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The Na �/K � ATPase asymmetrically distributes sodium and potassium ions across the plasma membrane to generate and maintain the
membrane potential in many cell types. Although these pumps have been hypothesized to be involved in various human neurological
disorders, including seizures and neurodegeneration, direct genetic evidence has been lacking. Here, we describe novel mutations in the
Drosophila gene encoding the � (catalytic) subunit of the Na �/K � ATPase that lead to behavioral abnormalities, reduced life span, and
severe neuronal hyperexcitability. These phenotypes parallel the occurrence of extensive, age-dependent neurodegeneration. We have
also discovered that the ATPalpha transcripts undergo alternative splicing that substantially increases the diversity of potential proteins.
Our data show that maintenance of neuronal viability is dependent on normal sodium pump activity and establish Drosophila as a useful
model for investigating the role of the pump in human neurodegenerative and seizure disorders.
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Introduction
Despite the biological and medical significance of neurodegen-
eration, the cellular and molecular mechanisms that are respon-
sible are still poorly understood. Isolation and characterization of
a collection of neurodegeneration mutants should be valuable in
dissecting these mechanisms. We developed a screen for identi-
fying neurodegeneration mutants in Drosophila on the basis of
the finding that dysfunction in neuronal signaling is often asso-
ciated with neurodegeneration (Palladino et al., 2002). In Dro-
sophila, mutations in genes required for normal electrical signal-
ing have been readily identified among those with conditional
paralytic phenotypes (Loughney et al., 1989; Atkinson et al., 1991;
Pallanck et al., 1995; Titus et al., 1997; Littleton et al., 1998). In
our previous analysis of a large collection of temperature-
sensitive (TS) paralytic mutants, we reported the identification of
15 mutations, defining at least 9 genes, that cause extensive neu-
rodegeneration (Palladino et al., 2002). Two of those mutations
caused dominant paralysis and mapped to the same chromosome
location. We demonstrate here by genetic and molecular analyses
that these mutations are alleles of the ATPalpha gene, which
encodes the Na�/K� ATPase � subunit. At the electrophysiolog-
ical level, the mutations cause neuronal hyperexcitability and
seizure-like activity. Most strikingly, these mutants also have
shortened life spans and extensive, progressive spongiform
neurodegeneration.

Na�/K� ATPases (sodium pumps) asymmetrically distribute
Na� and K� ions across the plasma membrane of cells. These ion
gradients determine the resting potential of cells and drive im-
portant secondary processes. Many sodium pump isozymes are

highly conserved evolutionarily and widely expressed in animal
tissues (for review, see Blanco and Mercer, 1998; Mobasheri et al.,
2000). Sodium pumps have at least two essential subunits, � and
�. The � subunit of the Na�/K� ATPase is a large protein (�110
kDa) with multiple transmembrane domains and contains ATP-
dependent catalytic activity. The � subunit has a single trans-
membrane domain and is thought to be involved in pump mat-
uration, membrane localization, and functional regulation of
Na�/K� ATPases, as well as to perform additional functions as a
cell adhesion molecule (Geering, 1991; Hasler et al., 1998).

Since the discovery of the sodium pumps, an overwhelming
body of evidence has demonstrated the fundamental role of this
protein in maintaining normal neuronal functions. However, de-
tailed mutational analysis of the in vivo consequences of impaired
pump activity has been limited. In Drosophila, mutations that
reduce expression of the � subunit but do not alter its structure
are associated with a mild bang-sensitive paralytic phenotype
(Schubiger et al., 1994). In nematodes, a link between pharyngeal
function and sodium pump activity was revealed by Na�/K�

ATPase � loss-of-function eat-6 mutations (Davis et al., 1995;
Shima et al., 1998). In mice, targeted knock-outs of the adhesion
molecule of glia (AMOG) gene, which encodes the ATPase�2
subunit, exhibit progressive motor uncoordination and paralysis
of extremities and die within 3 weeks after birth. At this age, the
mice were reported to manifest degeneration of astrocyte endfeet
and enhanced apoptotic death of photoreceptor cells (Magyar et
al., 1994; Molthagen et al., 1996). Although it has been proposed
that these phenotypes might arise as a consequence of reduced
pump activity and consequent osmotic imbalance, no difference
in pump activity was detectable in the mutants. Moreover, inter-
pretation of the mutant phenotypes is complicated by the addi-
tional roles of the �2 subunit as a recognition molecule that me-
diates neuron–astrocyte interactions among other proposed
functions. A human family has been reported in which siblings
died from neonatal seizures associated with spongiform enceph-
alopathy and low Na�/K� ATPase activity. An impairment of
pump activity was hypothesized to be the primary defect; how-
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ever, the etiology, including whether it had a genetic basis or what
gene was affected if so, remains unknown (Renkawek et al.,
1992).

The mammalian Na�/K� ATPase � gene family contains at
least three paralogous genes (ATP1A1–3). Genetic analysis of
mouse ATP1A1 and ATP1A2 genes has been performed, and
cardiovascular phenotypes have been characterized for each
(James et al., 1999). The ATP1A3 gene shows expression predom-
inantly in the mammalian brain and is a candidate for human
neurological illnesses, but mutations in this gene have yet to be
described.

Analysis of the mutants reported here provides direct genetic
evidence that perturbations in the Na�/K� ATPase � subunit
result in severe defects in behavior, neuronal excitability, and
maintenance of neuronal viability. Because defects in sodium
pump activity have been indirectly implicated in various neural
disorders in humans, including epilepsy and spongiform enceph-
alopathies, these mutants should provide a valuable model for
elucidating the mechanistic details of these disorders and devel-
oping possible therapies.

Materials and Methods
Fly strains and mutagenesis
Fly stocks were maintained on standard cornmeal–molasses agar media
at 22–28°C. The DTS1 mutation was obtained in an ethylmethane sulfo-
nate mutagenesis of Canton S in a screen for dominant temperature-
sensitive (DTS) paralytic mutations. DTS2 was obtained similarly; how-
ever, cn bw animals were mutagenized. H64 mutations were isolated by
Dr. Adelaide Carpenter (Cambridge, UK) from an ethylnitrosurea mu-
tagenesis of a roe p p stock. Revertants of DTS1 and DTS2 were isolated
after gamma irradiation of these chromosomes and screening of F1 off-
spring for loss of the temperature-sensitive paralytic phenotype.
Throughout the paper, wild type and control refer to Canton S, unless
specified otherwise.

Behavioral assays
Assays of bang-sensitive paralysis and temperature-sensitive paralysis
were performed as described previously (Ganetzky and Wu, 1982; Wu et
al., 1978).

