AQP-1 in the etiology of different neuropathological conditions are
still unknown, although it is likely that AQP-1 increases may contribute to edema and cyst
formation, typical outcomes in most of these pathological conditions.

In spite of obvious clinical significance, the mechanisms that control AQP-1 gene expression
in the CNS, under normal or pathological conditions are still poorly understood. Recently Kim
et al. (2007) showed that the thyroid transcription factor-1 up-regulates AQP-1 synthesis and
thus facilitates CSF formation in the brain. In tissues other than CNS, the effect of hypertonicity
on AQP-1 synthesis via extracellular signal-regulated kinases, p38 kinase, and c-Jun-terminal
kinase is better characterized (Umenishi and Schrier 2002, 2003).

Therefore, the aim of this study was to: (i) characterize SCI-induced temporal and spatial
changes in protein levels of AQP-1; (ii) identify cellular localization of AQP-1 before and after
SCI; (iii) determine signals that contribute to AQP-1 changes after SCI; and (iv) shed light on
the roles of AQP-1 in uninjured and injured spinal cords.

Materials and methods
Rat model of spinal cord injury

Male Sprague–Dawley rats weighing 225–250 g were anesthetized by intraperitoneal (i.p.)
injection of pentobarbital (50 mg/kg). Anesthesia was considered complete when animals did
not display hind limb withdrawal in response to a noxious foot pinch. A laminectomy of the
10th thoracic vertebra was performed before the animals were contused with the Infinite
Horizons Impactor (LLC, Lexington, KY, USA) using a force of 150 kdyn with 1 s dwell time.
The surgical site was closed by suturing the muscle and fascia and stapling the skin; which was
followed by the superficial application of 0.3 mL of 1% lidocaine. Animals were then injected
subcutaneously with 2 mL of 0.9% sterile saline and placed on a heating pad to maintain body
temperature until they revived. The analgesic buprenorphin (0.1 mg/kg) was administered
subcutaneously (s.c.) twice a day for 3 days. Sham and SCI rats also received baytril (2.7 mg/
kg) s.c twice a day until bladder function returned, which typically occurred 2 weeks after SCI.
Bladders of injured animals were manually emptied twice daily until normal function returned.
All procedures complied with the recommendations in the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the UTMB Animal Care and Use Committee. We
used the minimal number of animals necessary for each experiment and the suffering of animals
was minimized.
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Intrathecal catheters
Rats were implanted with intrathecal (i.th.) catheters at the time of sham treatment. Catheters
were made by attaching 30 mm of PE10 tubing to 40 mm of PE60 tubing with Superglue on
the inner surface of the tubes' intersection and epoxy resin on the outer surface of the tubes'
intersection. A partial laminectomy of the thirteenth thoracic vertebra was conducted and a
small incision was carefully made in the dura surrounding the spinal cord. The catheter was
then inserted into the subdural space and slid along the surface of the cord until the tip of the
catheter was directly over T11, so that the fluid expelled from the catheter was released over
spinal cord segment T10. The catheter was secured by suture and Superglue to both the L1–
L2 vertebral junction and a nearby muscle tissue site. The PE60 end of the catheter was
connected to an osmotic minipump (2.5 μL/h; Alzet 2ML4, Cupertino, CA, USA). All solutions
used for minipumps (isotonic and hypertonic) were sterile and filtered before use.

Protein extraction/subcellular fractionation/western blotting
Animals were perfused with 120–150 mL of 0.9% NaCl containing heparin (1000 U/L), to
eliminate blood from the spinal cord tissue. Spinal cord segments were removed and
immediately placed on dry ice to freeze fully.

For protein extraction, 200 μL of homogenization buffer (10 mmol/L Tris Base, 300 mmol/L
sucrose, 1 mmol/L EDTA, 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L phenylmethylsulfonyl
fluoride, 2 μg/mL antipain, 2 μg/mL chymostatin, 2 μg/mL pepstatin, and 2 μg/mL leupeptin,
pH 7.5) was added to each individual thoracic spinal cord segment for homogenization on ice
with a clear grinder (05-559-27; Fisher, Pittsburgh, PA, USA) that tightly fit inside the 1.5 mL
tubes. For extraction of cervical or lumbar segments, 500 μL of homogenization buffer was
used. After homogenization samples were vortexed for 5 s, and then centrifuged at 5100 g for
5 min at 4°C. The supernatant was separated from the nuclear pellet and centrifuged at 15 700
g for 1 h at 4°C to pellet the crude plasma membrane. The resulting supernatant contained the
cytosolic extract, and the crude plasma membrane was resuspended in 50 μL of homogenization
buffer. Nuclear protein was extracted from the nuclear pellet by resuspension in 70 μL of
extraction buffer (20 mmol/L HEPES, 400 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA,
1 mmol/L DTT, 1 mmol/L phenylmethylsulfonyl fluoride, 2 μg/mL antipain, 2 μg/mL
chymostatin, 2 μg/mL pepstatin, and 2 μg/mL leupeptin) followed by 20 min of vortexing at
high speed at 4°C, and subsequent centrifugation at 16 000 g for 10 min at 4°C. The supernatant
contained the nuclear protein. Protein concentrations were determined using the BioRad
Protein Assay (500–0006; BioRad, Hercules, CA, USA).

Samples containing 40 μg of protein were boiled for 10 min at 100°C with an appropriate
volume of 6x sample buffer (350 mmol/L Tris–HCl, pH 6.8, 1 mol/L urea, 1% 2-
mercaptoethanol, 9.3% DTT, 13% sodium dodecyl sulfate, 0.06% bromophenol blue, and 30%
glycerol). Samples were then placed on ice to cool before being loaded onto a 12% sodium
dodecyl sulfate–polyacrylamide gel and separated at 150 V for 4 h. Gels were then transferred
overnight onto a polyvinylidene difluoride membrane at 4°C and 25 V. Membranes were
reversibly stained with Ponceau S to confirm the transfer of proteins, and destained in water.
Membranes were then incubated for 1 h at room temperature (23°C) in blocking solution (5.0%
non-fat dry milk in Tris-buffered saline with 0.2% Tween 20). Primary and secondary
antibodies were also diluted in blocking solution, and washes were performed with Tris-
buffered saline containing 0.2% Tween 20. Peroxidase activity was detected using the
Amersham enhanced chemiluminescence lighting system (ECL) (RPN2209; Amersham
Biosciences, Piscataway, NJ, USA).

