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XPRESSION OF AQUAPORIN WATER CHANNELS IN MOUSE SPINAL
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otrero Avenue, Building 1, Room 101, San Francisco, CA 94110,
SA
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bstract—Aquaporins (AQPs) are membrane proteins in-
olved in water transport in many fluid-transporting tissues.
quaporins AQP1, AQP4, and AQP9 have been identified in
rain and hypothesized to participate in brain water ho-
eostasis. Here we use reverse transcriptase-polymerase

hain reaction (RT-PCR), Western blotting and immunohisto-
hemistry to describe the expression and immunolocaliza-
ion of AQPs in adult mouse spinal cord. AQP4 was ex-
ressed in glial cells, predominantly in gray matter, and in
strocytic end-feet surrounding capillaries in spinal cord
hite matter. AQP9 expression extensively co-localized with
lial fibrillary acidic protein-immunoreactive astrocytes, lo-
ated predominantly in the white matter. AQP5 was detected
y RT-PCR but not by immunohistochemical analysis. Inter-
stingly, AQP8 was detected primarily in ependymal cells
ining the fluid-filled central canal. The aquaporin expression
attern in spinal cord suggests involvement in water ho-
eostasis and diseases associated with abnormal water
uxes such as spinal cord injury and syringomyelia. © 2004
ublished by Elsevier Ltd on behalf of IBRO.

ey words: spinal cord, water transport, aquaporins, knock-
ut mice.

he aquaporins (AQPs) are a family of hydrophobic intrin-
ic membrane proteins that function as “water channels” in
any cell types involved in fluid transport. AQP-1 was first

dentified from red blood cells and renal proximal tubular
pithelium (Denker et al., 1988). Recent results indicate
ultiple physiological roles for AQPs outside of the kidney

Verkman, 2000, 2002), and in particular a role for AQPs in
he CNS (Venero et al., 2001; Badaut et al., 2002; Amiry-
oghaddam and Ottersen, 2004). For example, AQP-4 is
xpressed throughout the brain at brain–blood and brain–
erebrospinal fluid (CSF) interfaces where it is thought to
lay a role in edema formation and CSF absorption
Nielsen et al., 1997; Rash et al., 1998). Previously, we
ound that mice deficient in AQP4 (AQP4 �/�) had de-
reased cerebral edema and improved neurological out-
ome following water intoxication and focal cerebral isch-

Corresponding author. Tel: �1-415-206-4467; fax: �1-415-206-4466.
-mail address: manley@itsa.ucsf.edu (G. T. Manley).
bbreviations: AQP, aquaporin; CSF, cerebrospinal fluid; PBS,
lhosphate-buffered saline.

306-4522/04$30.00�0.00 © 2004 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2004.03.016
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mia (Manley et al., 2000). Thus, AQPs may have a struc-
ural and functional role in the adult CNS. The localization
f other AQPs in the brain has also been described. AQP1

s expressed in the choroid plexus where it may play a role
n CSF production (Nielsen et al., 1993). Like AQP4,
QP-9 is expressed in astrocytic cell bodies and pro-
esses (Badaut et al., 2002). Both AQP4 and AQP9 ex-
ression appear to be upregulated after ischemic insult
nd may play a role in brain edema associated with stroke
Taniguchi et al., 2000; Badaut et al., 2001).

Despite the above studies reporting AQP expression
nd function in brain, there is limited information regarding
QP expression and function in spinal cord. AQP4 expres-
ion studies suggest that it is expressed in spinal glial cells
Frigeri et al., 1995a; Rash et al., 1998). We also reported
n a preliminary analysis that AQP1 was expressed in
eripheral nerve fibers that project to the dorsal horn of the
pinal cord (Solenov et al., 2002). In this study, a novel

maging method used to map changes in water content of
pinal cord slices from wild-type and AQP knockout mice
emonstrated that AQPs can facilitate osmotically induced
ater transport in the spinal cord (Solenov et al., 2002).
ike the brain, the spinal cord responds to a variety of

njuries and diseases with dramatic water fluxes and
dema (Wang et al., 1993; Orr et al., 1994); thus, AQPs
ay play a role in spinal cord function and water ho-
eostasis. The goal of this study is to provide a compre-
ensive description of expression and localization of AQP
amily members in adult mouse spinal cord.

