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The water channel aquaporin 4 (AQP4) is abundantly ex-
pressed in the brain, and also in lung and kidney. Previous
studies have suggested that there are at least two AQP4 mRNA.
The two mRNA encode for two AQP4 proteins that differ with
regard to the length of the N-terminal: AQP4.M1 and
AQP4.M23. Here we report, by use of reverse transcriptase PCR
and comparison of genomic and cDNA structures, the presence
of a third form of mouse AQP4 mRNA. The upstream sequence
of this form of mRNA originates from an additional exon,
interspaced between exon 0 and exon 1, and an alternatively
spliced form of exon 1. Analysis of nucleotide sequence suggests
that this new form of AQP4 mRNA also encodes for the
AQP4.M23 protein. The two forms of AQP4 mRNA that pre-
sumably both encode for M23 have a tissue- and age-specific
expression. The new AQP4 mRNA was predominantly expressed

in brain. The expression was approximately twofold higher in the
adult brain than in the infant brain. In contrast, the expression
levels of the new mRNA were low in both infant and adult lung
and kidney. The previously described mRNA encoding for
AQP4.M23 was predominantly expressed in lung and kidney. In
lung, the expression of this form was higher in infancy than in
adulthood. In conclusion, we have identified a new form of
AQP4 mRNA that is predominantly expressed in the brain and
that is developmentally regulated. (Pediatr Res 48: 335–339,
2000)

Abbreviations
AQP4, aquaporin 4
RT-PCR, reverse transcriptase PCR
MIWC, mercurial-insensitive water channel

Maintenance of brain water homeostasis is of utmost impor-
tance. Diffuse brain swelling often occurs as a consequence of
trauma, and this complication is particularly common in chil-
dren (1). The mechanisms regulating brain water homeostasis
are, despite the enormous importance of the subject, incom-
pletely known. There is also little information about whether
this regulation is age dependent.

It has been suggested that AQP4, a water channel that is
expressed in the brain, plays a role in the regulation of brain
water homeostasis. AQP4 is localized in the astrocytes and
ependymal cells. It is abundantly expressed in membranes
facing blood vessels and the subarachnoidal space (2). This has
been taken as indirect evidence of its role in water exchange
between brain and blood and cerebrospinal fluid. There are at

least two isoforms of the AQP4 protein—M1 and M23. The
M1 form contains 22 more amino acids in the N-terminal than
the M23 form. The M23 isoform has been reported to be
encoded by four exon segments (3). The mRNA encoding the
M1 protein has been reported to contain an additional nucleo-
tide sequence corresponding to an exon segment (exon 0),
upstream of exon 1 in the mouse AQP4 gene. There are,
however, conflicting data (3, 4) concerning the mRNA se-
quence of AQP4 and the number of distinct AQP4 mRNA
isoforms. This has prompted us to reexamine the expression of
AQP4 mRNA in mouse tissue. Three forms were identified,
which we will name AQP4.M1 (encoding for M1),
AQP4.M23X (a new form of AQP4 mRNA), and AQP4.M23
(the form previously described to encode for M23). In each
case, the AQP4 mRNA sequence was confirmed by compari-
son with sequence of genomic DNA.

We studied the age and tissue dependence of the expression
of both forms of AQP4 mRNA—AQP4.M23X and
AQP4.M23—that presumably encode the M23 protein. The
AQP4.M23X mRNA form was found to be expressed at rela-
tively high levels in the adult brain and at low levels in the lung
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and kidney. In contrast, the AQP4.M23 mRNA form was
detected at relatively low levels in the brain compared with
lung and kidney. The expression of the AQP4.M23X mRNA
form in the brain was found to be age dependent. This was not
the case for the AQP4.M23 mRNA form.