We characterized the purity of our membrane-enriched and cytosolic fractions, using
subcellular compartment-specific marker antibodies in western blot assays to evaluate the
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components present in these fractions. To assess the presence of mitochondria in our fractions,
we used an antibody that recognizes protein specifically expressed in the mitochondria,
cytochrome oxidase IV (1 : 4000; Abcam, Cambridge, MA, USA) (Liang et al.2003).
Membrane-enriched fraction showed the presence of cytochrome oxidase IV, while cytosolic
and nuclear fractions were completely devoid of this marker (not shown). Although we believe
it unlikely, the possibility cannot be ruled out that some of the AQP-1 that we detect in the
membrane fraction comes from mitochondria. AQP-1 has not been reported in mitochondria,
but other AQPs have, e.g. AQP-8 and -9 (Amiry-Moghaddam et al. 2005; Calamita et al.
2005). Cytosolic fraction was assessed by using inhibitor kappaβ, a primarily cytoplasmic
protein involved in nuclear factor kappaβ signaling (1 : 2000, not shown; Santa Cruz, CA,
USA), while nuclear fractions were confirmed using β-lamin (1 : 2000, not shown; Zymed
Laboratories, Carlsbad, CA, USA).

Antibodies—AQP-1 (Rabbit anti-AQP-1, 0.5 μg/mL; Chemicon International, Temecula,
CA, USA); AQP-4 (Rabbit anti-AQP-4, 1 : 2000; Chemicon International); nitrotyrosine
(Mouse anti-nitrotyrosine, 1 : 100; Upstate Biotechnology Inc., Lake Placid, NY, USA);
hypoxia inducible factor-1α (Hif-1α) (Mouse anti-Hif-1α, 1 : 1000; Chemicon International);
growth-associated protein 43(GAP-43) (Mouse anti-GAP-43, 0.1 μg/mL; Chemicon
International). β-Actin is used as a control for loading (anti-β-actin, 1 : 10 000; Sigma-Aldrich
Co., St Louis, MO, USA) in all western blots, in addition to checking Ponceau S staining.

Double immunofluorescence staining using confocal laser scanning microscopy
Stained sections were studied with a confocal laser scanning system (Bio-Rad Radiance 2100,
K-2 system, Bio-Rad Laboratories, Tokyo, Japan). For double immunofluorescent staining, to
avoid ‘bleed through’ of fluorescence signals between adjacent color channels, the data were
collected one channel at a time by sequential scanning. Images were collected using the 488
and 568 nm excitation lines of an Argon–Krypton laser. The co-localization of the two antigens
was shown by yellow color in the images obtained after overlaying the green and red channels.
All presented figures in the manuscript are maximum intensity projections of z-stack series.
However, when we tested co-localization of AQP-1 and cell markers, we did not use these
maximum intensity projections for the analysis, instead we either analyzed co-localization in
single individual sections or we used the Software IMARIS, Bitplane Inc., (Saint Paul, MN, USA)
to analyze the entire z-stack for co-localization in 3D space.

Digital images were saved and processed with Adobe Photoshop (Adobe Systems Inc., San
Jose, CA, USA) for final editing. For quantitative analysis of intensity of immunolabeling,
sections were imaged using the same exposure times, and the average density was measured
with METAMORPH (Molecular Devices, Downingtown, PA, USA) software. Five randomly selected
sections from the spinal cord segment in each animal were analyzed and the relative optical
densities were averaged to provide a mean number for each rat.

Antibodies—Class III β-tubulin (TUJ1, mouse monoclonal, 1 : 3000; Covance, Richmond,
CA, USA), NeuN (mouse monoclonal, 1 : 5000; Chemicon International), and rat endothelial
antigen [rat endothelial cell antigen (RECA)-1; mouse monoclonal, 1 : 200; Serotec Oxford,
UK], GFAP (mouse monoclonal, 1 : 800; Chemicon International), oligodendrocytes (CC1,
mouse monoclonal, 1 : 200; Oncogene Research Products, Boston, MA, USA), microglia
(OX-42, mouse monoclonal, 1 : 200; Serotec), and GAP-43 (mouse monoclonal, 1 : 500;
Chemicon International, Raleigh, North Carolina, USA).
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Locomotor assessments
Locomotor assessments were performed using open field tests with the Basso, Beattie, and
Bresnahan Scale (BBB rank scores; Basso et al. 1995) assigned as measures of hind limb
activity to document plantar placement with weight bearing stance.

Mechanical allodynia
Pain-like behavior (allodynia) in contused rats was reflected as a decrease in tactile thresholds,
compared with pre-surgery mechanical threshold values measured over 3 days before SCI. We
measured the responses (vocalization and body movement) to gradually increasing mechanical
stimuli delivered using Von Frey filaments to the back of SCI rats, around the site of injury
(T10; Nesic et al. 2005; Crown et al. 2005, 2006). All measurements were performed in the
blinded fashion.

Statistical analysis
All statistical tests were evaluated at the alpha level of significance of 0.05, two-tailed. All of
the experiments have similar structures in that the effects of a manipulation on the level of the
factors were measured. We used parametric methods (t-test) for our analyses. However, if the
assumptions for these tests were not met, we proceeded with non-parametric analyses (Mann–
Whitney). Likewise, we used non-parametric methods to check all parametric results as a
safeguard of assumptions. If the results were not consistent, we reported the results from non-
parametric tests. For multiple-group comparisons, data were analyzed using one-way ANOVA.
The least significant difference multiple comparisons post hoc test was used to determine p-
values. Values of p < 0.05 were considered significant.