EXPERIMENTAL PROCEDURES

ll animal experiments were carried out with a protocol approved
y the UCSF Committee on Animal Research and in accordance
ith the NIH Guide for the Care and Use of Laboratory Animals.
are was taken to minimize the number of animals used and their
uffering.

everse transcriptase-polymerase chain reaction
RT-PCR) analysis

pinal cords were carefully microdissected from outbred CD1
ild-type mice (n�4) after euthanasia by 2,2,2-tribromoethanol

Aldrich Milwaukee, WI, USA) overdose. Cervical segments were
mmediately homogenized in Trizol reagent (Gibco BRL, Carls-
ad, CA, USA) for total RNA isolation. After reverse transcription,
CR was carried out using gene-specific primers designed to
mplify portions of the coding sequences of each of the mouse
QPs as described in Table 1. Control PCR reactions were done

n parallel using as template a cDNA mixture prepared from brain,

ung, kidney, and liver.
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estern blot analysis

estern blot analysis was performed on cervical spinal cord from
ild-type, AQP4 �/� and AQP5 �/� mice from an outbred CD1
enetic background (n�3, each group). Control protein prepared
rom brain, lung, kidney, liver, and testis was processed in parallel.
amples were homogenized in 250 mM sucrose, 10 mM Tris–HCl
nd 20 �g/ml PMSF, pH 8.0, and centrifuged at 1000�g for 10
in at 4 °C. Protein concentration was determined by Bradford
ssay (Bio-Rad, Hercules, CA, USA). Protein samples were elec-
rophoresed on 12% Tris-glycine gels (Invitrogen, Carlsbad, CA,
SA) and electrotransferred to a PVDF membrane (Amersham,
iscataway, NJ, USA). The membrane-blotted proteins were
locked with 3% nonfat milk for 30 min and incubated with primary
ntibodies for 2 h. Primary antibodies were affinity-purified poly-
lonal rabbit anti-rat AQPs (Chemicon, Temecula, CA, USA) with
he following dilutions: anti-AQP4 1:1000, anti-AQP5 1:2000, anti-
QP8 1:4000, anti-AQP9 1:10,000. After rinsing, membranes
ere incubated in 1:5000 peroxidase-linked donkey anti-rabbit

gG (Amersham) for 30 min, and detected by chemiluminescence
ECL Plus; Amersham).

mmunohistochemistry

or immunohistochemistry, the same affinity-purified polyclonal
abbit anti-rat AQPs antibodies (Chemicon) were used. AQP4-
nd AQP5-deficient mice were used to control for the specificity of
he AQP immunolabeling (Ma et al., 1997, 2000; Ishibashi et al.,
998; Verkman, 2000). Optimal antibody dilutions were deter-
ined by lack of any immunohistochemical signal in appropriate

nockout mouse tissues. Because AQP8- and AQP9-deficient
ice are not yet available, working dilutions of anti-AQP8 and
nti-AQP9 antibodies were decided by using peptide
re-incubation. Antibody dilutions for peroxidase immunohisto-
hemistry were: anti-AQP4 1:500, anti-AQP5 1:2000, anti-AQP8
:4000, and anti-AQP9 1:1000. Optimal dilutions for fluorescence

mmunohistochemistry were: anti-AQP4 1:200, anti-AQP8 1:1000,
nd anti-AQP9 1:200. For preparation spinal cord sections, mice
ere anesthetized with 2,2,2-tribromoethanol (0.5 mg/g BW i.p.),
erfused with 2% paraformaldehyde (pH 7.4) in phosphate-buff-
red saline (PBS). Spinal cords (n�6) were post-fixed in perfusion