Genetic and cytological mapping
The conditional paralytic phenotypes of DTS1, DTS2, and H64 were
mapped recombinationally relative to the dominant markers Gl, Sb, and
H. All three mutations mapped very close and to the left of H at �3–70.0
on the genetic map corresponding to 92D–93B on the cytological map.
DTS1, DTS2, and H64 have normal cytology. Of the revertants generated,
DTS2R3 and DTS1R1 are also cytologically normal. DTS2R1, DTS2R2, and
DTS1R2 are all associated with inversions that include a breakpoint in the
93A5–93B1,2 interval.

Life span analysis
Life spans were generated by collecting newly eclosed animals, placing
them at low density, 10 –20 animals per vial, with males and females kept
in separate vials at 28°C. The animals were passaged daily onto fresh food
to minimize moisture, and microbe-related lethality and deaths were
noted. Life spans were generated by calculating the percentage of survi-
vorship daily and plotting this as a function of time in days. Animals
removed for histological analysis and incidental deaths were subtracted
from the population. Viability comparisons used time in days to 50%
survival of the population and were analyzed using Student’s t test.

Molecular analysis of ATPalpha transcript
Exon six analysis. Standard reverse transcription (RT) reactions were
performed with a gene-specific primer directed to exon 9 (TTAATAGT-
AGGTCTCCTGCTCC-OH), M-MLV Reverse Transcriptase (Promega,
Madison, WI), and 10 �g whole RNA isolated from embryos or adults
using a modified LiCl/urea preparation (Auffray and Rougeon, 1980).
Standard PCR reactions were performed as follows with primers directed

toward exons 4 (TCAACACCGACGACATCAACTTCC-OH) and 9
(GGTTGCGGCGCAAGTAGAAACGACG-OH): 94°C denaturing (45
sec); 57°C annealing (45 sec); and 72°C extension (2 min), for 40 cycles.
Products were cloned using the TOPO T/A Cloning Kit and One-Shot
Escherichia coli (Invitrogen, San Diego, CA). Mini-plasmid preparations
of transformants were analyzed by restriction digestion to determine
which exon 6 isoform was present. DraIII/EcoRI (New England Biolabs,
Beverly, MA) double digests were diagnostic for exon 6b, and BsmBI
(New England Biolabs) and BstYI (New England Biolabs) were diagnos-
tic for exon 6c and 6d, respectively. Clones assayed as negative for 6b, 6c,
and 6d were sequenced to verify that they contained exon 6a. In total 4,
72, 36, and 11 clones of exons 6a, 6b, 6c, and 6d were identified,
respectively.

Wild-type semiquantitative RT-PCR. Semiquantitative RT-PCR was
performed on adult whole RNA as published previously (Palladino et al.,
2000), with minor modifications. Primers directed to exon 0
(AAATAACATGGCGTTAAGGTCGG-OH) and 12 (CAACGCGAAT-
CGGTTCTAGTGCTGAA-OH) sequences were used separately in com-
bination with a reverse primer directed toward exon 3 (ACCCATTC-
GGGCGTCTGCTTGGGTGG-OH). Standard RT-PCR reactions were
performed except that RP49 primers were added to the reaction at cycle
5, and samples were taken every other cycle from 16 and 28 and resolved
on an agarose gel stained with ethidium bromide. Quantification of gel
florescence was performed on cycle 20 products using NIH image soft-
ware (n � 3). The RT-PCR products were cloned, as above, and repre-
sentatives of each size clone were sequenced directly to document the
splicing events.

Mutant RT-PCR analysis. Using a polymorphic SacI restriction en-
zyme site in constitutive exon 4, we assayed expression from the mutant
and wild-type chromosomes in ATPalpha mutants. Canton S, DTS1,
DTS2, and the ATPalpha revertant chromosomes contained the SacI
restriction enzyme recognition sequence. The TM6(ATPalpha�) chro-
mosome lacks the SacI site. RT-PCR was performed (as above) on vari-
ous wild-type and mutant genotypes. Twenty-fold SacI overdigestion of
these reaction products was resolved on an agarose gel stained with
ethidium bromide. This procedure revealed complete digestion of wild-
type samples and partial digestion of DTS1, DTS2, H64, DTS2R3, and
DTS1R1 samples; no digestion was detected with DTS2R2, DTS1R2, and
DTS2R1 samples (n � 4, each genotype).

Electrophysiology
Extracellular thoracic recordings (ETRs) were performed using proce-
dures similar to those described for recording electroretinograms (Hotta
and Benzer, 1969; Pak et al., 1969). Briefly, flies were anesthetized with
CO2, and their wings and anterior legs were surgically removed; then the
flies were immobilized in plasticine and allowed to recover for 15 min. A
temperature-controlled stage was used with a temperature probe in-
serted into the plasticine adjacent to the animal. Glass recording and
reference electrodes filled with 3 M KCl were placed in the thorax and
head, respectively. The recording electrode was positioned just below the
dorsal cuticle into the vicinity of the dorsal longitudinal flight muscles
(DLMs). The activity of these muscles is driven by input from DLM
motor neurons and provides an assay for neural activity in the flight
motor pathway. Traces were amplified using an Axopatch 1-D amplifier
in current-clamp mode (clamping at zero) and recorded using Clampex
6.0.3 software (Axon Instruments, Foster City, CA). Current traces were
filtered at 1 kHz, and consecutive traces are reported from representative
animals (n �15 for each genotype).

Histology
Heads or bodies from adult flies of wild-type and mutant flies were
dissected and preserved in freshly prepared Carnoy’s fixative at room
temperature for 4 –12 hr, washed in 70% ethanol, and processed into
paraffin using standard histological procedures. Heads were embedded
to obtain frontal sections, and the bodies were embedded to obtain sag-
ittal sections. Serial, 4 �M sections were obtained, stained with hematox-
ylin and eosin, and examined under a light microscope (n �40, each
genotype). Occurrence of neurodegeneration was indicated by the vacu-
olar appearance of neural tissues of the brain or ganglia. Young animals
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were collected within 24 hr of eclosion, aged for 24 – 48 hr at 28 oC, and
processed as above. Aged animals were collected within 24 hr of eclosion,
aged at 28 oC and screened for gross pathology at the age of 50% survival
for that population.

Results
DTS1, DTS2, and H64 are dominant conditional
paralytic mutants
In our previous examination of TS paralytic mutants (Palladino
et al., 2002), we identified two dominant mutations, referred to
here as DTS1 and DTS2, that were placed in the same approxi-
mate chromosome location by recombination mapping. These
mutants also display a similar behavioral phenotype. After expo-
sure to 37–38°C, DTS1/� and DTS2/� adults become paralyzed
within 10 –30 sec with complete penetrance. Wild-type animals
never become paralyzed from acute exposures to 37–38°C. After
a 3 min exposure to the restrictive temperature, DTS1/� and
DTS2/� flies regain the ability to stand after 1–2 min at the
permissive temperature (�30°C) and require another several
minutes before they begin to walk. Even without exposure to
elevated temperatures, both DTS1/� and DTS2/� heterozygotes
are somewhat sluggish. DTS1 and DTS2 cause embryonic lethal-
ity when homozygous.