Results
Cellular localization of AQP-1 in uninjured and injured spinal cords

In uninjured spinal cords, AQP-1 was expressed in neuronal fibers/cell bodies, ependymal
cells, and astrocytic cell bodies, 5 months after sham-treatment (Fig. 1; n = 3 rats per cell
marker). The highest levels of AQP-1 in uninjured spinal cords were found in the dorsal horn
small diameter fibers in Laminae I and II (Fig. 1a, marked with arrow; n = 21). Ependymal
cells lining the central canal also expressed AQP-1 (marked with star in Fig. 1a; n = 21). In
Fig 1b, we showed double-labeled AQP-1 and GFAP in the ventral horn where the large
motoneurons allowed easier identification of neurons, surrounded by GFAP-labeled
astrocytes; the small arrow indicates astrocytic cell bodies in the gray matter weakly expressing
AQP-1. Astrocytic cell bodies in uninjured white matter had higher levels of AQP-1 and were
easier to identify, as shown in Fig. 1(b1). Similar results were obtained for uninjured spinal
cords, analyzed 7 days or 3 months after sham-treatment (n = 3; data not shown). Expression
of AQP-1 was not previously reported in neurons and astrocytes likely because the AQP-1
abundance is markedly lower in those cells than in sensory fibers of the uninjured spinal cords.

Spinal cord injury induced persistent up-regulation of AQP-1 throughout the spinal cords, in
ependymal cells (Fig. 1c; marked with star; n = 21), dorsal horn fibers (Fig. 1c and e, marked
with arrow), neuronal cell bodies (Fig. 1c, f, and g), and reactive scar-forming astrocytes (Fig.
1h) 5 months after SCI at T9. AQP-1 cellular localization was the same in injured spinal cords
analyzed 7 days or 3 months after SCI (n = 3 per group; data not shown). In this, and all other
experiments we focused on chronic changes in AQP-1 because: (i) histopathological and
molecular changes in chronically injured spinal cords have not been extensively studied,
compared with acutely injured spinal cords and (ii) AQP-1 may have a role in pathological
outcomes that occur in the chronic post-injury phase (such as development of neuropathic pain
or syringomyelia).
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Aquaporin-1 was not found in OX-42-positive resting or reactive microglia; or in CC1-positive
oligodendrocytes, in either uninjured or injured spinal cords (n = 3 per cell marker/per group;
not shown). AQP-1 was also not expressed in the spinal cord blood vessels labeled with rat
endothelial cell antigen (RECA)-1, although epidural blood vessels were positive for AQP-1
(not shown), in agreement with the finding that AQP-1 is expressed in endothelial cells outside
CNS (Verkman 2006).

Although the overall number of TUJ1-labeled axons decreased in chronically injured spinal
cords (T9; 5 months after SCI), including dorsal horn TUJ1-positive fibers (Fig. 1d; n = 3),
AQP-1 expression was increased, suggesting that elevated AQP-1 immunolabeling resulted
from the up-regulation of AQP-1 in surviving dorsal horn fibers, but more so from the increased
area occupied by AQP-1 expressing fibers below laminae I and II, that is normally not occupied
by sensory fibers that robustly express AQP-1. Note the length of the white lines in Fig. 1a and
c depicting twofold increases in the depth of AQP-1 immunolabeling in the dorsal horns after
SCI. This result suggests that elevated AQP-1 results from excessive axonal sprouting
occurring among sensory fibers in the dorsal horns after SCI. AQP-1 immunoreactivity
increased not only in the dorsal horn fibers, but also in other axons (see white matter in Fig.
1c).

Figure 1e depicted co-localization of TUJ1 and AQP-1 in the dorsal root and dorsal root entry
zone marked with the square in Fig. 1c. This image showed AQP-1 expression in sensory fibers
of all diameters, including large ones (∼20 μm; marked with the arrow), but more so in the
small diameter fibers (< 5 μm) occupying the superficial laminae of the dorsal horn (marked
with double arrow). Some of those AQP-1-positive small diameter fibers were nociceptive
fibers expressing Substance P (not shown), as previously reported by Oshio et al. 2005 and
thoroughly studied by Shields et al. (2007). In contrast, AQP-1 expression was weak, almost
undetectable in the large-diameter fibers, in agreement with Shields et al. (2007).

Aquaporin-1 levels were also increased in surviving spinal neurons (Fig. 1f; n = 3);
motoneuronal cell bodies contained considerably more AQP-1 than uninjured spinal
motoneurons (Fig. 1b). Neuronal expression of AQP-1 was confirmed with the neuronal marker
NeuN (Fig. 1g; n = 3).

Spinal cord injury also increased AQP-1 levels in reactive, hypertophic scar-forming GFAP-
positive astrocytes within the dorsal column surrounding the lesion site (Fig. 1h; marked with
oval in Fig. 1c; n = 3). Contrary to the uninjured spinal cords, AQP-1 was expressed not only
in the astrocytic cell body, but also in GFAP-positive processes [Fig. 1(h1)].

These observations are consistent with white matter astrocytes expressing more AQP-1 than
astrocytes in the gray matter, both before and after SCI. However, the markedly higher AQP-1
levels were present in the astroglial cells surrounding the lesion site.