able 1. Mouse aquaporin primers

ene Primer Product
size
base pair

QP1 5�-TGCGTTCTGGCCACCACTGAC-3� 327
5�-GATGTCGTCAGCATCCAGGTC-3�

QP2 5�-GCCATCCTCCATGAGATTACC-3� 305
5�-ACCCAGTGATCATCAAACTTG-3�

QP3 5�-CTGGACGCTTTCACTGTGGGC-3� 309
5�-GATCTGCTCCTTGTGTTTCATG-3�

QP4 5�-CTGGAGCCAGCATGAATCCAG-3� 310
5�-TTCTTCTCTTCTCCACGGTCA-3�

QP5 5�-CTCTGCATCTTCTCCTCCACG-3� 335
5�-TCCTCTCTATGATCTTCCCAG-3�

QP6 5�-TCTGTTCTGCCCTGGCCTGTG-3� 305
5�-ACCGCCTGGCCAGTTGATGTG-3�

QP7 5�-GAGTCGCTAGGCATGAACTCC-3� 302
5�-AGAGGCACAGAGCCACTTATG-3�

QP8 5�-CAGCCTTTGCCATCGTCCAGG-3� 311
5�-CCTAATGAGCAGTCCTACAAAG-3�

QP9 5�-CCTTCTGAGAAGGACCGAGCC-3� 300
5�-CTTGAACCACTCCATCCTTCC-3�
uffer for 6 h and cryoprotected in 20% sucrose/PBS. Fourteen d
icrometer coronal cryostat sections were prepared from cervical
ord segments. For immunoperoxidase labeling, endogenous per-
xidase activity was quenched with 3% H2O2/methanol, and slides
ere blocked in 5% normal goat serum (Vector, Burlingame, CA,
SA). Primary antibodies were incubated overnight at 4 °C (dilu-

ions above). After extensive washing, tissues were incubated in
:500 biotinylated goat anti-rabbit IgG (Vector) followed by 1:100
BC reagent (Vector), developed with diaminobenzidine (Sigma,
t. Louis, MO, USA). For double-labeling immunofluorescence,
lides were blocked in 5% bovine serum albumin (Sigma) followed
y incubation in primary antibody overnight at 4 °C. Slides were
hen incubated with the following secondary antibodies diluted
:200: Texas-Red-conjugated goat anti-rabbit IgG (Vector), and
lexa Fluor 488-labeled goat anti-rabbit IgG antibodies (Molecular
robes, Eugene, OR, USA). For glial fibrillary acidic protein

GFAP) immunohistochemistry, a mouse monoclonal anti-GFAP
ntibody (Sigma) diluted 1:500 was co-incubated with secondary
ntibodies for 2 h. Mouse anti-NeuN monoclonal antibody (1:500;
hemicon) was used as a neuronal marker. Slides were cover-
lipped and then examined using an Olympus microscope
quipped with bright field and fluorescence optics.

RESULTS

T-PCR analysis

T-PCR was carried out to identify transcripts encoding
ammalian AQPs in mouse spinal cord (Fig. 1). Reverse-

ranscribed cDNA prepared from microdissected cervical
pinal cord was PCR-amplified using specific primers for
ouse AQP1-9. Although AQP10 has been reported in
uman (Ishibashi et al., 2002), we did not amplify the
ouse AQP10 gene, as it has been recently shown to be
pseudogene (Morinaga et al., 2002). Fig. 1 shows a

trongly amplified AQP4 fragment and weakly amplified
ands for AQP5, AQP8, and AQP9. Amplified fragments
or AQP1, AQP2, AQP3, AQP6, and AQP7 were not seen

ig. 1. RT-PCR analysis of AQPs in spinal cord. Mouse spinal cord
NA was reverse-transcribed and gene-specific primers for each of