The H64 mutation, isolated on the basis of its dominant bang-
sensitive paralytic phenotype (see Materials and Methods),
mapped to the same region as DTS1 and DTS2 and was therefore
examined further to determine whether these dominant muta-
tions were all related. H64/� flies become completely paralyzed
for 10 –35 sec when subjected to a mechanical shock. After paral-
ysis, up to 5 min of recovery is required before the mutants regain
full activity. Although H64 heterozygotes are somewhat sluggish
at 20 –22°C even without mechanical stimulation, they do not
show TS paralysis at 37–38°C. H64, like DTS1 and DTS2, is lethal
when homozygous.

Although DTS1 and DTS2 do not cause bang-sensitive paral-
ysis when maintained at 20 –22°C, they do manifest a novel
temperature-dependent bang-sensitive phenotype. When the
stocks are maintained at 28°C, DTS1/� and DTS2/� flies show
bang-sensitive paralysis lasting for 5–30 sec when tested at room
temperature (20 –22°C), even after the flies are allowed to accom-
modate to the temperature shift for several hours. Thus, all three
mutations map to the same chromosome interval, share similar
dominant conditional paralytic phenotypes, and are lethal as ho-
mozygotes, suggesting the possibility of allelism.

DTS1, DTS2, and H64 are ATPalpha alleles
To further test the possibility of allelism of H64, DTS1, and DTS2,
complementation tests for recessive lethality were performed in
all pair-wise combinations. The results (Table 1) show that all
three mutants fail to complement, suggesting that they all share
lethal mutations of the same gene.

The ATPalpha gene is located in the same chromosome region
where recombination mapping placed H64, DTS1, and DTS2.
Moreover, ATPalpha2206 is a recessive hypomorphic allele of
ATPalpha and confers a bang-sensitive paralytic phenotype be-
cause of a P element insertion (Schubiger et al., 1994). These
observations raised the possibility that H64, DTS1, and DTS2
were dominant mutations of ATPalpha. Complementation tests
with ATPalpha2206 or ATPalpha01453, a recessive lethal allele also
associated with a P element insertion (Feng et al., 1997), support
the conclusion that H64, DTS1, and DTS2 are dominant muta-
tions of ATPalpha (Table 1).

This conclusion is further supported by the isolation and

characterization of revertants of DTS1 and DTS2. We took ad-
vantage of the fact that DTS1 and DTS2 behave as dominant
gain-of-function mutations and therefore should be revertible by
second-site mutations within the gene that eliminates its func-
tion. Thus, we screened for �-ray-induced revertants of DTS1
and DTS2 that were not paralyzed at the restrictive temperature.
Two revertants of DTS1 (DTS1R1–2) and three revertants of DTS2
(DTS2R1–3) were recovered. DTS1R2, DTS2R1, and DTS2R2 were
all associated with cytologically visible breakpoints in the 93A–B
region. The other two revertants appeared cytologically normal.
Molecular analysis of these revertants (see below) revealed that all
of them contained lesions within ATPalpha, confirming that the
original DTS1 and DTS2 mutations, and by inference H64 as well,
are alleles of ATPalpha. The revertants were all found to contain
lesions consistent with loss-of-function mutations, and all but
DTS2R2 appear to be null alleles of ATPalpha. We find no signif-
icant difference in phenotype between the heterozygous null re-
vertants and H64 heterozygotes, suggesting that the H64 muta-
tion is a loss-of-function allele, probably a null, and that
phenotypes arise in H64 and the revertants because of haploin-
sufficiency of ATPalpha. These data are consistent with the ob-
servation that a large deficiency, Df(3R)r-1G6, which removes
ATPalpha, causes a dominant bang-sensitive phenotype (Lebo-
vitz et al., 1989).

DTS1 and DTS2 cause neuronal hyperexcitability
Activity of the Na�/K� ATPase is required to maintain ionic
gradients and therefore the resting potential across the neuronal
cell membrane. Reduction of Na�/K� ATPase activity with the
inhibitor ouabain in vertebrates induces seizure discharges
(Bignami and Palladini, 1966). Therefore, we examined the dom-
inant ATPalpha mutations to determine whether they caused any
gross defects in neuronal activity. For this analysis, we performed
ETRs by placing the recording electrode just beneath the dorsal
cuticle to monitor electrical activity from the DLMs. Because the
activity of these muscles is driven by motor neurons in the tho-
racic ganglion, the recorded activity provides a measure of neu-
ronal activity in the flight motor pathway. We discovered a strik-
ing temperature-dependent bursting phenotype in DTS1 (Fig. 1),
indicating neuronal hyperexcitability in the flight motor path-
way. This interpretation is supported by the observation of a
similar, but somewhat more severe, phenotype for seizurets2

(seits2), a K� channel mutation known to cause neuronal hyper-
excitability (Elkins and Ganetzky, 1990; Titus et al., 1997). Simi-
lar results (data not shown) were obtained for DTS2. The burst-
ing activity seen in DTS1 and DTS2 is consistent with defects in
Na�/K� ATPase activity that could result in more depolarized
membrane resting potentials.

DTS1 and DTS2 cause shortened life spans
and neurodegeneration
In the course of maintaining stocks of DTS1 and DTS2, we dis-
covered that these mutants display a marked age-dependent dec-
rement in locomotor activity. In comparison with age-matched
wild-type flies, the mutants become quite sedentary, with a pre-
mature loss of both walking activity and flight ability.

To assess the consequence of these age-dependent deficits in a
more quantitative manner, we measured the life spans of the
mutants. As shown in Figure 2A, DTS1 and to a lesser extent
DTS2 and ATPalpha2206 are short-lived, whereas H64 has an es-
sentially normal life span. Comparisons of the time required to
reach 50% survival for populations of each genotype demon-
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strate a significant reduction in life span for DTS1, DTS2, and
ATPalpha2206 relative to wild type (Fig. 2B).