SCI persistently increases AQP-1 protein levels
We used western blot analysis to quantitatively measure AQP-1 levels over time after SCI. As
shown in Fig. 2a, the AQP-1 antibody recognized only one band of ∼24 kDa, which appeared
only in the membrane-enriched fractions, not in the cytosolic or nuclear fractions, suggesting
that all AQP-1 proteins reside in membranes, where they are functional both in sham-treated
(S; Fig. 2a) and SCI samples (I; Fig. 2a). The SCI-induced increases in AQP-1 began soon
after SCI (approximately fivefold increase at 3 days; Fig. 2b), and persisted for at least 11
months (approximately sixfold increase compared with AQP-1 sham levels at 11 months after
sham treatment Fig. 2b). In summary, SCI-induced increases in AQP-1 levels compared with
sham levels at each time point were robust and significant (p < 0.01), and resulted from
increased AQP-1 levels in spinal neurons/fibers and reactive astrocytes (Fig. 1).
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There was also a significant increase in AQP-1 not only at the site of injury (T10), but also at
cervical (C7/C8; Fig. 2c) and lumbar regions (L4/L5; Fig. 2c), suggesting widespread changes
in AQP-1 throughout injured spinal cords. Although the changes were most robust at the site
of injury (T10; approximately four- to eightfold increase over time), the AQP-1 protein levels
changes detected in cervical and lumbar segments were approximately threefold higher than
in sham-treated rats, 69 days after SCI. We performed the same analysis 56 days after SCI,
with similar changes in both lumbar and cervical segments (n = 6 per group, not shown).
However, those changes did not occur concomitantly with AQP-1 increases at the site of injury.
We did not find AQP-1 changes in lumbar or cervical segments 3 days after SCI (not shown),
although, SCI induced fourfold increases at the site of injury (Fig. 2a), which suggests a
temporal spread of AQP-1 changes, from the time of injury.

Aquaporin-1 changes in C7/C8 and L4/L5, suggest that those increases may contribute to the
pathological processes underlying the development of hypersensitivity in forelimbs
(corresponding to C7/C8) or impairment of the locomotor recovery (L4/L5). Sham-treatment
did not significantly affect AQP-1-protein levels compared with naïve rats at different time
points, in thoracic, lumbar, or cervical segments (not shown).

Melatonin, but not hypertonicity affects AQP-1 expression
Although the mechanisms that control synthesis of AQP-1 in uninjured or injured spinal cord
cells are not known, they have been characterized in other non-CNS AQP-1-expressing cells.
For example, it has been shown that anisotonicity and oxidative stress can up-regulate AQP-1
in kidney or blood vessels, respectively (Umenishi et al. 2004, 2005; Echevarria et al. 2007).

Hypertonicity stimulates AQP-1 expression in renal cells (Umenishi et al. 2004, 2005) via a
hypertonicity-responsive element in the AQP-1 gene (Umenishi and Schrier 2003). Therefore,
we hypothesized that anisotonicity affects AQP-1 expression in spinal cords and that disturbed
osmoregulation in injured spinal cords (Frisbie 2007) may be the upstream signal that maintains
the persistent elevation of AQP-1. To test this hypothesis we administered a hypertonic solution
(6% NaCl) into the i.th. space of uninjured spinal cords over 3 weeks using osmotic minipumps.
We chose to administer the hypertonic solution for a prolonged time (3 weeks) to: (i) assure
extracellular hypertonicity in all compartments of the spinal cords; (ii) avoid detecting
compensatory changes that occur during transient anisotonicity in the brain; and (iii) simulate
possible permanent anisotonicity in injured spinal cords, and test the hypothesis that this
putative anisotonicity may be the signal that maintains persistent elevation of AQP-1, which
may affect behavioral outcomes that occur only in chronically injured spinal cords, such as
neuropathic pain (Nesic et al. 2005).

We chose 6% NaCl as a hypertonic solution based on an earlier study that showed that acutely
(i.v.) administered 7.5% of NaCl was safe and beneficial in SCI (Legos et al. 2001; and Sumas
et al. 2001). As we administered hypertonic solution intrathecally and for prolonged time, we
decided to decrease hypertonicity to 6% NaCl. To the best of our knowledge, prolonged
extracellular hypertonicity in the spinal cords has not been previously tested. There were no
adverse behavioral effects associated with the 6% NaCl treatment of uninjured rats.

Spinal cords were extracted after 3 weeks, proteins from T10 segments isolated and western
blots for AQP-1 and -4 performed. The AQP-1 levels were only slightly and insignificantly
affected (Fig. 3a). However, 6% NaCl solution treatment did affect expression of another spinal
cord aquaporin-AQP-4, which increased significantly (Fig. 3b). AQP-4, present in spinal cord
astrocytes, markedly and persistently increased after SCI (Nesic et al. 2006), much like AQP-1
(Fig. 2). This result confirmed that 6% NaCl was sufficiently hypertonic to induce changes in
AQP expression and that AQP-1 may not be primarily involved in regulating isotonicity in
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uninjured spinal cords, as in other tissues, but likely has other functions, as we proposed in the
discussion.

It has also been shown that hypoxia regulates AQP-1 expression in endothelial cells (Echevarria
et al. 2007). Hypoxic conditions, which are characterized by increased protein levels of the
transcription factor Hif-1α (Semenza 2000) have been reported in acutely injured spinal cords
(Xiaowei et al. 2006), but not in chronically injured ones. We found a significant increase in
nuclear Hif-1α in subchronic (1.6-fold at 14 days) and chronic (1.5-fold at 42 days) post-injury
phases at the site of injury (T10; Fig. 3c). These observations confirmed the presence of chronic
hypoxia in injured spinal cords and supported the hypothesis that hypoxia may be the
mechanism triggering and maintaining increased AQP-1 protein levels after SCI (Fig. 2).

To test this hypothesis, we administered melatonin, a well-characterized antioxidant (Reiter
et al. 2001) i.p. daily for 14 or 35 days (1 mL i.p.; 10 mg/kg). We decided to use melatonin as
an antioxidant because it is not toxic; it is safe even in humans (Weishaupt et al., 2006); an
important characteristic for a drug that had to be administered for several weeks. Furthermore,
melatonin can be administered i.p. as it readily crosses blood–brain barrier (Reiter et al.
2004). Intraperitoneal injections are more reliable for long-term administrations, as drug
instability and clogging of the catheters can pose a problem when osmotic minipumps are used
for i.th. or direct injections. The concentration of melatonin (10 mg/kg body weight) was chosen
based on the report by Kaur et al. (2006), showing beneficial effects of melatonin treatment
after ischemic brain injury and decreased ischemia-induced AQP-4 levels. Melatonin was
dissolved in 100% ethanol and diluted with sterile saline (0.9% NaCl) such that the final
concentration of ethanol was 5%. Accordingly, the vehicle solution used in experiments was
sterile saline containing 5% ethanol.