he nine AQPs were used for PCR amplification cDNA. Control lanes
C) represent amplification of a mixture of cDNAs from brain, lung,
iver, kidney and testis, which contain all known mouse AQPs. Lanes

arked S correspond to amplifications done using spinal cord cDNA
s template. Expression of AQP4, AQP5, AQP8 and AQP9 was iden-

ified. There was no expression of AQP1, AQP2, AQP3, AQP6 and
QP7.
espite appropriate positive controls. Similar results were
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btained in thoracic and lumbar spinal cord (data not
hown). Based on these results, Western blotting and
mmunohistochemistry were done for AQP4, AQP5, AQP8

ig. 2. AQP4 expression in mouse spinal cord. (A) Western blot ana
Control) and wild-type spinal cord (�/�). No expression was detected
eveals extensive expression in gray and white matter in cervical spina
pinal cord from AQP4 �/� mice (�/�) (b). Dense AQP4 staining (gr
urrounding capillaries (d). GFAP-immunopositive (red) glial processes

n ependymal cells lining the central canal (f). GFAP and AQP4 were c
atter, AQP4 was co-expressed prominently with GFAP-immunoreac

imitans (h). (c–h; Red: GFAP, Green: AQP4.) Black scale bar�0.2 m
nd AQP9. w
QP4 expression
estern blot analysis for AQP4 demonstrated a strong 32

Da band in spinal cord wild-type mice (Fig. 2A). This band

onstrates an approximately 32 kDa band in control cerebral cortex
from AQP4-deficient mice (�/�). (B) Immunohistochemistry for AQP4
m wild-type mice (�/�) (a). No specific immunostaining was found in
eared extensively in gray matter (c), especially in astrocytic end-feet
g to capillaries were observed (e). Faint AQP4 staining was detected

ed in fibrous thin astrocytes in the superficial dorsal horn (g). In white
l fibrous glial processes surrounding the blood vessels and the glia
scale bar�0.1 mm.
lysis dem
in tissue
l cord fro
een) app
extendin

o-localiz
tive radia
as absent in spinal cord from AQP4 �/� mice. Immuno-
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istochemical analysis demonstrated that AQP4 was ex-
ressed in both gray and white matter in spinal cord from
ild-type mice (Fig. 2B-a). As expected, there was no

mmunostaining in spinal cord from AQP4 �/� mice (Fig.
B-b). Intense AQP4 staining was found throughout the
ray matter, especially in the astrocytic end-feet surround-

ng the capillaries (Fig. 2B-c, d). Large motor neurons in
he anterior horn did not express AQP4. The morphology
f the AQP4-positive cells suggests that they are proto-
lasmic astrocytes. Consistent with this, there was limited
o-localization with GFAP which is typically more abundant
n fibrous astrocytes (Fig. 2B-d). The GFAP-immunoposi-
ive glial processes extended to capillaries associated with
QP4-positive astrocytic end-feet (Fig. 2B-e). Faint AQP4
taining was also detected in glial cell processes adjacent
o the ependymal cells lining the central canal (Fig. 2B-f).
n the superficial layers of the dorsal horn (substantia
elatinosa), thin fibrous astrocytes co-expressed AQP4
nd GFAP (Fig. 2B-g). A similar pattern of AQP4 and
FAP co-expression was found in the dorsal root entry
one (data not shown). In white matter, AQP4 was ex-
ressed in fibrous glial processes surrounding the blood
essels. AQP4 was also strongly co-expressed with GFAP
n the glia limitans (Fig. 2B-h).