The premature loss of motor activity exhibited by both dom-
inant TS mutations and the reduction in life span are consistent
with the phenotypes manifested by other mutants in Drosophila
known to be associated with neurodegeneration (Buchanan and
Benzer, 1993; Kretzschmar et al., 1997; Min and Benzer, 1997,
1999). We performed a histological analysis of DTS1/� and
DTS2/� to examine neurodegeneration in these mutants. Wild-
type and mutant adults were aged to �50% survival on their
respective life span curves and then examined histologically. Se-
rial frontal sections revealed extensive neuropathology in the
brains of all ATPalpha mutants examined (Fig. 3). In DTS2/�
and DTS1/� animals, neurodegeneration is evident as the ap-
pearance of vacuolar structures distributed widely throughout
the central brain and optic regions (Fig. 3A,B). Similar vacuolar
neuropathology has been observed in several other characterized
neurodegeneration mutants identified in Drosophila and is a typ-
ical manifestation of neurodegeneration in both flies and mam-
mals (Buchanan and Benzer, 1993; Kretzschmar et al., 1997; Min
and Benzer, 1997; Palladino et al., 2002). This phenotype was
never observed in wild-type animals, which only rarely contained
small vacuolar structures (Fig. 3G). Additionally, many DTS2/�
and DTS1/� animals showed a more extreme phenotype mani-
fested as clusters of large holes that were highly localized in the
ventral lateral region of the central brain (Fig. 3C,D). H64 and
ATPalpha2206 were also found to undergo neurodegeneration. In
contrast with that seen in the dominant TS ATPalpha alleles, the
neurodegeneration in H64 heterozygotes and ATPalpha2206 ho-
mozygotes was less severe, especially in ATPalpha2206, and ap-

peared as sporadically localized vacuolar pathology throughout
the brain. Another conditional mutant with a profound bursting
physiological defect, seits2, was examined for neurodegeneration.
In contrast to the massive degeneration seen in DTS1 and DTS2,
seits2 shows only sporadic individual large vacuolar structures
that were uncommon in age-matched control animals. Histolog-
ical examination of a number of individuals of each genotype
(n �50 for each genotype) demonstrated that the neuropathol-
ogy observed in DTS1 and DTS2 was 100% penetrant, and the
distinctive patterns of neurodegeneration were reproducible for
each of the mutants.

Similar histological analysis of young individuals of the same
genotypes revealed little or no evidence of neurodegeneration in
any of the ATPalpha mutants (Fig. 4). Thus, neurodegeneration
in these mutant animals appears to be age dependent and not the
result of developmental defects, paralleling the neuropathologi-
cal onset of many progressive human degenerative conditions.

Similar to vertebrates, a significant proportion of the CNS in
Drosophila is found within the thoracic cavity. Sagittal sections of
the thoracic ganglion were examined for pathology in young and
aged animals. In accord with the results found in the brain, the
thoracic ganglion also undergoes age-dependent neurodegenera-
tion in ATPalphaDTS1 and ATPalphaDTS2 (Fig. 5). Thus, the dom-
inant alleles of ATPalpha undergo extensive neurodegeneration
that is widely distributed throughout their CNS.

DTS2, DTS1, and their revertants have molecular lesions
in ATPalpha
To confirm directly the identity of DTS1 and DTS2 as mutations
of ATPalpha, we performed molecular analysis of these mutants

and their revertants. The revertants,
DTS1R2, DTS2R1, and DTS2R2, were all as-
sociated with cytologically visible break-
points in the 93A–B interval and inter-
preted as mutations causing complete loss
of activity of the gene altered by the orig-
inal DTS1 and DTS2 mutations. Using
many pairs of primers directed to the AT-
Palpha genomic locus, we performed PCR
experiments to determine whether the cy-
tological lesions in these revertants fell
within the ATPalpha gene and to delimit
their location on the molecular map. We
found that three of these revertants,
DTS1R2, DTS2R1, and DTS2R2, had an
identifiable molecular lesion that dis-
rupted ATPalpha and would be expect-
edto abolish its activity (Fig. 6A). The re-

Figure 1. Electrophysiological dysfunction in ATPalpha mutants. Thoracic recordings from the dorsal flight muscles were per-
formed on wild-type, ATPalpha DTS1, and seizure ts2 animals. Recordings were taken starting at 20°C followed by an increase in
temperature to 37°C and then returned to 20°C. At elevated temperatures, continuous spiking activity is observed in ATPalpha DTS1

and sei ts2 mutants but not in wild type ( n �15 animals per genotype). Each trace represents 5 sec. The ordinate is in millivolts.

Table 1. Viability of existing ATPalpha alleles with the new conditional mutants and their revertants

DTS1 DTS1R1 DTS1R2 DTS2 DTS2R1 DTS2R2 DTS2R3 H64

ATPalpha� TS, BStd BS BS TS, BStd BS mTS, BS BS BS
DTS1 l l l l l l l l

DTS1R1
l l l l l l l l

DTS1R2
l l l l l l l l

DTS2 sl, TS l l l l l l l

DTS2R1
l l l l l l l l

DTS2R2
l l l l l l l l

DTS2R3
l l l l l l l l

H64 l l l l l l l l

ATPalpha2206 BS, TS l l dl l l l l

ATPAlpha01453
sl, TS l l l l l l l

TS, Temperature-sensitive paralysis (38°C); BS, bang-sensitive paralysis; BStd, temperature-dependent bang-sensitive paralysis (28°C); mTS, modified TS; �, early developmental lethal; sl, semi-lethal (5 vs expected 25%); dl, lethal during
pupariation and eclosion. Note: ATPAlpha2206/ATPAlpha01453 flies are not bang-sensitive but have reduced viability (10 vs expected 50% of offspring).
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maining two revertants, DTS1R1 and DTS2R3, were not associated
with gross physical disruption of the ATPalpha gene by cytolog-
ical or PCR analysis. However, direct sequence analysis of
genomic DNA revealed that DTS1R1 is associated with a 4 bp
deletion (ATPalpha�2713–16) resulting in a frameshift mutation in
the coding region of ATPalpha predicted to cause premature
truncation of the protein product resulting in ATPalpha�905-C, if
in fact any protein is made. Sequence analysis of DTS2R3 revealed
the presence of two point mutations resulting in predicted E to A
(39) and L to F (346) substitutions in the ATPalpha protein.
Thus, all five revertants of DTS1 and DTS2 have molecular de-
fects consistent with loss-of-function mutations capable of re-
verting dominant TS mutations in the ATPalpha gene.

The effect of these mutations was further verified by generating
RT-PCR products from the ATPalpha mRNA isolated from DTS1,
DTS2, H64, and all of the revertants and then digesting these prod-
ucts with the SacI restriction enzyme to distinguish products that
derived from mutant allele (SacI sensitive) or wild-type allele (SacI
resistant). In each case, the data demonstrated that the mutant chro-
mosomes bearing the primary DTS1, DTS2, and H64 mutations still
produced ATPalpha transcripts. However, there was no detectable
expression of an ATPalpha transcript from the DTS1R2, DTS2R1, or
DTS2R2 chromosomes (Fig. 6B).