MATERIALS AND METHODS

Structure analysis of AQP4 gene and AQP4 mRNA. A
1.6-kb PCR fragment was prepared by amplification of mouse
genomic DNA (Promega, Madison, WI, U.S.A.) using primers
corresponding to exon 1 (sense) and 2 (antisense) of the AQP4
gene. This fragment was labeled with a-P32 deoxycytidine
triphosphate (random priming; Amersham Life Science, Little
Chalfont, Buckinghamshire, U.K.) and used for screening of the
mouse genomic library. The lDNA sample of the clone contain-
ing AQP4 gene was prepared, digested with XbaI restriction
enzyme or NotI and BamHI, and subcloned into plasmid pBlue-
script II KS1 (Stratagene, La Jolla, CA, U.S.A.). Clones were
analyzed for presence of the 59 end AQP4 gene by Southern
hybridization with oligonucleotides corresponding to the 59 end of
the AQP4 mRNA. Using the pBluescript Exo/Mung DNA Se-
quencing System (Stratagene) protocol, we obtained gene frag-
ments with predictable size of deletion. Sequencing was per-
formed using the Sequenase Version 2.0 DNA Sequencing Kit
(Amersham) and the Thermo Sequenase Dye Terminator Cycle
Sequencing Pre-Mix Kit (Amersham).

Total RNA was extracted from adult mouse brain using
RNeasy Total RNA Kit (QIAGEN, Hilden, Germany). Reverse
transcription and PCR were, with few modifications, carried
out as described (5). PCR fragments were isolated by electro-
phoresis, extracted using QIAquick Gel Extraction Kit (QIA-
GEN), and used directly for sequencing by the dideoxy chain
termination method (ABI Prism Dye Terminator Cycle Se-
quencing Ready Reaction Kit; PE Applied Biosystems, Foster
City, CA, U.S.A.).

AQP4.M23X mRNA was quantified by semiquantitative
RT-PCR using the following primers: sense AQ4.CF1, 59-
TTATGGTTCACGGGTTTGGATG-39; antisense AQP4.460,
59-TGGTGACTCCCAATCCTCCAAC-39; size of fragment
749 bp; or antisense AQP4.078, 59- AAAGCCACCATGAT-
GCTC-39; size of fragment 367 bp. AQP4.M23 mRNA was
quantified using the following primers for exon 1: sense
AQP4.001, 59-GGAAGGCTAGGTTGGTGACTTC-39 and
antisense AQP4.460, 59-TGGTGACTCCCAATCCTCCAAC-
39; size of fragment 460 bp. b-Actin was amplified as internal
control using the following primers: sense b-Act.518, 59-
TGGTCGTACCACAGGCATTGTG-39; antisense b-Act.1202,
59-AAGGGTGTAAAACGCAGCTCAG-39, size of fragment
726. All primers were designed based on their reported sequences
with use of MacVector 4.1.4. (Kodak, New Haven, CT, U.S.A.)
(3, 6).

The following criteria for PCR primer design were used: size
of all primers was 18–22 nucleotides, G & C nucleotide
content no more than 55%, and melting temperature was in the
range of 56–60°C. All primers were analyzed against Gene-
Bank sequence data for absent high homology to some alien
nucleotide structure.

Semiquantitative analysis of AQP4 mRNA expression. The
studies were performed on adult and infant mice of the C57
Black strain. The infant mice were killed on the second post-
natal day (2 d old). The adult mice were allowed free access to
food and water. The infant mice were kept with their dams. All
animals were killed by decapitation. Brain, lung, and kidney
tissues were removed and directly frozen on CO2 ice and kept
at 280°C until analysis.

Total RNA was extracted from brain, kidney, and lung
tissues of 2-d-old and adult mice by using an RNeasy Total
RNA Kit (QIAGEN). Reverse transcription and PCR were,
with few modifications, carried out as described (5). All sam-
ples used for quantification were cycled in linear conditions at
28 and 30 cycles at least two times with three different RNA
preparations. All reaction solutions (except RNA) in the semi-
quantitative RT-PCR were premixed to eliminate errors during
pipetting.

To measure PCR product amount, 5 mCi of a-P (32) deoxy-
cytidine triphosphate in 100 mL of PCR mixture were used; 10
mL of PCR mixture were separated on a 4% polyacrylamide
gel (PAAG) and stained with 0.5 mg/mL ethidium bromide.
b-Actin and AQP4 fragments and the space between them of
corresponding size were cut from the gel under UV light and
analyzed on a b-counter.

The animal study has been approved by the ethical commit-
tee of the Karolinska Institute.