As shown in Fig. 3d and e, SCI induced significant 5.3-fold increases in AQP-1 protein levels
compared with sham levels at T10 (*p < 0.05), while melatonin treatment significantly
decreased AQP-1 protein levels by 61.5% (#p < 0.05). Similar results were obtained after 5
weeks of melatonin treatment (Fig. 3f).

We confirmed that i.p. administration of melatonin at the dose used had the expected effect in
diminishing radicals in melatonin-treated SCI rats by measuring nitrosylation levels of proteins
in three groups of rats: three sham rats treated with vehicle, three SCI rats treated with vehicle,
and three SCI rats treated with melatonin. Melatonin has been shown to decrease nitric oxide
synthesis and resultant protein nitrosylation of the tyrosine residues (3-nitrotyrosine, Conti et
al. 2007). SCI induced marked nitrosylation of several unidentified proteins in T10, 14 days
after SCI. In Fig. 3g, we presented one unidentified nitrosylated protein of about 25 kDa.
Melatonin significantly decreased nitrosylation levels of this, and several other unidentified
proteins (∼50 and ∼75 kDa). However, not all proteins nitrosylated after SCI were sensitive
to melatonin treatment (not shown).

Melatonin decreases pain and AQP-1 in the dorsal horns after SCI
Increased sensitivity to mechanical stimuli that are normally innocuous (e.g. mechanical
allodynia) is one of the devastating manifestations of the neuropathic pain that majority of SCI
patients develop after injury (Tasker and Dostrovsky 1989). Mechanical allodynia is also well
established in the rat model of contusion SCI (Hulsebosch et al. 2000) that was used in all our
experiments. Increased sensitivity to mechanical stimuli in the trunk region in vehicle-treated
SCI rats was significantly diminished in melatonin-treated SCI rats, as shown in Fig. 4a. We
showed mechanical allodynia in the dermatomes (trunk region) corresponding to spinal regions
around the site of injury, where we showed the effect of melatonin on AQP-1 protein levels
(Fig. 3d–f). The average threshold in the vehicle-treated SCI group was ∼80% lower than the
average threshold in the same group of rats measured before the injury. However, the
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corresponding threshold value for the SCI group treated with melatonin decreased by only
∼30%, not statistically different from the average pre-SCI threshold. The difference between
the average thresholds in the vehicle- and melatonin-treated SCI groups 35 days after SCI was
statistically significant (p = 0.013).

Locomotor recovery measured using the BBB scale (Basso et al. 1995) showed that BBB scores
were indistinguishable between vehicle- and melatonin-treated SCI rats (Fig. 4b). This result
may suggest that melatonin did not decrease overall injury or lesion size, in contrast to the
previous reports (Genovese et al. 2005; Gul et al. 2005).

Analysis of the AQP-1 labeling in the dorsal horn revealed that the intensity of AQP-1
immunolabeling was also diminished in the dorsal horns of melatonin-treated SCI-rats (Fig.
4c), suggesting that decreased AQP-1 in dorsal horns of SCI rats treated with melatonin may
be causally linked to the reduced pain in melatonin-treated SCI rats, as shown in Fig. 4a.
Furthermore, decreased AQP-1 immunolabeling resulted primarily from the reduced area
occupied by AQP-1-expressing fibers; e.g. the depth of the AQP-1 immunoreactivity of
AQP-1-positive sensory fibers in the dorsal horn was decreased (see the white line in the
representative AQP-1 immunolabeling), indicating that melatonin reduced excessive, aberrant
sprouting of sensory AQP-1-positive fibers in dorsal horn regions below laminae I and II, and
thus diminished mechanical allodynia.

Discussion
Aquaporin-1 protein levels are significantly and persistently elevated for up to 11 months after
SCI in sensory axons, neurons, astrocytes, and ependymal cells, despite considerable loss of
AQP-1-expressing neurons and axons at the site of injury. Multicellular localization and
widespread up-regulation of AQP-1 suggest its possible contribution to different
neuropathological outcomes after SCI.

To identify signals that can influence AQP-1 expression, we tested the effect of extracellular
hypertonicity, given the presence of a hypertonicity-responsive element in the AQP-1 promoter
(Umenishi and Schrier 2003). However, even long-lasting, continuous hypertonicity did not
affect AQP-1 levels, although it significantly increased AQP-4 levels (not reported before).
Increased AQP-4 is likely an astrocytic compensatory mechanism that counterbalances
extracellular hypertonicity, for example astrocytes take up more water from the blood and
redistribute it into the extracellular space. Because of the AQP-4 changes, and probably other
osmoadaptive processes, rats exposed to long-term hypertonicity did not show any pathological
behavioral changes (not shown). If astrocytic AQP-4 was responsible for osmoadaptive
changes and for maintaining spinal cord isotonicity, what then is the function of AQP-1? If not
anisotonicity, what are the signals that underlie persistent AQP-1 up-regulation after SCI?

We identified oxidative stress as one SCI-triggered process that contributes to AQP-1 up-
regulation, as the antioxidant melatonin reduced AQP-1 increases. Although melatonin may
have an immunosuppressive role (Ekmekcioglu 2006), its best documented role is decreasing
reactive oxygen species levels (Allegra et al. 2003; Tan et al. 2003; Rodriguez et al. 2004;
Reiter et al. 2005). The effect of melatonin on AQP-1 has not been previously investigated.

Hypoxic conditions characterized by increased Hif-1α levels exist not only soon after SCI
(Xiaowei et al. 2006), but also in chronically injured spinal cords, as we report here. Thus,
chronic hypoxia may contribute to persistent increases in AQP-1 after SCI. Hypoxia stimulates
AQP-1 expression in endothelial cells (Echevarria et al. 2007), where AQP-1 plays a role in
angiogenesis and migration by affecting cytoskeletal rearrangement and lamelipodia
protrusion (Verkman 2006). We believe that AQP-1 in the spinal cord may play a role in
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astrocytic migration or in the axonal elongation via a similar mechanism involving the intake
of water through AQP-1 channels that precedes axonal elongation.