QP5 expression

onsistent with RT-PCR results, the AQP5 Western blot
nalysis revealed a 27 kDa band in spinal cord from wild-
ype mice that was very faint in comparison to the positive
ontrol (Fig. 3A). This faint band was absent in spinal cord
rom AQP5 �/� mice. AQP5 �/� mice were employed to
ptimize AQP5 immunohistochemical analysis and reduce
on-specific staining using a wide range of antibody con-
entrations and fixation methods. Using these optimized

ig. 3. AQP5 expression in mouse spinal cord. (A) Western blot
nalysis for AQP5 demonstrates an approximately 27 kDa band in
ontrol lung tissue (Control) and a much weaker band in spinal cord
rom wild-type mice (�/�). No expression was detected in tissue from
QP5-deficient mice (�/�). (B) No specific spinal cord immunoreac-

ivity was found for AQP5 in wild-type (�/�) (a) and AQP5-deficient
�/�) (b) mice. Scale bar�0.2 mm.
onditions, faint staining of the pia and some large neurons s
as seen in wild-type mice; however, a similar non-specific
taining pattern was also observed in AQP5 knock �/�
ice (Fig. 3B-a, b). Thus, no specific staining for AQP5 in
ouse spinal cord was observed.

QP8 expression

estern blot analysis of AQP8 expression revealed an
pproximately 28 kDa band in spinal cord, liver and testis
Fig. 4A). A higher molecular weight band was also ob-
erved in testis and spinal cord, presumably corresponding
o the 32–40 kDa N-glycosylated form of AQP8 previously
escribed (Calamita et al., 2001). Immunohistochemical
nalysis demonstrated strong AQP8 staining predomi-
antly in the ependymal cells lining the central canal (Fig.
B-a, b, d). There was also faint staining in some surround-

ng cells indicating a small amount of AQP8 expression in
strocytes or a low level of non-specific staining. It ap-
eared that AQP8 staining was more intense in the apical
embrane facing the central canal. This signal disap-
eared following pre-absorption with immunizing peptide
Fig. 4B-c).

QP9 expression

estern blot analysis demonstrated an approximately 32
Da band for AQP9 in control liver and testis tissue, and a
uch weaker band in spinal cord from wild-type mice. This
and disappeared after pre-adsorption with immunizing
eptide (Fig. 5A).

Immunohistochemical analysis demonstrated robust
QP9 expression in spinal cord white matter (Fig. 5B-a).
his signal also disappeared after pre-adsorption with im-
unizing peptide (Fig. 5B-b). In white matter, AQP9 and
FAP were extensively co-localized in radially oriented
lial processes (Fig. 5B-c, d). AQP9 was also strongly
o-expressed with GFAP in the glia limitans (Fig. 5B-c, d).
hile the majority of AQP9 positive processes were in the
hite matter, rare AQP9-immunoreactive cells were found

n the gray matter near the central canal (Fig. 5B-e). Some
f these cells were noted to have a single process that
xtended to the central canal, passing between two adja-
ent ependymal cells. Slightly more AQP9 immunoreactiv-

ty was observed in thin fibrous GFAP-positive astrocytes
een in the substantia gelatinosa of dorsal horn (Fig. 5B-f).

DISCUSSION

n this study, we used RT-PCR, Western blotting and
mmunohistochemistry to describe the expression and im-

unolocalization of AQPs in adult mouse spinal cord. Prior
tudies have demonstrated AQP4 expression in multiple
egions of the brain (Hasegawa et al., 1994; Frigeri et al.,
995b; Nielsen et al., 1997; Verbavatz et al., 1997; Venero
t al., 2001). Similarly, AQP4 in spinal cord has been
hown to be expressed in glial cells throughout the gray
atter and glial foot processes adjacent to the spinal cap-

llary endothelium (Frigeri et al., 1995a,b; Rash et al.,
998); however, no detailed neuroanatomical localization
tudies have been performed. The present data demon-

trate that AQP4 is expressed throughout the spinal cord,
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redominantly in the gray matter. The principal compo-
ents of the gray matter are cell bodies of the motor
eurons, local circuit interneurons, projection neurons,
apillaries, and astrocytes. Protoplasmic astrocytes are
ost common in the gray matter and have dense thin
rocesses containing few GFAP-positive fiber bundles.
he morphology of the AQP4-positive cells in the gray
atter, along with their faint GFAP immunoreactivity, indi-

ates that they are likely protoplasmic astrocytes. Much of
he dense AQP4 staining in the gray matter also results
rom its expression in astrocytic foot processes surround-
ng capillaries. Similar staining of foot processes has been
reviously reported in the CNS and confirmed by immuno-
old techniques (Nielsen et al., 1997; Rash et al., 1998). It

s thought that these end-feet induce changes in the vas-
ular endothelium to form a barrier between blood and the
NS (Tout et al., 1993; Nico et al., 2001).