Molecular characterization of the revertants provided a strong
indication that the original dominant mutations also resided in
ATPalpha. We performed direct sequence analysis of genomic
DNA to identify the original lesions associated with these mu-
tants (Fig. 6C). Sequence analysis of three control genotypes and
the ATPalpha mutants revealed a single base pair change (G to A)
in exon 9 of DTS2 that is predicted to cause a D to N substitution
affecting residue 981. Remarkably, DTS1 is also associated with a
single base pair change (G to A) that results in an apparent E to K
substitution of the next residue (982). The mutation in DTS1
destroys a BsmA1 recognition site that was used to confirm the
mutation by restriction digestion of genomic PCR products (data
not shown). It is extremely unlikely that these changes simply
represent silent polymorphisms because they fall within a seg-
ment of the protein that is highly conserved overall, and the af-
fected residues in particular are completely invariant in Na�/K�

ATPase � proteins from hydra to humans (Fig. 7). In fact, these
amino acid residues are even conserved in related H�/K�

ATPase � proteins. As expected, these substitutions are still
present in the corresponding revertants but are not found in any
other control chromosome that we sequenced. These were the
only mutations identified that altered the coding potential of the
gene in ATPalphaDTS1 (DTS1) and ATPalphaDTS2 (DTS2) and
thus are most likely the cause of the observed phenotypes. Se-
quencing analysis did not reveal changes that are predicted to
change the coding potential of the ATPalpha locus in the H64
mutant. In summary, molecular analysis of DTS1 and DTS2 as
well as of the revertants derived from these mutants together with
the previous genetic complementation data provide definitive
evidence that they represent dominant gain-of-function alleles of
ATPalpha.

Alternative splicing generates structurally diverse
ATPalpha proteins
In the course of our molecular analysis of ATPalpha, we uncov-
ered previously undescribed exons for this gene and a complex
pattern of alternative splicing that resulted in previously unsus-
pected complexity in the protein isoforms encoded by ATPalpha.
Using primers directed toward exons 4 and 9 for RT-PCR reac-
tions, we identified four exons that appeared to be mutually ex-
clusive and named them 6a, 6b [formerly exon 6, National Center
for Biotechnology Information (NCBI) database], 6c (formerly
13), and 6d (Fig. 8). All four of the alternative exons are identical
in length (94 bp) and have similar coding potentials (Fig. 8). In
previous studies of ATPalpha in Drosophila, including functional
assays, cDNAs that were examined contained the exon corre-
sponding to 6b (Lebovitz et al., 1989; Sun et al., 1998, 2001).
Among 123 ATPalpha cDNA subclones (exon 4 –9), each was
found to contain one and only one member from the set of exons
6a, 6b, 6c, and 6d, indicating that these exons are used as mutually
exclusive alternative cassettes.

Each alternative exon 6 encodes part of the M6 transmem-
brane segment and the entire M6 –M7 intracellular domain of the
ATPalpha protein (Fig. 7A). Evolutionary comparisons of this
region show that it is highly conserved between worms and hu-
mans and that all four alternative exons encode most of these
conserved residues (Fig. 8C); however, there are intriguing vari-
ations among the three isoforms as well. In comparison with �
subunits found in other species, exon 6c is most similar to the
corresponding region of the Caenorhabditis elegans protein en-
coded by eat-6 and to the sequence encoded by the vertebrate
orthologs (Fig. 8C). It is of interest that several of the residues that
vary among vertebrate ATPalpha Na�/K� paralogs and between

Figure 2. Reduced life span in ATPalpha mutants. Survival as a function of age was deter-
mined for populations of flies of various genotypes at 28 oC. A, Survival curves for four indepen-
dent populations of ATPalpha DTS1 ( gray circle), ATPalpha DTS2 ( gray square), ATPalpha 2206

( gray triangle), ATPalpha H64 ( gray diamond), and ATPalpha� genotypes (black symbols) are
shown. Control strains are Ubx/�(UBX), TM6,Tb (TM6)/�, and Canton S (C.S.). B, The time
required to reach 50% survivorship for each population was used to compare the life spans of
ATPalpha mutants with the controls. Life span is significantly reduced in ATPalpha DTS1,
ATPalpha DTS2 animals (17 and 27 d) and moderately reduced in ATPalpha 2206 (36 d) versus
controls (41– 45 d) ( p � 0.001; all comparisons with Canton S). In contrast, the life span of
ATPalpha H64/� flies does not differ significantly from Canton S ( p � 0.5).
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H�/K� ATPalpha sequences are those that vary among exons 6a,
6b, 6c, and 6d. These data suggest the possibility that Drosophila
generates functionally as well as structurally diverse ATPalpha
proteins through alternative splicing of exon 6.

In addition to alternative splicing of exon 6, our molecular
characterization of ATPalpha has uncovered extensive alternative
splicing at the 5� end of this gene. Semiquantitative RT-PCR was
performed to investigate the relative abundance and diversity of
transcripts generated containing exons 0 and 12. Using forward
primers with similar melting temperatures directed either toward
exon 0 or 12 and a common reverse primer directed toward con-
stitutive exon 3, relative comparisons of RT-PCR products are
reasonable provided the annealing temperature is not limiting for
either forward primer, the reaction products are similar in size,
and the PCR amplification remains exponential through the cycle
in which comparisons are being made. Semiquantitative RT-PCR
of the ATPalpha gene suggests that transcripts containing exon 12
are more abundant and diverse than those containing exon 0
(Fig. 9A,B). Exon 12 products become evident approximately
four cycles before those from exon 0, suggesting that these tran-
scripts are �12- to 16-fold more abundant in adults. Consistent
with this interpretation, fluorescence quantification of cycle 20

reaction products revealed that the ratio
of ATPalpha products to RP49 product
was 5.6 � 1.1 and 0.4 � 0.07 for exon 12
and exon 0 products, respectively (error is
SEM; n � 3). Also, where exon zero pro-
duces only one visible product by RT-
PCR, at least four distinct products are ev-
ident when the upstream primer is
directed toward exon 12 sequences. Anal-
ysis of multiple, independently isolated
clones of these products is consistent with
these interpretations and identifies the
most abundant products from exon 12, as
well as rare splice products (Fig. 9B).
These analyses have identified a new
multi-exon, 14/15, and a potentially new
translational start in exon 15. These data
suggest that three alternate N termini exist
for this protein; two long forms with pu-
tative translational initiation sites in ex-
ons 0 and 15, and a short form with an
initiation site in constitutive exon 2 (Fig.
9C,D).

The alternative exons in the exon 6
cluster and those in the 5� region of the
gene were discovered in our sequenc-
ing efforts to identify the molecular le-
sions associated with ATPalphaDTS1 and
ATPalphaDTS2. The coding potential of all
of the newly described exons, as well as
those previously known, appear wild type
in these mutants, with the exception of the
mutations discovered to affect residues
981 and 982, as described above.