RESULTS

Mouse AQP4 gene cloning, mapping, and sequence anal-
ysis. Screening of a mouse genomic library with a 1.6-kb PCR
fragment, corresponding to the intron between exon 1 and 2 of
mouse AQP4 gene, yielded five independent clones. Southern
analysis indicated a single copy of the AQP4 gene in mouse
genome. Restriction mapping revealed two clones that covered
approximately a 27-kb genomic fragment and included 9 kb
upstream of the 59 end of exon 0 and 7 kb downstream of the
39 end of exon 4. Fragments, corresponding to the 59 end
flanking region of the AQP4, were subcloned for restriction
mapping and sequence analysis. Comparison of genomic DNA
sequence of this region and AQP4 cDNA sequence data
showed the presence of an exon that was interspaced between
exon 0 and exon 1 (Fig. 1). In this article we will refer to this
exon as “exon X.”

AQP4 mRNA structure analysis. By use of a set of primers,
we identified three AQP4 mRNA, which will be named
AQP4.M1 (encoding for M1), AQP4.M23X, a new form, and
AQP4.M23 mRNA (Fig. 2).

The sequence of AQP4.M1 mRNA form (Fig. 3a) was
similar to the sequence of the AQP4 M1 mRNA reported by
Turtzo et al. (4) and MIWC2 reported by Ma et al. (3).
However, in contrast to Turtzo et al., we found 105 addi-
tional nucleotides at the 59 end of the exon 0. We did not
confirm the presence of the first 32 nucleotides at the 59 end
of the AQP4 M1 structure that this group has reported.
These 32 nucleotides are not present in structure of the
genomic fragment.
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A second form, AQP4.M23X mRNA (Fig. 3b) was similar to
the AQP4 mRNA mMIWC3 described by Ma et al. (3). Com-
parison of genomic and cDNA structures did, however, reveal that
AQP4.M23X mRNA includes a sequence that corresponds to an
exon that is interspaced between exon 0 and exon 1 of the mouse

AQP4 gene. Within this sequence we identified 206 additional
nucleotides. Our analysis also indicated that alternative splicing of
exon 1 had occurred. Analysis of the AQP4.M23X mRNA open
reading frames indicated that the first optimal context for initiation
of translation (7) was localized at the site for start of translation of
the AQP4 M23 protein.

A third form of AQP4 mRNA, AQP4.M23 mRNA (Fig. 3c),
corresponded to the MIWC1 mRNA reported by Ma et al. (3).

Tissue distribution of the AQP4.M23X and AQP4.M23
mRNA. The two AQP4 mRNA that presumably encode for the
same AQP4 M23 protein, were analyzed with regard to tissue
and developmental expression using semiquantitative RT-
PCR. We examined tissues from brain, lung, and kidney in
2-d-old and adult mice. These tissues have previously been
reported to express AQP4 (3). A b-actin control was included
in the PCR as an internal standard. All expression levels of
AQP4 mRNA were related to the expression of the b-actin.
Representative PCR on agarose gel for the AQP4.M23X
mRNA and AQP4.M23 mRNA forms are shown in Figure 4a
and 4b, respectively. The relative expression of the two differ-
ent AQP4 mRNA forms (related to b-actin transcript) in the
adult brain was arbitrarily assigned a value of unity for com-
parison with the other tissues and ages.

In tissue from adult mice the expression of the AQP4.M23X
mRNA was, in relative terms, highest in the brain (Fig. 4c). In
contrast, only low levels of AQP4.M23X mRNA were detected
in the lung and kidney compared with the brain (Fig. 4c).
AQP4.M23 mRNA was less abundantly expressed in the adult
brain than in lung and kidney (Fig. 4d).

The AQP4.M23X mRNA had a significantly lower expres-
sion in infant mouse brain than in the adult brain (Fig. 4c). The

Figure 1. Scheme of the mouse AQP4 gene fragment, based on the nucleotide sequence of the genomic and cDNA fragments. (a–c) Formation of alternative
AQP4 mRNA forms. The squares indicate exon (0, X, 1) segments and corresponding mRNA structures. The dashed box represents part of exon 1 that is spliced
out in AQP4.M1 mRNA and AQP4.M23X mRNA. Arrows show position of PCR primers. Position of ATG codon starting the M1 and M23 proteins are shown
as (l) and (F), respectively.