As shown in Fig. 5, we found that the pattern of AQP-1 expression in the dorsal horns was
similar to that of GAP-43, important in axonal growth during embryogenesis, in synaptic
remodeling and plasticity, and in regeneration after injury (Kruger et al. 1993;Carulli et al.
2004). GAP-43 resides in the growth cones of growing neurites, where it interacts with F-actin-
associated adhesion molecules and/or extracellular matrix complexes to promote neurite
extension (He et al. 1997;Shen et al. 2002). We found that GAP-43 co-localizes with AQP-1
in both uninjured and injured spinal cords (Fig. 5a and b). As with AQP-1, the highest GAP-43
labeling was found within unmyelinated, small-diameter nerve fibers in the superficial laminae
of the dorsal horns, in agreement with Nacimiento et al. (1993). This indicates a high degree
of plasticity of sensory axons; e.g. they are capable of sprouting and structural reorganization
that appear to be necessary for normal processing of sensory information. Although correlative,
our findings (Fig. 5) may indicate a possible role for AQP-1 in axonal remodeling and plasticity,
necessary for normal sensory processing.

As dorsal horn fibers normally have high GAP-43 expression levels (Fig. 5a), it is not surprising
that SCI-stimulated GAP-43 increases (Fig. 5c) result in non-specific and excessive sprouting
in nociceptive fibers, which has been proposed as a mechanism of neuropathic pain after SCI
(Macias et al., 2006), or underlying autonomic dysreflexia (Cameron et al. 2006). Our results
demonstrate that because of excessive sprouting, AQP-1-positive fibers, which normally
occupy only laminae I and II, penetrate deeper into the injured dorsal horn. Our experiments
also show that melatonin treatment of SCI rats reduces: (i) AQP-1 levels; (ii) appearance of
AQP-1-positive fibers below laminae I and II; and (iii) mechanical allodynia, thus indicating
a possible causal relationship between AQP-1 with excessive axonal sprouting and subsequent
chronic pain.

A possible consequence of increased AQP-1 levels in all spinal axons and neurons is the well-
established neuronal/axonal swelling in injured spinal cords (Nashmi and Fehlings 2001). It is
likely that the mechanism of SCI-induced neuronal/axonal swelling has not previously been
defined, as neuronal AQPs have not been identified in spinal cords until now. Thus, hypoxic
conditions may contribute to chronic accumulation of water within neurons and cytotoxic
edema that can account for the increased water content in chronically injured spinal cords, that
we previously reported (Nesic et al. 2006).

Sustained up-regulation of AQP-1 in ependymal cells may result in the over-production of CSF
and formation of CSF-filled cysts after SCI. Formation and enlargement of cysts
(syringomyelia) is a serious and untreatable complication after SCI (Klekamp and Samii, 2002;
Evans et al. 2002). It has already been shown that AQP-1 has a role in the formation of CSF-
filled cysts (Basaldella et al. 2007; Longatti et al., 2006).

We found markedly increased AQP-1 levels in reactive astrocytes, surrounding the lesion site.
AQP-1 expression has been reported in reactive astrocytes in several neuropathological
conditions (Rodríguez et al. 2006; Suzuki et al. 2006; Chen et al. 2006; Barrachina et al., 2007),
although its role is still unclear. McCoy and Sontheimer (2007) have recently suggested that
AQP-1 may play a role in the migration of malignant astrocytes. Consistent with this is our
finding that only reactive astrocytes around the lesion site showed high AQP-1 expression
levels, while reactive astrocytes at a distance from the lesion rim expressed markedly less
AQP-1. Therefore, given that hypoxia stimulates astrocytic migration (Zhang et al. 1999; Xu
et al. 2007) it is possible that hypoxic conditions after SCI trigger AQP-1 synthesis in
astrocytes, as an attempt of injured spinal cords to facilitate astrocytic migration to the lesion
site. However, the role of AQP-1 in the migration of astrocytes after SCI remains to be
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investigated. Considering the lack of safe and specific AQP-1 inhibitors (Yang et al. 2006), in
the future we plan to use AQP-1 small interfering RNA (Splinter et al. 2003; Boassa et al.
2006) to directly test a causal relationship between AQP-1 and astrocyte migration after SCI
in rats.