In summary, the Drosophila Na�/K�

ATPase � gene harbors previously unrec-
ognized complexity, which results in the
generation of multiple different protein
isoforms through alternative splicing. Be-
cause the Drosophila genome contains
only one known gene for the Na�/K�

ATPase � subunit and one predicted paralog (CG17923) rather
than at least three or four � subunit genes, as appear to be present
in most vertebrate genomes, alternative splicing may be a mech-
anism for generating diversity produced in vertebrates through
the use of multiple structural genes. Although the mutants char-
acterized here do not appear to be defective in the generation or
use of specific splice variants, a full understanding of the biolog-
ical functions of the Na�/K� ATPase in various cell types will
ultimately require a more complete elucidation of why Drosoph-
ila encodes and deploys such a multitude of Na�/K� ATPase
isoforms.

Discussion
The existence of Na�/K� ATPases was first hypothesized on the
basis of the need for neurons to create and maintain resting mem-
brane potentials (Dean, 1941). A substantial body of research
over the past 45 years has amply confirmed the biological impor-
tance of this enzyme, which uses energy stored in ATP to generate
steep ion gradients required to drive many essential secondary
processes. Because of its biological importance, it is not surpris-
ing that Na�/K� ATPase function has been implicated in a wide
range of diseases: cardiac hypertrophy, hypertension, renal dys-

Figure 3. Neurodegeneration in the CNS of ATPalpha mutants. Shown are frontal sections of brains from aged Drosophila.
Brains of ATPalpha DTS2/� (A, C) ATPalpha DTS1/� (B, D) animals demonstrate neurodegeneration marked by extensive vacuolar
pathology throughout the central brain and optic lobes. The pathology seen in A and B is typical of these genotypes. In addition, for
both ATPalpha DTS2/� ( C) and ATPalpha DTS1/� ( D) a number of individuals also demonstrated a distinct region located symmet-
rically on either side of the brain (dashed outline in C) with more extreme focal neuropathology. The large hole just below the center
of the brain in all panels is the esophagus. Neurodegeneration is also observed in ATPalpha H64/� ( E) and ATPalpha 2206/ATPal-
pha 2206 ( F) animals. However, the pathology is less than that observed in ATPalpha DTS1/� and ATPalpha DTS2/�, particularly for
ATPalpha 2206/ATPalpha 2206. Brains from sei ts2 flies also showed evidence of neuropathology ( H ). Although this degeneration was
much less common and extensive than that seen in ATPalpha DTS1/� and ATPalpha DTS2/�, it was more prevalent than that
observed in controls. Small vacuolar neuropathology was observed only rarely in aged wild-type flies ( G). Tissues from all geno-
types examined were from animals aged approximately to the midpoints of their respective survival curves. Scale bar, 50 �m.
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function, bipolar mood disorder, and spongiform encephalopa-
thies such as those caused by prion diseases, namely Kuru,
Crutzfeld-Jakob disease, and Gerstmann-Straussler-Scheinker
syndrome (Herrera et al., 1988; Calandriello et al., 1995; el-
Mallakh and Wyatt, 1995; Mynett-Johnson et al., 1998; Moba-
sheri et al., 2000). Nonetheless, direct mutation of Na�/K�

ATPase � subunit genes has not previously been identified as the
cause of neural disease or other syndromes in humans. Our data
demonstrate that dominant and, to a lesser degree, recessive mu-
tations in Na�/K� ATPalpha in Drosophila cause neural dysfunc-
tion, leading to seizures and neurodegeneration.

Neurodegenerative diseases and Na �/K � ATPase alpha
Although a direct connection between mutations in Na�/K�

ATPase alpha genes and neurodegeneration has not been estab-
lished previously, our data are supported by reports suggesting
that loss of Na�/K� ATPase function can cause neuropathology.
These studies include investigations of the phenotypic effects of
administering Na�/K� ATPase � inhibitors (Bignami and Palla-
dini, 1966; Lees and Leong, 1994) and of mutations affecting the
Na�/K� ATPase �2 subunit (Magyar et al., 1994). Both pertur-
bations resulted in neuropathological effects, including neurode-
generation. In addition, a family has been reported in which two
affected children with neonatal seizures and spongiform enceph-
alopathy also had reduced ATPase activity (Renkawek et al.,
1992). However, these studies have not allowed a definitive con-
nection to be made between altered sodium pump activity and phe-
notypes such as neurodegeneration. Pharmacological agents often
have nonspecific effects, which can complicate their interpretation.

Figure 4. Onset of neurodegeneration in ATPalpha DTS1/� and ATPalpha DTS2/� flies is age
dependent. Frontal sections of brains from young adult ATPalpha DTS2/� ( A) and
ATPalpha DTS1/� ( B) animals (day 2–3 after eclosion) show little or no overt pathology and do
not differ noticeably from wild-type controls. Scale bar, 50 �m.

Figure 5. Widespread neurodegeneration throughout the ventral ganglia of ATPalph-
a DTS1/� and ATPalpha DTS2/� flies. Sagittal sections of the thoracic ganglia from aged wild-
type ( A), ATPalpha DTS1/� ( B), and ATPalpha DTS2/� ( C) flies. Vacuolar pathology is evident in
the ganglia of ATPalpha mutants that was never observed in wild-type controls. Tissues from all
genotypes examined were from animals aged approximately to the midpoints of their respec-
tive survival curves. Scale bar, 50 �m.

Figure 6. Molecular lesions associated with ATPalpha mutants. A, Genomic organization of
the 25 kb ATPalpha locus. Exons are shown as numbered boxes, introns are shown as lines, and
predicted promoters are shown as bent arrows. Exons shown in black are constitutive, whereas
those shown in gray are alternatively spliced. Alternative exons predicted to contain coding
sequences are shown as light gray (0, 15, 1, 6a–d). Sequences of newly identified ATPalpha
exons have been assigned GenBank accession numbers AY174097 and AY174098. Introns are
approximately to scale, whereas exons are enlarged. Exon numbering is according to the NCBI
database except for exons 6a/b/c/d and 14 and 15, which include newly identified exons. Exons
6b and 6c (formerly predicted exons 6 and 13, respectively in the NCBI database) were identified
previously but numbered differently. The location of molecular lesions associated with
ATPalpha DTS1 and ATPalpha DTS2 revertants are shown relative to their location on the genomic
map. DTS2R3 contains two point mutations, one each in exons 2 and 4. DTS1R1 has a four-base
pair deletion in exon 7. The other revertants have lesions consistent with the location of inver-
sion breakpoints that have been mapped to the regions depicted by dashed lines. The asterisk
indicates the location of the DTS1 and DTS2 mutations shown in C. B, RT-PCR analysis followed
by SacI digestion (�) demonstrates a loss of transcripts generated from the mutant homolog in
heterozygotes for DTS1R2, DTS2R2 and DTS2R1, the three revertants with cytologically visible
inversions breakpoints that disrupt the ATPalpha locus. DTS1R1 appeared to have a reduced
level of detectable transcripts generated from the mutant homolog. C, Sequence chromato-
graphic data from genomic PCR products reveals mutations (box) in exon nine of ATPalpha DTS1