Figure 2. Detection of AQP4 mRNA isoforms by RT-PCR. The cDNA
sample, corresponding mouse brain RNA, was used as a template for PCR
amplifications using the identical antisense primer AQP4.460 and a number of
sense primers. For details regarding positions of PCR primers see Figure 1. (A)
PCR fragments, produced by using AQP4.1AGFN or AQP4.AGF1 oligonu-
cleotides as sense primers, corresponding to exon 0. (B) PCR fragments,
produced by using AQP4.CF1 or AQP4.CFN oligonucleotides as sense prim-
ers, corresponding to nucleotide sequence interspaced between exon 0 and
exon 1. (C) PCR fragment, produced by using AQP4.001 oligonucleotide as
sense primer, corresponding to exon 1.
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relative expression of the AQP4.M23 mRNA was very low in
both infant and adult brain (Fig. 4d). In the lung, the relative
expression of the AQP4.M23 mRNA was significantly higher
in the infant than the adult (Fig. 4d). This finding is consistent
with the developmental pattern of AQP4 previously reported
from the rat lung (8). The AQP4.M23X mRNA was expressed
at low levels in both infant and adult lung and kidney (Fig. 4c).

DISCUSSION

This study demonstrates that the mouse AQP4 gene can give
rise to at least three different mRNA, and that two of those,
AQP4.M23X mRNA and AQP4.M23 mRNA, presumably en-
code for the same protein, i.e. AQP4 M23. We report an AQP4
exon that has not been previously described. The AQP4.M23X
mRNA was found to have a sequence corresponding to this
exon.

Several discrepancies were found with regard to previously
reported forms of AQP4 mRNA. In this study, the sequence
data of the AQP4 mRNA were confirmed by comparison with
the mouse AQP4 gene sequence. We suggest that the differ-
ences in AQP4 mRNA structures between present and previous
studies might be the consequences of artifacts during cDNA

library construction. It is known that artifacts of cDNA cloning
may occur because of complex secondary structure of some
mRNA (9, 10).

Of great interest was the finding that the two forms of AQP4
mRNA, which presumably encode the same protein, have both
a tissue- and age-specific expression. The AQP4.M23X mRNA
was more abundantly expressed in brain than in the peripheral
tissues examined, and might represent a brain-specific form of
AQP4 mRNA of the M23 protein. As a consequence the
regulation of AQP4 M23, protein expression may be different
in brain and in peripheral tissue. The two mRNA may vary
with regard to transcription of the gene, RNA stability, and/or
translation of the protein. The biologic significance of this
needs to be taken into account in future studies. Interestingly,
there are now several reports suggesting that the 59 untrans-
lated region (59-UTR) is important for the regulation of mRNA
stability (11, 12).

There was a pronounced postnatal increase in the expression
of the AQP4.M23X mRNA form in the brain. It will be an
important topic for the future studies to examine the relative
expression of AQP4 M23X versus AQP4 M23 mRNA in
distinct regions of the brain. A recent publication (13) has

Figure 3. Partial nucleotide structures of the mouse AQP4 gene (exon 0, X, and part of exon 1) and related AQP4 RNA fragments in relation to previously
published sequence for mouse AQP4 mRNA. M1 mRNA reported by Turtzo et al. (4) and MIWC2, MIWC3 reported by Ma et al. (3). Absent nucleotides in
AQP4.M1, MIWC2, and MIWC3 structures are marked as “ ”. Dissimilar nucleotides in AQP4.M1, MIWC2, and MIWC3 structures are presented in bold.
Positions of ATG codon starting AQP4.M1 and AQP4.M23 proteins are boxed. Nucleotides of the exons and related AQP4 mRNA fragments are presented by
capital letters and flanking AQP4 genomic structure by lowercase letters. (a) Nucleotides of the exon 0 and related AQP4.M1, MIWC2, and M1 mRNA. (b)
Nucleotide structure of the mouse AQP4 gene region, including the exon, that is interspaced between exon 0 and exon 1 and related AQP4.M23X and MIWC3
mRNA nucleotide sequences. (c) Nucleotides of the exon 1 fragment and related AQP4 mRNA fragments.
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added evidence to the hypothesis of AQP4 playing a key role
in conditions of brain edema. It is well established that infants
and children are more susceptible than adults to develop diffuse
and rapid cerebral swelling after, for instance, traumatic brain
injury (1, 14). This indicates that regulation of brain water
homeostasis is not yet fully developed in childhood. Our
finding of a low expression of a brain-specific AQP4 mRNA
may be relevant for the understanding of how regulation of
brain water homeostasis is enhanced postnatally.
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