In summary, constant hypoxic conditions in chronically injured spinal cords persistently
elevate AQP-1 in neurons, ependymal cells, astrocytes, and sensory fibers, and so may
contribute to different pathological conditions after SCI, such as neuronal/axonal swelling,
over-production of CSF and formation of cysts, or excessive axonal sprouting underlying the
development of neuropathic pain and autonomic dysreflexia. Therefore, it is necessary to
further characterize AQP-1 functions in SCI and identify safe interventions that specifically
target AQP-1 functions.
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Fig. 1.
Cellular localization of AQP-1 in uninjured and injured spinal cords. (a) AQP-1 (red)
expression in sham spinal cords in T9; 5 months after sham treatment. AQP-1 was primarily
expressed in Laminae I and II of uninjured dorsal horns (arrow), but also in ependymal cells
lining the central canal (star). (b) AQP-1 (red) was weakly expressed in neuronal cell bodies
in uninjured spinal cords, here depicted in motoneuronal somata in the ventral horn of the sham-
treated rats presented in (a) (long arrow). Neuronal cell bodies surrounded with GFAP-positive
astrocytes (green) were clearly visible. GFAP-labeled astrocytes in the gray mater (GM) also
expressed low levels of AQP-1 (marked with the small arrow). (c) GFAP-positive white matter
(WM) astrocytes (ci) expressed AQP-1(cii) in cell bodies and processes. Those AQP-1-
expressing cell bodies were not identified with CC-1 marker that labels oligodendrocytic
somata, so it is likely that AQP-1 is expressed in astrocytic cell bodies in the white matter.
Somatic expression of AQP-1 was not observed in gray matter astrocytes. Co-labeing of AQP1
and GFAP was visible in astrocytic processes (ciii). (d) SCI induced increased labeling of
AQP-1 in sensory fibers (arrow) and ependymal cells (star; T9 segment 5 months after SCI).
AQP-1 positive sensory fibers (arrow) enter dorsal horns via dorsal roots (marked with the
square f). Calibration bar: 100 μm. (e) TUJ1 positive axons (green) in uninjured (sham; ei) and
injured spinal cords (T9; 5 months after SCI; eii). TUJ-1 labeling markedly decreased in
chronically injured spinal cords (SCI), because of the loss of axons throughout spinal cords,
including dorsal horn sensory fibers (arrow). Note the shrinkage of chronically injured spinal
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cords and significant decrease in the overall size of the T9 segment, partly because of the
reduced number of axons. (f) AQP-1 expression (red; fi) in TUJ-positive fibers (green; fii) in
dorsal root and dorsal horn (spinal cord segment labeled with the square in injured spinal cord,
Fig. 1d). Large-diameter fibers expressed low levels of AQP-1 (arrow), in contrast to the small-
diameter fibers (<5 μm; double arrow), that expressed significantly higher levels of AQP-1
(calibration bar: 50 μm). (g) Motoneuronal cell bodies expressed visibly more AQP-1 (red) in
chronically injured spinal cords (5 months after SCI in T9) than in corresponding sham samples
(Fig. 1b). Calibration bar: 50 μm. (h) Neuronal expression of AQP-1 (red) was confirmed using
the neuronal-specific marker NueN that selectively stains neuronal nuclei and cell bodies
(green). Calibration bar: 25 μm. (i) Hypertrophic, reactive GFAP-positive astrocytes (green,
ii) that formed SCI-induced scar in the dorsal column (marked with oval in Fig. 1d) expressed
the highest AQP-1 levels (red; i) versus all other astrocytes. Calibration bar: 25 μm. A
magnified astrocyte (iv; marked with arrows) was co-labeled with GFAP (green), AQP-1(red),
and DAPI (blue), and showed high expression levels of AQP-1 in both the cell body and
processes.
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Fig. 2.
AQP-1 western blots. (a) AQP-1 western blot analysis of different subcellular compartments.
AQP-1 western blot obtained using polyclonal anti-AQP-1 Ab showed only one band of ∼24
kDa. Here, we show representative AQP-1 western blot analysis in different subcellular
compartments: membrane-enriched fraction (Membr); cytoplasmic (Cyto), and nuclear (Nucl).
We analyzed one sham (S) and one SCI sample (I), obtained by pooling three segments: T9,
T10 (site of injury) and T11, 35 days after sham treatment or SCI. The AQP-1 band appeared
only in the membrane-enriched fraction, and not in the cytoplasmic or nuclear fractions. The
intensity of AQP-1 band was markedly increased in injured spinal cord. (b) Time course of
AQP-1expression changes after SCI. Quantitative analyses of immunoblotted AQP-1
expression (western blots) in uninjured and injured spinal cords (at the site of injury, T10) at
different time points after SCI: 3 days (n = 3 for sham; n = 4 for SCI and n = 2 for naïve; not
shown), 7 days (n = 4 for sham, n = 5 for SCI and n = 4 for naïve, not shown); 22 days (n = 4
for both sham and SCI); 40 days (n = 3 for sham and n = 7 for SCI); 56 days (n = 6 for sham
and n = 4 for SCI); and 69 days (n = 5 for sham, n = 5 for SCI and n = 2 naïve; not shown);
presented as equidistant time points on the X-axis. The Y-axis represents the relative intensity
of the 24 kDa AQP-4 band normalized to β-actin, and then to sham values (set to 1). AQP-1
protein levels showed significant and chronic up-regulation in months after SCI (Bonferroni
multiple comparisons tests; *p < 0.05). (c) SCI-induced AQP-1 changes in cervical and lumbar
segments. Representative AQP-1 western blots showing the AQP-1 band (∼24 kDa) in three
sham samples (S1–S3) and five SCI samples (I1–I5) 69 days after SCI in three spinal regions:
cervical (pooled C7 and C8); site of injury (T10) and lumbar (pooled L4 and L5).
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Fig. 3.
Melatonin, but not hypertonicity affects AQP-1 expression. (a) Effect of hypertonicity on
AQP-1 in uninjured rats. Two groups of sham-treated rats (n = 5 per group) were implanted
with intrathecal catheters connected to osmotic minipumps. One group received isotonic
solution (0.9% NaCl) continuously (2.5 μL/h) over 3 weeks; the other received hypertonic
solution (6% NaCl) continuously (2.5 μL/h) over 3 weeks. Spinal cords were extracted after 3
weeks; proteins extracted from T10, and AQP-1 western blots performed. Western blot data
are presented below the bar graph. S1–S5: sham rats receiving isotonic solution; H1–H5: sham
rats receiving hypertonic solution. Quantitative analysis of the western blot data (bar graphs)
showed that hypertonic solution did not significantly increase AQP-1 levels. Only one sample
(H3) had higher AQP-1 levels that may have resulted from an accidental injury during
intrathecal catheterization, and not from the differences in the sample loading (see β-actin).
Because of that outlier, average AQP-1 levels seem higher in rats treated with hypertonic