(DTS1) and ATPalpha DTS2 (DTS2). DTS2 alters a GAC codon to an AAC (D to N), and DTS1 alters a
GAG codon to an AAG (E to K).
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The � subunits have several known functions in addition to regula-
tion of the catalytic � subunits, so the precise basis of the phenotypes
caused by the �2 knock-out mutation in mice is also uncertain. A
genetic basis for the affected human family has not been established,
and the etiology of the reduced Na�/K� ATPase levels in the post-
mortem brain tissues is unknown. We have found that recessive
loss-of-function mutations of ATPalpha cause neurodegeneration
in Drosophila. These mutations in the catalytic � subunit cause spon-
giform neuropathology and provide direct genetic evidence that al-
terations of the sodium pump lead to dramatic neuropathological
phenotypes. Additionally, dominant mutations in the same gene
cause even more striking neuropathological defects and are associ-
ated with physiological seizure activity. These new mutants will be
valuable in studies to elucidate the mechanism by which dysfunction
of Na�/K� ATPases leads to neurodegeneration and associated dis-
ease conditions.

Hyperexcitability and neurodegeneration in
ATPalpha mutants
The two dominant TS paralytic mutations of ATPalpha cause
neuronal hyperexcitablity, which may underlie the associated
neuropathology in these animals. The physiological defect is
present in very young adults, before the occurrence of any overt
neurodegeneration. This result supports the conclusion that neu-
ral dysfunction, manifested as hyperexcitability, might lead to the
observed neuropathology. However, seits2, a mutation in the gene
encoding ERG-type K� channels (Titus et al., 1997; Wang et al.,
1997), which also causes extensive bursting activity (Kasbekar et

al., 1987), is not associated with the kind of extensive neurode-
generation seen in ATPalpha mutants. These data suggest that
hyperexcitability alone is not sufficient to cause neurodegenera-
tion in Drosophila.

The physiological bursting phenotypes such as those seen in
seits2 and reported here for dominant ATPase � mutants have
been observed in several other Drosophila behavioral mutants.
Such mutants are being used to investigate the physiological basis
for seizure disorders such as epilepsy (Kuebler et al., 2001). Our
results demonstrate that ATPalpha is another gene that can cause
physiological seizures when mutated in particular ways. It will be
of interest to determine whether mutations of this gene might
have similar phenotypic consequences in mammals. In any case,
the dominant ATPalpha mutants in Drosophila should provide a
very useful experimental model for investigating physiological
seizures, neurodegeneration, and the connection between them.

Molecular defects in ATPalpha mutants
The two independent, dominant temperature-sensitive ATPalpha
alleles that we examined were found to have both reduced life spans
and similar histological and electrophysiological defects. Surpris-
ingly, they both have mutations that alter adjacent, highly conserved
residues in the C terminus of the encoded protein. The most parsi-
monious explanation, given the data presented here, is that the mu-
tations identified are responsible for the phenotypes observed in
ATPalphaDTS1 and ATPalpha DTS2. These mutations may therefore
identify key residues that serve important functional roles. Con-
trolled proteolysis and chemical cross-linking experiments have

demonstrated that the C terminus (M8–
M10 region) of this protein makes intrasu-
bunit contacts with the M1–M2 region as
well as intersubunit contacts with the � sub-
unit (Sarvazyan et al., 1995). Thus, the dom-
inant ATPalpha mutations might perturb
one or both of these interactions, affecting
regulation of the protein and resulting in
gain-of-function phenotypes. Scanning
mutagenesis of oxygen-containing residues
predicted to be cytosolic or at the mem-
brane/cytosol interface has been performed
(Arguello et al., 1999a,b). As such, one of the
residues in which we identified a lesion,
D981 (D995 in sheep ATPase � 1), has al-
ready been the subject of investigation.
These studies demonstrate that the D995A
mutations do not affect cation–enzyme in-
teraction but do appear to impair the matu-
ration of the protein. The dominant pheno-
types that we observed in ATPalphaDTS1 and
ATPalpha DTS2, which are more severe than
those caused by null mutations of the same
gene, suggest that these mutations cause a
gain-of-function or have a dominant-nega-
tive effect. Until recently it was thought that
an �	� protomer, which is the minimum
unit required for function in vitro, was also
the in vivo functional unit of the enzyme,
making it more difficult to account for a
dominant-negative effect. However, more
recent data indicate that the protein may ex-
ist as a tetraprotomer in vivo (Donnet et al.,
2001; Taniguchi et al., 2001). If the presence
of even one mutant subunit could affect the

Figure 7. Domain organization of the highly conserved Na �/K � ATPase proteins. A, Diagram depicting the proposed 10-
transmembrane segment model for members of the ATPalpha protein family (Lingrel and Kuntzweiler, 1994). Structural infer-
ences are based on the membrane topology as predicted by Blanco and Mercer (1998). Both the N and C termini are thought to be
cytosolic. Boxed regions are predicted transmembrane domain, whereas lines represent the extracellular and cytoplasmic loops.
Red depicts the alternative N termini, and green depicts the different coding potentials of alternative exon 6. B, Both ATPalpha DTS1

and ATPalpha DTS2 mutations cause predicted single amino acid substitutions in the C terminus of the protein. Both of these residues
are conserved in all of the Na �/K � ATPase � subunitproteins shown, which are from representative species throughout the
animal kingdom: Hs, Homo sapiens; Rn, Rattus norvegicus; Gg, Gallus gallus; Dr, Danio rerio; Ee, Electrophorus electricus; Dm,
Drosophila melanogaster; cf. Ctenocephalides felis, cat flea; As, Artemia franciscana, brine shrimp; Ce, Caenorhabditis elegans; Hv,
Hydra vulgaris, hydra. H �/K � ATPa2 is from Rn and is representative of a related P-type ATPase � family that cotransports H �

and K �. Black shading with yellow lettering represents the consensus among the Na �/K � ATPase � family (�50%). Red and
black lettering indicateconservative and nonconservative changes from the consensus. Green lettering indicates an invertebrate
consensus of �80%.
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activity or processing of the oligomeric complex, a dominant-
negative effect could be readily explained. The dominant ATPalpha
mutations could result from a classical gain-of-function, such as
misregulated pump activity or altered ion selectivity, or via a domi-
nant-negative model; our data do not distinguish between these pos-
sibilities. Because the phenotypes resulting from the dominant mu-
tations are similar but more severe than the recessive phenotypes and
mutation of the D981 residue has previously been to impair protein
localization, the dominant-negative model seems more likely.

Scanning calorimetry studies of wild-type pig kidney Na�/K�

ATPases have uncovered three domains of thermal unfolding,
one mapping to the � subunit and two to the � subunit (Grinberg
et al., 2001). Possibly, the specific mutant residues identified in
ATPalphaDTS1 and ATPalphaDTS2 further destabilize ATPalpha
protein, resulting in some thermal unfolding at temperatures that
are permissive for wild-type ATPalpha.