The dense localization of AQP4 in the gray matter
uggests a role for AQP4 in spinal cord water balance. In
upport of this hypothesis, our group has recently demon-
trated that rate of osmotic swelling is significantly reduced
n the deeper lamina of the dorsal horn in AQP4 knockout

ice (Solenov et al., 2002). Traumatic injury to the spinal
ord is often associated with edema. Interestingly, the

ig. 4. AQP8 expression in mouse spinal cord. (A) Western blot an
orresponding to the N-glycosylated form of AQP8 in control testis (Co
ollowing pre-adsorption with immunizing peptide (Ab with peptide).
pendymal cells lining the central canal (arrow; a, b, d). This labeling d
ar�0.2 mm.
dema is most prominent in the gray matter of the cord as c
videnced by MRI studies of acutely injured patients
Shepard and Bracken, 1999). Thus, the pattern of AQP4
xpression coincides with the location of the spinal cord
dema. We previously demonstrated that mice deficient in
QP4 had decreased edema and improved outcome fol-

owing water intoxication and focal ischemic stroke (Man-
ey et al., 2000). It will be of interest to determine whether

ice deficient in AQP4 will also have reduced edema and
mproved outcome following spinal cord injury.

AQP4 was also expressed at other tissue-fluid inter-
aces in the spinal cord. There was abundant AQP4 ex-
ression by glial cells lining the ependymal and pial sur-
aces in contact with the CSF of the central canal and
ubarachnoid space, respectively. There was faint staining
f the ependymal cells that appeared to be mostly in the
asolateral membrane. This finding is in keeping with an
arlier study by Rash and colleagues (1998) describing

mmunogold labeling of AQP4 in ependymal cells of the rat
pinal cord. Unlike other epithelia, ependymal cells do not
ave a basement membrane. Instead, the glia limitans of
he underlying glial cells forms the basal membrane. A
imilar anatomical relationship is found at the junction of
he glia limitans and the pia on the surface of the spinal

monstrates an approximately 28 kDa band and also a 40 kDa band
spinal cord from wild type mice (Ab). These bands were not detected

unohistochemical analysis demonstrates AQP8 immunoreactivity in
ed following pre-adsorption with immunizing peptide (c; arrow). Scale
alysis de
ntrol) and
(B) Imm
isappear
ord. These anatomical features suggest that AQP4 may
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lso have a role in regulating fluid transport between the
pinal cord and surrounding CSF.

Although AQP3 expression has been reported on men-

ig. 5. AQP9 expression in mouse spinal cord. (A) Western blot analys
Control) and a much weaker band in spinal cord from wild-type mice
ith Peptide). (B) Immunohistochemical analysis demonstrates broad
fter pre-adsorption with immunizing peptide (b). In white matter, A
rocesses (arrow) and the glia limitans (arrowhead) (d). In gray matter

mmunoreactivity. Ependymal cells were not immunoreactive for AQP9
n the superficial dorsal horn (f). (c–f; Red: GFAP, Green: AQP9.) Bla
ngeal cells covering the rat brain (Frigeri et al., 1995b), we R
ere unable to demonstrate AQP3 expression in the
ouse spinal cord by RT-PCR. For AQP5, whereas we

ound a small amount of expression in spinal cord by

strates an approximately 32 kDa band in control liver and testis tissue
s band disappeared after pre-adsorption with immunizing peptide (Ab
on in cervical spinal cord white matter (a, c). This signal disappeared
d GFAP double-labeling demonstrates co-localization in radial glial
w AQP9-immunoreactive cells that were seen co-localized with GFAP
). GFAP and AQP9 were co-expressed in fibrous thin astrocytes seen
bar�0.2 mm. White scale bar�0.1 mm.
is demon
(Ab). Thi
expressi
QP9 an