solution, although the difference was not statistically significant. However, AQP-1 levels in
all other uninjured samples (n = 4) treated with hypertonic solution were indistinguishable
from samples treated with isotonic solution (n = 5). AQP-1 protein levels were first normalized
to β-actin (shown below the AQP-1 western blot data). All data were then normalized to AQP-1
levels in sham rats receiving isotonic solution (set to 1). (b) Effect of hypertonicity on AQP-4
in uninjured rats. In the same samples used in (a), we separately measured the protein levels
of AQP-4 using western blots (∼30 kDa). All five samples from sham rats treated with
hypertonic solution (H1–H5) had higher AQP-4 protein levels than uninjured samples treated
with isotonic solution (S1–S5). The bar graph shows a statistically significant increase in AQP-4
protein levels induced by hypertonicity (*p < 0.05). (c) Hif-1α is increased in chronically
injured spinal cords. SCI induced significant up-regulation of nuclear Hif-1α at T10, both at
14 and 42 days after SCI. Here, we present Hif-1α western blots of five sham samples and
seven SCI samples 14 days after SCI, and three sham samples and six SCI samples 42 days
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after SCI. (d) The effect of the antioxidant melatonin on AQP-1 expression 14 days after SCI.
Representative western blot data showing AQP-1 levels in T10 of: (1) sham-treated rats (n =
5; S1–S5) that received intraperitoneal injections of vehicle daily for 14 days; (2) SCI rats that
received vehicle n = 5(I1–I5); and (3) SCI rats that received melatonin (10 mg/kg; n = 5; M1–
M5). Rats were killed 2 weeks after SCI, proteins extracted from T10 and AQP-1 western blots
performed for AQP-1 and β-actin. (e) Quantitative analysis of western blot data presented as
bar graphs show that SCI induced 5.3-fold increases in AQP-1-protein levels 14 days after SCI
(*p < 0.05), in agreement with our data presented in Fig. 2. Melatonin treatment significantly
reduced AQP-1 levels at day 14 post-contusion by ∼60% (#p < 0.05). (f) The effect of the
antioxidant melatonin on AQP-1 expression 35 days after SCI. In a similar experimental
paradigm, one group of sham rats (n = 4) was treated with vehicle daily for 35 days, one group
of SCI rats was treated with vehicle (n = 5), and one group of SCI rats was treated with
melatonin (n = 4) for 35 days. SCI-induced fourfold significant increases in AQP-1 levels in
T10, 35 days after SCI were significantly reduced (#p < 0.05) in melatonin treated SCI rats by
41.5%. (g) SCI-induced protein nitrosylation decreases in melatonin-treated SCI rats. Western
blot analysis of nitrosylated proteins in nine samples, in the same experimental paradigm
described under (d). Here, we present a representative but unidentified protein band of ∼25
kDa in three sham samples (treated with vehicle), three SCI samples (treated with vehicle),
and three SCI samples treated with melatonin (SCI + M). The intensity of that band significantly
increased in injured spinal cords (T10; 35 days after SCI; p < 0.05), but was significantly
decreased (p < 0.01) in melatonin-treated SCI rats.
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Fig. 4.
Melatonin decreases pain and AQP-1 in the dorsal horns after SCI. (a) Mechanical allodynia
in the trunk region (girdling). We used Von Frey filaments to determine pain threshold values
(in grams, presented on Y-axis as average values ± SD). The pain thresholds in all rats before
SCI were between 40 and 50 g. Rats were divided into three groups: (1) rats that will be injured,
and will receive vehicle (V) via i.p injection for 35 days, (2) rats that will be injured and will
receive i.p. melatonin (M) for 35 days, (3) and rats that will undergo sham treatment and will
receive i.p. vehicle for 35 days (not shown). The threshold values for sham rats (n = 13) 35
days after sham-treatment were unchanged compared with their baseline values before
undergoing sham treatment (not shown). The average threshold for vehicle-treated SCI rats
(SCI + V; n = 9) before SCI was 49.78 ± 19 g, but significantly decreased to 8.25 ± 0.7 g 35
days after SCI. However, the average threshold for melatonin-treated SCI rats (SCI + M; n =
10) decreased from 51.15 ± 32.84 before SCI to 32.4 ± 24 g 35 days after SCI. Therefore,
melatonin-treated SCI rats have significantly higher pain threshold values than vehicle-treated
SCI rats (p = 0.013). (b) Locomotor recovery. BBB scores were measured over a 35 days period
in two groups of SCI rats: rats that received vehicle for 35 days (I + V; n = 9) and rats that
received melatonin for 35 days (I + M; n = 10). The experimental paradigm used in this
experiment is explained in Fig 3d. BBB scores were presented as average values ± SD in both
vehicle and melatonin-treated SCI rats, and were undistinguishable. (c) AQP-1
immunolabeling in dorsal horns of T9 segments 35 days after SCI, in two groups of rats: SCI
rats that received vehicle for 35 days (SCI + V; n = 3) and SCI rats that received melatonin for
35 days (SCI + M; n = 3). Here we show a representative image of AQP-1 immunoreactivity
(IR) in the left panel, and semi-quantitative analysis of AQP-1 IR in the dorsal horns, in the
bar graph below. For semiquantitative analysis of AQP-1 in the dorsal horns, we normalized
AQP-1 intensity to the area of the dorsal horn taken for each measurement in each of five
sections per rat. Not only did the average intensity of the AQP-1 signals markedly decrease in
melatonin-treated rats (bar graph), but melatonin also reduced the depth of AQP-1 labeling in
the dorsal horns of SCI rats (see white line in the images above). The images used for the
analysis were taken in segment T9 from three rats per group, 35 days after SCI.
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Fig. 5.
Co-localization of AQP-1 and GAP-43 in uninjured (a) and injured spinal cords (b). We
analyzed GAP-43 and AQP-1 immunolabeling in T9 sections of sham and SCI spinal cords,
1 and 5 months after sham treatment or SCI (n = 3 per group). We used a GAP-43 antibody
that recognizes both non-phosphorylated and phosphorylated (activated) GAP-43. As with
AQP-1, GAP-43 was most abundant in the superficial laminae of the dorsal horn. Analogous
to AQP-1, GAP-43 was increased after SCI throughout the spinal cords, including the GAP-43
labeling in the dorsal horns of SCI rats. AQP-1 and GAP-43 co-localized within the same
afferent sensory fibers, as presented in the high-magnification image of the spinal region
labeled with the white square. (c) SCI-induced increases in GAP-43 were confirmed with
GAP-43 western blots 14 or 42 days after sham-treatment or SCI in T10 segments. We analyzed
three sham and three SCI samples.
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