Alternative splicing and functional diversity of
Na �/K � ATPase
We have found that the ATPalpha gene in Drosophila contains
extensive 5� alternative splicing and four alternative versions of
exon 6 that are spliced in a mutually exclusive manner. These
exons have similar coding potential but differ at residues that may
be of key importance to the function of the protein. Thus, 5�
alternative splicing and splicing of this cassette may be an impor-
tant mechanisms for generating functional diversity of ATPase �
subunits.

The cassette encoded by exon 6 extends from I/V796 to R827
(corresponding to V810 to R845 of sheep ATPase � 1) and is
predicted to encode the entire cytosolic loop between M6 and M7

and part of the M6 transmembrane domain. Data have demon-
strated that the M5–M6 region contains many residues, S775,
E779, D804, and D808, that are critical for cation–ATPase inter-
actions (Swarts et al., 1996; Arguello et al., 1999b). The segment
including YTLTSNIPEI in the fifth transmembrane segment is
especially important in determining ion selectivity of the pump
(Jorgensen et al., 1998). Additionally, ADP binding has been
shown to protect the M6 –M7 cytoplasmic loop against tryptic
digestion (Lutsenko and Kaplan, 1994), and the M5–M6 region
appears to interact with protein and not lipid (Lutsenko et al.,
1995; Beguin et al., 1998), together suggesting that these regions
have mechanistic significance to the protein’s function. Cysteine
scanning of H�/K�– and Na�/K�–ATPases suggests that the
intracellular half of M6 is important for energy transduction be-

Figure 8. Exon 6 alternative splicing of ATPalpha in Drosophila. A, Genomic organization of
the region encompassing exon 5 to exon 7, showing the location of the exon 6 cluster (colored
boxes). Amino acid sequence alignments ( C) and sequence analysis of cDNA clones suggest that
exons 6a, 6b, 6c, and 6d represent mutually exclusive versions of an alternatively spliced cas-
sette. B, Alignment of the nucleotide sequences of the exon 6 cluster demonstrates their se-
quence similarity and identical size. Metazoan splice-site consensus is shown on the consensus
line ( y, pyrimidine; R, purine). C, Alignment of the predicted amino acid sequences encoded by
the exon 6 cluster. For comparison, the sequences of the corresponding segments from the
nematode Eat-6 protein (eat6 ), the consensus for vertebrate Na �/K � ATPase � proteins
(v-cons.), and the rat H �/K � ATPa2 protein sequence are included. Absence of shading indi-
cates identity throughout the Na �/K � ATPase family. Yellow and blue boxes indicate differ-
ences from the vertebrate consensus that are conservative and nonconservative changes, re-
spectively (dot indicates lack of a strong consensus). Red lettering indicates residues that differ
between rat H �/K � ATPase � and the vertebrate consensus.

Figure 9. 5� alternative splicing in ATPalpha in Drosophila. A, Semiquantitative RT-PCR
demonstrates that exon 12 transcripts (bottom panel ) are more abundant and diverse than
exon 0 transcripts (top panel ). The arrowhead indicates amplification of RP49. Each lane repre-
sents a two-cycle increase in amplification from 16 to 28. Standard ( S) is a 100 base pair ladder.
B, Molecular analysis of many individually isolated clones has revealed that diverse splice forms
are generated from exon 12 that are consistent with the RT-PCR results. We have diagramed all
of the apparent splicing events suggested by analysis of these clones. Dashed splicing lines
depict less frequent events as determined both by RT-PCR analysis and characterization of
cloned products. C, These analyses suggest that exon 0 gives rise to one predominant product
(334 bp) and that exon 12 gives rise to many variants, the most abundant of which are high-
lighted with a box (577 and 349 bp). The first in-frame translational start for each transcript type
is indicated by a star. D, The coding potential of the N-terminal ATPalpha isoforms is shown.
Black boxes in B and C are constitutive exons, whereas gray boxes depict alternative exons (light
gray boxes have coding potential).
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tween the K� binding site and the phosphorylation site (Asano et
al., 2001; Guennoun and Horisberger, 2002). Together, these and
other data demonstrate the central importance of the M5–M6
region to ATPase � function. The existence of multiple, alterna-
tively spliced versions of exon 6 in the Drosophila ATPalpha gene
suggests that the sequence differences encoded by these alterna-
tive exons could have profound functional consequences on
pump kinetics, ion selectivity, or regulatory properties. Previous
studies of ATPalpha function in Drosophila have used cDNAs
that contained the same exon 6 splice variant (exon 6b). The
discovery of multiple exons that generate additional structural
diversity for this important region of the protein may reveal pre-
viously unsuspected functional diversity as well.

Neurodegenerative mechanisms involve ATPalpha
Our data show that both loss-of-function and dominant, possible
gain-of-function mutations of ATPalpha cause neurodegenera-
tion, although the effect of the latter is more severe. Mechanisti-
cally, this is interesting because excitotoxic amino acids irrevers-
ibly inhibit Na�/K� ATPase activity, the Na�/K� ATPase is the
single most important consumer of ATP in the brain, and seizure
activity initiates energy supply failure attributable to the high
metabolic requirements of maintaining cation gradients across
the plasma membrane [Beal et al. (1993); Lees (1993); and refer-
ences therein]. Together these findings implicate Na�/K�

ATPase function in a diverse array of neurodegenerative condi-
tions arising secondarily from ischemia, seizures, oxidative de-
fects, and mitochondrial encephalopathies, all of which share an
underlying neuronal bioenergetic defect. We propose that nor-
mal Na�/K� ATPase function plays a central role in neuronal
maintenance and that neuropathogenesis in our mutants is the
result of energetic defects in the CNS. The more severe neuropa-
thology observed in ATPalphaDTS1 and ATPalphaDTS2 is consis-
tent with this model, given the increased energy requirements
associated with excitatory seizures.

We have provided genetic evidence that ATPalpha dysfunc-
tion in Drosophila is responsible for neural disorders, namely
seizures and neurodegeneration. We believe the Na�/K� ATPase
will prove to be a central maintenance protein in the nervous
system and that these mutations will prove to be valuable tools to
incisively dissect the relevant pathways leading to these neuro-
pathological conditions. These studies establish Drosophila as a
model that can be used to investigate the cellular and physiolog-
ical mechanisms underlying human diseases associated with ge-
netic and nongenetic factors that perturb activity of the Na�/K�

pump. The molecular characterization that we report, revealing
previously unsuspected complexity of regulation of ATPalpha at
the transcriptional and post-transcriptional levels, will provide
further insights into the biological roles of the sodium pump in
both normal and disease conditions.
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