, those fe
protein (e
ck scale
T-PCR, we were unable to detect any specific immuno-



h
t
e
c
s
d
m
c

p
N
t
s
c
s
e
i
o
c
C
b
w
c
n
e
u
I
m
p
t
e
i
c
a
A
p
i

fl
s
e
fi
t
t
w
t
c
e
e
A
d

b
b
e
l
c
b
m

2
w
e
A
a
A
o
c
2
p
w
G
2
g
o
r
t
k
(
o
p
i
s

e
m
t
a
t
c
s
e
m
c
1
a
p
e
f
p
o
d
u
t
r
w
T
t
g
m
t
r
p
s
f
p
t
s

K. Oshio et al. / Neuroscience 127 (2004) 685–693 691
istochemical staining. Western blot analysis indicated
hat the antibody was specific for the AQP5 protein; how-
ver, the signal from spinal cord was significantly less than
ontrol lung tissue, indicating a very low level of expres-
ion. Additional amplification of signal may necessary to
etect AQP5 in individual cells. In situ hybridization studies
ight also help to localize AQP5 expression in the spinal

ord.
AQP8 expression was initially described in the testis,

ancreas, placenta and liver (Ishibashi et al., 1997). By
orthern blot analysis, there is no AQP8 RNA expression in

he brain. Our results indicate that AQP8 is expressed in the
pinal cord, predominantly in the ependymal cells lining the
entral canal. There was also some faint staining in cells
urrounding the canal suggesting a small amount of AQP8
xpression in astrocytes or a low level of non-specific stain-

ng. The specificity of this faint staining will likely be resolved
nce AQP8-deficient mice are available. The ependymal
ells form a sheet of cuboidal cells in direct contact with the
SF (Del Bigio, 1995). Structurally, ependymal cells are
ound to each other by prominent desmosomal junctions,
hich prevent back diffusion of transported molecules. The
entral canal was long thought to be a developmental rem-
ant in mammals, filled with motionless CSF. However, the
pendyma of the central canal are ciliated similar to ventric-
lar ependymal cells, suggesting a potential for CSF flow.
ndeed, it has been demonstrated that fluid is capable of
oving rapidly from the spinal subarachnoid space, into the
erivascular space, across the interstitium, and into the cen-
ral canal (Milhorat et al., 1993; Stoodley et al., 1996). The
xpression pattern of AQP8 suggests that it may play a role

n concert with AQP4 and AQP9 in this water transport pro-
ess. It is possible that trans-pial water movement is medi-
ted by AQP4 and AQP9 expressed in the glia limitans. The
QP4 expressed in the perivascular foot processes may
articipate in transport across the perivascular space. AQP8,

n turn, could then facilitate transport into the central canal.
The central canal of the spinal cord extends from the

oor of the fourth ventricle in the brain to the end of the
pinal cord. Under normal conditions, in humans the diam-
ter of the central canal decreases significantly during the
rst few years of life. In some pathological states, however,
here is cavitary enlargement of the central canal, referred
o as syringomyelia. Although syringomyelia is associated
ith a wide variety of congenital and acquired disorders,

he pathophysiological mechanism for excess fluid in the
entral canal remains unknown. It will be of interest to
xamine the development of syringomyelia in the well-
stablished kaolin model (Yamada et al., 1996) using
QP4-deficient mice, as well as in AQP8- and AQP9-
eficient mice once they are available.

AQP9, originally identified in human leukocytes (Ishi-
ashi et al., 1998), is also expressed in liver, testis, and
rain (Tsukaguchi et al., 1998). In the brain, AQP9 is
xpressed in a subset of GFAP-positive ependymal cells

acking cilia, called tanycytes. The tanycytes are found in
ircumventricular organs of the third ventricle lacking a
lood–brain barrier, such as the mediobasal hypothala-

us, subfornical organ, and pineal gland (Elkjaer et al., t
000; Nicchia et al., 2001). There are conflicting reports on
hether AQP9 is expressed in the subset of ciliated
pendymal cells (Elkjaer et al., 2000; Badaut et al., 2001).
QP9 is also expressed in astrocytes of the glia limitans
nd white matter tracts (Badaut et al., 2001). In contrast to
QP4, which is expressed primarily in the foot-processes
f astrocytes, AQP9 is expressed throughout the astrocyte
ell bodies and processes in the brain (Badaut et al.,
001). The current study shows that AQP9 is also ex-
ressed in the spinal cord. The cellular expression pattern
as similar to previous reports, with heavy staining of the
FAP-positive cell bodies and processes (Badaut et al.,
001). Like the brain, we also found AQP9 staining in the
lia limitans and a subset of cells in the white matter tracts
f the spinal cord. AQP9 has been hypothesized to play a
ole in extracellular water homeostasis and edema forma-
ion similar to AQP4 (Badaut et al., 2001). AQP9 is also
now to facilitate glycerol and monocarboxylate diffusion
Tsukaguchi et al., 1998; Carbrey et al., 2003). As previ-
usly described by Badaut et al., 2001 AQP9 could also
lay a role in clearing lactate from the extracellular space

n pathological ischemic conditions such as stroke and
pinal cord injury where lactic acidosis is common.

The present results suggest that AQP9 and AQP4 are
xpressed in different subsets of astrocytes in the gray
atter and white matter and co-expressed in the glia limi-

ans. In the gray matter there was limited AQP9 staining in
strocytes adjacent to the central canal with processes
hat extend between ependymal cells lining the central
anal, raising the question as to whether these might be
pinal cord tanycytes. Although little is known about the
xact function of spinal tanycytes and ependyma, they
ay play a role in the proliferative capacity of the spinal

ord (Rubinstein and Herman, 1989; Johansson et al.,
999; Shihabuddin et al., 2000). Future experiments ex-
mining the proliferation and distribution of these AQP9-
ositive cells following spinal cord injury would be of inter-
st. In agreement with the results of Badaut et al. (2001)
or AQP9 expression in the brain, AQP9 was not ex-
ressed in ciliated ependymal cells lining the central canal
f the spinal cord. In the white matter, two morphologically
istinct astrocytic subpopulations have been identified (Li-
zzi and Miller, 1987). One of the populations has charac-
eristics of fibrous astrocytes, whereas the other group is
adially oriented, spanning the white matter from the gray–
hite interface to the pial surface (Liuzzi and Miller, 1987).
he radially oriented glia cells are believed to be deriva-

ives of the original radial glia that participate in the onto-
enesis of the spinal cord. Due to the absence of specific
arkers for these two distinct glial populations, the rela-

ionship of the morphology to the function of these cells
emains unknown. Our results indicate that AQP9 is ex-
ressed in the radially oriented astrocytes. The AQP9
taining pattern was identical to that previously described
or radially oriented astrocytes with reactivity in GFAP-
ositive cells that extend from the gray–white junction of
he spinal cord to the pial surface. The intense GFAP
taining of these cells suggests that they are mature as-

rocytes and not radial glia. However, additional develop-
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ental expression and co-expression studies will be
eeded to determine the significance of the present
ndings.

The discovery of AQPs has provided a molecular basis
or understanding water transport in a number of tissues,
ncluding the brain (Manley et al., 2000; Badaut et al.,
002). Here, we have demonstrated that at least three of
he known AQPs are expressed in the mouse spinal cord.
he comprehensive description of expression of these
QPs in discrete areas and cell types of the spinal cord
rovides direction for future studies of the role for these
ater channels in spinal cord fluid transport and function.
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